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Abstract

This thesis presents an experimental and theoretical study of the collision dynamics of
OH(A2Σ+) with Kr and Xe. These two systems both exhibit a significant degree of elec-
tronically non-adiabatic behaviour, and a particular emphasis of the work presented here
is to characterise the competition and interplay between electronic quenching on the one
hand, and electronically adiabatic collisional processes on the other. Quenching takes
place close to the bottom of the deepest potential well for both systems. In collisions
that remain in the excited electronic state, this same region of the potential is also largely
responsible for rotational energy transfer (RET) and the collisional depolarisation of an-
gular momentum. Therefore, the direct competition between these processes suppresses
the cross-sections for RET and collisional depolarisation from their expected value in the
absence of quenching.

To investigate this, experiments were carried out to measure cross-sections for the colli-
sional transfer of electronic, vibrational and rotational energy in OH(A, v = 0, 1) + Kr
and OH(A, v = 0) + Xe. In addition, measurements were made of the j − j′ correlation
– that is, the relationship between the angular momentum of the OH radical before and
after a collision – in collisions with Kr and Xe, using the experimental technique of Zeeman
quantum beat spectroscopy. Collisions with both Kr and Xe tend to effectively depolarise
the angular momentum of the OH radical, due to the very anisotropic character of the
potential on which the process occurs. Electronic quenching, which plays an essential role
in both systems, is more prevalent with xenon as the crossing to the ground state potential
is located in a more accessible location.

These experimental results were compared with single surface quasi-classical trajectory
(QCT) calculations, where the overestimate of rotational energy transfer or collisional de-
polarisation helps to elucidate the degree to which the presence of quenching suppresses
these processes. Surface hopping QCT was then used to account for non-adiabatic transi-
tions in the theory, which led to an improvement in agreement with experiment. However,
standard surface hopping QCT theory failed to account for the full extent of quenching in
these two systems.

A major focus of this work is therefore on the development of an extension to standard
surface hopping QCT theory to incorporate rovibronic couplings. In non-linear configura-
tions, the excited state of the OH + Kr, Xe systems has A′ symmetry, while the ground
state is split into symmetric (A′) and antisymmetric (A′′) components. For these symmetry
reasons, coupling is restricted to the two states of the same symmetry, however a rotation
of the correct (A′′) symmetry can induce transitions to the A′′ state too. Inclusion of all
three electronic states, and the relevant couplings between them, is found to be crucial for
a proper description of experimental reality.
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Chapter 1

Introduction

1.1 Motivation

The OH radical is the most important scavenging radical in the troposphere, generated

from the reaction between O(1D) (from the photolysis of O3) and H2O.1 It determines the

atmospheric lifetime of methane via the reaction1

OH + CH4 → H2O + CH3 (1.1)

and is one of the main oxidants present in the troposphere and lower stratosphere.2 As well

as this, OH radicals are implicated in stratospheric ozone destruction3 and many other

areas of atmospheric chemistry.4 Energy transfer data, particularly rates, are therefore of

great importance for accurate measurements of atmospheric OH, which feed into computer

models of many processes.2,4

Apart from this, though, small open-shell radicals like OH act as a prototype for

fundamental collision dynamics, and the conclusions drawn from studies of their behaviour

can be brought to bear on larger and more complex problems. For example, studies of the

collisions of OH radicals with rare gas atoms can give insight into OH + H2 collisions,5

which are crucial to the understanding of combustion processes. Nearly half a century of

experience with techniques such as laser spectroscopy, ion imaging and molecular beams

1



Motivation 2

permits exquisitely detailed measurements of nearly all observable aspects of a collision or

half-collision.6–8

The interaction between two molecules – in this thesis, an OH radical in its first excited,

A2Σ+ state and a krypton or xenon atom – is governed by the masses of the species

involved, but also by the potential energy surface (PES).7–10 This is a (hyper)surface

which expresses the potential energy of interaction as a function of all the co-ordinates

of the system (for example, bond lengths and angles). Detailed experimental studies of

molecular collisions provide evidence for the positions and characters of wells, barriers and

diverse other features of the PES on which the encounter takes place. In the case of small,

triatomic systems such as those studied here, it is possible to compare these experimental

results to dynamical calculations performed on ab initio theoretical PESs, something which

quickly becomes impractical (without significant approximations) for larger systems. In

this way, experiment and theory move forward in tandem, with data measured in the lab

providing an exacting test of theory, and theoretical insights helping to rationalise and

explain the dynamics observed experimentally.

The work in this thesis extends previous studies of OH(A) and NO(A) in collisions

with lighter rare gases, such as in refs. 11–24, as well as studies of similar systems (such as

NO(X), CN(A) or OH(X) with rare gases) reviewed in refs. 25,26. With Kr and Xe, the

collider gases used in this work, a whole new range of collisional outcomes is opened up

compared to those previously studied. In collisions of NO(A) with rare gases, or OH(A)

with the lighter rare gases (He, Ar), everything takes place on one potential energy surface,

i.e. the collision is electronically elastic. However, collisions with krypton and xenon are

able to quench the electronically excited OH(A2Σ+) to its ground electronic state, X2Π.27,28

We therefore move from the study of collisions on a single potential energy surface to those

that evolve across three – the excited A2Σ+ state and the two components of the ground

state, which become non-degenerate when the symmetry is lowered away from linearity.

These so-called non-adiabatic effects (those occurring over multiple potential energy

surfaces) are ubiquitous in chemistry (see section 1.3), and the present work offers an
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opportunity to study them in a simple model system with a high level of detail. In

particular, a major theme of this project will be the competition between electronically

elastic and inelastic processes. For example, to what extent does electronic quenching to

the ground (X) state compete with rotational energy transfer within the excited, A state?

Are the same features of the excited state PES responsible for both, or do they occur on

separate regions of the potential?

In addition to scalar rates, the present work aims to investigate vector correlations

as explained in the next section. This provides an extra level of detail above that ob-

tained from energy transfer cross-sections, leading to a better test of theory and a greater

understanding of the collision dynamics.

1.2 Collision dynamics and vector correlations

A non-reactive collision between an atom A and a diatom BC can be fully specified by

four vectors8 (see section 3.2). These are the initial and final relative velocities, k and k′,

and the initial and final angular momenta of BC, j and j′. (Note that throughout this

thesis, primes refer to quantities after a collision.) These four vectors are shown in figure

1.1.

The full four-vector correlation, which contains all the information about the collision,

can be integrated over various vectors to obtain lower-order correlations.8,29–33 These are

often clearer to interpret and easier to deal with, taking one aspect of the collision at a time.

In particular, the most commonly investigated correlation is the differential cross-section

or DCS, which is the correlation between k and k′ that describes the angular scattering of

the products. Forward scattering mostly derives from high impact-parameter,∗ glancing

blow collisions, where the reaction or process of interest occurs at larger separations –

one well-studied example of this is a harpoon reaction such as K + I2 → KI + I.7,8.

More head-on collisions (rebound dynamics) lead to backward scattering, for example

∗See chapter 3
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K + CH3I→ KI + CH3,
8,34 and an isotropic, statistical DCS indicates a long-lived collision

complex, in which all memory of the initial velocities is lost.

In this thesis, the focus will be more on the correlation between j and j′, as shown

in figure 1.1. The extent to which the plane or sense of rotation is disturbed – quantum

mechanically, the change in occupation of the mj sublevels – provides a guide to the

character of the potential felt during the collision. This can be compared between different

kinds of collision, for example rotationally elastic or inelastic, to ascertain the different

features of the PES responsible for each. A large change in the direction of j′ with respect

to j indicates that the collision was influenced by a very attractive or anisotropic region of

the PES; less of a change shows that flatter features of the PES governed this particular

collision.

k

k’

j

j’

j

j’

Figure 1.1: The vectors k, k′, j and j′ for an atom + diatom collision. The angle
shown is the j − j′ ‘tilt angle,’ θjj′ .

One important concept in this work is polarisation, a preferred plane or sense of rotation

in the lab frame (quantum mechanically, a preference for certain values of mj over others) –

see chapter 3. In the experiments described in chapter 4, an initially polarised distribution

of j is created via excitation with a polarised laser beam. Over time, collisions destroy this

polarisation and the distribution of j′ becomes more anisotropic. Monitoring the decay of

bulk polarisation with time gives information on the probability distribution of θjj′ , i.e.

the j − j′ correlation.
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1.3 The Born-Oppenheimer approximation and non-

adiabatic effects

As mentioned above, a major reason for choosing to study the OH(A) + Kr, Xe systems

in this thesis is because of electronic quenching in these systems. Adiabatic potential

energy surfaces are calculated by solving the time-independent Schrödinger equation with

the nuclear positions fixed, then repeating this at a variety of nuclear configurations.

This takes advantage of the Born-Oppenheimer approximation, where the large difference

between the masses of nuclei and electrons is invoked to assume that the nuclei can be

considered not to move on the timescale of electron motion.35 However, near a potential

crossing, finite nuclear velocities can lead to the breakdown of this approximation in so-

called non-adiabatic behaviour8 – see chapter 2.

The ground and excited state potentials of OH + Kr, Xe cross at linear HO–Rg con-

figurations.21,28 (Previous OH(A) + Rg depolarisation studies are reviewed extensively in

refs. 24–26.) Unlike for the OH + He, Ar systems, where such crossings are located high on

the repulsive wall of the OH(A) + Rg PES, here the region of crossing is readily accessible

at thermal collision energies. The conical intersection 36–39 (see chapter 2) between the

OH(X) + Rg and OH(A) + Rg potentials – and the area around it – will therefore act

as an efficient funnel for transferring electronic population from the excited to the ground

potential state.

Such intersections are commonly observed in photochemistry,39–41 notably in the fa-

mously anomalous behaviour shown by azulene, which shows fluorescence from the S2

state due to a conical intersection leading to radiationless transitions between S1 and

S0.
42,43 A conical intersection is also implicated in the photoisomerisation of retinal44 in

the rhodopsin protein involved in vision. Moreover, biological molecules such as nucle-

obases and amino acids are vulnerable to damage by UV radiation.45 Increased photosta-

bility comes from fast, efficient deactivation pathways, which often involve several conical

intersections.45–47 In this way, the excited state lifetime is kept too short for any reaction
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to occur.

In addition, non-adiabatic effects are ubiquitous in electron transfer processes such as

in ion-molecule reactions or electrochemistry,41 particularly at surfaces, where the band

structure of many closely spaced electronic states leads to a breakdown of the Born-

Oppenheimer approximation.48

Rovibronic couplings, where coupling to a rotation or vibration of the correct symmetry

allows transfer of population between two electronic states of different symmetry, are also

important in this thesis, as shown in chapters 2 and 6. Away from linearity, the doubly

degenerate X2Π electronic state of OH + Rg splits into two states of A′ and A′′ symmetry

(symmetric and antisymmetric with respect to reflection in the scattering plane), and the

excited state has A′ symmetry. As well as couplings between the two symmetric states,

the state of A′′ symmetry can be coupled to the other two by these rovibronic effects, as

set out in section 2.4.

1.4 Experimental techniques

The techniques used in this thesis to measure cross-sections (see chapter 3) for electronic

quenching, rotational and vibrational energy transfer and collisional depolarisation of an-

gular momentum are set out in chapter 4, and the recent review by Paterson et al.25 gives

an account of the various experimental approaches taken to investigate such quantities.

The first requirement for the experiment is that processes should occur under single

collision conditions, so that the results of the collisional process are not lost from view

before they can be detected. This necessitates the use of a vacuum chamber and suitable

pumping scheme, as described in section 4.7.

A method is also needed of specifying the initial quantum state of the OH radical,

which in this work is done with laser excitation. The bandwidth of the dye laser used is

sufficiently narrow to excite OH to a single (N, j) level in its excited (A) electronic state,

and the laser wavelength is also tunable, enabling experiments on a selection of initial
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states. Other methods of initial state selection include electric fields, for example when

using a hexapole to separate out a single lambda-doublet state of NO(X) via the Stark

effect.18,22,49–57 It is even possible to select a particular conformer of a molecule using an

inhomogenous electric field to spatially separate it from other conformers.58–60

The final quantum state distribution of OH, of course, depends on the collisional pro-

cesses under study, but often a single state is selected for detection in some way. In this

thesis, this is done by resolving the OH(A) fluorescence using a monochromator, with

higher resolution resulting in the detection of fluorescence from a single excited (N, j)

state and lower resolution collecting fluorescence from all products. Otherwise, a second

laser can be used for detection, either in a photon-based method such as (1 + 1′) laser-

induced fluorescence or optical-optical double resonance,25 or with a method based around

the detection of ions such as resonance-enhanced multiphoton ionisation (REMPI) or Ry-

dberg tagging.8 Many non-linear methods are also in use, such as four-wave mixing or

polarisation spectroscopy – for more details see ref. 25 and chapter 4.

For the investigation of vector correlations, control is required over the initial k and/or

j vectors, in addition to some means of measuring the final distribution of k′ and/or j′.

Here, the initial angular momentum vector (j) distribution is controlled by polarising the

excitation laser, resulting in an oriented or aligned (see chapter 3) distribution of vectors,

and the extent of polarisation of j′ is followed over time by monitoring the polarisation

of the emitted fluorescence. Control over k is often achieved through the use of molecular

beam techniques,8,33 and the magnitude of the initial velocity can be finely controlled using

Stark61,62 or Zeeman63 deceleration, or other techniques such as Photostop,64,65 to produce

a narrow, cold velocity distribution. As for the resolution of k′, this can be achieved by

rotating the detector or by the popular and versatile technique of velocity-mapped ion

imaging.66,67.
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1.5 Theoretical techniques

The field of reaction dynamics is one in which theory and experiment have a particularly

close relationship. The experimental analysis of single collisions with the methods referred

to above can be directly compared to the results of ab initio calculations, which are

computationally feasible for the kinds of simple systems studied in this work. Each extra

level of insight afforded by more sophisticated experiments provides a stronger test for

theory, and the computational exploration of novel phenomena spurs the development of

methods aimed at observing them in the lab.

The basic idea of the theoretical methods discussed here is to simulate the dynamics

of molecular collisions using scattering calculations. These calculations are performed on

potential energy surfaces that have been obtained using electronic structure theory. The

initial conditions (positions and momenta of the atoms, quantum states) are set and the

motion of the atoms is propagated over the PES in some way, resulting in final positions,

momenta and quantum states.

Quantum mechanically, the wave nature of matter is represented by using the scattering

matrix, S, to relate the incoming and outgoing wavefunctions:10

S|ψJ
in〉 = |ψJ

out〉 (1.2)

The elements of the S matrix, Sif , are probability amplitudes for scattering from an initial

state |i〉 to a final state |f〉 at a given energy.8 Note that the wavefunction is decomposed

into contributions from different partial waves with different values of the total angular

momentum, J . (See section 3.1). The superposition of these partial waves (in a double

summation) leads to interference effects that are absent in classical calculations.

This time-independent treatment of quantum scattering usually involves solving the

close-coupled equations.68 It is also possible to represent quantum scattering in a time-

dependent manner, where a wavepacket corresponding to a particular initial state |i〉 is

propagated in time.8 These methods tend to scale better than time-independent methods,
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which require a large number of rovibrational states to be coupled in to the calculations,

but have the disadvantage that the wavepacket moves slower at low collision energies.8

Classically, Newton’s laws of motion are used to propagate trajectories for the nuclei

over the potential energy surface. These trajectories are independent and do not interfere,

as there is no concept of phase. Each trajectory starts with a set of selected initial condi-

tions and leads to a certain outcome; a Monte Carlo average over a large number of such

trajectories, with different initial conditions, is performed to compare with experimental

data.

One of the main conceptual advantages of classical trajectory methods over quantum

scattering calculations is that everything is observable – there is no analogue of the uncer-

tainty principle, which can sometimes make quantum methods slightly more ‘black box’

in character. They are also much more scalable with increasing size and complexity of

the system under study. However, quantum effects such as tunneling, resonances, spin

and (importantly) interference are left out, which makes a particular difference at lower

collision energies. Various semiclassical methods have been proposed to include some or

other of these effects in trajectory calculations – see chapter 5.

Possibly the most important quantum effect left out of classical trajectory calculations

is quantisation – the trajectories can start off with any energy, rather than in a specific

quantum state. The quasi-classical trajectory (QCT) method,69 explained further in chap-

ter 5, starts the trajectories in a quantised initial state, but the propagation is still classical

in nature. This leads to continuous values for the final energy, angular momentum and

so on, which are binned in some way to quantised values at the end of the trajectory.

In many cases, the QCT method gives results that are in quantitative agreement with

quantum scattering calculations,70 as long as the situations where its approximations may

break down are kept in mind. One such case is to do with zero point energy, where energy

put into (for example) a vibrational mode at the start of a calculation can leak out into

other degrees of freedom, in conflict with quantum mechanics.
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1.5.1 Non-adiabatic theoretical techniques

The kinds of theoretical calculations described above can be extended to include non-

adiabatic effects of the types discussed in section 1.3. Diabatisation of the adiabatic po-

tential energy surfaces (see chapter 2) yields the couplings required. In the time-dependent

picture, the wavepacket evolves across multiple potential energy surfaces at once, with the

diabatic potential couplings governing the transfer of population between the different

electronic states.

In a recent review article,41 as well as an earlier book chapter,71 Tully gives a per-

spective on current approaches to non-adiabatic dynamics calculations. The full set of

coordinates is separated into a ‘fast’ and a ‘slow’ subset; in most cases, as here, the fast

subset is the electronic coordinates and the slow subset is the nuclear coordinates. This

way, the separation corresponds to the Born-Oppenheimer approximation.

The fast, electronic coordinates are treated using quantum mechanics, and the slow

coordinates can be treated in a variety of ways. In this subsection, we will consider the

treatment of the nuclear coordinates by quantum methods (e.g. wavepackets or path inte-

grals)41 or by classical mechanics. For conciseness, the many semiclassical methods will not

be discussed in depth here, but they include the Miller-Meyer-Stock-Thoss formalism com-

bined with semiclassical methods;72 the quantum-classical Liouville equation,73,74 where

the nuclear density matrix is propagated over several coupled states; multiple spawning,75

where a swarm of Gaussian wavepackets propagates over many surfaces at once; or so-

called quantum trajectory methods.76,77† A very recent review of non-adiabatic dynamics

calculations, with a focus on ultrafast spectroscopy, is given in ref. 78.

Having separated the system into one ‘fast’ quantum subsystem, and one ‘slow’ sub-

system that may be quantum or classical, it is important to include feedback in both

directions between them, which Tully refers to as ‘entanglement’.41 Table 1.1 compares

two models in which the slow subsystem is treated classically with two models in which it

†Note that references given here are representative examples only and are not meant to be comprehen-
sive; for a fuller review consult ref. 41.
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is treated quantum mechanically, according to whether this entanglement is fully included.

Considering first the time-dependent Hartree (TDH),79 or time-dependent self-

consistent field (TDSCF) method, the slow coordinates have an influence on the fast ones

by influencing non-adiabatic transitions. However, motion in the fast degrees of freedom

takes place in the average field of the slow ones — the system evolves on one, average

mean-field PES, so this back-reaction is only approximately included. Taking the classical

limit of this method leads to the Ehrenfest method,80 where a classical trajectory (for the

nuclear motion) is propagated on the mean-field PES. This method has the drawback that

a trajectory moving on an average potential is often not realistic. For example, in the

systems discussed in this thesis, a weighted average potential would involve some OH(X)

and OH(A) character, and would not resemble either the ground or excited state very

much — it would be difficult to assign the final trajectory to one state.

Including the quantum back-reaction in a more consistent way extends the TDH

method to the multi-configurational MCTDH method,81 where a different wavefunction

describes the evolution of the nuclear coordinates for motion on each electronic state. In

the limit of a complete basis, this method would be exact (but the basis must be trun-

cated in practice.) The classical analogue of the MCTDH method would be trajectory

surface-hopping (TSH) QCT,82,83 the method employed in this thesis.‡ In this stochastic

method, the electronic state populations are propagated simultaneously to the classical

integration of the equations of motion, and determine the probability at each timestep

that the trajectory will switch from one PES to another. Motion of the nuclei can induce

transitions between adiabatic electronic states (see chapter 2), and the ‘quantum back-

reaction’ takes the form of a different PES being used to calculate the forces on the nuclei

in each electronic state. A good comparison between the TSH and Ehrenfest methods,

with derivations, is contained in ref. 84.

At all times, the trajectory moves on a single adiabatic PES, unlike other semiclassi-

cal methods such as Ehrenfest theory, where it evolves on a weighted average PES. The

‡Note that this is a classical analogue, not a formal limit.84
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Nuclear coordinates

Full ‘entanglement’ Classical Quantum

Yes TSH MCTDH
No Ehrenfest TDH (TDSCF)

Table 1.1: Comparison of several commonly-used methods for non-adiabatic calcula-
tions.41,71

sudden switching of trajectories from one potential energy surface to another may appear

unrealistic on the single-trajectory level, but an ensemble of trajectories will contain some

that hop at earlier or later times, leading to a gradual transfer of population from one

PES to the other. Forbidding hops that are energetically impossible (classically speaking,

i.e. without tunneling) in the TSH method provides an approximate means of maintaining

detailed balance and stopping energy flowing from the classical subsystem into the quan-

tum one, which can sometimes be a problem with the Ehrenfest and related methods (see

figure 3 of ref. 41).

The TSH method can be implemented in a number of ways, but one of the most

widely-used methods for its simplicity, efficiency and intuitive picture of the dynamics is

the fewest-switches surface hopping method,83 which is explained in chapter 6.

1.6 Outline of this thesis

This thesis begins in chapters 2 and 3 with a discussion of the theoretical concepts that

are made use of in this work. These include angular momentum polarisation, vector

correlations, potential energy surfaces and the various types of coupling between them,

definitions of key quantities in reaction dynamics and the spectroscopy of the OH radical.

The experimental methods employed are then set out in chapter 4, with a description of

the theory behind the technique of Zeeman quantum beat spectroscopy (ZQBS) and an

explanation of how the data are analysed. Chapter 5 presents the theoretical methods

used in this work, principally quasi-classical trajectory (QCT) calculations. All relevant

details of the calculations are given, and the tensor opacity formalism used to obtain quasi
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open-shell results is also presented here. The trajectory surface hopping (TSH) method

is set out at the beginning of chapter 6, and a new three-state TSH method that includes

rovibronic couplings between potentials of different symmetry is then developed to extend

the existing theory to take account of all relevant electronic states. This third method is

described for the first time in chapter 6 of this work.

Experimental results for electronic quenching, rotational energy transfer and collisional

depolarisation of OH(A, v = 0) with Kr and Xe are compared with theory in chapter 7,

and further theoretical results are presented for further characterisation of the dynamics

of these systems. For the OH(A, v = 0) + Kr system, theoretical rotational state distribu-

tions of the OH(X) products of quenching are compared to experimental results obtained

elsewhere. Chapter 8 presents experimental results for quenching, collisional energy trans-

fer (both vibrational and rotational) and collisional depolarisation in the OH(A, v = 1) +

Kr system and compares these to the OH(A, v = 0) + Kr system, as well as results with

other quencher gases obtained elsewhere.

Chapter 9 summarises the main conclusions of this thesis and suggests possible direc-

tions for future work.



Chapter 2

Theory: Spectroscopy, potentials and

couplings

This chapter describes some of the core theoretical concepts used in the present work.

First, the spectroscopy of the OH radical is described for use in the following chapters, and

this leads on to a discussion of the potential energy surfaces characterising its interaction,

in its X and A electronic states, with Kr and Xe. The discussion then moves to adiabatic

and diabatic potentials and potential couplings, with a consideration of how the mixing

of different electronic states will be treated. The different types of coupling in the present

systems will be delineated, including conical intersections (electrostatic coupling) and

roto-electronic couplings.

2.1 The OH radical: spectroscopy

This thesis concerns collisions of the OH radical with Kr and Xe atoms, and so it is

useful to summarise here its spectroscopy.85 Note that, throughout this thesis, vectors are

denoted by bold italic type: j, their magnitudes are expressed as |j| and the corresponding

quantum numbers are denoted by italics: j.

The ground, X, and first excited, A, electronic states are dealt with in this work, and

14



The OH radical: spectroscopy 15

have the electronic configurations

OH(X2Π) : (1σ)2(2σ)2(3σ)2(1π)3

OH(A2Σ+) : (1σ)2(2σ)2(3σ)1(1π)4

Both of these states are doublets, having a single unpaired electron.

The OH(A2Σ+) state, collisions of which form the main object of study in this thesis,

is a Σ state as its unpaired electron is in a σ orbital. Thus Λ, the component of electronic

orbital angular momentum L along the internuclear axis, is zero, meaning that the radical

can be well described by Hund’s case (b). Note that Λ is a good quantum number, while

L is not.

In case (b) coupling, the angular momentum of nuclear rotation, R, is strongly coupled

to Λ to give N ; in the special case of a Σ radical such as OH(A), R ≡N . N then couples

to the electron spin, S, giving j, the total angular momentum exclusive of nuclear spin.

As OH(A) is a doublet radical, S = 1
2

and so j = N ± 1
2
.

These two spin-rotation levels will be labelled as f1 (j = N + S) and f2 (j = N − S).

They are split by the spin-rotation coupling, γ(N ·S), giving an energy splitting between

f1 and f2 levels of the same N state of γ(N + 1
2
). For the OH(A) radical, the spin-rotation

coupling constant γ is 0.2244 cm−1 in v = 0 and 0.2112 cm−1 in v = 1.86 This constant

reflects the interaction between the magnetic moment of the electron and the magnetic

field of the rotating nuclei, but also contains second-order contributions from spin-orbit

interactions and other interactions with the X state, which can sometimes dominate the

first-order part87.

In the 16O1H radical, j then couples to the nuclear spin of the proton, I, to form the

total angular momentum F . As I = 1
2
, F = j± 1

2
. The isotopic abundances of oxygen and

hydrogen in nature are such that other isotopomers of OH will not be considered here. A

diagram of Hund’s case (b) coupling is given in figure 2.1, and an energy level diagram is

shown in figure 2.2.
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Considering the collision system made up of OH(A) + Rg, where Rg is a rare gas

atom, the orbital angular momentum of the system is labelled `, and the total angular

momentum of the triatomic system is then J . J = j + ` if nuclear spin is neglected, and

J = F + ` if it is included.

The ground state of OH, X2Π, also follows Hund’s case (b) at high N , as S is uncoupled

from the internuclear axis and can instead couple to N . In this case, Λ = ±1 but S and

I are the same as in the A state, so coupling proceeds as above. At low N , the coupling

between R and Λ becomes weaker than spin-orbit coupling, so L instead couples to S in

Hund’s case (a) scheme (figure 2.3). Neither L nor S are good quantum numbers, but

their projections on the internuclear axis Λ and Σ are, as is Ω = |Λ + Σ|. (Note that N

is not a good quantum number in Hund’s case (a).) The combined projection Ω couples

to R to form j, and this then couples to the nuclear spin I to form the total angular

momentum F .

For OH(X), Ω = 3
2

(F1) or 1
2

(F2), corresponding to two spin-orbit manifolds, of which

F2 is the higher in energy by around 140 cm−1.85

The wavefunction for Hund’s case (a) can be written as88

|jmΩ〉 =

√
2j + 1

4π
Dj∗

mΩ(φ, θ, 0) (2.1)

in which Dj
mΩ(φ, θ, 0) is a Wigner rotation matrix88, but this is not an eigenfunction of

the molecular Hamiltonian. Instead, a linear combination of +Ω and −Ω states is taken,

with defined parity p = (−1)j− ε
2 :

|jmΩε〉 =

√
2

2
(|jmΩ〉+ ε|jm− Ω〉) (2.2)

The +Λ and −Λ states can be visualised semiclassically as L precessing clockwise or

anticlockwise around the internuclear axis.

These pairs of ±ε states are referred to as Λ-doublets, and take the label e (ε = +1)

or f (ε = −1)88. They can also be labelled according to the symmetry of the electronic
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wavefunction under reflection in the plane of rotation of the molecule — in the case of

a Π state molecule like OH(X), the Π(A′) state is symmetric and the Π(A′′) state is

antisymmetric.89
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Figure 2.1: Hund’s case (b) coupling of angular momenta. Left: OH(X), centre:
OH(A), both neglecting nuclear spin. Right: OH(A), including nuclear spin. Symbols
as defined in text.
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Figure 2.2: Energy levels of OH(A) under Hund’s case (b) coupling – splittings not to
scale. Note the difference in ordering of the Zeeman sublevels (section 2.1.1) between
the two spin-rotation levels.

Transitions between the X and A states in this thesis are labelled with the following

Hund’s case (b) notation:

∆NfΣFΠ
(N ′′) (2.3)

where N ′′ is the rotational quantum number of OH(X) and ∆N is the change in N going

from the ground to the excited state. This is expressed as a letter: O, P, Q, R, S for
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Figure 2.3: Hund’s case (a) coupling of angular momenta for OH(X), neglecting nuclear
spin. Symbols as defined in text.

∆N = -2, -1, 0, 1, 2. FΠ is the spin-orbit level of the Π state (F1 or F2) and fΣ is the

spin-rotation level of the Σ state (f1 or f2).

2.1.1 Zeeman sublevels and g-values

An angular momentum state can be defined as |FmF 〉, where F is the total angular

momentum quantum number and mF is the eigenvalue of the ĵZ operator — classically,

the projection of F on the Z axis. As mF can range from −F to +F in integer steps, the

number of ‘Zeeman’ mF sublevels is (2F+1). In free space, the choice of Z is arbitrary and

so the Zeeman levels are degenerate by the spherical symmetry of the system. However,

an external magnetic field imposes a definition of Z along the field axis, which is different

from all other directions in space. This breaking of symmetry splits the mF degeneracy.

The energy splitting between the Zeeman sublevels resulting from application of a

magnetic field, B, is given by88

∆EZ = 〈−µ ·B〉 (2.4)

where µ is the magnetic dipole and the angle brackets denote averaging over all orientations

of the molecule.



The OH radical: spectroscopy 19

Considering the interaction of the field with the electron spin S, the magnetic dipole

moment µS is given by

µS = geµ0(S(S + 1))0.5 (2.5)

where ge is the Landé g-value of a free electron (2.002) and µ0 is the Bohr magneton.

Under Hund’s case (b), as discussed above, S couples to N to give j, and the resulting

magnetic dipole moment is

µj = gjµ0mj (2.6)

Likewise, considering coupling to nuclear spin too,

µF = gFµ0mF (2.7)

In these equations, the g-values are

gj = ge
j(j + 1) + S(S + 1)−N(N + 1)

2j(j + 1)
(2.8)

gF ' gj
F (F + 1) + I(I + 1)− j(j + 1)

2F (F + 1)
(2.9)

Therefore the Zeeman splitting is given by

∆EZ = gFµ0B∆mF (2.10)

The Larmor frequency, ωL, will be used a lot in this thesis. It is defined as

ωL = −gFµ0B

~
(2.11)
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2.2 Potential energy surfaces

2.2.1 Single surface OH(A) + Rg

The diabatic∗ Σ-state potential energy surfaces used in this work were calculated by KÃlos

at the RCCSD(T) level of theory for OH(A) + Kr,21 and the MRCISD+Q level for OH(A)

+ Xe.90 As the reduced masses of OH + Kr and OH + Xe are similar, the PES will be

responsible for most of the differences in behaviour between these systems.

The PESs are expressed as a function of the Jacobi coordinates R, the distance between

Kr/Xe and the centre of mass of OH; r, the OH bond length and γ, the angle between

R and r (such that γ = 0◦ corresponds to the OH–Rg linear configuration) — see figure

2.4. In the surfaces used here, the OH bond length r is fixed at its equilibrium value,

re = 1.0121 Å.21,90,91.

Rg

OH
g

R

r

cm

Figure 2.4: Jacobi coordinates R, r and γ as used in this thesis. See text for details.

The interaction between OH(A2Σ+) and Kr or Xe is attractive in linear configurations,

with deep potential wells in both OH–Rg and HO–Rg geometries. Of these, the oxygen

well (HO–Rg) is deeper and at closer range, as seen in figure 2.5. The two wells are

separated by a region of repulsion at T-shaped geometries, that extends to long range,

longer for Xe than for Kr. The main differences between the OH(A) + Kr, Xe potentials

are the strength and range of the attractive forces, with the OH(A) + Xe potential being

more attractive, anisotropic and extending to longer range than OH(A) + Kr. Note also

that the two wells are separated by a region of repulsion at T-shaped geometries, that

extends to longer range for OH(A) + Xe than for OH(A) + Kr.

∗A full discussion of ‘adiabatic’ and ‘diabatic’ potentials will follow in section 2.3
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The attraction between OH(A) and Kr or Xe is very strong, as illustrated by table 2.1

— in particular, the HO–Xe well depth is on the order of a chemical bond, with the HO–Kr

well depth around half of this. This fits with the experimentally observed strength of the

van der Waals complexes formed by OH(A) with rare gas atoms in the gas phase11,92–96

although, due to Franck-Condon factors, experimental studies of these complexes provide

information mostly about the OH–Rg geometry. The very strong attraction is thought

to have contributions from electron correlation and some charge transfer effects at short

range11,21, and induction and dispersion at longer range21,92. In collinear geometries, the

overlap of OH 3σ and rare gas pz orbitals could also lead to weak covalent interactions.

The difference in attraction between the wells at either end of the molecule was ex-

plained in the case of OH(A) + Ar by noting that charge/dipole and dipole/dipole in-

teractions largely cancel for the OH–Ar configuration, but are additive in the HO–Ar

geometry11,92, and a similar rationalisation is likely to hold for Rg = Kr, Xe also.
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Figure 2.5: Potential energy surfaces for OH(A) + Kr21 (left) and OH(A) + Xe90

(right). Energy given in cm−1.

2.2.2 Adiabatic surfaces 1A′, 1A′′, 2A′

The symmetry labels of Σ and Π in the subsection above are valid only at linearity (C∞v

symmetry). As the rare gas atom approaches the doubly degenerate OH(X2Π) state in Cs

symmetry, it splits into two states that are respectively symmetric (A′) and antisymmetric
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Well / bond De / cm−1

OH(A)–Ar11 1,219
HO(A)–Ar11 1,720
OH(A)–Kr21 1,949
HO(A)–Kr21 6,079
OH(A)–Xe90 3,500
HO(A)–Xe90 12,648
I–I (I2)

97 12,600
F–F (F2)

97 13,300

Table 2.1: Well depths for linear OH(A) + rare gas systems, compared to chemical
bond strengths

(A′′) with respect to reflection in the scattering plane, i.e. the plane containing the three

atoms. Note that these labels are not the same as the Λ-doublet labels Π(A′) and Π(A′′)

defined in section 2.1, which concerned reflection symmetry in the plane of rotation instead.

These two states will be labelled as 1A′ and 1A′′ in this thesis, and the excited state

(2Σ+ at linearity), which is also symmetric in the scattering plane, will be labelled 2A′.

The coupled-cluster (CC) calculations used for the OH(A) + Kr PES of ref. 21 succeed

in recovering much of the electron correlation energy needed for a good description of the

HO–Kr interaction, but are not well suited for a characterisation of the potential crossing

region due to their single-reference nature. A good discussion of the points raised in this

subsection can be found in the tutorial article by Lodi and Tennyson.98 The CC method

assumes that the Hartree-Fock (HF) wavefunction — which, by definition, includes no

electron correlation — is a reasonable approximation to the true, exact wavefunction, and

tries to obtain an improved wavefunction by expansion in a basis of the eigenfunctions of

the Fock operator. The idea is that contributions from excited states become smaller the

more those states differ from the HF ground state, so the Hamiltonian is diagonalised in

a basis set that includes HF states up to a certain level of excitation. The RCCSD(T)

method includes single and double excitations, with an approximate treatment of triple

excitations based on perturbation theory. ‘Single-reference’ means that the expansion

is based on only one (reference) HF calculation, meaning that coupled cluster methods
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do not work well when the HF wavefunction is not a good approximation to the exact

wavefunction.

One such situation is in a region of potential coupling, near to a conical intersection

(the HF theory exploits the Born-Oppenheimer approximation). Therefore, the set of three

adiabatic PESs 1A′, 1A′′ and 2A′ were calculated for OH + Kr using a multi-reference

method (MRCISD+Q) by KÃlos28. This aims to describe the PES even in regions where

single-reference methods do not work. The +Q refers to the Davidson correction for size-

extensivity, which approximates the parts of the electron correlation energy that result

from higher-order excitations.98,99

The adiabatic OH + Kr MRCISD+Q 2A′ PES is very similar to the RCCSD(T) PES

described in section 2.2, and single-surface QCT calculations on both surfaces are found to

give almost the same results. For OH(X, A) + Xe, all three adiabatic PESs are presented

in ref. 90 and are calculated with the multi-reference MRCISD+Q theory.

Cuts through the three potentials 1A′, 1A′′ and 2A′ are shown for OH + Kr and OH +

Xe in figure 2.6. These cuts are taken at the near-linear HO–Rg geometry (γ = 175◦). The

close approach of the 1A′ and 2A′ potentials results in an avoided crossing, the pathway

to which is barrierless. As the position of this crossing is observed to lie below the thermal

collision energy, both systems are expected to exhibit significant electronic quenching

to the 1A′ state, and quenching is predicted to be more prevalent in OH(A) + Xe as the

crossing lies closer to the bottom of the well, rather than on the repulsive wall as in OH(A)

+ Kr. For lighter rare gases, no quenching is expected as the crossing lies too high on the

repulsive wall (see figure 7.2). These predictions are in accordance with experiment; the

quenching cross-sections for OH(A) + He, Ar are negligible while those for OH(A) + Kr,

Xe are significant21,27,28 and similar to the cross-sections observed with diatomic collision

partners such as H2
27.

The 1A′′ state also crosses the 2A′ state at an easily accessible location for both the

Kr and Xe systems. Because of the different symmetry of these potentials, this crossing

between adiabatic states is not avoided. As coupling between states of different symmetry
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is forbidden, the 1A′′ state would not at first be expected to play a part in quenching, but

section 2.4 discusses ways in which a rotation of A′′ symmetry can couple to the electronic

degrees of freedom in order to lift the symmetry restrictions and couple the 2A′ and 1A′′

surfaces.
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Figure 2.6: Cuts through the adiabatic potentials 1A′ (red dots), 1A′′ (blue dashes)
and 2A′ (black line) for OH(A) + Kr28 (left) and OH(A) + Xe90 (right). Thermal
collision energy lies at 32,907 cm−1 for the left hand panel and 32,985 cm−1 on the
right.

To round off this section, the PESs for OH(X) + Xe (the adiabatic 1A′ and 1A′′

surfaces) used in this work are compared to those calculated by Groenenboom100 in 2006,

using the RCCSD(T) method. These potentials, which succeeded in modelling the inelastic

scattering of OH(X) + Xe under molecular beam conditions to a high degree of accuracy,100

are compared to the MRCISD+Q surfaces used in this work in figure 2.7. As can be seen,

the two sets of potentials agree almost entirely, and it is hard to tell them apart by eye.
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work, bottom: Groenenboom.100
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2.3 Couplings and adiabatic to diabatic transforma-

tion

2.3.1 Adiabatic and diabatic states

The Born-Oppenheimer approximation35 invokes a separation between ‘fast’ electronic co-

ordinates and ‘slow’ nuclear co-ordinates, taking advantage of the large difference between

the masses of electrons and nuclei to assume that the nuclei are more-or-less stationary

on the timescale of electronic motion. Note that writing the total wavefunction as a

product of electronic and nuclear wavefunctions in this way is an approximation, but it

has recently been shown that it is in fact possible to do so exactly (with the choice of a

different electronic Hamiltonian).101

Adiabatic wavefunctions, φi, are defined as those that diagonalise the Hamiltonian with

the nuclear positions fixed:

Ĥel(x;X)




φ1A′(x,X)

φ2A′(x,X)

φ1A′′(x,X)




=




U1A′(x;X) 0 0

0 U2A′(x;X) 0

0 0 U1A′′(x;X)







φ1A′(x,X)

φ2A′(x,X)

φ1A′′(x,X)




(2.12)

where x and X are vectors of the (fast) electronic and (slow) nuclear coordinates respec-

tively. Ĥel is the Hamiltonian minus the nuclear kinetic energy term (Ĥ − T̂N).

Repeating the calculation at different fixed nuclear positions maps out an adiabatic

potential energy surface; it is these adiabatic PESs that are the product of ab initio

electronic structure calculations.

By definition, the adiabatic potential energy matrix (in equation (2.12)) is diagonal,

and so coupling between adiabatic states is kinetic — finite nuclear velocities can cause

couplings between these states. This constitutes a breakdown of the Born-Oppenheimer

approximation, as electronic and nuclear motion can no longer be considered on different

timescales.
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To illustrate the adiabatic separation and investigate non-adiabatic couplings, the total

wavefunction Φ(x,X, t) can be expanded in the product of the electronic wavefunction,

φ(x,X) and the nuclear wavefunction, ψ(X, t).8

Φ(x,X, t) =
∑

i

ψi(X, t)φi(x,X) (2.13)

Using this in the time-dependent Schrödinger equation,

i~
∂Φ(x,X, t)

∂t
=

(
T̂N − Ĥel

)
Φ(x,X, t) (2.14)

Left-multiplying by φ∗j(x,X) and integrating over the electronic co-ordinates then

gives8,38,41,82,102

i~
∂ψj

∂t
=

[
T̂N + Uj

]
ψj −

∑
i

Λ̂jiψi (2.15)

in which the operator Λ̂ji accounts for non-adiabatic coupling between the electronic states

|φi〉 and |φj〉:
Λ̂ji = δjiT̂N − 〈φj|T̂N |φi〉 (2.16)

Using the fact that T̂N = − ~2
2µ
∇2,

Λ̂jiψi = − ~
2

2µ
δji∇2ψi +

~2

2µ
〈φj|∇2|φi〉ψi (2.17)

in which the first term is zero when considering i 6= j. Applying the identity

∇2ab = b∇2a+ a∇2b+ 2∇a∇b,

Λ̂jiψi =
~2

2µ

[
ψi〈φj|∇2|φi〉+ 〈φj|φi〉∇2ψi + 2〈φj|∇|φi〉∇ψi

]
(2.18)

which, as i 6= j, means that

Λ̂ji =
~2

2µ
(2dji∇+Dji) (2.19)

in which dji = 〈φj|∇|φi〉 is the non-adiabatic coupling vector and Dji = 〈φj|∇2|φi〉, the
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scalar second-derivative term, is generally neglected. The derivative operator acts with

respect to the nuclear co-ordinates. Note that dji = −dij, and that dii = 0.

In the Born-Oppenheimer approximation, Λ̂ji is zero for i 6= j.

Considering a point of degeneracy between two adiabatic potential energy surfaces, dij

(see equation (2.19)) can be expressed in a more illuminating form by starting with the

electronic Schrödinger equation:

Ĥelφi =Uiφi

∇
(
Ĥelφi

)
=∇ (Uiφi)

Ĥel∇φi + (∇Ĥel)φi =Ui∇φi + (∇Ui)φi

〈φj|Ĥel∇|φi〉+ 〈φj|∇Ĥel|φi〉 =Ui〈φj|∇|φi〉+∇Uiδji (2.20)

The right hand side of this expression becomes Uidij + 0, and the left hand side can be

simplified by noting that

〈φj|Ĥel∇|φi〉 =〈φj|Ĥel|∇φi〉

=〈∇φi|Ĥel|φj〉∗

=Uj〈∇φi|φj〉∗

=Uj〈φj|∇|φi〉 = Ujdij (2.21)

and therefore

dij =
〈φj|∇Ĥel|φi〉
Ui − Uj

(2.22)

implying that non-adiabatic coupling becomes infinite at a point of degeneracy.

The diabatic representation is defined such that, ideally, the nuclear kinetic energy

operator is diagonal. (See section 2.3.2). The kinetic (nuclear momentum) coupling vectors

dji vanish and the coupling between potentials is contained in the off-diagonal elements of

the potential energy matrix, Vji. This avoids singularities such as the one demonstrated in
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equation (2.22). Unfortunately, it is not possible to form exact diabatic states Vk, as not

all components of dji can be made to go to zero simultaneously, so in practice approximate

diabatic states must be used103.

A qualitative measure of the applicability of the Born-Oppenheimer approximation can

be gained from the Massey parameter.8,83,104 This is defined as

ζ =

∣∣∣∣
~ż ·dji

Uj − Ui

∣∣∣∣ (2.23)

in which ż is the nuclear velocity vector and Uk is the adiabatic potential energy of state

|k〉.
When the energy gap between the two states is large, the non-adiabatic coupling dji

is small and the nuclei are moving slowly — i.e. when the Massey parameter is small —

the system behaves according to the Born-Oppenheimer approximation, evolving on one

adiabatic PES. As the nuclei are moving slowly with respect to the electronic timescale,

the electrons have time to arrange themselves into a new configuration at each new set of

nuclear positions. Conversely, when the value of ζ approaches unity (near a curve crossing,

a region of strong coupling or when the nuclei are moving fast) then a transition between

adiabatic states becomes more likely, as it is harder to decouple the electronic and nuclear

motions.

The Massey parameter is closely linked to the simple one-dimensional Landau-Zener

model of non-adiabatic transfer.8,105,106 This gives the probability P of non-adiabatic trans-

fer for a two-state system assuming that, in the region of potential crossing, ż and the

diabatic potential coupling Vji are both constant and that the diabatic potentials Vk are

linear:

P = exp

(
−2πV 2

ji

~ż ∂Vi−Vj

∂R

)
(2.24)
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2.3.2 Adiabatic to diabatic transformation

The adiabatic and diabatic representations set out in the previous subsection can be

linked by an orthogonal transformation.107–110 We first recast equation (2.12), using φi to

represent the adiabatic electronic wavefunctions:

Ĥel(x;X)




φ1A′(x,X)

φ2A′(x,X)

φ1A′′(x,X)




= A




φ1A′(x,X)

φ2A′(x,X)

φ1A′′(x,X)




(2.25)

in which the adiabatic potential energy matrix A is




U1A′(x;X) 0 0

0 U2A′(x;X) 0

0 0 U1A′′(x;X)




(2.26)

In the diabatic basis, with electronic wavefunctions ϕi,

Ĥel(x;X)




ϕΠA′ (x;X)

ϕΣA′ (x;X)

ϕΠA′′ (x;X)




= D




ϕΠA′ (x;X)

ϕΣA′ (x;X)

ϕΠA′′ (x;X)




(2.27)

with the diabatic potential energy matrix, D, being109




VΠA′ (x;X) V12 0

V12 VΣ(x;X) 0

0 0 VΠA′′ (x;X)




(2.28)

Note the difference in notation between the diabatic states here, ΠA′ and ΠA′′ , and the

OH(X) lambda-doublet levels of section 2.1, Π(A′) and Π(A′′). (This notation is chosen

for compatibility with ref. 28.)

The adiabatic and diabatic representations are linked by a simple rotation.107–110 In the
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case where roto-electronic couplings are ignored, φ1A′′ = ϕΠA′′ — the state of A′′ symmetry

cannot couple to the states of A′ symmetry, so is the same in both representations. This

model with two coupled states can be characterised by a 2x2 rotation matrix featuring a

single mixing angle, χ:28,111



U1A′ 0

0 U2A′


 = C2



VΠA′ V12

V12 VΣ


CT

2 (2.29)

in which

C2 =




cosχ sinχ

− sinχ cosχ


 (2.30)

χ describes the degree of mixing of the adiabatic wavefunctions, with a value of zero

corresponding to the adiabatic limit, and a value of ±π
4

to the diabatic limit.

When couplings to the third state, ϕΠA′′ , are not neglected, a 3x3 rotation matrix,

C3, parametrised by three mixing angles, describes the linear transformation between the

adiabatic and diabatic representations. C3 can be formed by multiplying together three

individual matrices that only feature one of the three mixing angles each. This can be done

in any order, resulting in different definitions of these angles due to the non-commutativity

of matrix multiplication. In this thesis, C3 is defined by111




U1 0 0

0 U2 0

0 0 U3




= C3




VΠA′ V12 V13

V12 VΣ V23

V13 V23 VΠA′′




CT
3 (2.31)

in which

C3 =




cosα cos β − sinα sinω sin β sinα cosω cosα sin β + sinα sinω cos β

− sinα cos β − cosα sinω sin β cosα cosω − sinα sin β + cosα sinω cos β

− cosω sin β − sinω cosω cos β




(2.32)
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Like χ in the case of two mixed states, α describes the mixing of states |ΣA′〉 and |ΠA′〉.
The angle β couples |ΠA′〉 and |ΠA′′〉, and the third angle ω is responsible for the coupling

between |ΣA′〉 and |ΠA′′〉. If the angles β and ω are both set to zero, the situation reverts

to the same as that in equation (2.30), with α ≡ χ.

2.3.3 Diabatisation

The theory of collision-induced electronic transitions between a 2Π and a 2Σ+ state of a

diatomic molecule was formulated in the 1986 paper of Alexander and Corey.109,112 This

fully quantum theory uses an electronically diabatic basis, in which109

|ΠA′〉 =

√
2

2
[|Λ = 1〉 − |Λ = −1〉] (2.33)

|ΠA′′〉 =

√
2

2
[|Λ = 1〉+ |Λ = −1〉] (2.34)

As roto-electronic couplings are not included in this formalism, the |ΠA′′〉 state is identical

to the adiabatic state 1A′′. V12 is the diabatic potential coupling as in equation (2.30),

and the diabatic potentials VΠ and V2 are defined using109

VΠA′ =VΠ − V2 (2.35)

VΠA′′ =VΠ + V2 (2.36)

The four diabatic potentials VΣ, V12, V2 and VΠ thus define the basis. They can be

obtained from the three adiabatic potentials U1A′ , U2A′ , U1A′′ and the mixing angle χ via109

VΣ =U1A′ sin
2 χ+ U2A′ cos2 χ (2.37)

VΠ =
1

2

[
U1A′ cos2 χ+ U2A′ sin

2 χ+ U1A′′
]

(2.38)

V12 =
1

2
sin 2χ [U1A′ − U2A′ ] (2.39)

V2 =
1

2

[−U1A′ cos2 χ− U2A′ sin
2 χ+ U1A′′

]
(2.40)
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Note that the differences between these equations and those in ref. 109 are because, here,

the ground X state is 2Π and the excited A state is 2Σ+. In the papers of Alexander and

Corey,109,112 the system considered was CN + He, where the 2Σ+ state is the ground (X)

state and the excited (A) state is 2Π.

In the diabatic basis, VΣ governs scattering in the excited |Σ+〉 state, and scattering in

the Π state is ruled by VΠ and V2. V12 is the diabatic coupling between the symmetric |Σ+〉
and |ΠA′〉 states; the asymmetric |ΠA′′〉 state is not coupled to either of the symmetric

states.

The mixing angle χ is obtained from ab initio calculations as described in ref. 28.

The adiabatic states |1A′〉 and |2A′〉 are quasi-diabatised28 to obtain the (approximate)

diabatic states |ΣA′〉, |ΠA′〉 and the mixing angle, as in equation (2.30). These diabatic

states are shown in figure 2.8, together with the 1A′ and 2A′ adiabatic surfaces.
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Figure 2.8: Cuts through the adiabatic potentials 1A′ (red dots) and 2A′ (black line),
and diabatic potentials ΠA′ (blue dashes) and ΣA′ (green dashes) for OH(X,A)+Kr21,28

(left) and OH(X,A)+Xe90 (right). Thermal collision energy lies at 32,907 cm−1 for the
left hand panel and 32,985 cm−1 on the right.

2.3.4 Conical intersections

To summarise the points made in the previous subsections, the adiabatic representation

is one in which the potential energy matrix, A, is diagonal. Non-adiabatic coupling is

kinetic, governed by off-diagonal elements of Λ̂, i.e. dij. In the diabatic representation,
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the kinetic couplings are set to zero (or as near as possible). Instead, the potential energy

matrix D is non-diagonal, with the off-diagonal elements representing potential couplings

between diabatic states.

By transforming to the diabatic representation, the singularity of infinite coupling at

a potential crossing (equation (2.22)) is removed, as the couplings are now local potential

terms rather than non-local derivative operators. Equation (2.15) now becomes

i~
∂ψj

∂t
= [TN + Vjj]ψj (2.41)

or, in matrix form,

i~
∂ψ

∂t
= [TNI + V ]ψ (2.42)

Following ref. 39, the coordinate vector of the point of degeneracy is R0, and R is the

displacement from R0. At R0, the adiabatic and diabatic bases are taken to be equal.39

Expanding in a Taylor series about R0,

V (R) = V (R0) + V (1) + V (2) + . . . (2.43)

The first-order elements around R0 can be expressed in the adiabatic basis as39

V
(1)x
kl =

[
〈k|∂Ĥel

∂Rx

|l〉
]
Rx (2.44)

and we adopt the notation (for a two-state system)

V
(1)

11 = κ1 ·R , V
(1)

22 = κ2 ·R , V
(1)

12 = λ ·R (2.45)

Now, considering a two-state system in which φ = c1φ1 + c2φ2, the secular equations

are8 

V11 − E V12

V12 V22 − E






c1

c2


 = 0 (2.46)
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which leads to the pair of solutions

E± =
1

2

[
(V11 + V22)±

√
(V11 − V22)2 + 4V 2

12

]
(2.47)

This means that the conditions for a point of degeneracy between the two adiabatic po-

tentials are that V11 = V22 and V12 = 0. In order to satisfy these, at least two independent

nuclear degrees of freedom are needed — for diatomic molecules, there is only one (the

internuclear separation), leading to the famous non-crossing rule.113 However, for poly-

atomic systems, it is possible for potential energy surfaces to touch or intersect.37

The reason why at least two degrees of freedom are necessary is because there needs

to be a tuning co-ordinate — which brings the adiabatic states closer in energy, up to a

point of degeneracy, while keeping V12 = 0 — and a coupling co-ordinate, which reduces

the symmetry of the system to induce V12 6= 0, thus causing the states to avoid a crossing.

Moving along either of these co-ordinates lifts the degeneracy, while motion along the

remaining F −2 co-ordinates (where F = 3N−6 is the total number of degrees of freedom

for N atoms) can take place without doing so. The tuning and coupling co-ordinates define

the so-called branching space.

For the OH–Rg systems discussed in this thesis, there are three atoms and so F−2 = 1,

meaning that adiabatic potential crossings can take place at isolated points. In higher-

dimensional systems, it is possible to have seams of such intersections — a well-studied

example of this is the OH(X,A)–H2 system.5,114–116 In the OH(X,A)–Kr/Xe systems, the

tuning co-ordinate (conventionally called g) corresponds to motion of the rare gas atom

radially towards and away from OH in the linear configuration, while the coupling co-

ordinate, h, is motion away from linearity. This is a symmetry-induced intersection,

where, at linearity, the potentials are of different symmetry (Σ and Π) and so can cross;

motion along g retains this symmetry while motion along h reduces it. When two states

have the same symmetry, it is possible to have an ‘accidental’ intersection, where it just

so happens that V11 = V22 and V12 = 0 at a certain point.
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A plot of the OH–Kr adiabatic potentials in the g − h co-ordinate system is shown

in figure 2.9, demonstrating the point of degeneracy and how motion along either g or h

breaks this degeneracy.
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Figure 2.9: g-h plot of the adiabatic potential energy surfaces for OH(A) + Kr28, with
1A′ displayed in blue and 2A′ in red. An expanded version of the conical intersection
is shown in figure 2.10. Here, g corresponds to motion of Kr radially towards and away
from OH in the linear configuration, and h is motion orthogonal to this (away from
linearity).

Intersections such as these are often referred to as ‘conical’ intersections. Taking

(V11 − V22) as the x coordinate and V12 as y, equation (2.47) describes a double cone (di-

abolo) with its vertex at the point of degeneracy.36 This can be seen in figure 2.10, which

is an expanded view of figure 2.9. For this reason, conical intersections are also sometimes

called ‘diabolical points’.38,117. Close to degeneracy, (V11 − V22)
2 ' (κ1 −κ2) ·R, the gra-

dient difference vector (g), and V12 ' λ ·R, the non-adiabatic coupling vector (h). This

means that degeneracy is lifted (to first order) on moving in the g − h plane, and the al-

most linear dependence of the energy on moving away produces the ‘diabolo’ double-cone

effect, as shown in figure 2.11.
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Longuet-Higgins developed a prescription for locating a conical intersection.37 If the

wavefunction changes sign on completing an adiabatic closed loop on the PES, there

must be a point within that loop where the wavefunction is discontinuous — implying

an intersection with another PES. The phase shift acquired by the wavefunction after an

odd number of circuits around the conical intersection — even if the intersection itself

is unreachable at that energy — is known as the geometric, or Berry, phase36,118,119 and

has been seen to have demonstrable, though small, interference effects in reactions such

as H + H2.
120 However, it is still a challenge to discern these effects experimentally.121

Transforming to a diabatic basis means that these effects no longer need to be accounted

for separately.39 The sign change can easily be seen by considering a two-state system

with a wavefunction φ = c1φ1 + c2φ2, like equations (2.46) and (2.47), and, following ref.

36, defining an angle θ via

R cos θ =
1

2
(V11 − V22) (2.48)

R sin θ =V12 (2.49)

R =
1

2

√
(V11 − V22)2 + 4V 2

12 (2.50)

Taking the lower root of equation (2.47), E−, and substituting into the secular equations

(equation (2.46)):

c1(R cos θ +R) + c2R sin θ =0 (2.51)

c1R sin θ + c2(R−R cos θ) =0 (2.52)

both of which lead to

c1
c2

=
cos θ − 1

sin θ
=
− sin θ

cos θ + 1
= − tan

θ

2
(2.53)
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giving the real solutions

c1 = sin
θ

2
; c2 = − cos

θ

2
(2.54)

c1 = − sin
θ

2
; c2 = cos

θ

2
(2.55)

Moving in a loop around the conical intersection, from θ = 0 to 2π, the wavefunction

φ = c1φ1 + c2φ2 will therefore change sign.36

As described in chapter 1, in many systems, conical intersections act as a funnel trans-

ferring population from one electronic state to another. However, the surfaces are not

only coupled at the point of degeneracy itself, but for a region around it. The degree of

mixing of adiabatic surfaces is parametrised by the mixing angle, χ, defined in equation

(2.30). Given the adiabatic PESs 1A′, 2A′ and the diabatic coupling V12 from ab ini-

tio calculations, χ can be calculated by considering the transformation (for a two-state

system)

D = CT
2 AC2 (2.56)

leading to



VΠA′ V12

V12 VΣ


 =



U1A′ cos2 χ+ U2A′ sin

2 χ (U1A′ − U2A′) cosχ sinχ

(U1A′ − U2A′) cosχ sinχ U2A′ cos2 χ+ U1A′ sin
2 χ


 (2.57)

which gives the mixing angle via

χ =
1

2
arcsin

(
2V12

U1A′ − U2A′

)
(2.58)

=
1

2
arctan

(
2V12

VΠA′ − VΣ

)
(2.59)

Plots of the mixing angle, χ, for the OH(X,A) + Rg systems are given in the left and

right columns of figure 2.12 for Kr and Xe respectively. It can be seen that mixing is largest

at closer approaches, and is zero in the linear geometry, increasing to a maximum near
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γ ≈ 120◦. The mixing angle then decreases to near-zero at the T-shaped configuration,

changes sign and there is another region of strong mixing near γ ≈ 60◦.

As the OH–Rg minima are further out than the HO–Rg minima, the regions of strong

mixing near the hydrogen end are energetically inaccessible.28 However, the strongly mixed

region in HO–Rg near-linear geometries is accessible at thermal collision energies — and,

due to the increased depth of the HO–Xe well compared to HO–Kr, there is expected to be

more quenching for Xe than Kr due to the strongest mixing being at the bottom of the well,

as opposed to on the inner wall as for Kr. Stronger mixing at more bent configurations

will favour these geometries for quenching,28 so the areas of the PES most responsible for

quenching are found by balancing the value of χ with the energetic accessibility.
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Figure 2.12: Plots of the excited state PES (top) and mixing angle, χ (bottom) for
OH(X,A)+Kr21,28 (left) and OH(X,A)+Xe90 (right). Energies are given in cm−1 and
mixing angles in degrees.
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2.4 Roto-electronic couplings

As described in section 2.2.2, the approach of a perturber (Kr or Xe atom) to the ground

state OH(X) radical lowers the cylindrical C∞v symmetry of the system to Cs in non-

linear configurations.85,122 Under this symmetry, the electronic wavefunction of the A 2Σ+

state is symmetric (A′) with respect to reflection in the scattering plane, and the doubly

degenerate Π state is split into states of A′ and A′′ reflection symmetry. These correspond

(semiclassically) to the unpaired electron lying in an orbital in (A′) or perpendicular to

(A′′) the scattering plane.

The discussion so far (section 2.3.3) has assumed that coupling can only take place

between states of the same symmetry, with the 1A′′ state being the same in the adiabatic

and diabatic representations. However, it could also be possible that this state can play

a part in the dynamics. An overall rotation of the three-atom system about an axis

perpendicular to the O-H bond (x or y, if the O-H bond is z) will be antisymmetric123

and thus can couple electronic states of different electronic symmetry: A′×A′′×A′′ = A′,

the totally symmetric representation.8,85,122

This is a different type of coupling to that previously discussed. So far, electrostatic

potential couplings (the term V12 in the diabatic representation) have described a localised

interaction between electronic and nuclear motion — that is, a breakdown of the Born-

Oppenheimer approximation — near to a crossing (avoided or real). The roto-electronic

couplings introduced in this section are examples of geometric coupling,124 where the

non-applicability of the Born-Oppenheimer approximation derives from the description of

electronic motion using a nuclear co-ordinate system that is itself moving. Centrifugal

or Coriolis forces act on the electrons — semiclassically, this can be visualised as the

cloud of electrons drifting behind the nuclei as the system rotates.125 This has links to

‘gyroscopic perturbations’ in triatomic molecules, which are heterogeneous perturbations

between states with the same S but different Λ caused by the L-uncoupling operator.126

This kind of coupling applies at all ranges, even if there is no interaction between the
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potentials,124 but, of course, when the potentials are far apart the coupling cannot induce

any appreciable mixing.

This thesis considers two kinds of roto-electronic coupling in triatomic systems. These

are Renner-Teller coupling, which involves the ĴzL̂z term in the triatomic Hamiltonian

and couples states with ∆Λ = 0 (the ΠA′ and ΠA′′ states that are degenerate at linearity),

and Coriolis coupling, which is governed by the Ĵ+L̂− + Ĵ−L̂+ term and couples states

that have ∆Λ = ±1 (the ΣA′ and ΠA′′ states).

Renner-Teller (RT) coupling involves bending of a linear complex.127–129 At linearity,

λ, the projection of electronic orbital angular momentum on the linear axis (λ = ±Λ) is

a good quantum number; on bending, this ceases to be the case and coupling is possible

for states with non-zero electronic angular momentum.130,131 The most well-investigated

triatomic cases are the NH2 radical128,130,131 and the photolysis of H2O(B̃).132–134. The

competition between RT and conical intersection channels has been investigated recently

by Zhou et al.135, following earlier work by Dixon136, using quantum mechanical methods.

Coriolis coupling mixes states of different symmetry by means of a rotation – see for

example refs. 132,137,138. In contrast to RT coupling, Coriolis coupling can only mix

states that differ in their electronic angular momentum by ∆Λ = ±1.

Recent examples of systems where these kinds of coupling have been investigated in-

clude quenching in NH(a)+H and C+H2,
139,140 and the inclusion of Coriolis coupling in

quantum mechanical (QM) studies such as the O(1D) + H2→ OH(X) + H reaction.141 RT

coupling has been considered in a trajectory surface-hopping model by Santoro, Petron-

golo and Schatz for the N(2D) + H2 system,131,142 following the QM study of Goldfield et

al.130

Further details of these couplings that are of relevance to the systems considered in

this thesis will be discussed in chapter 5.
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2.5 Spin-orbit coupling

As the theoretical methods used in this thesis are (quasi-)classical in character, spin-orbit

coupling — which derives from the purely quantum concept of spin — is not considered in

them. However, it is useful to remember that it may play a part in the systems considered

here.

Spin-orbit coupling is the interaction of the electron’s intrinsic magnetic moment (from

its spin) with the magnetic field generated by its orbital motion.8 It is present in systems

of non-zero S and Λ, and the relevant operator is L ·S. Recalling section 2.1, L and S

couple in Hund’s case (a) to form the projection Ω = |Λ + Σ|, where Ω can be 3
2

or 1
2

for

OH(X).

States of definite |ΛΣΩ〉 can be coupled by a spherical perturber:143,144

〈Λ′Σ′Ω′|Ĥso|ΛΣΩ〉 =
∑

λ

dλ
Ω−Ω′,0(γ)Hso

λ,Ω−Ω′(R) (2.60)

The L̂zŜz term couples the ΠΩ states, and L̂yŜy and L̂xŜx couple the Σ and Π states.

There are terms of both ∆Ω = 0, ±2 connecting the Σ and Π states — in isolated OH

(and linear OH–Rg and HO–Rg complexes), the ∆Ω = 0 terms are non-zero (giving rise

to the Λ-doublet splitting) while the ∆Ω = ±2 terms are zero. These terms may not be

zero in non-linear complexes.

2.6 Summary

The spectroscopy of the OH radical in its ground and first excited electronic states has

been introduced in this chapter, with particular attention paid to the Zeeman sublevels

and their interaction with an external magnetic field, which will form the basis of the

Zeeman quantum beat spectroscopy technique described in chapter 4. In the rest of this

chapter, the potential energy surfaces (PESs) for the interaction of OH(X,A) with Kr and

Xe have been shown, and the transformation between electronically adiabatic and diabatic
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bases was discussed.

The various types of coupling between different potentials have been considered –

electrostatic, rovibrational and spin-orbit. One particular focus has been on the conical

intersection between the OH(X) and OH(A) potentials in the HO–Rg configuration.

The PESs and concepts from this chapter will be used in the theoretical methods de-

veloped in chapters 4 and 6, and these methods will be employed for calculations presented

in chapters 6 and 7.



Chapter 3

Theory: Collisions, vectors and polarisation

In this chapter, the basic concepts such as cross-sections and opacity functions that lie

at the heart of the discussion in this thesis will be defined for use in later chapters. The

theory of angular momentum and its polarisation will then be set out in as far as it is

relevant to the present work, with particular attention paid to the classical formalism for

better comparison with quasi-classical calculations. The links between the quantum and

classical pictures will be explored, and a description will be given of the polarisation of

light.

The focus of this chapter is on the notation, formalisms and concepts used in this

thesis. The review by Paterson et al. compares several considerations of these subjects,

giving relations between this and other treatments.25

3.1 Opacity functions and cross-sections

The experiments described in this thesis measure thermally averaged rate constants, k(T ),

for various processes. These are defined as the integral of the excitation function σ(Et) over

the Boltzmann distribution of collision energies at a temperature T , where the excitation

function simply describes the variation of the cross-section for the process of interest with

45
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collision energy, Et.
145

k(T ) =

√
8kBT

πµ
(kBT )−2

∫ E2

E0

σ(Et)Et exp

(−Et

kBT

)
dEt (3.1)

In this expression, kB is the Boltzmann constant and µ is the reduced mass of the system.

E0 is the threshold energy for the process of interest to take place, and E2 is set high enough

to include the whole Boltzmann distribution of collision energies for that temperature.

The cross-section, σ, has units of area, and can be thought of as a ‘target area’ for

collision in simple collision theory.1,8 It can be related to the rate constant at fixed energy,

k(Et) (as opposed to the thermal rate constant, k(T ), of equation (3.1)) by the relative

velocity vrel(Et)
1,8

k(Et) = vrel(Et)σ(Et) (3.2)

i.e. k(Et) is the collision volume swept out by the reactants per unit time.

In a classical collision between two particles A and B, the impact parameter, b, can be

defined as the perpendicular distance between B and the path of A (see figure 3.1) — if

there were no intermolecular potential, b would be the distance of closest approach.1,8

B

A

b

2 dpb b

f

Figure 3.1: Classical collision between two particles, A and B, with impact parameter
b

Because the system of figure 3.1 has cylindrical symmetry, averaging over the azimuthal

angle φ reveals that the area of the ring shown is 2πb db. The classical cross-section can
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now be described as a partial cross-section, σ(b), averaged over impact parameter:

σ =

∫ bmax

0

σ(b) db (3.3)

in which σ(b) is the probability that the transition of interest takes place multiplied by

the area of the ring, 2πb.

σ(b) = 2πbP (b) (3.4)

P (b), the transition probability as a function of impact parameter, is known as the opacity

function. Classically, ifNr collisions out ofNtot undergo the transition at impact parameter

b, then

P (b) =
Nr(b)

Ntot(b)
(3.5)

The impact parameter gives the (classical) orbital angular momentum of the system

via |`| = µvrelb, and this corresponds to the quantum mechanical ` via |`| = ~
√
`(`+ 1).

As J is the sum of ` and j (or F ), this relationship between J and b provides a link between

the quantum and classical descriptions. The quantum mechanical opacity function can be

expressed either as P (`) or P (J), with the partial cross-section being given by either of

σ(`) =
π

k2
i

(2`+ 1)P (`) (3.6)

σ(J) =
π

k2
i

2J + 1

2j + 1
[2 min(J, j) + 1]P (J) (3.7)

where ki is the wavevector (the linear momentum divided by ~).

In the quantum picture, the integral over b is replaced by a sum over J :

σ =
∑

J

σ(J) (3.8)

This shows how the experimentally measured rate constants are related to the more

fundamental opacity functions. Going deeper into scattering theory, the opacity function
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for a transition from state |i〉 to |f〉 can be expressed as10

P (J) = |T J
if |2 (3.9)

To explain what this means, we introduce the time-independent picture of quantum scat-

tering.8,10,146 The incoming molecule is represented as a plane wave interacting with a

scattering centre. The scattering matrix relates the incoming and outgoing waves:

S|ψJ
in〉 = |ψJ

out〉 (3.10)

The incoming plane wave can be decomposed into a series of partial waves with increasing

values of J∗ — this is the quantum analogue to classical collisions at different impact

parameters, b. Mathematically, this is done by expressing the plane wave as a sum of

Bessel functions of the first kind.10

It is often more useful to define the transformation matrix, T:

T|ψJ
in〉 = (1− S)|ψJ

in〉 = |ψJ
in〉 − |ψJ

out〉 (3.11)

It is the elements of this matrix that appear in equation (3.9), as the square modulus of

these T-matrix elements gives the probability of scattering from |i〉 to |f〉 at total angular

momentum J .

In general, the state of a system can be described by the density matrix. The density

operator is given by147

ρ̂ = |ψ〉〈ψ| =
∑
mn

cmc
∗
n|ψm〉〈ψn| (3.12)

meaning that the elements of the density matrix are

〈ψi|ρ̂|ψj〉 = cic
∗
j (3.13)

∗In the body-fixed frame; in the space-fixed frame, the decomposition is in `
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The diagonal elements thus give the probabilities of the eigenstates, and the off-diagonal

elements describe the coherences between them. The expectation value of an arbitrary

operator Q̂ is147

〈Q̂〉 = Tr[ρ̂Q̂] (3.14)

Considering here a pure, coherent state, the density matrix is diagonal and the wave-

function can be expressed as a linear combination of basis functions.

|ψ〉 =
∑

n

cn|ψn〉 (3.15)

For a state like this, and also fixing total J using the partial wave expansion, we have

|ψJ
in〉 =

∑
i

ci|ψJ
i 〉 (3.16)

|ψJ
out〉 =

∑

f

cf |ψJ
f 〉 (3.17)

In this case, with the incoming partial wave being a single eigenfunction,10

T J
fi =〈ψJ

f |T̂ |ψJ
i 〉 = 〈ψJ

f |ψJ
i 〉 − 〈ψJ

f |Ŝ|ψJ
i 〉

=〈ψJ
f |ψJ

i 〉 − 〈ψJ
f |ψJ

out〉 = 〈ψJ
f |ψJ

i 〉 −
∑

n

cn〈ψJ
f |ψJ

n〉

=δfi −
∑

n

δfncn = δfi − cf (3.18)

Taking the square modulus, as in equation (3.9),

|T J
fi|2 = δfi + |cf |2 − 2δfiRe(cf ) (3.19)

For an inelastic collision, this means that P (J) = |cf |2, so its limits range from 0 to 1.

However, for an elastic collision, the opacity function can range from18 0 to 4 — note that

the classical opacity function for an elastic collision does not converge and tends to unity

at high b. This is because there is no cut-off determining how glancing a blow can still
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count as a ‘collision’; in quantum mechanics the Heisenberg uncertainty principle fulfils

this role.

3.2 Vector correlations

An atom-diatom collision, such as the ones considered in this thesis, can be completely

specified by four vectors:8,32,33

k Initial relative velocity vector

j Initial angular momentum vector of the diatom

k′ Final relative velocity vector

j′ Final angular momentum vector of the diatom

The full four-vector correlation can be integrated over the appropriate angles to give a

lower-order correlation that is more readily interpreted.19,30,32,33,148. In this way, there are

four possible three-vector correlations. The most useful are the k− k′− j′ correlation149,

obtained by integrating over all directions of j, which describes the product rotational

polarisation with respect to the scattering plane, and the k − j − j′ correlation19, which

illustrates the dependence of the collisional depolarisation on the initial velocity vector.

Integrating these distributions over a further vector results in one of six possible two-

vector correlations.32 The k−k′ correlation is the familiar differential cross-section (DCS),

which is not discussed in this thesis but which has been extensively investigated for many

systems, both experimentally and theoretically. Of more interest to the present study

is the correlation between j and j′, which quantifies the extent of angular momentum

depolarisation in the collision. To describe this further, the spatial distribution of j will

first be examined, and then the distribution of j′ with respect to j. Note that, in the

present discussion, j stands for the total angular momentum vector of the diatom (OH)

— N or F could be used in its place, depending whether electron and/or nuclear spin is

being included (see chapter 2).
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3.2.1 Lab-frame distribution of j

Classically, the lab-frame distribution of j — that is, the two-vector correlation between

j and the Z axis — can be expanded in the complex conjugates of modified spherical

harmonics.150,151 This function gives the probability of j lying along the direction specified

by the angles (θj, φj):

P (θj, φj) =
∞∑

k=0

k∑

q=−k

2k + 1

4π
a(k)

q C∗kq(θj, φj) (3.20)

The expansion coefficients, a
(k)
q , are given by

a(k)
q = 〈Ckq(θj, φj)〉 (3.21)

and Hertel-Stoll normalised to obtain real polarisation parameters152 (q > 0):

a
{k}
q+ =(−1)q

√
2Re

(
a

(k)
+q

)
(3.22)

a
{k}
q− =(−1)q

√
2Im

(
a

(k)
+q

)
(3.23)

a
{k}
0 =a

(k)
0 (3.24)

Note that the modified spherical harmonics Ckq(θj, φj) are related to the spherical

harmonics Ykq(θj, φj) by

Ckq(θj, φj) =

√
4π

2k + 1
Ykq(θj, φj) (3.25)

Quantum mechanically, the direction of j cannot be precisely defined in this way.

Instead, the density matrix is expanded in Clebsch-Gordan coefficients:150,151

〈jm|ρ|jm′〉 =

2j∑

k=0

k∑

q=−k

2k + 1

2j + 1
a(k)

q 〈jm, kq|jm′〉 (3.26)
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In this expansion, the a
(k)
q polarisation parameters are given by

a(k)
q =

∑

mm′
〈jm|ρ|jm′〉〈jm, kq|jm′〉 (3.27)

To provide a link between the quantum and classical descriptions, it is possible to

define a minimum uncertainty state, |θj, φj〉. This is a state in which j is as localised as

possible around the direction (θj, φj).
150,151 It can be obtained by taking the state with

maximum localisation along θj = 0 – that is, |jj〉 – and rotating it:150,151

|θj, φj〉 =
∑
m

|jm〉Dj
mj(φj, θj, 0) (3.28)

(Dj
mj(φj, θj, 0) is a Wigner rotation matrix, as defined in ref. 88.)

The quantum probability density function 150,151 then describes the population of this

minimum uncertainty state. It can be obtained via150,151

Q(θj, φj) =
〈θj, φj|ρ|θj, φj〉

Tr(ρ)
(3.29)

=

2j∑

k=0

k∑

q=−k

2k + 1

4π
a(k)

q 〈jj, k0|jj〉C∗kq(θj, φj) (3.30)

The Clebsch-Gordan coefficient tends to unity in the limit of high j, which makes equations

(3.30) and (3.20) correspond.

Using the real, Hertel-Stoll normalised polarisation parameters and modified spherical

harmonics,8

Q(θj, φj) =

2j∑

k=0

2k + 1

4π
〈jj, k0|jj〉

[
a
{k}
0 C

{k}
0 (θj, φj) +

2j∑
q=1

a
{k}
q+ C

{k}
q+ (θj, φj) + a

{k}
q− C

{k}
q− (θj, φj)

]

(3.31)

The system considered in the present work is cylindrically symmetric — the measured

quantities are resolved in neither k nor k′. Therefore q = 0 and the distributions can

be azimuthally integrated, replacing the spherical harmonics with Legendre polynomials.
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Classically, the probability density function becomes

P (θj) =
∞∑

k=0

2k + 1

2
a(k)Pk(cos θj) (3.32)

and, in the quantum description,

Q(θj) =

2j∑

k=0

2k + 1

2
a(k)〈jj, k0|jj〉Pk(cos θj) (3.33)

with the polarisation parameters

a(k) = a
(k)
0 = 〈Pk(cos θj)〉 (3.34)

The set of a(k) parameters specify the polarisation of j in the lab frame. Polarisation

parameters of odd rank, k, describe the orientation of the angular momentum vectors

of the bulk sample of OH radicals. Classically, orientation corresponds to a preferred

sense of rotation of the radical — in terms of |jm〉 state populations, orientation means

a preference for positive over negative m (or vice versa). The even-rank polarisation

parameters describe the angular momentum alignment, which is a propensity to populate

high |m| over low |m| states, or low over high — classically, a preferred plane of rotation.

Figure 3.2 shows a pictorial description of orientation and alignment.

Z
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+2
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m
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orientation alignment

Figure 3.2: Pictorial representation of oriented and aligned distributions of vectors
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Angular momentum polarisation can also be described using the density matrix (section

3.1). As described earlier, a pure state can be expressed as88,147

|ψn〉 =
∑
m

c(n)
m |ψm〉 (3.35)

and, in the general case of an incoherent superposition of pure states with weights Wn,

the density operator ρ̂ (equation (3.12)) is

ρ̂ =
∑

n

Wn|ψn〉〈ψn| (3.36)

The elements of the density matrix are therefore

ρij =
∑

n

Wnc
(n)
i c

(n)
j (3.37)

If we consider a pure angular momentum state |jm〉, the density matrix elements are

〈jm′|ρ̂|jm〉 ≡ ρmm′ . The density matrix can also be expanded using spherical tensor

operators88,147, T k
q (j)

ρ =
∑

kq

ρk
q(j)T k

q (j) (3.38)

where

T k
q (j) =

∑

m′m

(−1)j−m
√

2k + 1



j j k

m′ −m q


 |jm〉〈jm′| (3.39)

The state multipoles ρk
q can be related to the density matrix elements via147

ρmm′ =
∑

kq

(−1)j−m′√
2k + 1



j j k

m′ −m q


 ρk

q (3.40)

An oriented distribution of angular momenta has at least one non-zero odd-k multipole;

an aligned distribution has at least one even-k (not k = 0) multipole.147 The polarisa-

tion parameters can be expressed in terms of the state multipoles, or the density matrix
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elements, noting that q = 0 in a cylindrically symmetric system:147,153

a(k) =

j∑

m′=−j

j∑
m=−j

ρmm′〈jm′, k0|jm〉 (3.41)

a(k) =
2j + 1

2k + 1
ρk

0 (3.42)

3.2.2 j-j′ correlation

The j-j′ correlation describes the spatial distribution of the angular momentum vector

after a collision with respect to the initial j. This distribution can be expanded classically

in Legendre polynomials as12,154

P (θjj′) =
∑

k

2k + 1

2
a(k)(j, j′)Pk(cos θjj′) (3.43)

The depolarisation moments, a(k)(j, j′), are given by

a(k)(j, j′) = 〈Pk(cos θjj′)〉 (3.44)

and are a measure of the transfer of polarisation from the initial to the final state, with

the odd-k moments dealing with transfer of orientation and the even-k moments with

transfer of alignment. This thesis will mostly be concerned with the moments for k = 1

and 2, which are those that can be measured experimentally using the 1+1 LIF technique

employed here. These have the classical limits12

−1 ≤a(1) ≤ 1 (3.45)

−1

2
≤a(2) ≤ 1 (3.46)

with a(1) = 1 corresponding to complete retention of orientation, and a(1) = −1 implying

that the sense of rotation is completely reversed. Similarly, a(2) = 1 corresponds to j′ ‖ j
and a(2) = −1

2
to j′ ⊥ j.
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Quantum mechanically, a(k)(j, j ′) is identical12,25 to the tensor transfer coefficients

E(k)(j, j′) of Corey et al.155, which relate the state multipoles of the density matrix after

the collision to the initial state multipoles:

ρ
(k)
q (j′)
ρ0

0(j
′)

= E(k)(j, j′)
ρ

(k)
q (j)

ρ0
0(j)

(3.47)

A further link between the quantum and classical descriptions can be made by defining

the tensor cross-sections, σ
(k)
T , as

σ
(k)
T (j, j′) = a(k)(j, j′)σjj′ (3.48)

These tensor cross-sections quantify how much polarisation is transferred from the initial to

the final state during the collision. Note that the zero-order tensor cross-section, σ
(0)
T (j, j′),

is the same as the integral cross-section σjj′ . If Njj′ out of Ntot classical collisions result

in the transition |j〉 → |j′〉 taking place, then

σ
(k)
T (j, j′) =

πb2max

Ntot

Njj′∑
i=1

Pk(cos θ
(i)
jj′) (3.49)

The quantum expression for the tensor cross-sections is given by Alexander and Davis

as26,156

σ
(k)
T (j, j′) =

π

k2

∑

JJ ′

∑

``′
(2J+1)(2J ′+1)(−1)`+`′−j−j′+2J




j j k

J J ′ `








j′ j′ k

J J ′ `′




T J

j′`′j`T
J∗
j′`′j`

(3.50)

This equation is used with equation (3.48) to calculate quantum mechanical a(k)(j, j′)

moments. Note that the classical limits for a(k)(j, j′) apply to the quantum parameters

only in the high-j limit and, in reality, the limits on the quantum a(k)(j, j′) depend on j

and j′. As stated in ref. 12, for j′ > j, the quantum limits are greater than the classical

ones, and the reverse is true for j′ < j.

One of the main quantities of interest in this thesis is the collisional depolarisation
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cross-section, σ(k)(j, j′), which specifies the loss of polarisation during the collision, in

contrast to the tensor cross-section, which deals with the conservation of polarisation.

This is defined as

σ(k)(j, j′) = σjj′ − σ(k)
T (j, j′) = σjj′

[
1− a(k)(j, j′)

]
(3.51)

Note that ref. 25 treats the kinetics of collisional depolarisation in detail, giving the

relations between the treatment used here and other, related formalisms.

3.3 Tensor opacities – linking the classical and quan-

tum descriptions

The classical and quantum mechanical expressions for integral and tensor cross-sections

can be linked by making the assumption that spin, S, is a spectator in the collisions

considered in this thesis. For the collisions of a 2Σ+ radical with a rare gas atom, this

is a good assumption — the potential is electrostatic in nature, which does not interact

with spin. In the energy-sudden limit, where the spin-rotation constant γ (section 2.1)

does not vary on formation of the collision complex, the quantum mechanical expression

for the integral cross-section σNj→N ′j′ can be factorised into a closed-shell dynamical part

containing all the information about the collision dynamics, and a geometric angular

momentum coupling part:12,155–158

σNj→N ′j′ =
π

k2
i

(2j′ + 1)
∑
K




N N ′ K

j′ j S





2

PK(N,N ′) (3.52)

in which K = |N ′ −N | is the angular momentum transferred in the collision.

The tensor opacity, PK(N,N ′), contains all the dynamical information in equation

(3.52), with the rest of the expression being made up of angular momentum coupling

terms. Being independent of spin, it is possible to calculate PK(N,N ′) in a classical
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calculation, and it is these tensor opacities that provide the link between the classical and

quantum mechanical pictures. In this way, it is possible to calculate (quasi) open-shell

cross-sections using QCT methods, assuming spin is a spectator.

Quantum mechanically, the tensor opacities are defined as155,156,158

PK(N,N ′) =
1

2K + 1

∑

``′
|〈N ′`′||TK ||N`〉|2 (3.53)

where the reduced T̂ -matrix elements are given by155,156,158

〈N ′`′||TK ||N`〉 = (2K + 1)(−1)N+`′
∑

J

(−1)J(2J + 1)




N N ′ K

` `′ J




T J

N ′`′,N` (3.54)

Classically, it is demonstrated in ref. 12 that the tensor opacities can be calculated

from the closed-shell integral cross-section resolved in K:

PK(N,N ′) =
k2

i

π
(2N + 1)σNN ′(K) (3.55)

These K-resolved cross-sections could be calculated from, for example, a QCT calculation

via 12

σNN ′(K) = πb2max

N (K;N,N ′)
Ntot(N)

(3.56)

where N (K;N,N ′) trajectories out of Ntot(N) starting in rotational state N end up in

rotational state N ′ after transferring K units of angular momentum.

The tensor opacities can also be used to calculate a(k)(j, j′) polarisation parameters12:

a(k)(j, j′) = A

∑
K(−1)K




j j k

j′ j′ K








N N ′ K

j′ j S





2

PK(N,N ′)

∑
K




N N ′ K

j′ j S





2

PK(N,N ′)

(3.57)
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where

A = (−1)k−j−j′
√

2j + 1
√

2j′ + 1 (3.58)

Having linked the depolarisation cross-sections σ
(k)
jj′ to the tensor opacities PK(N,N ′),

it can be noted that it is also possible to calculate m-changing cross-sections from the

tensor opacities. In the lab frame, where m is the projection of j on the lab Z axis,155

σNjm→N ′j′m′ =
π

k2
i

(2j′ + 1)(2j + 1)
∑
KQ




j′ K j

−m′ Q m




2 


N N ′ K

j′ j S





2

PK(N,N ′)

(3.59)

thus providing a link between the m-changing cross-sections and the depolarisation cross-

sections.

3.4 The polarisation of light

This section gives a brief overview of what is meant by the polarisation of light, something

that will be referred to extensively in chapters to follow. In the picture of light as a

transverse wave, e, the polarisation vector of the electric field E, is perpendicular to the

direction of propagation. Taking the light wave to be travelling along Z, the polarisation

vector can be resolved into a linear superposition of waves polarised along X and Y , with

a phase shift of δ between them:147,159

e = eX cos β + eY exp(iδ) sin β (3.60)

A linear polarised wave has δ = 0, meaning that β is the angle between e and X. Circular

polarisation is the case where δ = ±π/2 and cos β = sin β, and the general case where

δ 6= 0 is known as elliptical polarisation. Representing the wave’s angular frequency as
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ω,31

eX =Re [cos β exp(−iωt)]

eY =Re [sin β exp(−i(ωt+ δ))] (3.61)

The link with the photon picture of light becomes clearer when using the helicity

representation.147 The photon is a spin-1 particle, and λ = ±1 is defined as the projection

of S along the direction of propagation. Note that the component of the photon’s orbital

angular momentum in this direction is zero, so λ is also the projection of jphot along the

propagation direction.147 Therefore

e± = ∓
√

2

2
[eX ± ieY ] (3.62)

The classical optics definition31, which will be used in this thesis, labels e+ as right-hand

circular polarisation (RCP), and e− as left-hand circular polarisation (LCP), following

the Stokes parameter s3. Unfortunately, the opposite convention applies in quantum

physics147, and care should be taken with the RCP and LCP labels.

By inverting equation (3.62), eX,Y can be expressed as

eX =−
√

2

2
[e+ − e−]

eY =− i
√

2

2
[e+ + e−] (3.63)

If the beam of light does not propagate along Z, the equations above must be rotated

to the correct frame. This frame will be labelled as xyz to differentiate it from XY Z. In

the new frame, the cyclic components eQ (Q = −1,0,1) can be expressed in terms of eQ′

in the old frame:159

eQ =
∑

Q′
eQ′D

(1)∗
Q′Q(χ, θ, φ) (3.64)

where D
(1)
Q′Q(χ, θ, φ) is a Wigner rotation matrix.88 The angle χ is set to zero, as it corre-
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sponds to rotation about the direction of propagation and as such is arbitrary.

3.5 Summary

In this chapter, the concepts of polarisation, orientation and alignment have been intro-

duced in quantum and (semi)classical terms. The polarisation of light, discussed in section

3.4, leads to oriented or aligned distributions of angular momentum vectors j in excited

OH(A), as described in section 3.2. Collisions with Kr or Xe atoms can destroy the polar-

isation created by these methods, and the mathematical description of this has been given

in terms of the j − j′ correlation.

Opacity functions and cross-sections, fundamental concepts in the field of molecular

collision dynamics, have been defined and explained, and the formalism of tensor opacities

used for the treatment of open-shell species in this thesis has been introduced.

The concepts explored in this chapter are relevant to the rest of this thesis. Chapter 4

will set out the methods used to experimentally measure the cross-sections defined here,

and the results will be presented in chapters 7 and 8. The techniques used to calculate

these quantities from theoretical potential energy surfaces are brought into the discussion

in chapters 5 and 6, and applied in the results chapters 7 and 8.
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Experimental methods

4.1 Aim and definitions

The experiments in this thesis measure absolute, thermal rate constants for the following

processes (see chapter 1):

• Electronic quenching

• Vibrational energy transfer

• Rotational energy transfer

• Total collisional depolarisation

• Elastic collisional depolarisation

The laser and detection system used can resolve in spin-rotation level, j, but not hyper-

fine level, F (for OH(A2Σ+)). Thus ‘elastic’ in this section refers to collisions that are

elastic in j, and ‘rotational energy transfer’ is all collisions for which either N ′ 6= N or

N ′ = N ; j′ 6= j. (The notation used here is defined in section 2.1).

62
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The absolute rate constants, k(T ), obtained from the experiment are measured at 300

K and can be written as in chapter 3:

k(T ) ≡ 〈k〉 =〈vrelσ(vrel)〉 (4.1)

=

∫ ∞

0

vrelσ(vrel)fMB(vrel|T ) dvrel (4.2)

=

√
8kBT

πµ
(kBT )−2

∫ ∞

0

σ(Et)Et exp

(−Et

kBT

)
dEt (4.3)

where vrel is the relative velocity, Et is the collision energy, kB is the Boltzmann constant,

T is the temperature and µ is the reduced mass of the system. fMB(vrel|T ) and PMB(Et|T )

are the Maxwell-Boltzmann distributions of relative velocities and energies at temperature

T respectively.

k(T ) can be converted into a flux averaged thermal cross-section, σ, using the thermal

mean relative velocity, 〈vrel〉.

σ =
k(T )

〈vrel〉 ; 〈vrel〉 =

(
8kBT

πµ

) 1
2

(4.4)

Note that this “thermal flux averaged cross-section”, σ, is not the same as the “thermally

averaged cross-section” σ(T ) ≡ 〈σ〉:

σ(T ) ≡ 〈σ〉 =

∫ ∞

0

σ(vrel)fMB(vrel|T ) dvrel (4.5)

σ =

∫∞
0
vrelσ(vrel)fMB(vrel|T ) dvrel∫∞
0
vrelfMB(vrel|T ) dvrel

(4.6)

and that it is the thermal flux averaged cross-section, σ, that will be referred to as a

“cross-section” in the remainder of this thesis. These cross-sections are absolute numbers,

and do not need to be scaled in any way for comparison with theory.
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4.2 Outline

This section will describe the experimental processes used to measure the above mentioned

cross-sections. It will start with an overview of the various techniques used to measure

such quantities in different laboratories, before moving in to focus on the methods used

in this thesis. A description of how polarised laser light is used to excite ground state OH

to the excited A2Σ+ state, creating a polarised distribution of OH(A) angular momentum

vectors, begins the discussion, and then the techniques of laser induced fluorescence (LIF)

and Zeeman quantum beat spectroscopy (ZQBS) used will be introduced. After presenting

the experimental setup, the processes used to analyse and fit the data obtained will be

explained, with a description of the error analysis and procedures to simulate experimental

data from theoretical results.

4.3 Experimental techniques

As reviewed in detail in ref. 25, the experimental methods used in measurements of angular

momentum transfer and depolarisation fall into three main classes. These are: polarised

single-photon laser induced fluorescence (LIF), which includes the method of Zeeman

quantum beat spectroscopy (ZQBS) used in this work; Optical-optical double resonance

(OODR); and non-linear techniques such as polarisation spectroscopy or four-wave mixing.

The theory of polarised LIF is set out in the papers of Case et al.31 and Greene and

Zare.160 A polarised laser is used to excite the sample, and the resonance fluorescence

is detected in a polarisation-sensitive manner — the anisotropy of the fluorescence gives

information on the polarisation of the sample. Clearly, this method is restricted to the

study of excited states, such as the OH(A) state probed in this work. It has been used

in early studies of depolarisation of iodine and alkali metal dimers161–165 and the more

recent work on elastic depolarisation of OH(A) by Brinkman and Crosley,166 as well as

in the depolarisation of NO(A) by CO2
167 and of H2, HD and D2 using VUV light.168

The 1908 study of Wood169 on collisional depolarisation of Na2 obviously did not use laser
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excitation, but the analysis of polarised fluorescence followed similar lines.

The absorption of polarised light causes the angular momentum of the sample of

molecules to become polarised88, as detailed further in section 4.4. Using linear polarised

light results in an aligned distribution of angular momenta. Two experimental geometries

are used: I‖ and I⊥, in which the polarisation axes of the laser and of a linear polariser

placed in front of the detector are respectively parallel or perpendicular to each other.

The difference in the two fluorescence channels, I‖ − I⊥, is a measure of the alignment of

the sample, and is normalised to obtain a polarisation ratio R, which depends only on the

polarisation and not on the population. The weighted sum, I‖ + 2I⊥, depends only on the

excited state population and not on its polarisation, enabling the separation of these two

effects. Measuring R as a function of collider pressure enables the determination of a rate

constant for collisional disalignment.

R =
I‖ − I⊥
I‖ + 2I⊥

(4.7)

The reason for using I‖ + 2I⊥ in the denominator, rather than I‖ + I⊥, is because the

resulting R is directly proportional (in the classical limit) to the alignment of the sam-

ple,154,170,171 〈cos θj′〉.

R =




〈cos θj′〉 Q branch

−1
2
〈cos θj′〉 P or R branch

(4.8)

In some texts, P is used to refer to (I‖−I⊥)/(I‖+I⊥), which has a slightly more complicated

relationship to 〈cos θj′〉.154 R can be viewed as the Laplace transform of a correlation

function for depolarisation.170

For disorientation measurements, circular polarised light is used to prepare a sample

of molecules whose angular momentum distribution is oriented (and also aligned). The

polarisation ratio used here is

C =
IL − IR
IL + IR

(4.9)
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with IL and IR corresponding to left- and right-hand circular polarised light respectively.

This ratio does still contain a small contribution from alignment, but, in practice, this is

usually within experimental error.

Polarised LIF has the advantage of experimental simplicity, and also separates out

the contributions to the signal from population decay and polarisation decay. However,

final rotational state resolution is achieved by spectrally resolving the fluorescence, which

reduces the signal-to-noise ratio and may not be possible for species with closely-spaced

spectra. The use of a monochromator in the current experiments is discussed in section

4.7.6.

Quantum beat spectroscopy (QBS) is a Doppler-free technique that has seen extensive

use in molecular spectroscopy, as reviewed in refs. 172–174. Beats between Zeeman,175,176

hyperfine177–180 and Stark181,182 levels have been used to measure various spectroscopic

quantities in a variety of small and medium-size molecules. QBS has also been used to

measure collisional angular momentum depolarisation in atoms,183 and its use by Brouard

and coworkers11–16,20,21,184 in the study of depolarisation of the small open-shell radicals

OH(A) and NO(A) finds its latest chapter in this thesis. The use of QBS to measure rates

of collisional depolarisation is dealt with in detail in the rest of this chapter.

The OODR technique uses a second laser for detection of the state of interest, rather

than looking at its fluorescence as in the LIF method above. Similar strategies are 1 + 1′

LIF, where the state of interest is detected by excitation to a third state and observation

of the emission from there, and techniques using detection by REMPI. These experiments

are more complex than the simple polarised LIF technique, but have much better rota-

tional state resolution due to the narrow bandwidth light available from the second laser.

The polarisation ratios P and C defined above are also used in the OODR method, but

analysis is more complicated, as explored in ref. 25. Excitation to the state of interest

can be performed with a laser, or by other methods such as stimulated Raman pump-

ing.25 Examples of this family of techniques include OODR studies of depolarisation in

NO(A)185 and CO,186 1 + 1′ LIF experiments on alkaline earth metal oxides187 and the



Creating a polarised angular momentum distribution 67

use of stimulated Raman pumping in the ground electronic state of N2,
188 acetylene189–191

and HD.192

Four-wave mixing (FWM),193 polarisation spectroscopy (PS)26 and other non-linear

methods have the advantage that they can be applied to almost any combination of elec-

tronic states, but can be experimentally difficult if the species of interest cannot be pro-

duced in a high enough concentration — the signal falls with the square of the number

density.26 PS is a measure of bulk polarisation, and it is not possible to separate out the

effects of polarisation and population decay.26

Further details of the various experimental techniques mentioned here, as well as others,

can be found in several recent reviews.25,26

4.4 Creating a polarised angular momentum distri-

bution

To measure collisional depolarisation, the OH radical is excited to the OH(A) state with

polarised laser light, so that the resulting distribution of j is aligned (linear polarised

light) or oriented (circular polarised light). This bulk polarisation of j vectors is then lost

through collisions with Kr or Xe, and the rate of this process is measured.

Excitation of OH(X) is first treated quantum mechanically, and the results are then

compared to those from a classical treatment.

4.4.1 Quantum description

Considering first excitation from a single |j′′m′′〉 state by polarised light, the excited state

|j〉 can be written as88,147

|j〉 = C ′
∑
m

|jm〉〈jm|ê · d̂|j′′m′′〉 (4.10)

where ê is the electric field vector of the laser and d̂ is the electric dipole moment operator.
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The operator ê · d̂ can be expressed as spherical components of d̂ in the lab frame,

d̂p:88

ê · d̂ =





d̂0 lin, z = laser polarisation axis

d̂+1 LCP, z = laser propagation axis

d̂−1 RCP, z = laser propagation axis

(4.11)

Now considering excitation from an isotropic ground state,

ρi = C ′′
∑

m′′
|j′′m′′〉〈j′′m′′| (4.12)

the excited state density matrix ρf is

ρf = A
∑

m′′,m

∣∣∣〈jm|ê · d̂|j′′m′′〉
∣∣∣
2

|jm〉〈jm| (4.13)

Applying the Wigner-Eckart theorem,88

〈jm|d̂p|j′′m′′〉 = (−1)j−m




j 1 j′′

−m p m′′


 〈j||d||j′′〉 (4.14)

Following ref. 147 and substituting equation (4.14) into equation (4.13),

ρf = A′
∑
m




j 1 j′′

−m p m′′




2

|〈j||d||j′′〉|2|jm〉〈jm| (4.15)
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The excited state density matrix must be normalised, and for this the trace is needed:

Tr(ρf ) =
∑

m′′
A′′

∑
m




j 1 j′′

−m p m′′




2

|〈j||d||j′′〉|2

=A′′
∑

m′′m



j′′ j 1

m′′ −m p




2

|〈j||d||j′′〉|2

=
1

3
A′′|〈j||d||j′′〉|2 (4.16)

in which the sum over the squared 3j-symbol has turned into 1/3 because of the orthogo-

nality properties of 3j-symbols.88

The normalised density matrix is therefore ρ = ρf/Tr(ρf ):

ρ = 3
∑
m




j 1 j′′

−m p m′′




2

|jm〉〈jm| (4.17)

Note that m′′ = m− p because of the triangle properties of the 3j-symbol.88

The squared 3j-symbol can be expanded using the relations to be found in Zare’s

book:88

ρ = 3(−1)j+j′′−p
∑

m,k

(2k + 1)(−1)j−m





1 1 k

j j j′′







j j k

m −m 0







1 1 k

−p p 0


 |jm〉〈jm|

(4.18)

Considering the 3j-symbol
(

1 1 k
−p p 0

)
, k can take the integer values 0, 1 and 2 only.

This means that single-photon excitation can only alter the multipoles up to rank 2 of the

density matrix. For linear polarised light, p = 0 and there is a further restriction, since by

symmetry 


1 1 k

0 0 0


 = (−1)k+2




1 1 k

0 0 0


 (4.19)

and so k must be even — hence linear polarised light can affect only the multipoles of
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k = 0 and 2, i.e. can align, but not orient, the sample. (See chapter 3).

In order to obtain the multipole moments of the excited state density matrix, equation

(4.17) can be used in the following relation:147

ρ(k)
q =

∑

mm′′
(−2)j−m

√
2k + 1



j j k

m −m −q


 〈jm|ρ|jm〉 (4.20)

to obtain (using the shorthand [x] = 2x+ 1)

ρ(k)
q =

∑

mm′′
3[k]3/2(−1)j+j′′−p



j j k

m −m −q




×



j j k

m −m 0







1 1 k

−p p 0








1 1 k

j j j′′





(4.21)

Restricting q to zero and using the relation88

∑
m1m2



j1 j2 j

m1 m2 m




2

=
1

2j + 1
(4.22)

we obtain

ρ
(k)
0 = 3[k]1/2(−1)j+j′′−p




1 1 k

−p p 0








1 1 k

j j j′′





(4.23)

Recalling equation (3.42) from chapter 3, the a(k) parameters can be obtained via

a(k) = a
(k)
0 =

2j + 1

2k + 1
ρ

(k)
0 (4.24)

and used in equation (3.33) to obtain the quantum probability density function for the

population of the minimum uncertainty state, Q(θj).

Q(θj) =
1

2

[
1 + 3a

(1)
0 〈jj, 10|jj〉P1(cos θj) + 5a

(2)
0 〈jj, 20|jj〉P2(cos θj)

]
(4.25)
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where

a
(k)
0 = 3

√
2j + 1(−1)j+j′′−p





1 1 k

j j j′′








1 1 k

−p p 0


 (4.26)

In this section, we refer to the a
(k)
0 parameters as r

(k)
0 , or extrinsic polarisation moments.

This is because they are produced by laser excitation, rather than being related to the

dynamics of the system under study.8

4.4.2 Classical description

An instructive comparison to the quantum description of excitation by polarised light

considered above is the classical viewpoint, which is perhaps more intuitive. In the limit

of high j, of course, the two descriptions become equivalent, and this section will explore

the circumstances under which the classical picture is valid.

One way of approaching the problem is to follow Zare’s treatment88,194 of the polarisa-

tion of r, the bond axis vector, by polarised laser excitation, and change the wavefunction

for the molecule in the r basis for that in the j basis,150,151 as in refs. 18,22. The ap-

proach used here is based on a consideration of the classical absorption probability, as

in Application 6 of ref. 88 and developed further in ref. 159. This classical derivation

will be compared with the high-j limit of the quantum description given in the previous

subsection.

The probability that a diatomic radical with transition dipole moment µ will absorb

light with electric field polarisation vector e is proportional to

Pabs ∝ |e ·µ|2

=

∣∣∣∣∣
+1∑

Q=−1

eQµQ

∣∣∣∣∣

2

(4.27)

in which Q = −1, 0, 1 are the cyclic components in the lab frame xyz (see section 4.4.1).

Considering first the light, right-hand and left-hand circular polarised light propagating

along z is expressed as pure e+1 and e−1 respectively. In the case of linear polarised light
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propagating along y with polarisation along x, the appropriate term is found by application

of equation (3.64). The polarisation angle β is between e and X is zero, and the required

rotation can be described by θ = π
2
, φ = 0, so159

eQ = −(−1)Q
√

2

2
d

(1)
1Q

(π
2

)
+

(−1)Q
√

2

2
d

(1)
−1Q

(π
2

)
(4.28)

where d
(1)
Q′Q is a reduced rotation matrix element.88 This reveals that this linear polarised

light can be described with e0.

In a j-fixed coordinate system, the components of the transition dipole can be expressed

as159 µ∆, with ∆ = −1, 0, 1 for P, Q and R branch transitions respectively. Rotating to

the lab frame, in which the direction of the initial j′′ is specified by (θj′′ , φj′′),
159

µQ = D
(1)∗
∆Q (0, θj′′ , φj′′) = (−1)QD

(1)
∆Q(0, θj′′ , φj′′) (4.29)

where D
(1)
∆Q(0, θj′′ , φj′′) is a Wigner rotation matrix element.88

Using equation (4.27), the absorption probability is

Pabs(θj′′ , φj′′) =

∣∣∣∣∣
+1∑

Q=−1

(−1)QeQD
(1)
∆Q(0, θj′′ , φj′′)

∣∣∣∣∣

2

(4.30)

and the probability density function P (θj, φj) is simply Pabs(θj′′ , φj′′) normalised such that

∫ 2π

0

∫ π

0

P (θj, φj) sin θj dθj dφj = 1 (4.31)

The polarisation moments a
(k)
q (chapter 3) can be obtained via150

a(k)
q =

∫ 2π

0

∫ 1

−1

P (θj, φj)Ckq(θj, φj) d(cos θj) dφj (4.32)

Integrating over φj and expanding in Legendre polynomials gives8,17,88

P (θj) =
1

2

[
1 + 3r

(1)
0 P1(cos θj) + 5r

(2)
0 P2(cos θj)

]
(4.33)
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where the r
(k)
0 moments are given in Table 4.1.

r
(1)
0 r

(2)
0

branch lin LCP RCP lin LCP RCP

P 0 −1
2

+1
2
−1

5
+ 1

10
+ 1

10

Q 0 0 0 +2
5
−1

5
−1

5

R 0 +1
2

−1
2
−1

5
+ 1

10
+ 1

10

Table 4.1: Table of extrinsic polarisation moments r
(k)
0 for use with equation (4.33)

Note that, as in the quantum case, only the polarisation moments up to k = 2 can be

produced by single-photon excitation. Linear polarised light can only align the sample,

while circular polarised light can produce both orientation and alignment of the j vectors.

4.4.3 Comparison

Figure 4.1 compares the extrinsic quantum polarisation moments r
(k)
0 for Q-branch exci-

tation of OH(A←X) at different values of j (where j is the rotational angular momentum

quantum number of OH(A)) to their limiting classical values. As j increases, the quantum

polarisation moments approach their classical limits, showing that the purely classical for-

mula (equation (4.33)) is a good approximation to reality at high j (j > 10) but begins

to fail more seriously for lower rotational states (j < 5).

Notice that, classically, it is not possible to produce orientation using a Q-branch

transition with any polarisation of light, but that this is possible at low j in the quantum

picture if circular polarised light is used. Using linear polarised light does not result in

orientation with either formalism.

3D representations of the lab frame distributions of j are shown, for Q-branch excitation

with linear polarised light, in figure 4.2. These clearly show how, as j increases, the

quantum probability density functions approach the classical (correspondence) limit.
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Figure 4.1: Extrinsic polarisation moments r
(k)
0 for Q-branch excitation with linear

(left), left-hand circular (centre) and right-hand circular (right) polarised light. Red and
blue are for k = 1 and 2 respectively. The solid lines are quantum (equation (4.25)) and
the dotted lines are classical (equation (4.33)) – note that the classical and quantum
moments use integral and half-integral j respectively.
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Figure 4.2: Lab frame j distributions for Q-branch excitation with light polarised
linearly along the z axis. Left: j = 2.5, centre: j = 25.5, right: classical (j =∞).
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4.5 Collisional depolarisation of rotational angular

momentum

After a polarised distribution of j vectors has been prepared, this polarisation can be lost

through a number of ‘depolarising’ processes. These can be non-collisional, for example

from the dephasing effect of external magnetic fields or hyperfine depolarisation (both of

which are considered in section 4.7.4), or collisional, which is the main process of interest

here.

As in equations (4.25) and (4.33), the pre-collision distribution of j can be written as

P (θj) =
∑

k

2k + 1

2
r
(k)
0 (j)Pk(cos θj) (4.34)

Likewise, the distribution of j′ after a single collision can be written as

P (θ′j) =
∑

k

2k + 1

2
P(k)

0 (j′)Pk(cos θj′) (4.35)

in which12

P(k)
0 (j′) = a(k)(j, j′)r(k)

0 (j) (4.36)

Note that this is valid only when neither k nor k′ are defined12, as in the present experi-

ments. After x collisions, the situation is13

P(k)
0 (j′) =

[
a(k)(j, j′)

]x
r
(k)
0 (j) (4.37)

(This assumes that a(k)(j, j′) is the same for subsequent collisions – in practice, the exper-

iment would aim to probe the OH radicals after a single collision).

Now, the pseudo first-order state-to-state collision rate kjj′ at a number concentration

[Q] of collider, Q, can be written as12

kjj′ = 〈vrelσjj′(vrel)〉[Q] (4.38)
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The angle brackets, which denote an average over a Maxwell-Boltzmann distribution of

collision energies, will be dropped henceforth to simplify the notation.

The probability that there will be x collisions in a time ∆t can be modelled as a Poisson

distribution:13

P (x) =
(kjj′∆t)

x

x!
e−kjj′∆t (4.39)

After time ∆t has passed, the polarisation moments of the j′ distribution are therefore

(using the power series expansion of ex):13

P(k)(j′; t) =
∑

x

P (x)
[
a(k)(j, j′)

]x
r
(k)
0 (j)

=
∑

x

[
kjj′a

(k)(j, j′)∆t
]x

x!
e−kjj′∆tr

(k)
0 (j)

= exp
[
kjj′a

(k)(j, j ′)∆t
]

exp[−kjj′∆t]r
(k)
0 (j)

= exp[−k(k)
d (j, j′)∆t]r(k)

0 (j) (4.40)

where the collisional depolarisation rate, k
(k)
d (j, j′), is

k
(k)
d (j, j′) = kjj′

(
1− a(k)(j, j′)

)
(4.41)

Note the similarity of this equation to equation (3.51) in chapter 3.

4.6 Zeeman quantum beat spectroscopy

The experimental method used in this thesis is the 1+1 LIF-based method of Zeeman

quantum beat spectroscopy (ZQBS), as discussed in section 4.3. This method has the

major advantage of the separate measurement of population and polarisation decay, en-

abling the effects of state-to-state transfer to be teased apart from those of collisional

depolarisation.

The ZQBS method takes its name from the coherent excitation of multiple Zeeman
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levels (see section 2.1.1) of the OH(A) radical, with an applied magnetic field serving to lift

the degeneracy of these levels. Since the excited superposition is not a stationary state, its

evolution in time results in a modulation of the fluorescence observed, with the amplitude

of these ‘quantum beats’ being a measure of the bulk polarisation of the sample. The

decay of these beats over time thus provides the rate of depolarisation.

A simplified two-state model is presented in the next subsection to clarify the above

discussion, and then quantum mechanical and classical presentations of the experimental

technique will be given.

The experimental geometry used in this section is as follows, and is illustrated in figure

4.3. The magnetic field is taken to be along +Z in the lab frame, and the laser propagates

along +Y . In the case of linear polarised light, the polarisation is flipped on alternate shots

between ‘horizontal’ (along X) and ‘vertical’ (along Z) directions; for circular polarisation,

alternate shots change between left and right hand circular polarisation. Note that this

axis system (XY Z) is not the same as that used to describe the creation of a polarised

distribution of j (xyz), where z was either the laser polarisation (linear polarised light)

or the laser propagation axis (circular polarised light). The two frames are related by a

simple rotation, as in equation (4.50).

Z

Z

X

X

Y Y

linear circular

epr
epr

B

Bedet

edet

GT GT

QWP

Figure 4.3: Lab frame for excitation with linear (left) or circular (right) polarised light.
The detection axis is towards the top of the page. B is the magnetic field and epr and ed

are the polarisation axes for the probe light and detection respectively. GT: Glan-Taylor
linear polariser, QWP: quarter-wave plate.
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4.6.1 Two-state quantum model

As explained in section 2.1.1 of chapter 2, the application of a weak magnetic field

lifts the degeneracy of the Zeeman levels of OH(A), with the energy splitting being

∆Ez = gFµ0mFB (equation (2.10)). Due to time-energy uncertainty, a finite-time laser

pulse has a non-zero spread in energy (‘coherence width’) — in the case of the 6 ns pulse

width of the Nd:YAG-pumped dye laser used in this work, the coherence width is approx-

imately 30 MHz, or around 0.001 cm−1. This is sufficiently wide to excite a superposition

of Zeeman levels (as long as the field is not too large), but, as the splitting between the

hyperfine levels of OH(A) is greater (on the order of 160 MHz85), this superposition does

not include levels from different hyperfine manifolds.

The levels included in the excited superposition are determined by the selection rules.

Because the absorption probability is given by88,195 |〈jm|µ̂Q|j′′m′′〉|2, application of the

Wigner-Eckart theorem88 separates out the geometrical terms that give rise to these se-

lection rules.

〈jm|T k
q |j′′m′′〉 = (−1)j−m




j k j′′

−m q m′′


 〈j||T k

q ||j′′〉 (4.42)

The 3j-symbol in the above equation is responsible for the selection rules in this excitation

— since µ is a tensor of rank 1, k = 1 and so ∆j = 0, ±1. The m levels excited depend

on the polarisation of light, which is taken to propagate along + y.

For linear polarised light, we take the polarisation along the X axis, giving ∆m = 0, ±1

since eX = −
√

2
2

[e+ − e−]. This means that the Zeeman levels excited have a separation

of ∆m = 2. Note that the orthogonal polarisation (along Z) is e0, exciting only the level

with m = m′′ — since this geometry does not give rise to a superposition of states, there

is no interference and hence no quantum beats.

Circular polarised light has polarisation e =
√

2
2

[eZ ± ieX ], thus giving rise to superpo-

sitions separated by ∆m = 1 and ∆m = 2. In practice, the second of these is not usually

observed experimentally.

Taking a superposition of two levels, |a〉 and |b〉, for the sake of example (figure 4.4),
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i ñ
f ñ

bñ

añ

Figure 4.4: Model four-level system to demonstrate Zeeman quantum beats — see text
for details.

the excited state wavefunction at time zero is given by174,175

|ψ(0)〉 = ca|a(0)〉+ cb|b(0)〉 (4.43)

in which the eigenstates |a(t)〉 and |b(t)〉 evolve in time only via a phase factor, so their

dependence on t will be dropped:

|x〉 = |x(t)〉 = |x(0)〉e−iωxt (4.44)

where x = a, b and ωx = Ex/~. This assumes that the laser pulse is much faster than the

relaxation times of |a〉 and |b〉, which is the case in the experiments in this work.

If the energy of the laser light is taken to be constant over the whole coherence width,

cx = 〈x|µ̂|i〉 = µxi. Introducing the decay rates174,175 γx = τ−1
x ,

|ψ(t)〉 ∝ µai|a〉e−(iωa+γa/2) + µbi|b〉e−(iωb+γb/2) (4.45)

This is then substituted into the equation for fluorescence intensity:

I(t) ∝ |〈f |µ|ψ(t)〉|2

=|µai|2|µaf |2e−γat + |µbi|2|µbf |2e−γbt + |µaiµafµbiµbf |e−(γa+γb)t/2 cos(ωabt+ φ) (4.46)

In this equation, ωab = |ωa − ωb| and φ is the phase angle.
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The cross term in the above equation describes the quantum beats arising from inter-

ference between the coherently excited Zeeman levels |a〉 and |b〉, hence the name ‘Zeeman

quantum beat spectroscopy’. Making the assumptions that γa = γb = γ and that all |µij|
are the same, a simpler form can be derived:

I(t) ∝
[
1 + r

(k)
0 (j) cos(ωabt+ φ)

]
e−γt (4.47)

in which the extrinsic polarisation moment r
(k)
0 (j) describes the initial polarisation of j.

The following subsections build on this description to give more quantitative descrip-

tions of ZQBS that are of more use in the analysis of the experiments presented in this

thesis.

4.6.2 Quantum model — density matrices

The density matrix treatment of polarised laser excitation set out in section 4.4.1 can be

extended to include the effects of an external magnetic field on the excited distribution of

j.

Under the effect of a static magnetic field in the Z direction, the elements of the density

matrix evolve according to196

∂

∂t
ρmm′′ = exp [−iωL(m−m′′)− Γ] ρmm′′ (4.48)

where ωL is the Larmor frequency and Γ is the relaxation rate. For the purposes of the

discussion here, it is more useful to consider the state multipoles rather than the density

matrix elements themselves — the conversion can be carried out by using equation (4.20).

Recalling equation (4.23) of section 4.4.1, the initial state multipoles ρ
(k)
0 of the excited

density matrix (given cylindrical symmetry) are

ρ
(k)
0 = 3[k]1/2(−1)j+j′′−p




1 1 k

−p p 0








1 1 k

j j j′′





(4.49)
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However, ρ
(k)
q are the state multipoles in the xyz frame of section 4.4, and must be rotated

into the XY Z frame used here. The rotated (XY Z) state multipoles will be labelled ρ̄
(k)
q .

This is done via88,147

ρ̄(k)
q =

∑

q′
D

(k)
qq′ (φ, θ, 0)ρ

(k)
q′ (4.50)

Under both frames, the monopole moment ρ̄
(0)
0 = ρ

(0)
0 = 1.

In the case of excitation with linear polarised light (where the light is polarised per-

pendicular to Z), the appropriate rotation is one of θ = −π
2
, φ = 0 and therefore

ρ̄
(2)
0 =− 1

2
ρ

(2)
0 (4.51)

ρ̄
(2)
±1 =0 (4.52)

ρ̄
(2)
±2 =−

√
3

8
ρ

(2)
0 (4.53)

with all the k = 1 moments being zero (no orientation). If the light is polarised along Z,

there is no rotation and only the q = 0 multipoles are non-zero.

For circular polarised light excitation, the rotation is θ = −π
2
, φ = −π

2
and so

ρ̄
(1)
0 =0 (4.54)

ρ̄
(1)
±1 =− i√

2
ρ

(1)
0 (4.55)

ρ̄
(2)
0 =

−1

2
ρ

(2)
0 (4.56)

ρ̄
(2)
±1 =0 (4.57)

ρ̄
(2)
±2 =

√
3

8
ρ

(2)
0 (4.58)

Using the treatment of Blum,147 the effect of a magnetic field on the density matrix

can be accounted for by a perturbation coefficient, G(j, t)Kk
Qq :

ρ̄(k)
q (j, t) =

∑
KQ

ρ̄
(K)
Q (j, t = 0)G(j, t)Kk

Qq (4.59)
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In this equation, the perturbation coefficient is147

G(j, t)Kk
Qq = δKk

∑

Q′
exp(−iωLQ

′t)D(K)∗
QQ′ (α, β, 0)D

(K)∗
qQ (α, β, 0) (4.60)

where the magnetic field vector has polar angle β and azimuthal angle α in the Lab frame

— as the field is along Z here, this simplifies to

ρ̄(k)
q (j, t) = e−iωLqtρ̄(k)

q (j′, t = 0) (4.61)

Note that the exponential term is a rotation at the Larmor frequency about the magnetic

field axis, which is reminiscent of the classical viewpoint discussed in the next subsection.

The magnetic field cannot mix multipoles of different rank (k); orientation and align-

ment cannot be interconverted. Only the phases (reflected in the components, q) change,

corresponding to the distribution of j precessing about the field axis.

Following the treatment of Brucat and Zare,175 we note that, when collisions occur

with the initial and final directions of motion unspecified, the rate of relaxation Γk is

dependent on k but not q. Therefore, using equation (4.61), the excited density matrix

evolves as175

ρ̄(t) = ρ̄
(0)
0 e−Γ0t +

[
ρ̄

(2)
0 + ρ̄

(2)
2 e−2iωLt + ρ̄

(2)
−2e

+2iωLt
]

e−Γ2t (4.62)

for light polarised linearly perpendicular to Z, and for light polarised parallel to Z, the

evolution includes only the q = 0 terms. In the case of circular polarised light, the density

matrix evolves as

ρ̄(t) =ρ̄
(0)
0 e−Γ0t

+
[
ρ̄

(1)
1 e−iωLt + ρ̄

(1)
−1e

+iωLt
]

e−Γ1t

+
[
ρ̄

(2)
0 + ρ̄

(2)
2 e−2iωLt + ρ̄

(2)
−2e

+2iωLt
]

e−Γ2t (4.63)
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The relaxation rates Γk can be decomposed into collision-free and collisional rates:197

Γ0 =k0 + k1[Q] (4.64)

Γk =k0 + k1[Q] + k
(k)
2 + k

(k)
3 [Q] (4.65)

k0 and k1[Q] describe the collision-free and collisional loss of population respectively, and

k
(k)
2 and k

(k)
3 [Q] describe the collision-free and collisional loss of orientation (k = 1) or

alignment (k = 2).14,25

An expression for the time-dependent fluorescence intensity can be obtained by con-

sidering emission to the final state |jfmf〉:88

I ∝
∑
mmf

∣∣∣〈jfmf |êdet · d̂|j(t)〉
∣∣∣
2

(4.66)

The intensity, I, can be expressed as a function of the state multipoles ρ
(k)
0 (j), the

angle θ between epr and edet (see figure 4.3) and the initial and final polarisations p and

p′, which take the value 0 for linear polarisation and ±1 for circular polarisation ( + 1 =

LCP, − 1 = RCP).17,88 Note that the state multipoles ρ
(k)
0 (j) are those in the xyz frame;

equations (4.51)-(4.58) are employed in order to transform to and from the XY Z-frame

multipoles ρ̄
(k)
q (j).

I(p, p′; θ) ∝ (−1)jf+j−p′
∑

k

(2k + 1)1/2





1 1 k

j j jf








1 1 k

−p′ p′ 0


 ρ

(k)
0 (j)Pk(cos θ) (4.67)

This can be used with the time dependence of ρ̄
(k)
q (j) considered above (equations (4.62)

and (4.63)) to determine the time-dependent fluorescence intensity for the system consid-

ered here.

For example, for linear polarised light with the polarisation parallel to X, which will
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be labelled I‖:175

I‖(t) ∝








1 1 0

j j jf




ρ

(0)
0 e−Γ0t −





1 1 2

j j jf




√

2ρ
(0)
2 e−Γ2tP2 (cos(ωLt+ φ))


 (4.68)

For light with the orthogonal polarisation, I⊥ contains no quantum beat, as previously

noted.

Ref. 198 gives explicit expressions for the fluorescence intensity for the simplified case

where excitation is from the pure state |j = 0,m = 0〉 to j = 1.

The analysis of these fluorescence traces for linear and circular polarised light, and the

extraction of the rates of depopulation and depolarisation of the excited OH(A), will be

dealt with in the section on data analysis (section 4.8).

4.6.3 Classical model — precession of j vectors

The above quantum mechanical picture of the ZQBS technique is complemented by the

classical viewpoint, which lends itself more readily to visualisation. In this conception of

the experiment, the excited distribution of j vectors precesses about the magnetic field

axis at the Larmor frequency (similar to an NMR experiment).

The precession originates from the moment of j arising from the interaction of the

magnetic moment, µj, with the magnetic field B:159

dj

dt
=
gjµ0

~
(j ×B) = −(j × ωL) (4.69)

in which the magnetic moment, µj is (gjµ0/~)j and the vector ωL is −(gjµ0/~)B (see

section 2.1.1).

To model this precession, an active rotation matrix can be used:88

P (θj, φj; t) = R(0, ωLt, 0)P (θj, φj; 0) (4.70)
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which, using equation (4.33), becomes

P (θj; t) =
1

2

[
1 + 3r

(1)
0 P1(cosωLt)P1(cos θj) + 5r

(2)
0 P2(cosωLt)P2(cos θj)

]
(4.71)

The emission intensity is given by

I(t) = e−kpt

∫
P (θj; t) |e ·µ|2 dθj (4.72)

where kp is the rate of loss of population from the excited state. The square modulus term

is given by the analogous equation to (4.30):

|e ·µ|2 =

∣∣∣∣∣
+1∑

Q=−1

(−1)QeQD
(1)
∆Q(0, θj, φj)

∣∣∣∣∣

2

(4.73)

thus resulting in the fluorescence intensity17,88 I = Ae−kptF , where F is tabulated by

spectroscopic emission branch in Table 4.2.

branch linear circular

P 1− 1
4
r
(2)
0 [3 cos(2ωLt+ 2φ) + 1] 1 + 3

2
r
(1)
0 cos(ωLt+ φ) + 1

2
r
(2)
0 P2 (cos(ωLt+ φ))

Q 1 + 1
2
r
(2)
0 [3 cos(2ωLt+ 2φ) + 1] 1− r(2)

0 P2 (cos(ωLt+ φ))

R 1− 1
4
r
(2)
0 [3 cos(2ωLt+ 2φ) + 1] 1− 3

2
r
(1)
0 cos(ωLt+ φ) + 1

2
r
(2)
0 P2 (cos(ωLt+ φ))

Table 4.2: Table of factors F for use in the equation I = Ae−kptF

Important points to note from this table include that no quantum beats are observed

for orientation when detecting emission on the Q branch, and that, for linear polarised

light, the beats in the P and R branches are in phase with each other but out of phase

with the beats in Q emission. Therefore unresolved detection will result in a loss in beat

amplitude, a point that will be returned to in section 4.7.6.

When using circular polarised light, two sets of beats are observed — one of frequency

ωL for orientation, and one of frequency 2ωL for alignment. Because of the relative mag-

nitude of r
(2)
0 relative to r

(1)
0 for excitation with circular polarised light (Table 4.1), the

alignment beats are usually not observable in this thesis, and circular polarised light is
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therefore used as a probe of orientation only. In this case, there is no (orientation) beat

observed in Q emission, and the beats in the P and R branches cancel out, meaning that

no beat will be observed if the emission is not resolved. Section 4.7.6 will deal with this

point further.

Figure 4.5 shows two sets of experimental fluorescence traces. Alignment beats, using

linear polarised light, are displayed in the left hand panel, and the right hand panel

contains representative orientation beats.
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Figure 4.5: Experimental fluorescence from OH(A) excited by linear (left) or circular
(right) polarised light. The blue trace displays the difference between the two channels
in each case.

4.7 Experimental setup

The apparatus used for the experiments in this thesis is presented in figure 4.6, and the

following subsections describe each part in detail. OH radicals are generated from the 193

nm photolysis of nitric acid, which is flowed slowly through the chamber with the collider

gas (Kr or Xe). After a delay, during which the nascent OH radicals are translationally

thermalised through collisions with the collider gas, a second laser is used to excite them

to the A2Σ+ state. The subsequent fluorescence is resolved, collected and analysed as set
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out in section 4.8.

gas

lens

excimer
193 nm

gas

dye laser
~308 nm

PEM

GT

mono

PMT

GT
QWP

Figure 4.6: The experimental rig used in the experiments described here — see text
for details. GT: Glan-Taylor polariser, QWP: Quarter-wave plate, PEM: photo-elastic
modulator, PMT: photomultiplier tube, mono: monochromator.

4.7.1 Vacuum chamber and flow system

The experiments in this work were carried out in a cylindrical vacuum chamber, made

of stainless steel, with a diameter of approximately 30 cm. The inner walls were painted

black to minimise the detection of scattered laser light.

The pressure inside the chamber was maintained at ∼ 1× 10−3 mbar (∼ 1 mTorr) by

a mechanical rotary pump (Leybold Trivac), and was measured using a Baratron pressure

gauge, rated up to 10 Torr. This gauge is a capacitance manometer, which measures true

pressure (force per unit area) by means of a diaphragm, and therefore the reading obtained

is independent of the type of gas used.

The Baratron gauge was periodically calibrated by evacuating the chamber to

∼ 1× 10−6 mbar with a baffled, oil-filled diffusion pump (Edwards), backed by the same

rotary pump mentioned above, and setting the measured pressure to zero. In this low-
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pressure regime, the pressure was monitored using a hot-cathode ion gauge (Leybold Ion-

ivac). The diffusion pump was also used to remove any impurities adsorbed on the walls

of the chamber between experimental runs.

Because of the corrosive nature of nitric acid, used to generate OH (section 4.7.2), a

liquid nitrogen trap was used in the foreline to prevent it entering the rotary pump. This

trap could be bypassed and removed for daily venting and cleaning.

The OH(A, v = 0) + Kr experiments were carried out by using a steady flow of nitric

acid (70% with water, degassed by pumping down for several hours) through a Teflon

(PTFE) tube into the centre of the chamber, such that the partial pressure of nitric acid

was around 20 mTorr. Kr was added via a separate inlet in partial pressures between 100

and 600 mTorr.

The flow system used in the OH(A) + Xe and OH(A, v = 1) + Kr experiments is

shown in figure 4.7. Helium carrier gas was flowed through a glass bubbler filled with a 2:3

mixture of 98% sulfuric acid and 70% nitric acid, in order to generate a flow of HNO3. The

reason for the sulfuric acid was to reduce the vapour pressure of water.27,199 From similar

procedures in the literature,27,199–202 it is believed that the proportion of nitric acid in the

He/HNO3 flow was on the order of 3-5%. A needle valve was used to control the flow of the

helium-acid mix into the chamber at around 2-3 standard cubic centimetres per minute

(sccm), measured by a Tylan FM-360 flowmeter, such that the partial pressure of the mix

inside the chamber was around 100 mTorr. The collider gas (Kr or Xe) was used neat,

straight from the gas cylinder (BOC). The flow was controlled within the range 3-10 sccm

using a second needle valve and flowmeter, providing a partial pressure of 100-600 mTorr

in the chamber. The two flows of helium-acid mix and rare gas were combined in a T-piece

and flowed into the chamber through a Teflon (PTFE) tube, which was directed into the

centre of the chamber where the laser beams intersected. All parts of the flow system that

came into contact with nitric acid vapour were made of stainless steel or Teflon, except for

the bubbler itself, which was made of glass. The outlet valve was throttled to maintain

the flow at a low rate, since both Kr and Xe are rather expensive. Nevertheless, care was
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taken to ensure that the flow was high enough such that a fresh volume of gas was probed

on each laser shot.

tap

needle
valve

He

bubbler

FM

flow
meter

FM

to chamber

Kr/Xe

Figure 4.7: The gas flow system used in the experiments in this thesis. See text for
details.

Calibration of the flowmeters employed in these experiments was carried out using a

burette. A flow of helium passing through the flowmeter under test was used to push a

soap bubble through the burette, and its progress was timed between two set points. This

procedure measured the time taken for a known volume of helium to flow through the

flowmeter, and so the flowmeter reading could be related to the true mass flow rate. Flow

rates for gases other than helium could be measured using a correction factor, which is

dependent on the density and specific heat capacity of the gas involved. These correction

factors are tabulated by various manufacturers, for example ref. 203. For Kr and Xe, the

correction factors relative to He are 1.06 and 0.91 respectively. Note that the helium/acid

mix was treated as pure helium for the purposes of ascertaining its mass flow rate.

To verify correct calibration of the flowmeters, experimental results for OH(A, v = 0) +

Kr were collected using the high-flow method, where the partial pressures were measured

directly, and the low-flow method, where they were calculated from the ratio of mass flow

rates. Fluorescence traces at the same pressures were indistinguishable between the two

methods, and the resulting cross-sections agreed to within experimental error, lending a

high degree of confidence to the low-flow method’s accuracy.
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4.7.2 Generation and thermalisation of OH(X) radicals

OH(X) radicals are generated by the 193 nm photolysis of nitric acid vapour in the centre

of the chamber. The laser used is an ArF excimer (Coherent COMPex 102) focused just

before the probe volume with a biconvex lens. The focus is purposely placed away from

the probe volume to avoid any possible multiphoton dissociation of HNO3.

In previous studies of OH with the present experiment,11–13,16 the precursor molecule

used was hydrogen peroxide. However, the present modifications to the gas flow system

(to enable experiments to be carried out using a much lower volume of collider gas) make

this impossible because of the tendency of H2O2 to dissociate on the stainless steel inner

surfaces of the flowmeters. Therefore HNO3 is used exclusively in this work.

Nitric acid has a large cross-section for absorption of light at 193 nm (1330 Å2),204,205

with a branching ratio of202,206 0.50 ± 0.05 between the OH + NO2 and O + HONO

channels corresponding to a quantum yield ΦOH of202,206 0.33± 0.04. Two decay channels

produce slow and fast OH(X) radicals,201 with the overall OH(X) nascent rotational state

distribution being peaked at low values of N and falling off fairly rapidly, extending to

around N = 16 at the highest.201,207 This is in contrast to the hotter distribution observed

from the 193 nm photolysis of H2O2, which peaks at208,209 N = 12.

For an experiment run at thermal collision energies, it is important to let the nascent,

translationally hot OH(X) fragments relax before exciting them to OH(A). This was done

by introducing a delay of between 9 and 30 µs between the photolysis of HNO3 and the

probing of OH(X). The lower end of this delay is in accordance with refs. 27,199 and also

with a simple hard-sphere kinetic model of the OH(X) velocity distribution at the lowest

pressures used experimentally, as used in refs. 22,184 and 210. Longer delays were used

when unresolved fluorescence was being recorded, to avoid a baseline due to emission from

OH(A) produced in the photolysis of HNO3.
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4.7.3 Laser system

As described in the previous subsection, an excimer laser was used to produce pulses of

193 nm light for photolysis of nitric acid. The experiment was run at a repetition rate of

10 Hz, and each pulse from the excimer has an energy of 80-100 mJ in a rectangular profile

of 2x3 cm. This was focused into the centre of the chamber as described above, down an

evacuated side arm of the chamber containing 10 cm-long baffles. The window for the

photolysis light is made of fused silica (to maximise UV transmission), and was slanted

to direct scattered light away from the photomultiplier field of view. In this experiment,

the photolysis radiation was used without polarisation as it acts simply as a source of

OH(X). These radicals undergo several collisions before being probed, so any polarisation

they may have had will be lost before they are excited to the A state.

The probe beam was propagated along the same axis as the photolysis beam, but in the

opposite direction, also through a set of baffles. The window in this case was orthogonal

to the direction of propagation, in order to preserve the beam’s polarisation.

For v = 0 experiments, OH(X) was excited to OH(A) on the (0,0) band using light of

wavelengths around 306 to 310 nm. This was produced by using the frequency-doubled

(532 nm) output of a flashlamp-pumped Nd:YAG laser (Continuum Surelite III-10) to

pump a tunable Lambda Physik LPD-3002 dye laser, operating on Rhodamine 101 dye

in methanol. The fundamental laser emission (612-620 nm) was frequency-doubled with a

BBO crystal and compensator to produce the required UV laser radiation.

For experiments in which OH(A, v = 1) was prepared, the same laser system was used

with Rhodamine 6G dye in methanol, which lases at a shorter wavelength (562-569 nm).

The frequency-doubled radiation was used to excite OH(X) on the (1,0) band.

At the power used in the experiment, the pulse energy at the exit of the dye laser was

approximately 0.5 mJ; by the time the light entered the chamber, this had been reduced

to less than 100 µJ by the steering and polarising optics. LIF intensity was monitored

carefully as a function of laser power in order to avoid saturation. The beam was irised

down to a spot of diameter 2 mm just before the entrance window. As the Helmholtz coils
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(see section 4.7.4) have an inner diameter of 5 cm, this means that the probe volume was

approximately 600 mm3.

The wavelength desired was selected from the dye’s emission profile by using a diffrac-

tion grating. The linewidth of the dye laser emission is17,211 0.36 cm−1. It is possible to

narrow the linewidth using a Fabry-Perot etalon,211 but this was not necessary for the

resolution required in this thesis — in this work, the whole Doppler profile is excited at

once, rather than a subset of molecules with certain velocities.

The YAG laser used in this work produces pulses of 4-6 ns in length, which implies

a coherence width of around 27 MHz by time-energy uncertainty.13,17. Note that this

refers to the energy spread of each individual photon, while the figure of 0.36 cm−1 above

refers to the range of energies in the whole laser pulse. As the hyperfine levels in OH(A)

are split by several hundred MHz,13,212,213 it is not possible to excite more than one level

simultaneously, and so hyperfine beats are not observed in this thesis. The Zeeman levels

of OH(A), on the other hand, are more closely spaced, and several levels can be excited

coherently by a single photon from this laser system.

The polarisation optics for the probe laser radiation are as shown in figure 4.6. On exit

of the laser, the beam is linearly polarised, and a Glan-Taylor prism was used to improve

this polarisation before the beam enters a photo-elastic modulator (PEM). The PEM uses

the piezoelectric effect in quartz to stretch and compress a fused silica bar. Doing so

makes the optical element birefringent — different polarisations of light pass through it

at different speeds. The phase difference between the horizontal and vertical components

of polarisation is known as the ‘retardation’.

For studies of alignment, the PEM alternates between being relaxed (no retardation),

where the original polarisation of light is passed, and half-wave retardation, where the

PEM acts as a half-wave plate. This rotates the plane of polarisation by 90 degrees. In

this way, the probe laser beam was horizontally and vertically polarised on alternate shots.

Orientation studies use circular polarised light, for which the PEM was set to quarter-

wave retardation. In this mode, it acts as a quarter-wave plate, and its output was left-
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or right-hand circular polarised light on alternate shots.

The polarisation of the probe light was checked on exit of the chamber using a Rochon

prism and photodiode, and found to be better than 95%. For checking the polarisation in

the circular polarised case, a Fresnel rhomb was used to convert circular to linear polarised

light before it entered the Rochon prism.

4.7.4 Magnetic field

A pair of Helmholtz coils (inner diameter 5 cm, separation 2.5 cm, 10 turns) were used to

generate a uniform, tunable magnetic field of between 0 and 25 Gauss in the centre of the

chamber.214 As the DC current used in the coils was quite high (up to tens of amps), the

coils were pulsed on a millisecond timescale to avoid them heating up, but the field was

constant during each acquisition cycle. The uniformity of the field within the coils, and

the calibration of the field produced as a function of current, was checked using a Hall

probe. It was also possible to verify the field strength using the Zeeman quantum beat

frequency, as the g-values of OH(A) are known to a high degree of precision.

To null the effects of the Earth’s magnetic field (and other external fields) inside the

chamber,25,215 the Helmholtz coils were surrounded by shielding made of µ metal. This

is a nickel-iron-molybdenum alloy of high magnetic permeability, which provides a path

for magnetic field lines around the shielded region.216 Measurements with a Hall probe

demonstrated that these measures were effective at isolating the interaction region from

external fields.

The uniformity of the field within the coils is important so that the Larmor frequency

for a given Zeeman level is the same for all points within the interaction region. If it were

not, Zeeman quantum beats with different frequencies would interfere destructively in the

observed fluorescence (so-called ‘dephasing’), leading to a destruction of the beat. The

effects of field inhomogeneity are captured in the rate k
(k)
2 (section 4.8). This also accounts

for hyperfine depolarisation25 of angular momentum, though this is only significant when

j is of the order of I = 0.5 and, as such, is not considered further here.
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4.7.5 Timing and triggers

The experiment was run at a repetition rate of 10 Hz. The master trigger was provided

by a Stanford DG-535 delay generator, and the timing system was as shown in figure 4.8

– note that all instruments were triggered off the rising edge of the respective pulse. The

magnetic field was turned on shortly after the master trigger, and remained on for the

duration of the acquisition cycle. After being triggered by the master trigger, the PEM

sent a signal to the external trigger input of another DG-535 after a delay set to produce

the desired retardation, and this signal also acted as the oscilloscope trigger. This second

delay unit triggered the excimer laser and, 9 to 30 µs later, the flashlamp and Q-switch

of the YAG laser. The latter two triggers were relayed through an opto-electronic isolator

to avoid electronic interference.

DG-535 (1) DG-535 (2)

PEM controller

PEM delay box

Master

Field

f 2f

2f

Delayed

Ext.

Excimer Flashlamp
(YAG)

Q-switch
(YAG)

Master

Field

Scope (Delayed)

Excimer

Flashlamp

Q-switch

Scope

9-30 sm

300 ns

Figure 4.8: Timings for the experiment (not to scale) — see text for details. Note
that the connection between the PEM boxes is 2f − 2f for alignment studies, 2f − f for
orientation studies.
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4.7.6 Detection optics and monochromator

As shown in figures 4.3 and 4.6, the fluorescence was collected by a set of lenses and then

passed through some polarising optics before entering the monochromator. In the case of

alignment measurements, this was a linear (Glan-Taylor) polariser; for orientation experi-

ments, a quarter-wave plate was placed before the linear polariser to turn circular to linear

polarisation. These optics are necessary to observe a quantum beat in the fluorescence, as

detailed in section 4.6. The axis of polarisation of the Glan-Taylor polariser was parallel

to the monochromator’s preferred axis (because of the direction of lines on the grating)

and the quarter-wave plate was set at 45 degrees to this.

Fluorescence was resolved before detection using a Czerny-Turner monochromator (0.3

m, Bentham M300, 2400 lines/mm) with adjustable entrance and exit slits to control the

resolution. The maximum resolution attainable was theoretically 0.7 Å, but in practice

was closer to 1.0 Å, and the bandwidth with the slits fully opened was 77 Å.

When the monochromator grating is set to λm and the slits are adjusted for bandwidth

B, the transmission function can be approximated by17

I(λ;λm) = exp

[
−4 ln 2

(
λm − λ
B

)2
]

(4.74)

This function applies when the entrance and exit slits are both set to the same width,

which was always the case in this thesis.

After the monochromator, the resolved fluorescence was focused onto the photomul-

tiplier tube with a biconvex lens. The signal output was recorded on a Tektronix TDS

3032B oscilloscope (300 MHz), except for the OH(A, v = 1) + Kr experiments, where

a Tektronix TDS 220 oscilloscope (100 MHz) was used instead. A home-built switching

box, triggered from the ‘delayed’ output of the PEM controller (the same trigger as the

oscilloscope), was used to direct the signal to channel 1 or 2 of the oscilloscope on alternate

laser shots, with ‘channel 2’ being inverted. This ensured that one channel corresponded

to I‖ and the other to I⊥, or IL and IR as the case may be. The oscilloscope digitised and
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averaged the signal from several (up to 512) laser shots before sending it to a PC running

LabVIEW data acquisition software.

Resolving the fluorescence permits the measurement of rates for a variety of differ-

ent processes. The unresolved decay in population furnishes electronic quenching cross-

sections, or the sum of quenching and vibrational energy transfer (VET) for initial v = 1;

resolving the emission from a single excited j′ state gives cross-sections for quenching plus

rotational energy transfer (RET), or the sum of quenching, VET and RET in the case of

initial v = 1.

For depolarisation measurements, the monochromator is even more necessary, as ex-

plained at the end of section 4.6. Oriented samples show no quantum beats in Q-branch

emission, and the Zeeman beats in P- and R-branch emission are out of phase, so un-

resolved detection would not give a beat. Instead, the monochromator was set to the

maximum of either the P or R branch, with the slits adjusted to detect all of the emission

from that branch but reject emission from the other branches. This was accomplished

using the LIFBASE spectral database217 to simulate the dispersed fluorescence spectrum,

and comparing to experimental results from scanning the monochromator grating position.

Care was taken not to reject emission from any collisionally populated rotational levels

within the same branch — this was checked by recording data at a variety of slit widths.

The measurement of alignment quantum beats is possible without resolving the fluo-

rescence, though greater signal to noise ratios are possible by using the monochromator.

This is because the Zeeman quantum beats in P- and R-branch emission are in phase with

each other, but out of phase with Q-branch beats, so the cancellation in the unresolved

emission is not total.

Figure 4.9 shows simulated quantum beats (see section 4.9) for orientation and align-

ment measurements using unresolved and resolved emission. It can be seen that there is

little to no beat visible for the unresolved orientation results, and the unresolved alignment

beat is smaller than the resolved beat.
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Figure 4.9: Simulated quantum beats (see section 4.9) for orientation (top) and align-
ment (bottom) measurements of OH(A, v = 0, N = 5, j = 5.5). Excitation on R11(4),
detection on P11(6), 100 mTorr Kr. Left panels show resolved measurements (6.8 Å),
right panels show unresolved measurements (77 Å). Magnetic field strength 1.4 Gauss
(orientation), 2.8 Gauss (alignment).

4.8 Data analysis

The signal on the oscilloscope is split into two channels corresponding to I‖ and I⊥ (linear

polarised light) or IL and IR (circular polarised light).

Linear polarised light

As in figure 4.6, the two channels of light are specified by the phase angle, φ, which is zero

for I‖ and π/2 for I⊥. This means that the decays can be written using the expressions in

table 4.2, using zero field for I⊥ as there is no beat in this channel:

I‖ =Ae−kpt
[
1 +mr

(2)
0 e−k

(2)
d [Q]t(3 cos(2ωLt) + 1)

]
(4.75)

I⊥ =Ae−kpt
[
1− 2mr

(2)
0 e−k

(2)
d [Q]t

]
(4.76)
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in which m is branch-dependent ( + 0.5 for Q, − 0.25 for P and R), and [Q] is the

concentration of quencher gas. kp and k
(k)
d are the phenomenological rate for the loss of

population, and the rate constant for the loss of polarisation, respectively.

This means that field-off data can be analysed using the weighted sum I‖ + 2I⊥, which

is sensitive to the decay in population but insensitive to polarisation:

I‖ + 2I⊥ = 3Ae−kpt (4.77)

and the decay in polarisation can be isolated from the population decay via the polarisation

anisotropy, R:

R =
I‖ − I⊥
I‖ + 2I⊥

=
1

3

[
1 +mr

(2)
0 e−k

(2)
d [Q]t(3 cos(2ωLt) + 1)

]
(4.78)

When the field is on, the decay in polarisation is instead isolated by using

I‖ − I⊥
I⊥

=
mr

(2)
0 e−k

(2)
d [Q]t (3 cos(2ωLt)− 1)

1− 2mr
(2)
0 e−k

(2)
d [Q]t

(4.79)

and, since it is not possible to isolate the decay in population, kp is instead obtained by

fitting I‖(t) using equation 4.75.

Circular polarised light

For circular polarised light, only the P and R branches are considered, as there is no (ori-

entation) beat in Q branch emission. The magnetic field must be turned on to measure

orientation in the experimental geometry used (φ = ±π/2, figure 4.6) — the advantage of

the ZQBS technique here is that it enables orientation measurements to be made without

pointing the probe laser directly at the detector. Unlike in the case of alignment mea-

surements, there is no orientation measured at t = 0, and the field serves to rotate the

orientation into the correct plane for detection.
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Using tables 4.1 and 4.2, IL and IR can be written as

IL =Ae−kpt

[
1∓ su3

4
e−k

(1)
d [Q]t cos(ωLt+ φ) +

1

20
e−k

(2)
d [Q]tP2 (cos(ωLt+ φ))

]
(4.80)

IR =Ae−kpt

[
1± su3

4
e−k

(1)
d [Q]t cos(ωLt+ φ) +

1

20
e−k

(2)
d [Q]tP2 (cos(ωLt+ φ))

]
(4.81)

where s depends on the excitation branch and u on the detection branch (both +1 for P,

-1 for R).

The decay in polarisation is isolated from that in population by fitting the polarisation

ratio C:

C =
IL − IR
IL + IR

=
∓3us

2
e−k

(1)
d [Q]t cos(ωLt+ φ)

2 + 1
10

e−k
(2)
d [Q]tP2 (cos(ωLt+ φ))

'∓ 3us

4
e−k

(1)
d [Q]t cos(ωLt+ φ) (4.82)

where the second line comes from noting that 2À 0.1, and so the alignment contribution

can be neglected. In this thesis, the experimentally measured C can always be simplified

to a cosine multiplied by an exponential decay in the above way.

Fitting and error estimation

For the purpose of fitting, the decays are written as218–221

I(t) = Ae−kpt

[
1 + e−k

(k)
d [Q]t

∑
F

CF cos(2παFBt+ φ)

]
(4.83)

and

C(t) = e−k
(k)
d [Q]t

∑
F

C ′F cos(2πα′FBt+ φ) (4.84)

where CF are the hyperfine level-dependent beat amplitudes, B is the field strength and

αF ' 2µ0

~ gF , with α′F = αF/2.

kp and k
(k)
d can be respectively broken down into terms that are independent of, and
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dependent on, the pressure of the collider gas, Q:

kp =k0 + k1[Q] (4.85)

k
(k)
d =k

(k)
2 + k

(k)
3 [Q] (4.86)

k0 is the inverse of the fluorescence lifetime, τ0, and k1 can be identified as the rate constant

for collisional loss of population. When the fluorescence is unresolved, this is the quenching

rate coefficient (or the sum of quenching and VET, for OH(A, v = 1)), and, for rotationally

resolved fluorescence, k1 is the sum of the quenching and RET rate coefficients (or the

sum of quenching, VET and RET).

k
(k)
2 describes the non-collisional loss of polarisation, which is principally due to mag-

netic field inhomogeneities, and k
(k)
3 is the rate constant for collisional depolarisation (dis-

orientation and disalignment for k = 1, 2 respectively).

The experimental data, comprising decay traces for six (or more) pressures for a given

line, is fitted to the above equations globally using a program previously written in the

group.222,223 The program uses a genetic algorithm to minimise the value of χ2, a merit

function given by the square of the difference between the experimental and fitted decays.

The advantage of the genetic algorithm is in making sure the global best solution is found,

rather than a local minimum of χ2.

The rates and rate constants ki, the magnetic field strength, the phase and the beat

amplitudes are all treated as adjustable parameters in the fit. Where one of these is

known, for example the field strength, this serves as a useful check on the accuracy of

the fit. Once the rate constants have been obtained, they are converted into thermally

averaged cross-sections as in section 4.1.

An estimate of the experimental error is obtained by taking two standard deviations

of the repeated results. When compared to the results of a Monte Carlo error routine

described previously,222,223 the two methods of estimating the error give almost the same

answer, which is taken to indicate a 95% confidence interval. In the case of results for
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electronic quenching, vibrational energy transfer and rotational energy transfer, one stan-

dard deviation is instead used for comparison with data in the literature.27,224–227 When

subtracting quantities, for example to get kRET from the sum of kQ + kRET and kQ alone,

or to obtain the inelastic depolarisation rate constant from (total - elastic), the errors are

propagated according to

kX =kA ± kB

errX =
√

(errA)2 + (errB)2 (4.87)

When fitting data that is resolved in j — for RET (summed decays) or elastic de-

polarisation (normalised difference) — only the first 100 ns of the decay is fitted. This

avoids contributions from collisional back-transfer, where an inelastic collision takes the

molecule out of the initially prepared j level, but a second inelastic collision takes it back

in, from where it emits — and this emission is detected as ‘elastic’ fluorescence. The fit

length of 100 ns was chosen, using Poisson statistics, so that the overwhelming major-

ity of molecules would have undergone one collision or fewer in that time under typical

experimental conditions. This length was also varied to check it was short enough for

convergence.

Vibrational energy transfer

Fitting the (weighted) summed decays, as above, furnishes the rate constant k1, which

enables (for v = 0) the separation of the rate constants for quenching and for RET.

However, for v = 1 measurements, k1 in the unresolved and rotationally resolved regimes

provides the sums (kQ + kVET) and (kQ + kVET + kRET). Therefore a separate method

of obtaining kVET alone is required to separate out the contributions from these three

different processes.

The procedure used was similar to refs. 224,226,227. The monochromator was used at

high resolution to disperse the fluorescence, and the grating was scanned across the (0,0)
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and (1,1) emission bands, which are next to each other but not significantly overlapped.

They can therefore be separated by a ‘cutoff’ of 3123.9 Å, beyond which less than 1% of

(0,0) emission can be found.226 This provides rotationally resolved spectra of these two

bands, as demonstrated in figure 4.10.

The laser powers were monitored before and after each scan to ensure they remained

constant, and the spectra were recorded using I‖ + 2I⊥ (with no magnetic field), which is

independent of polarisation effects. For each monochromator grating position, the entire

resolved fluorescence decay in time was recorded, so that an emission spectrum could later

be generated for any desired integration time. The whole procedure was repeated at a

variety of quencher (here, Kr) pressures.

The total intensity from the (0,0) and (1,1) bands was integrated and converted to

populations of the respective vibrational states by226

N0

N1

=
A11ν

3
11I00

A00ν3
00I11

(4.88)

where A00 and A11 are Einstein A-coefficients for the (0,0) and (1,1) bands, I00 and I11

are the respective integrated intensities, and νii is the centre frequency of the band. The

same Einstein A-coefficients and centre frequencies were used as in ref. 226 for comparison

with the literature data.

Time integration of the spectra was performed for a variety of gate lengths between

100 and 500 ns, and the resulting population ratio was extrapolated back to t = 0 for each

pressure. This enabled the data to be fitted to a straight line as below, without the effects

of quenching in v = 0, or rotational energy transfer out of the initial (N, j) level, coming

into the picture.

N0

N1

([Kr]; t = 0) = kVET[Kr] + kintercept (4.89)

The intercept corresponds mainly to VET caused by background gases.

Another way of extracting kVET was by plotting the population ratio against pressure

for each integration time to get a time-dependent k10, and then extrapolating to obtain
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kVET = k10(t = 0). The two methods are equivalent, but sometimes the second proved to

be more robust. Both methods are illustrated graphically in figure 4.11.

N0

N1

([Kr]; t) = k10(t)[Kr] + k′intercept (4.90)

The rate constant, as measured, has units of mTorr−1τ−1; the lifetimes used to convert

this to a cross-section are the inverse of k0 measured from the unresolved fluorescence

studies.
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Figure 4.10: Example rotationally resolved fluorescence spectra for emission from
OH(A, v = 0, 1) + Kr. Pressure as shown in figure, initial level excited v = 1, N = 1,
j = 1.5 (P11(2)).

4.9 Experimental simulations — dephasing and reso-

lution

To aid in comparison of experiment and theory, fluorescence decays and quantum beats

were simulated, starting from theoretical (QCT) rate constants and depolarisation mo-

ments. The simulation used a Monte Carlo method previously reported within the

group13,210,223 and recently extended to include the effects of monochromator resolution.22
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Figure 4.11: Extraction of kVET from dispersed fluorescence spectra, as described in
the text. Top row: equation (4.89), bottom row: equation (4.90). Initial level excited
v = 1, N = 1, j = 1.5 (P11(2)).

The program integrated the kinetic equations25 for the population and polarisation

of OH(A,v = 0,N ,j) by simulating around 1× 107 individual encounters between OH(A)

and Kr/Xe. State-to-state probabilities for the collisional transfer of population and po-

larisation were calculated from the input QCT data, probabilities for fluorescence at each

timestep were taken from the experimental radiative lifetimes217, and a random number

was generated at each timestep to decide what the molecule should do. The options open

to it were to do nothing (elastic collision), undergo rotational energy transfer, electronic

quenching or to fluoresce.

By combining many such encounters, simulated LIF decays were produced and could

be analysed in the same way as experimental data. This was useful for comparison between

experiment and theory, as well as validating the fitting techniques used (as the required rate

constants were already known from the input). More importantly, the effect of changing

the monochromator resolution could be tested to ensure that the experimental settings
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would not miss emission from any collisionally populated levels, yet would still be able to

resolve a quantum beat.

However, the main reason for doing the simulations was to investigate dephasing of the

quantum beat over time. In an inelastic collision, the gF ′ value of the final level (and hence

the Larmor frequency of the beat) will be different to the inital gF value. Collisions which

change the spin-rotation state of the radical (from j = N + S to j = N − S or vice versa)

will have a particularly large difference in beat frequency, as the gF value changes sign.

Over time, the observed quantum beat thus becomes a superposition of beats of differing

frequencies, and destructive interference between them results in a loss of beat amplitude.

This process is experimentally indistinguishable from collisional depolarisation, and so the

experimental k
(k)
3 will be an overestimate of the true k

(k)
d , more so at low N where the

difference in gF values is greatest.

The simulations described here concur with simulations of similar systems performed

previously in the group12,13,15,16,22 in their conclusion that dephasing is a minor contribu-

tion to the measured k
(k)
3 , making up 10% at most of the observed depolarisation.

4.10 Summary

The experimental methods used in this thesis have been presented and compared with

techniques used in other laboratories. The production of polarised OH(A), and its col-

lisional depolarisation, have been considered and the fitting procedures set out. Before

presenting the results obtained by employing these methods, the theoretical techniques

used in this work will be presented in the following chapters. The results from experiment

and theory will then be compared, both with each other and with data from the literature.



Chapter 5

Theoretical methods

This chapter describes the theoretical methods used in this thesis to model collisional en-

ergy transfer, depolarisation and related processes in the OH(A,X) + Kr/Xe systems. The

potential energy surfaces used have been introduced in section 2.2, and the adiabatic quasi-

classical trajectory (QCT) method mentioned in chapter 1 will be outlined here, including

the tensor opacity formalism employed to generate quasi open-shell cross-sections.

The recent review article by Paterson et al. contains a discussion of these and other

theoretical techniques for relating the potential energy surface(s) that a collision evolves

on to the dynamics, as well as a comparison to relevant experimental data for collisions of

diatomic radicals with rare gas atoms.26

The systems studied in this thesis both exhibit a significant degree of electronic quench-

ing, which is not included in the adiabatic QCT theory. A non-adiabatic theory, including

the ground and excited state potential energy surfaces and the coupling between them,

is necessary to take these effects into account. In this work, trajectory surface-hopping

(TSH) QCT will be adopted for this purpose. Although this will be detailed fully in

chapter 6, TSH-QCT builds on all of the concepts introduced in the present chapter for

single-surface QCT.

106
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5.1 The QCT method

The quasi-classical trajectory (QCT) method involves integrating the classical equations

of motion for the nuclei over a potential energy surface (PES), and was first described by

2013’s Nobel laureate Martin Karplus and coworkers in 1965.69 It builds upon previous

classical trajectory studies, for example refs. 9,228–230 but, instead of sampling the initial

energies of each molecule randomly, the initial states of each molecule are quantised, giving

the ‘quasi’-classical part of the method’s name.69,70

After choosing the initial states and propagating the nuclear motion classically over

the PES, the final quantum numbers of the products are binned to integer values (by

one of a variety of possible methods). Thus the initial and final states are quantised, but

everything in between is treated classically. Taking a Monte Carlo average over a batch

of trajectories with various initial conditions enables the calculation of rate constants,

cross-sections etc.

5.1.1 Equations of motion and coordinate system

In this thesis, the systems treated with QCT are all atom + diatom, which will be labelled

A + BC. In the specific case here, A is the rare gas atom (Kr/Xe), B is hydrogen and

C is oxygen. The space-fixed coordinate system of figure 5.1 is used, with each atom, X,

having a mass mX , Cartesian coordinates qX
i (i = 1, 2, 3) and conjugate momenta pX

i .

The space-fixed classical Hamiltonian is the sum of the kinetic and potential energy:69

H =
3∑

i=1

[
(pA

i )2

2mA

+
(pB

i )2

2mB

+
(pC

i )2

2mC

]
+ V (qA

1 , q
A
2 , . . . , q

C
2 , q

C
3 ) (5.1)

This uses nine coordinates and associated momenta, but only six are needed to describe

the system — the motion of the system’s centre of mass is a constant of the motion, and

can be subtracted out. To do this, the coordinates are recast as Q1−9, with P1−9 being

their conjugate momenta:69



The QCT method 108

Z

Y

X A

k

b

q

f

N

B

C

Figure 5.1: Space-fixed frame for QCT calculations. N is the rotational angular
momentum vector of diatom BC, θ and φ are the polar and azimuthal angles of BC. η
(not labelled) is the azimuthal angle of N , defining the rotational phase of BC.

Q1,2,3: coordinates of C with respect to B

[Qi = qC
i − qB

i ; i = 1, 2, 3]

Q4,5,6: coordinates of A with respect to centre of mass of BC
[
Qi+3 = qA

i −
(

mBqB
i +mcqC

i

mB+mC

)
; i = 1, 2, 3

]

Q7,8,9: coordinates of system’s centre of mass
[
Qi+6 =

mAqA
i +mBqB

i +mCqC
i

mA+mB+mC
; i = 1, 2, 3

]

The Hamiltonian can now be written as the following, where P7−9 have been subtracted

out:69

H =
1

2µBC

3∑
i=1

P 2
i +

1

2µABC

6∑
i=4

P 2
i + V (R, r, γ) (5.2)

where µBC is the reduced mass of BC, (mBmC)/(mB + mC), and µABC is the system’s

reduced mass, (mA(mB +mC))/(mA +mB +mC).

The potential energy here is expressed as in chapter 2, as a function of the Jacobi

coordinates R, r and γ (see figure 2.4).
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In these coordinates, Hamilton’s equations of motion are69

Q̇i =
∂H

∂Pi

=
∂T

∂Pi

(5.3)

Ṗi =− ∂V

∂Qi

= −
(
∂V

∂R

∂R

∂Qi

+
∂V

∂r

∂r

∂Qi

+
∂V

∂ cos γ

∂ cos γ

∂Qi

)
(5.4)

As well as this, in the present case Lagrangian multipliers are used to fix the bond length

of OH throughout the calculation, as in ref. 22. This is because the PESs used have only

been calculated for a fixed rOH.

5.1.2 Numerical integration and initial conditions

Around 1×105 trajectories were propagated over the potential energy surface by integrat-

ing equations (5.3) and (5.4) numerically, using a Hamming predictor-corrector method

initialised by a fourth-order Runge-Kutta integration.231 The accuracy and stability of the

integration could be checked by monitoring the conservation of total energy, E, and total

angular momentum, J . The initial separation of A and BC was set to a large enough

value that the interaction between them is negligible, and checked by varying it to ensure

the results do not change. Care was taken to ensure that the results were converged with

respect to the integration timestep, which was typically of the order of 60-100 as for the

results presented here.

The initial conditions of each trajectory were set by randomly sampling the angles θ, φ

and η from figure 5.1. φ and η were sampled between 0 and 2π and θ was sampled from 0

to π. The present discussion deals with calculations at a fixed collision energy; the case of

variable collision energy is considered in section 5.4. For the calculations in this thesis, the

fixed collision energy used for comparison with thermal cross-sections was 39 meV (0.039

eV), which corresponds to 3
2
kBT at 300 K.

The impact parameter, b, was sampled uniformly between 0 and b2max, to weight the

sampling towards high b as a ‘dartboard average’.8 This is necessary because the probabil-

ity of a collision between b and b+db is 2πb db (see chapter 3). bmax, the maximum impact
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parameter, was set by trial and improvement using small batches of trajectories such that

no inelastic collisions occurred past b = bmax and all depolarisation was included. (It is

not possible to converge a purely elastic QCT cross-section — see chapter 3).

5.1.3 Binning final states

At the end of each trajectory, the final angular momentum of the BC diatom is N ′. In

this thesis, quantities with primes refer to after the collision, and those without primes

refer to before it. The classical vector magnitude is converted to a quantum number, N ′,

via

|N ′| = ~
√
n′(n′ + 1) (5.5)

The resulting value of N ′ is not an integer, which is why it is labelled with a lower case

letter, n′, in equation (5.5). The quantum number N ′ is obtained by binning n′ to an

integer value. In the calculations performed in this thesis, this is simply done by rounding

n′ to the nearest integer (the histogram binning method), such that an ‘elastic’ trajectory

is one for which n′ = N ± 0.5 (in the closed shell case).

It is also possible to use other methods of binning, such as Gaussian binning, which

gives a weight WGB to each trajectory, weighting more highly those trajectories for which

n′ is closest to an integer value.

WGB = exp

[
−2

(
n′ −N ′

2δ

)2
]

(5.6)

In this method, one trajectory can contribute to several different cross-sections σNN ′ . The

analogous expression for histogram binning would be

WHB =





1 if N ′ − 0.5 ≤ n′ < N ′ + 0.5

0 otherwise

(5.7)

For the calculations in this thesis, the results of the Gaussian binning method were not



Obtaining experimentally measurable quantities from QCT 111

found to be significantly different to those of the histogram binning method.

Also at the end of each trajectory, the angle between N and N ′ is calculated using

the cosine rule:

cos θNN ′ =
N ·N ′

|N ||N ′| (5.8)

5.2 Obtaining experimentally measurable quantities

from QCT

The state-to-state collision cross-section, from initial rotational state N to final state N ′,

is given by∗

σNN ′ = πb2max

NN ′

Ntot

(5.9)

where NN ′ is the number of trajectories, out of a total Ntot run, that end in the state N ′.

The closed-shell RET cross-section out of state N is obtained simply by summing over

product states:

σN =
∑

N ′
σNN ′ (5.10)

The closed-shell depolarisation parameters a
(k)
NN ′ (see chapter 3) are found by

a
(k)
NN ′ =〈Pk(cos θNN ′)〉 =

1

NN ′

NN′∑
i=1

Pk(cos θ
(i)
NN ′) (5.11)

a(k) =
1

σN

∑

N ′
σNN ′a

(k)
NN ′ (5.12)

and can be used to obtain closed-shell depolarisation cross-sections,

σ
(k)
NN ′ = σNN ′(1− a(k)

NN ′) (5.13)

It is important to note that (as remarked upon briefly in chapter 3) it is not possible

∗Note that this expression is only valid for trajectories where the impact parameter is sampled uniformly
from 0 to b2

max.



Obtaining experimentally measurable quantities from QCT 112

to calculate the elastic collision cross-section, σNN , with the QCT method. As the impact

parameter increases, the collisions become more and more glancing-blow in character, and

less likely to change the rotational state, so the opacity function for an elastic collision

(P (b)) tends to unity. In quantum mechanics, the uncertainty principle provides a ‘cut-

off’ impact parameter, bmax, beyond which the interaction no longer counts as a ‘collision’,

so P (b) converges — no such cut-off exists for classical mechanics, and P (b) does not

converge. This means that the classical elastic cross-section is infinite, and in practice

is determined by the choice of bmax that the user gives to the QCT program as input.

The polarisation moments a
(k)
NN for purely elastic collisions also cannot be converged using

QCT. Note, however, that it is possible to obtain the open-shell cross-section for purely

spin-rotation changing collisions (where N ′ = N but j′ 6= j) using the methods in the next

section.

Depolarisation cross-sections, on the other hand, can be obtained for elastic collisions

using QCT. This is because elastic collisions become less depolarising as b increases, so

P (k)(b) does converge once a point is reached where the collisions are too glancing-blow

to change the direction of N . Therefore, even though the QCT values of σNN ′ and a
(k)
NN ′

are themselves meaningless when N ′ = N , they can be used in equation 5.13 to get a

meaningful value of σ
(k)
NN .

To obtain opacity functions, P (b), for a particular process, one possible method would

be to assign the trajectories that undergo that process to bins in impact parameter, b.

However, using this histogram method requires a lot of trajectories to get smooth functions.

A better method is to expand P (b) as a Legendre series.232 Taking as an example the

opacity function for N → N ′,

PNN ′(b) =
NN ′(b)

Ntot(b)
=

2σNN ′

πb2max

g(β) (5.14)
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where g(β) is a (truncated) Legendre expansion in the reduced variable β:232

g(β) =
1

2
+

M∑
n=1

αnPn(β) (5.15)

αn =
2n+ 1

2

1

NN ′

NN′∑
i=1

Pn(β(i)) (5.16)

β =
2b2

b2max

− 1 (5.17)

The Kolmogorov-Smirnov statistical test is used to decide on the number of terms, M , to

include in the Legendre expansion,231,232 typically aiming for a significance level of around

95%. This usually implies between 4 and 8 terms, but note that, quantum mechanically,

M should not exceed 2N .

Opacity functions for depolarisation can be calculated by expanding a(k)(b) in a similar

fashion and using

P (k)(b) = P (b)(1− a(k)(b)) (5.18)

As above, neither PNN(b) nor a
(k)
NN(b) can be converged for elastic collisions, but the

depolarisation opacity function P
(k)
NN(b) can be.

5.3 Quasi open-shell QCT: tensor opacity formalism

Section 3.3 in chapter 3 sets out the tensor opacity formalism used to calculate quasi open-

shell cross-sections in QCT, assuming that spin is a spectator.12 Quantum mechanical

expressions for σjj′ , a
(k)
jj′ and σ

(k)
jj′ are given in that section as a function of P (K)(N,N ′),

the spin-independent tensor opacities, which can be calculated using closed-shell QCT

calculations. The current section will explain the specifics of how this is implemented.

The magnitude of the angular momentum transfer vector, K = N ′ − N , can be

calculated via12

|K|2 = |N |2 + |N ′|2 − 2|N ||N | cos θNN ′ (5.19)
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and quantised using

|K| = ~
√
K(K + 1) (5.20)

K is then binned to the nearest integer value.

The state-to-state cross-section resolved in K is next worked out using the number of

trajectories that go from N to N ′ with momentum transfer of K, N (K;N,N ′):

σNN ′(K) = πb2max

N (K;N,N ′)
Ntot

(5.21)

As in chapter 3, this can then be converted to the tensor opacity via12

PK(N,N ′) =
k2

i

π
(2N + 1)σNN ′(K) (5.22)

where ki is the wavevector.

These tensor opacities can then be employed to calculate quasi open-shell cross-sections

and depolarisation parameters using the equations in section 3.3.

5.4 Variable collision energy QCT

The discussion so far has explained how QCT calculations are carried out for a fixed

collision energy, Et. However, the experiments in this thesis take place under thermal

conditions (300 K), where the collision energy follows a Maxwell-Boltzmann distribution.

Therefore it is useful to compare QCT calculations for such a distribution of energies to

those carried out at fixed Et, to verify that the fixed-energy calculations are a good model

for the experiment.

This is done by running trajectories with Et randomly sampled between E1 and E2 (in

this case, 1 and 125 meV). For each trajectory, the impact parameter b is sampled from

0 to b2max(Et). In previous studies, the function bmax(Et) was modelled using the line-of-

centres model,22,70,145,233 which is appropriate for a process with a barrier, such as when
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calculating σNN ′ . For calculating quenching cross-sections, though, it would be better to

have bmax(Et) falling with collision energy – for a simple Langevin-style capture model,234

σQ ∼ E−0.5
t , and σQ ∼ b2max, so bmax(Et) ∼ E−0.25

t .

By running small batches of trajectories at various fixed collision energies and using

these to obtain bmax at that energy, the function bmax(Et) was fitted to the form235

bmax(Et) = 2.8× 10−8
[
5.8× 10−8 + E−0.2

t

]
(5.23)

where bmax(Et) is in cm and Et is in eV.

Each trajectory is given the weighting70,145,233

wi =
b2max(Et)

D2
(5.24)

where D is taken as the value of bmax(0.001 eV). Note that the value of D is not important,

as it will cancel out in equation (5.25).

The expression for the thermal (Maxwell-Boltzmann average) rate constant can be

written down directly, without expanding the excitation function:11

kNN ′(T ) =
πD2(E2 − E1)

Ntot

NN′∑
i=1

wiPMB(E
(i)
t |T )v

(i)
rel (5.25)

where PMB(Et|T ) is the Maxwell-Boltzmann distribution of energies at temperature T ,

and vrel is the relative velocity. This rate constant can be turned into a thermal (flux

averaged) cross-section, σ, by simply dividing by the relative velocity 〈vrel(T )〉. This is

the quantity that should be compared to experiment, as opposed to σ(T ) ≡ 〈σ〉 (see

chapter 4).

The depolarisation parameter at temperature T can also be calculated via12

a
(k)
NN ′(T ) ≡ 〈a(k)

NN ′〉T =

∑NN′
i=1 wiv

(i)
relPMB(E

(i)
t |T )Pk(cos θ

(i)
NN ′)∑NN′

i=1 wiv
(i)
relPMB(E

(i)
t |T )

(5.26)
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If the excitation function (the dependence of the cross-section on collision energy) is

required, it can be expanded as a truncated Legendre series much like the opacity function

in section 5.2. The expansion, up to the Mth term, is70,145,233

σNN ′(Et) =
2R

E2 − E1

(
1

2
+

M∑
n=1

cnPn(x)

)
(5.27)

with the reduced variable x being

x =
2Et − E2 − E1

E2 − E1

(5.28)

and R representing

R =

∫ E2

E1

σNN ′(Et) dEt ' πD2(E2 − E1)

Ntot

NN′∑
i=1

wi (5.29)

The Legendre coefficients ci are given by70,145,233

cn =
2n+ 1

2
〈Pn(x)〉 (5.30)

and the Kolmogorov-Smirnov statistical test is used to determine the value of M at which

the series will be truncated, exactly as for the opacity functions discussed in the previous

section. Integrating σ(Et) over a Maxwell-Boltzmann distribution of collision energies at

temperature T gives the thermally averaged cross-section σ(T ) ≡ 〈σ〉.
It was verified in refs. 21 and 22 that the 300 K cross-sections for OH(A) + Kr single-

surface QCT agreed very well with calculations at a fixed collision energy of 0.039 eV,

justifying the use of the fixed Et single-surface data. The methodology here will therefore

be used in chapter 6 to confirm that the same conclusion holds for trajectory surface-

hopping data.
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5.5 Comparison of QCT with QM

Although no quantum mechanical (QM) scattering calculations were performed in this

thesis, the quasi-classical data here will be compared to QM calculations carried out

elsewhere.21,235–237 These calculations used the hibridon suite of codes,238 which solve the

close-coupled (CC) equations68 using a hybrid propagator made up of the log-derivative

propagator of Manolopoulos239 at short range, and the Airy propagator240 at longer range.

Full details of the calculations are contained in refs. 21,237.

QM cross-sections for rotational energy transfer (RET), σj, are compared with QCT in

chapter 7, and figure 5.2 presents state-to-state resolved σ
(2)
jj′ cross-sections for collisional

disalignment of OH(A) + Xe. As can be seen, the agreement between single-surface QCT

and QM calculations is excellent, validating the use of the QCT method in this thesis.

The greatest disagreement is in the ∆j = ±1 cross-sections for spin-rotation conserving

transitions, which is due to the QCT definition of ‘elastic’ and the choice of binning

method.

5.6 Summary

This chapter has presented the single surface quasi-classical trajectory (QCT) method

used in this thesis.The selection of initial conditions, the propagation of trajectories over

one or many electronic states, the binning of final angular momenta to integer quantum

numbers and the methods of obtaining cross-sections to compare with experiment have all

been dealt with in detail, and will be used throughout the rest of this thesis. Methods for

extending QCT results to open-shell 2Σ+ radicals have been considered, and the results

compared to quantum scattering calculations performed elsewhere.

In addition, it has been demonstrated that the use of QCT theory is appropriate

for the treatment of this system, as confirmed by comparisons to quantum mechanical

calculations.

Chapter 6 will introduce the surface hopping (TSH-QCT) model to include non-
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adiabatic effects, and detail a new extension to incorporate the OH(X) + Rg 1A′′ PES.

Rovibronic couplings between all three states will be added in to the existing model, which

will be fully explained and characterised and then compared to experimental data. After

this, the following chapter (chapter 7) will use the methods in this chapter and chapter 6

to compare with experimental data for OH(A) + Kr, Xe.



Chapter 6

A three-state surface hopping model of

OH(A,X)+Rg interactions, including

rovibronic couplings

In chapter 5, the theory of quasi-classical trajectory (QCT) calculations was presented.

The single-surface QCT method described so far is limited to dynamics on one adiabatic

potential energy surface (PES). However, one of the main reasons for studying the OH(A)

+ Kr,Xe systems in this thesis is that they both display significant non-adiabatic effects,

where more than one PES is involved in the dynamics. (The term ‘adiabatic’ here refers

to electronically adiabatic behaviour). An extension to the theory presented thus far is

therefore required to properly model the experimental results in this work. In this thesis,

trajectory surface hopping (TSH-QCT) theory will be used for this purpose.

As described in chapter 2, for linear configurations of OH + Rg, the ground, X state

is a doublet Π state and the excited, A state is 2Σ+. Away from linearity, the symmetry

of the system is reduced from C∞v to Cs, which splits the doubly degenerate 2Π state into

states of A′ and A′′ symmetry with respect to reflection in the scattering plane. These

states are labelled 1A′ and 1A′′ respectively in this thesis. The excited state is symmetric

under such a reflection and is labelled 2A′ in the Cs point group.

This chapter begins by outlining “standard” TSH-QCT theory, which, so far, has only

involved two states: the ground and excited states of A′ symmetry (1A′ and 2A′). The

120
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third state, 1A′′, was considered not to be coupled to the other two states of different

symmetry, and so was left out of the theory.23,28

However, the 1A′′ state can be coupled to the two states of A′ symmetry by rovibronic

interactions, as introduced in section 2.4. The rest of the present chapter sets out an

extension of the two-state surface hopping model to include all three electronic states.

Adiabatic-diabatic transformations for a three-state system will be considered before the

extension to the theory will be set out and explained in detail. Theoretical results for

electronic quenching, and the rotational state distribution of quenched OH(X), will be

presented for several different models and compared to non-adiabatic quantum scattering

calculations236 before a full comparison with experiment in chapter 7.

6.1 The fewest-switches algorithm for TSH-QCT

In the trajectory surface hopping (TSH) method,82 a batch of independent classical tra-

jectories is run, each on one adiabatic PES at a time, just as in the single-surface QCT

method. (See section 1.5 and chapter 5). Independent of the ‘active’ surface that the

nuclear trajectory is running on, the electronic coordinates are evolved via quantum me-

chanics, and provide a means of determining whether or not a ‘hop’ to another surface

occurs at each timestep.

The effect of the classical subsystem on the quantum one is that the regions of the

PES accessed by the nuclear trajectory influence the evolution of the electronic state; the

effects of the quantum subsystem on the classical nuclear trajectory come about via the

active PES determining the forces experienced by the nuclei.

Over the years, a number of variants of surface hopping have been developed. One

of the most popular is fewest-switches surface hopping (FSSH) of Tully,83,84 which is the

one employed in the work described here. In this method, each trajectory has its own

electronic density matrix, which is propagated simultaneously to the integration of the

nuclear motion.
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The algorithm used is as follows, and is also summarised in figure 6.1. At each timestep,

Hamilton’s equations of motion for the nuclei are integrated as in sections 5.1.1 and 5.1.2.

The time-dependent Liouville equation for the electronic density matrix is also integrated.

The probability (Pij) of a hop from the active PES, |i〉, to another surface, |j〉, is calculated

as described below, and then a random number is drawn.

This random number, ζ, is used to decide if the trajectory will hop to another PES. If

we label the active potential as state 1,

• If ζ ≤ P12 then switch to state 2

• If P12 ≤ ζ < P12 + P13 then switch to state 3

• Otherwise, no hop takes place.

If the trajectory does not hop at this timestep, we return to the start and move on

to the next timestep. If a hop does occur, the nuclear momenta must be adjusted before

moving to the next timestep (section 6.8.1), but note that the density matrix elements

are not reset until the end of the trajectory, thus including the effects of coherence.∗ Just

as for adiabatic QCT, the trajectory is over when the separation between atom A and

diatom BC is enough that any interaction is negligible.

6.1.1 Justification for the FSSH algorithm

The fewest-switches surface hopping (FSSH) algorithm described above has been justified

intuitively by Tully,83 but has never been rigorously derived from the time-dependent

Schrödinger equation. Note, however, that Subotnik et al. have recently shown241 that the

FSSH algorithm can be obtained from the quantum-classical Liouville equation, provided

that certain conditions are met (mostly to do with decoherence).

There is some inconsistency in that the electronic state is counted twice – each tra-

jectory carries a label of the current state it propagates on, but the electronic wave-

∗In fact, TSH suffers from a problem of overcoherence — the lack of decoherence. There are a large
number of schemes to circumvent this in the literature.241
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Figure 6.1: Flowchart of the fewest switches surface hopping (FSSH) algorithm.
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function (propagated simultaneously) also describes this information.242 When adiabatic

state populations are required from the calculation – as here – this information should

be obtained from the surface labels of the individual trajectories, not their electronic

wavefunctions.83,243

Surface-hopping QCT involves trajectories that move on a single PES at all times,

which is necessary to correctly describe the system away from the coupling region. Switches

(hops) between these surfaces are instantaneous, which can seem unrealistic when consid-

ering a single trajectory. However, it is more correct to compare a whole batch of trajec-

tories with reality – in this case, some will hop earlier and some later, leading to a gradual

transfer of population from one state to the other.83

The FSSH method is self-consistent, and obeys the conservation of energy.83 In the

implementation in this thesis, energy and angular momentum conservation are not forced

in the code and so can be used to check the accuracy and stability of the integration.

Figure 6.2 gives Tully’s intuitive justification for the fewest-switches criterion.83 The

left-hand panel shows an average of the 2A′ and 1A′ potentials for OH + Kr, which is

the potential that would be used in an Ehrenfest-like treatment. Clearly, this potential is

unlike either 2A′ or 1A′ – no best-trajectory approach can describe the dynamics here.

The centre panel shows a cartoon trajectory (purple dashes) for an ‘alternative’ hopping

scheme, in which the probability of the trajectory propagating on state |i〉 is ρii (where ρ is

the electronic density matrix). This leads to a large number of hops – in the limit of infinite

hops, this reduces to the Ehrenfest case in the left-hand panel, and so is inappropriate for

the same reasons.

The right-hand panel shows an example FSSH trajectory, which displays physically

reasonable behaviour. The FSSH algorithm is popular and widely used because it is one

of the simplest and most intuitive models that accurately simulates a wide variety of

non-adiabatic processes.41,83
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Figure 6.2: Intuitive justification for the FSSH algorithm, following Tully.83 Left:
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+ Kr PESs at γ = 175◦. Centre: cartoon trajectory (purple dashes) for the hopping
scheme P (state i) = ρii. Right: cartoon trajectory for the FSSH criterion.

6.2 Extension to the 1A′′ state – rovibronic couplings

As explained in chapter 2, it is possible that a rotation of the triatomic system of the

correct (A′′) symmetry can couple two states of different symmetry: A′ × A′′ × A′′ = A′

overall – thus enabling coupling between the 1A′′ electronic state and the other two (1A′

and 2A′) states. This rovibronic coupling can be classified into two forms, which in this

thesis will be referred to as Renner-Teller (RT) and Coriolis coupling. Note, however,

that a wide variation in nomenclature is found in the literature, and these terms may refer

to different things in different sources.

Renner-Teller coupling mixes states of non-zero angular momentum, with ∆Λ = 0. It

comes about because, in a linear triatomic complex, λ (the projection of the electronic

orbital angular momentum, Λ, on the OH bond axis) is a good quantum number, but it

ceases to be so on bending away from linearity. Coriolis coupling is caused by a rotation

of the whole three-atom system, and mixes states that differ in their orbital angular

momentum quantum number by ∆Λ = ±1.

The scheme set out in this chapter aims to include both of these effects in the TSH-QCT

theory set out so far in this chapter. As TSH-QCT is a semiclassical theory, spin-orbit

coupling (see section 2.5) will not be included.
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Although this is the first attempt to include both Renner-Teller and Coriolis effects

in a three-state TSH-based theory, competition between these effects has been considered

elsewhere. Most relevantly, Santoro et al.131 have incorporated RT coupling into two-state

TSH for the study of the N(2D) + H2 reaction, based on the earlier quantum mechanical

study of Goldfield and coworkers.130 This is a system in which RT effects have been stud-

ied extensively quantum mechanically.128,129,244 An older attempt (before fewest-switches

surface hopping in 1990) to look at roto-electronic couplings in surface hopping QCT was

made in ref. 245.

The general formalism for non-adiabatic effects in triatomic complexes was set out

by Petrongolo246 and developed in refs. 139,140,247–249, and full three-state quantum

mechanical studies have very recently become computationally feasible.250,251

Most recently, QM methods have been used to investigate the competition between con-

ical intersection and Renner-Teller pathways in the photolysis of H2O(B̃), which correlates

to OH(A) + H,134,135,252,253 with reference made to earlier work on this subject.133,136,254.

The quantum treatment of the O(1D) + H2 system by Drukker and Schatz141 also includes

Coriolis and electronic couplings.

6.3 Three-state adiabatic to diabatic transformation

As in chapter 2, if couplings to the 1A′′ electronic state are ignored, this state is the same

in the adiabatic and diabatic representations. The mixing between the other two states

can be fully parametrised by one mixing angle, χ:28,111



U1A′ 0

0 U2A′


 = C2



VΠA′ V12

V12 VΣ


CT

2 (6.1)

in which

C2 =




cosχ sinχ

− sinχ cosχ


 (6.2)
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For the three-state case, three mixing angles (α, β and ω) are required (for the diabatic

electronic basis, see section 6.5.2):




U1A′ 0 0

0 U2A′ 0

0 0 U1A′′




= C3




Dsum
V12√

2
Ddif

V12√
2

VΣ
V12√

2

Ddif
V12√

2
Dsum




CT
3 (6.3)

where

Dsum =
1

2

(
VΠA′ + VΠA′′

)
; Ddif =

1

2

(
VΠA′ − VΠA′′

)
(6.4)

and

C3 =




cosα cos β − sinα sinω sin β sinα cosω cosα sin β + sinα sinω cos β

− sinα cos β − cosα sinω sin β cosα cosω − sinα sin β + cosα sinω cos β

− cosω sin β − sinω cosω cos β




(6.5)

Note that, if couplings to the diabatic ΠA′′ state are included, the adiabatic states can

no longer be given A′ and A′′ symmetry labels, so are labelled as U1,2,3 as in equation

(2.31). The addition of rovibrational terms will be dealt with in section 6.5.

The matrix C3 can be expressed as the product of three matrices in one mixing angle

each, as below. This will be used later on in this chapter.

C3 =




cosα sinα 0

− sinα cosα 0

0 0 1







1 0 0

0 cosω sinω

0 − sinω cosω







cos β 0 sin β

0 1 0

− sin β 0 cos β




(6.6)

6.4 Surface hopping QCT for a three-state system

The fewest switches surface hopping algorithm83,84 introduced in section 6.1 can be ex-

tended to any number of electronic states. At each timestep, the nuclear motion is treated

classically, by integrating Hamilton’s equations of motion, and the electronic degrees of
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freedom are treated quantum mechanically, by integrating the time-dependent Liouville

equation for the density matrix ρ.

The integration of the density matrix is performed via

i~ρ̇kj =
∑

l

[ρlj(Hkl − i~ẋdkl)− ρkl(Hlj − i~ẋdlj)] (6.7)

noting that dij = −d∗ji, that ρij = ρ∗ji and that ρ̇ij = ρ̇∗ji. This system of differential

equations is integrated by an Adams-Bashforth-Moulton predictor-corrector algorithm.28

It is ensured that the timestep is short enough that the trace of the density matrix is

conserved.

In order to integrate the density matrix, the non-adiabatic coupling matrix elements

(NACMEs) dij are therefore required. For a system of two adiabatic states, d12 is given

by the derivative of the mixing angle, χ, which is calculated from the PES according to

equation (2.59). This can be shown by using the Hellman-Feynman theorem to express

d12 as a function of V11, V22, V12 and χ, as in ref. 255.

For the three state case, the NACMEs are given by

d = C3∇xC
T
3 (6.8)

Using the reasoning of ref. 256, and the notation ‘1’ for 1A′, ‘2’ for 2A′ and ‘3’ for 1A′′,

d12 =− sinω∇xβ −∇xα (6.9)

d13 =− cosω cosα∇xβ − sinα∇xω (6.10)

d23 = cosω∇xβ − cosα∇xω (6.11)

To obtain the NACMEs, the mixing angles must be calculated, and the method for

doing so will be set out in the following sections.

At each step, the transition probabilities from the current state to each other electronic
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state are calculated via83

Pij =
−2∆tRe

[
ρ∗jiẋdji

]

ρii

(6.12)

6.5 Basis and coordinates for a three-state system

6.5.1 Axis system

In this work, we use the coordinate system of Petrongolo,246 in which the z-axis is along

the O–H bond and the scattering plane is xz. This is known as r-embedding as the z-axis

is along r, rather than along R. (Recall from figure 2.4 that R, r and γ are the Jacobi

coordinates of the Rg-OH system, with r being the O–H bond vector from O to H, R

being the vector from the OH centre of mass to the rare gas atom, and γ being the angle

between them such that γ = 0 in the Rg–HO configuration.)

6.5.2 Diabatic electronic basis

Equation (6.3) above can be written as

A = C3DCT
3 (6.13)

in which the diabatic potential energy matrix D is diagonalised to give the adiabatic

potential energy matrix A.

This subsection concerns the choice of diabatic electronic basis used for D. Electronic

states can be partitioned into spin and orbital terms,109,257 of which the orbital term is

labelled |Λ〉. In the present system, there are three definite-Λ states, with Λ = -1, 0, 1.

Λ = 0 is a Σ state, and Λ = ±1 are the two degenerate components of the Π state.

Alexander and Corey109,112 use definite-symmetry states:

|Πη〉 =

√
2

2
[|Λ〉+ η|−Λ〉] (6.14)
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where the states |±Λ〉 are eigenfunctions of L̂z but the definite symmetry states are not.

|±Λ〉 =± (−1)Λe±iΛφ (6.15)

L̂z|±Λ〉 =± Λ|±Λ〉 (6.16)

σxz|±Λ〉 =(−1)Λ|∓Λ〉 (6.17)

σxz|Πη〉 =(−1)Λη|Πη〉 (6.18)

This results in a block-diagonal Ĥel matrix, elements of which are shown in Table 6.1.

D in this basis is the same as that given in equation (6.3).

The only off-diagonal matrix elements in this basis are between |Π(η = −1)〉 and |Σ〉,
so, writing the two-state mixing angle as χ,

|1A′〉 = cosχ|Π(η = −1)〉+ sinχ|Σ〉 (6.19)

|2A′〉 =− sinχ|Π(η = −1)〉+ cosχ|Σ〉 (6.20)

|1A′′〉 =|Π(η = +1)〉 (6.21)

ALEXANDER Π(η = −1) Σ Π(η = +1)
Π(η = −1) VΠA′ V12 0

Σ V12 VΣ 0
Π(η = +1) 0 0 VΠA′′

Table 6.1: Matrix elements of Ĥel in the basis of Alexander and Corey109,112

However, there is no coupling to the 1A′′ state in this basis – it will be necessary to

include Renner-Teller and Coriolis couplings in the present case. In their two-state studies

of Renner-Teller couplings between states of A′ and A′′ symmetry, Goldfield et al. and

Santoro et al. use a diabatic basis whose states are eigenfunctions of L̂z.130,131 This has

the advantage of making the calculation of RT effects much easier, but the excited |2A′〉
state is not included.

To form a unified basis that includes all three states, we follow the QM studies of
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Drukker and Schatz,141 and, more recently, Zhou and coworkers.135 However, note that

the equations here will be slightly different from those given in ref. 135, as the definition

of the two-state mixing angle χ here follows section 2.3, rather than ref. 109 – here the 2Π

state is the ground state, and 2Σ+ is the excited state, in contrast to the cited references.

The diabatic electronic basis used in this thesis defines wavefunctions |λ = ±1, 0〉 as141

|±λ〉 ∝ e±iλφ (6.22)

|0〉 =|Σ+〉 (6.23)

which are not the same as the |±Λ〉 states of Alexander and Corey.109 Their behaviour

under reflection in the scattering plane, and with the L̂z operator, is

L̂z|±λ〉 =± λ~|±λ〉 (6.24)

σxz|±λ〉 =|∓λ〉 (6.25)

meaning of course that the |λ = 0〉 state is an eigenfunction of both.

Expressing this |±λ〉 basis in terms of the adiabatic states,135,258

|λ = ±1〉 =

√
2

2
[cosχ|1A′〉 − sinχ|2A′〉 ± i|1A′′〉] (6.26)

|λ = 0〉 = sinχ|1A′〉+ cosχ|2A′〉 (6.27)

The matrix elements of Ĥel in this basis are given in table 6.2 — these are the same as

those of Drukker and Schatz.141 In this table, the shorthand notations Dsum and Ddif refer

to 1
2

(
VΠA′ + VΠA′′

)
and 1

2

(
VΠA′ − VΠA′′

)
respectively. In addition, the same convenient L̂z

matrix elements apply here as in the Goldfield et al. basis:

〈λ′|L̂z|λ〉 =δλ′λλ~ (6.28)

〈λ′|L̂2
z|λ〉 =δλ′λλ

2~2 (6.29)
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For matrix elements of L̂2, we will also approximate L̂2 ' L̂2
z, as in ref. 130.

Hλ′λ λ = −1 λ = 0 λ = 1

λ′ = −1 Dsum

√
2

2
V12 Ddif

λ′ = 0
√

2
2
V12 VΣ

√
2

2
V12

λ′ = 1 Ddif

√
2

2
V12 Dsum

Table 6.2: Matrix elements of Ĥel in the basis of Zhou et al.,135,141 where the shorthand
Dsum = 1

2

(
VΠA′ + VΠA′′

)
and Ddif = 1

2

(
VΠA′ − VΠA′′

)
.

Matrix elements of L̂x will also be required in the following sections. In the basis used

here, these can be expressed as

〈0|L̂x|0〉 = 0 (6.30)

〈±1|L̂x|∓1〉 = 0 (6.31)

〈±1|L̂x|±1〉 = ±i
[
cosχ〈1A′|L̂x|1A′′〉 − sinχ〈2A′|L̂x|1A′′〉

]
(6.32)

〈0|L̂x|±1〉 = 〈±1|L̂x|0〉 = ±i
√

2

2

[
sinχ〈1A′|L̂x|1A′′〉+ cosχ〈2A′|L̂x|1A′′〉

]
(6.33)

(using the fact that 〈1A′|L̂x|1A′′〉 and 〈2A′|L̂x|1A′′〉 are purely imaginary).

The functions Im
[
〈2A′|L̂x|1A′′〉

]
and Im

[
〈1A′|L̂x|1A′′〉

]
have been calculated from ab

initio data by KÃlos,21,28,90,236 and are shown in figure 6.3. Note that Im
[
〈1A′|L̂x|1A′′〉

]

has not been calculated for OH + Xe. Because this matrix element is much smaller

than Im
[
〈2A′|L̂x|1A′′〉

]
in OH + Kr, it is taken to be zero in OH + Xe for the present

calculations.
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Figure 6.3: Plots of the matrix elements Im
[
〈1A′|L̂x|1A′′〉

]
(top panels) and

Im
[
〈2A′|L̂x|1A′′〉

]
(bottom panels) for OH(A,X) + Kr21,28 (red solid lines) and OH(A,X)

+ Xe90 (blue dashed lines) at three values of γ: 0◦ (left), 90◦ (centre) and 180◦ (right).

6.5.3 Rotational basis

As in refs. 130,131, the rotational basis used here will be Wigner rotational functions

labelled |K〉:

|K〉 =

√
2J + 1

8π2
DJ

KM(φ, θ, ζ) (6.34)

Ĵ2|K〉 =J(J + 1)~2|K〉 (6.35)

Ĵ±|K〉 =λJK
± |K ± 1〉 (6.36)

Ĵz|K〉 =K~|K〉 (6.37)

where K is the projection of J (the total angular momentum of the triatomic complex)

onto the O–H bond axis, and

λJK
± = ~ [J(J + 1)−K(K ± 1)]

1
2 (6.38)
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6.6 Matrix elements and mixing angles

The full rotational Hamiltonian, T̂rot, for a triatomic system is given by Petrongolo’s 1988

paper.246 This uses the same axis system and r-embedding as the present thesis; conversion

to R-embedding can easily be accomplished by exchanging br and BR in equation (6.39).259

The printing error in the original paper,246 that substituted Ĵz− Ĵx cot γ for L̂z− L̂x cot γ,

is also corrected here.

T̂rot =
br
2

(
Ĵ2 − 2Ĵ2

z + L̂2 − 2L̂2
z + 2L̂xL̂z cot γ − 2iL̂y

∂

∂γ

)
+
br +BR

2 sin2 γ

(
Ĵ2

z + L̂2
z

)

+
br
2

[
Ĵ+

(
Ĵz cot γ +

∂

∂γ
+ iL̂y

)
+ Ĵ−

(
Ĵz cot γ − ∂

∂γ
− iL̂y

)]

+ Ĵz

[
br

(
L̂z − L̂x cot γ

)
− (br +BR)

L̂z

sin2 γ

]
−
br

(
Ĵ+ + Ĵ−

)

2

(
L̂x + L̂z cot γ

)

(6.39)

Here, br and BR are (µOHr
2)−1 and (µKr-OHR

2)−1 respectively, with µ denoting a reduced

mass:

µOH =
mOmH

mOH

; µKr-OH =
mKrmOH

mKr +mOH

(6.40)

The surface hopping QCT method relies on separating the ‘fast’ and ‘slow’ coordinates;

the electronic degrees of freedom are treated quantum mechanically while the the nuclear

motion is dealt with using classical mechanics.82,83 Although the aim in this chapter is to

incorporate terms from T̂rot into the electronic Hamiltonian in order to deal with rovibronic

interactions, this separation must be maintained as far as possible. Therefore, only the

terms from equation (6.39) that are necessary for Renner-Teller and Coriolis couplings are

taken as a ‘perturbation,’ Ĥ ′, to the electronic Hamiltonian Ĥel:

Ĥ = Ĥel + Ĥ ′ (6.41)
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These terms are

Ĥ ′ =
br
2
L̂2 + L̂2

z

(
br +BR

2 sin2 γ
− br

)
+ ĴzL̂z

(
br − br +BR

sin2 γ

)

− ĴzL̂xbr cot γ − br
2

(
Ĵ+ + Ĵ−

)(
L̂x + L̂z cot γ

)
(6.42)

First, this is integrated over the rotational basis:

〈K ′|Ĥ ′|K〉 =δK′K

{
br
2
L̂2 + L̂2

z

(
br +BR

2 sin2 γ
− br

)
+K~L̂z

(
br − br +BR

sin2 γ

)
−K~L̂xbr cot γ

}

− δK′,K±1

{
br
2
λJK
±

(
L̂x + L̂z cot γ

)}
(6.43)

Since the value of K ′ after a collision cannot be known in a classical trajectory calculation

until the collision has taken place, we make the approximation that K ′ = K±1 ' K. This

is justified because the regions where it becomes a poor approximation are those regions

where γ → 180◦, so the coupling goes to zero by symmetry. In this case,

λJK
± ' λJK

0 = ~
[
J(J + 1)−K2

] 1
2 (6.44)

and so

〈K ′|Ĥ ′|K〉 =
br
2
L̂2 + L̂2

z

(
br +BR

2 sin2 γ
− br

)
+ L̂z

(
K~br − K~(br +BR)

sin2 γ
− br

2
λJK

0 cot γ

)

− L̂x

(
br
2
λJK

0 +K~br cot γ

)
(6.45)

Next, this matrix element must be integrated over the electronic basis. The matrix

elements of Hλ′λ = 〈λ′|〈K ′|Ĥel + Ĥ ′|K〉|λ〉 are given in table 6.3, in which the shorthand

notations Dsum and Ddif again refer to 1
2

(
VΠA′ + VΠA′′

)
and 1

2

(
VΠA′ − VΠA′′

)
respectively.

Comparison of this to table 6.2 reveals which are the added rotational terms. The diabatic
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L̂x matrix elements in the table are given explicitly in equations (6.32) to (6.33), and

A =
br +BR

sin2 γ
− br (6.46)

B = K~br − K~(br +BR)

sin2 γ
− br

2
λJK

0 cot γ (6.47)

C =
br
2
λJK

0 +K~br cot γ (6.48)

From these matrix elements, the mixing angles are calculated in a pairwise fashion, taking

advantage of equation (6.6).

α =
1

2
arctan

(
2H+1,0

H+1,+1 −H0,0

)
(6.49)

β =
1

2
arctan

(
2H+1,−1

H+1,+1 −H−1,−1

)
(1− SK)(1− Sγ) (6.50)

ω =
1

2
arctan

(
2H0,−1

H0,0 −H−1,−1

)
(6.51)

The angles resulting from this pairwise procedure were carefully checked against those

obtained from diagonalisation of the full 3x3 matrix C. In all cases, it was found that

there was little difference between the two procedures, and so the pairwise method was

chosen for its advantages in terms of speed.

The functions SK and Sγ are damping functions aimed at preventing unphysical spikes

in the mixing angles. They are explained in full in the next section (section 6.7).

6.7 Numerical stability

Equation (6.50) above uses two switching functions, Sγ and SK , to avoid instabilities that

could cause spurious spikes in the mixing angles – often, this is when the expressions used

to calculate them contain 0/0. The first, Sγ, deals with the situation when γ → 180◦,

i.e. when the Rg–OH complex approaches linearity. On approach to this limit, terms in

cot γ and 1/(sin2 γ) quickly become very large and dominate equations they appear in.

However, at linearity, there should be no RT coupling (as the 1A′ and 1A′′ states become
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H
λ
′ λ

λ
=

1
λ

=
0

λ
=
−1

λ
′ =

1
D

su
m

+
~2 2
A

+
~B
−
C〈

+
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x
|+
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√
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+
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√
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the two components of a Π state) or Coriolis coupling (the states are of different symmetry

– Σ and Π). So that the coupling tends to zero as it should, a Gaussian damping function

is applied:131

Sγ = exp

(− sin2 γ

δ2
γ

)
(6.52)

The full width at half-maximum (FWHM; δγ) is set at an appropriate level by trial and

error such that β is still calculated correctly, but is free of unphysical spikes – see figure

6.5. (It was found that there was no need to apply this function to α or ω). In the

calculations performed in this thesis, δγ was
√

0.05, but testing revealed that the results

were relatively insensitive to its magnitude – the FWHM could be altered by up to 4 times

with little noticeable difference.

The other instability occurs when K tends to zero. This occurs periodically throughout

a trajectory, as the rotation of the OH radical takes it through an angle where J and r (the

OH bond vector) are perpendicular. As the expression for β contains (H+1,+1−H−1,−1) in

the denominator of a fraction, this angle takes unreasonable values when K → 0 and the

splitting between H+1,+1 and H−1,−1 becomes very small, and this instability propagates

forwards to the other two mixing angles as well. As there should be no coupling when

K = 0, another damping function is employed:

SK = exp

(−K2

δ2
K

)
(6.53)

(Note the form of the expression used: K2~2/δ2
K~2 is rather unwieldy to work with.) This

is set to cut off regions where K is too small, but should not be set too high due to the

risk of missing true couplings. Therefore, δK is set carefully to ensure it removes spikes in

the mixing angles but keeps the coupling – in this thesis, a value of 0.25 (dimensionless)

is chosen.

Figure 6.4 shows how the mixing angles α, β and ω change over the course of a ‘typical’

OH + Kr trajectory. The variation is seen to be smooth and almost free of unphysical

spikes. In the left hand panel, χ (the two-state mixing angle obtained from the PES) is
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plotted alongside α to show their similarity. The middle panel shows the effect of the

damping functions Sγ and SK on β, with the grey dotted line being what β would look

like without this damping.

The effects of these switching functions are drawn out further in figure 6.5. It can be

seen that, in this case, Sγ plays the major part in moderating the behaviour of β, with

SK helping to a lesser degree. The overall variation of β with R is made as smooth as

possible by the inclusion of these switching functions.

2.0 2.5 3.0
0

15

30

45
 

 

 A
ng

le
 / 

de
g

R / Å

 
 

2.0 2.5 3.0
0

15

30

45

  
 

R / Å

 
 *

2.0 2.5 3.0
0

15

30

45
 

 

R / Å

 

Figure 6.4: Mixing angles α, β and ω plotted over the course of a single trajectory
(OH + Kr). Left panel: α (red), χ (black dots). Centre panel: β (blue), β∗ (undamped
β, grey dots). Right panel: ω (green).

Another numerical issue to consider is that the trace of the electronic density matrix

(i.e. the total populations of all the adiabatic states) must be conserved, and that the

population of each individual state must not take unphysical values (less than 0, or greater

than 1). This constraint accompanies those carried forward from the adiabatic QCT code,

namely that the total energy and angular momentum of the system must be conserved.

Figure 6.6 presents the diagonal elements of the electronic density matrix ρ, showing that

these display physically reasonable behaviour. In addition, their sum (the black dotted

line) is seen to be unity, as required.

6.8 Calculation details

The present theory is an extension of the two-state TSH-QCT code discussed at the

beginning of this chapter, which itself is a modification of the single-surface QCT code.
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Figure 6.5: Mixing angle β plotted over the course of a single trajectory (OH + Kr).
Top left: damped using SK and Sγ , top right: damped using Sγ only, bottom left:
damped using SK only, bottom right: no damping functions applied.
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Figure 6.6: Adiabatic electronic state populations (diagonal density matrix elements)
plotted over the course of a single trajectory (OH + Kr) against time. Red: ρ11 (1A′),
blue: ρ22 (2A′), green: ρ33 (1A′′). The black dotted line shows the trace of the density
matrix (ρ11 + ρ22 + ρ33). This particular trajectory hopped from 2A′ to 1A′′.
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Therefore the integration of the equations of motion and electronic density matrix is carried

out as described in chapter 5 and section 6.4 respectively. Around 5 × 104 trajectories are

run for each initial N , with the initial separation being set to 12 Å for OH + Kr and 20

Å for OH + Xe, just as in the single-surface case.

As there is only appreciable coupling between the potentials in certain, close-in config-

urations, two timesteps were used in the integration in order to speed up the calculations.

In the ‘outer’ region, set to be γ < 150◦ and at distances R between 2.9 and 12 Å (Kr)

/ 3.5 and 20 Å (Xe), the trajectory was propagated as in the single-surface QCT code,

with a timestep of 60 as. At lower R, the timestep was 20 as (Kr) / 25 as (Xe), with the

couplings ‘turned on’. Comparison of the results to those obtained using only the shorter

timestep revealed little to no difference caused by this time-saving method.

For the calculation of the potential couplings, the FWHMs for the switching functions

δK and δγ were set as described in section 6.7. The matrix elements of L̂x were provided236

as a grid of points in R and γ, and interpolated using a bivariate method based on piecewise

bicubic polynomials.260

Quenching cross-sections can be obtained from the number of trajectories ending up

on the 1A′ or 1A′′ adiabatic potentials via the analogue to equation (5.9),

σQ = πb2max

N1A′

Ntot

(6.54)

with the statistical uncertainty (standard deviation) given by

∆σQ = σQ

√
1

N1A′
− 1

Ntot

(6.55)

However, the ratio between these numbers of trajectories on the two ground state

potentials is not the same as the lambda-doublet ratio, because A′ and A′′ are symmetry

labels for reflection in the scattering plane – as opposed to the plane of rotation of the

molecule, which gives the Π(A′) and Π(A′′) labels to the lambda-doublets (in the high-j

limit – see section 2.1). If OH(X) is treated as a 1Π molecule, then quenched molecules
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with a final rotational state of N ′′ have reflection symmetry in the scattering plane of89,261

〈σv〉 = −ε N ′′

N ′′ + 1
(6.56)

where ε is the parity of the wavefunction. This means that a trajectory ending on the

1A′ adiabatic PES contributes 1
2

(
N ′′

N ′′+1
+ 1

)
to the Π(A′) lambda-doublet level (i.e. N1A′)

and 1
2

(
1− N ′′

N ′′+1

)
to the Π(A′′) level. For a trajectory ending on 1A′′, these proportions

are reversed. Note that this is only an important correction at low N ′′, where the present

semiclassical theory is a poorer approximation to quantum mechanics anyway.

When considering the final rotational state in OH(X) that a quenched trajectory ends

up in, consideration must also be given to the different bond lengths in OH(X) and OH(A).

These are taken as 0.970 Å and 1.012 Å respectively.91 The final rotational energy of OH

is first converted to a continuous quantum number – n′ in equation (5.5). Then, the

rotational energies of OH in its X and A electronic states are equated:

BXn
′
X(n′X + 1) = BAn

′
A(n′A + 1) (6.57)

where Bi is the rotational constant for state i. These have the ratio

xr = BX/BA = (rA/rX)2, which takes a value around91 1.08. Therefore

n′X = −1

2
+

√
1

4
+
n′A

2

xr

+
n′A
xr

(6.58)

and the corrected n′X is binned to a quantum number, N ′, in the usual way.

6.8.1 Momentum rescaling

On hopping from one potential energy surface, |i〉, to another, |j〉, the potential energy

associated with a trajectory changes suddenly from Ui to Uj. In order to conserve the total

energy, the nuclear velocities must therefore be adjusted to compensate for this. The most

common choice is to adjust the velocities in the direction of the dij vector,262,263 although
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other methods have been used as well.102

This rescaling does not guarantee that linear or angular momentum will be con-

served.262 However, hops usually occur between surfaces that are not far apart in energy,

so the adjustments to the momenta will be small. In the calculations presented in this

thesis, conservation of total E and J is found to be excellent.

For some surface hops (upward in energy), it is not possible to adjust the nuclear

momenta sufficiently to compensate for the change in energy between the surfaces. In

these cases, the hop is termed frustrated and rejected, with the nuclear velocities simply

being reversed. Various schemes have been presented to improve upon the treatment of

frustrated hops, for example allowing a frustrated hop to occur if the system can reach an

‘allowed’ hopping point within the limit defined by time uncertainty,264,265 but these are

not employed in this thesis.

To derive the adjustment needed to the nuclear momenta, we split the momenta into

two parts for the two reduced masses, r and R:266 (i and j refer to the two potentials)

pj = pi − γijd
r
ij ; Pj = Pi − γijd

R
ij (6.59)

in which γij is the scaling factor, dr
ij = 〈φi|∇r|φj〉 and dR

ij = 〈φi|∇R|φj〉.
The overall kinetic energy change can be written as262

∆KE = γ2
ijaij − γijbij (6.60)

in which

aij =
1

2

[
|dr

ij|2
µBC

+
|dR

ij|2
µABC

]
(6.61)

bij =
1

2

[
ṙi ·dr

ij + Ṙi ·dR
ij

]
= 〈φi| ∂

∂t
|φj〉 (6.62)
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and the reduced masses are

µBC =
mBmC

mB +mC

; µABC =
mAmBC

mA +mBC

(6.63)

In order to conserve total energy, ∆KE = Ui − Uj, so

γ2
ijaij − γijbij − (Ui − Uj) = 0 (6.64)

A hop is forbidden (frustrated) if b2ij + 4aij(Ui − Uj) < 0. In this case, the velocities

are reversed:262 γij = bij/aij.

Otherwise, the scaling factor is262

γij =
1

2aij

[
bij ±

√
b2ij + 4aij(Ui − Uj)

]
(6.65)

with + for bij < 0 and − for bij ≥ 0.

6.9 Results: quenching

In this section, the focus is on evaluating the results of the theory presented in this chapter,

rather than its ability to predict experimental results. A full discussion of the experimental

quenching cross-sections will be dealt with later on, in chapter 7. Here, the present section

will begin with a short discussion of the centrifugal sudden (CS) approximation, before

comparing the results of three state TSH-QCT theory to fully non-adiabatic quantum

mechanics.236 After this, a comparison will be made of several models in which different

couplings (electronic, Coriolis and Renner-Teller) are turned on and off, in order to gauge

the relative importance of each.All results considered here are for OH(A) + Kr; the results

with Xe are all contained in chapter 7.
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6.9.1 Centrifugal sudden approximation

Between equations (6.43) and (6.45), the approximation was made that K ± 1 ' K,

justifying the inclusion of terms in δK′K and δK′,K±1 in the same equation. An alternative

strategy is to restrict the theory to the case where K ′ = K, which Santoro et al. refer to as

the centrifugal sudden (CS) approximation.131 In this approach, also known as the coupled

states treatment,109,267 the centrifugal coupling term (in L(L + 1)) is dropped from the

Hamiltonian, such that K is a constant during the collision.

Taking an analogous approach in the present case involves ignoring all terms in δK′,K±1

in equation (6.43). The effect of this is demonstrated in Table 6.4. As can be seen, the

absolute difference is slight, though the inclusion of the extra coupling terms in the non-CS

theory results in increased quenching. (The present section is focused on comparing results

with and without the CS approximation; a full comparison of theory with experiment is

deferred until the experimental results are presented in chapter 7.) For this reason, the

CS approximation will not be used in the remainder of this thesis.

It is interesting to note that KÃlos, Dagdigian and Alexander,236 in as-yet unpublished

work, have carried out three state non-adiabatic QM calculations on this system (discussed

further in section 6.9.2). They find little to no difference in the OH(A) + Kr quenching

cross-sections calculated with the full close-coupled (CC) equations and using the CS

approximation.236 These results will be compared to those presented here in more detail

in section 6.9.2.

σQ / Å2

N Non-CS CS

0 16.5 14.1
2 7.4 5.3
4 3.0 2.2
6 0.2 0.3

Table 6.4: Comparison of calculated OH(A) + Kr quenching cross-sections as a function
of initial rotational state, N . ‘Non-CS’ and ‘CS’ refer to calculations including and
omitting terms in δK′,K±1 respectively.
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6.9.2 Comparison to quantum mechanics

As briefly touched upon in section 6.9.1, non-adiabatic quantum scattering calculations for

the OH + Kr system have been carried out by KÃlos, Dagdigian and Alexander.236 Although

the results of these calculations have not (at the time of writing) yet been published, other

non-adiabatic three state QM models have been described in the literature – see the

introduction to this chapter (section 6.2) for examples.

Preliminary quenching cross-sections from J. KÃlos,236 using the CS approximation, are

compared to the three state TSH-QCT model presented in this chapter in figure 6.7. It

was found that CC and CS calculations gave very similar σQ, but the CC calculations

were prohibitively expensive – note, however, that the QM calculations are at a very early

stage and should not be taken as the final word on the subject.

Agreement between the theory presented here and full quantum mechanics is encour-

aging, with most disagreement occurring at the lowest N . The lack of significant dis-

crepancies points to spin-orbit coupling playing a relatively minor role in the quenching,

though this is a point that would require further investigation for OH(A) + Xe. If this

agreement is borne out by further QM studies, the three state TSH-QCT model has the

great advantage of computational efficiency over a full quantum calculation, which will be

even more relevant for larger systems with more atoms.

6.9.3 Combinations of couplings

The present theory includes electrostatic coupling between the diabatic ΠA′ and Σ po-

tentials, as well as rovibronic (Coriolis and Renner-Teller) couplings. To examine the

importance of each kind of coupling, calculations were run using four different models, as

below:

2 state TSH

Electrostatic coupling only (links 2A′, 1A′; β, ω = 0)

Coriolis, no RT



Results: quenching 147

0 5 10
0

10

20

  

 

Q
 / 

Å
2

N

 3 state TSH-QCT
 QM-CS (K os)

Figure 6.7: Theoretical electronic quenching cross-sections for OH(A) + Kr. Open
black circles: full 3 state TSH-QCT, filled green circles: non-adiabatic coupled states
(CS) QM.236

Electrostatic coupling and 2A′ − 1A′′ Coriolis coupling only (β = 0)

RT, no Coriolis

Electrostatic coupling and 1A′ − 1A′′ Renner-Teller coupling only (ω = 0)

Full model

All three kinds of coupling included.

Figure 6.8 shows the results from each model. Note that, from equation (6.11), hops from

2A′ to 1A′′ are possible even when ω is zero, provided that β is non-zero, meaning that

Renner-Teller coupling provides an indirect way of linking 2A′ and 1A′′. Comparing the

results in the figure, it can be seen that the full three state method offers significantly

increased electronic quenching over the two state method. As will be seen in chapter 7,

the inclusion of rovibronic couplings is essential for a complete description of the OH(A)

+ Kr quenching dynamics. It is clear that RT coupling is the major ‘missing piece’ of the

theory, with Coriolis coupling providing an extra improvement on top of this.
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Figure 6.8: Comparison of theoretical electronic quenching cross-sections for OH(A) +
Kr. Empty columns: 2 state TSH-QCT, red stripes: including Coriolis but not Renner-
Teller couplings, blue stripes: including Renner-Teller but not Coriolis couplings, filled
black columns: full model (all couplings included).

6.10 Results: OH(X) product state distributions

As well as looking at the collisional depopulation of OH(A) to its ground electronic state

via the quenching cross-sections in the previous section, the calculations in this chapter

offer the opportunity to investigate what happens to OH radicals once they are quenched.

The rotational and lambda-doublet state distributions of the quenched OH(X) provide a

wealth of information on the passage through the conical intersection region.28

These product state distributions can be compared to those measured very recently

(for OH(A) + Kr) in the molecular beam experiments of Lester and coworkers.28,268 In

those studies, OH(A, N = 0) collided with Kr atoms in a molecular beam and the nascent

OH(X) products of electronic quenching were probed via LIF spectroscopy, as in several

previous studies by Lester’s group.28,115,268–272 Note that experimental data was collected

using Kr quencher gas, but not with Xe, so the calculations in this section will all involve

the OH(A) + Kr system.

Experimentally, the product state distribution (PSD) of OH(X) from quenching with
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Kr is found to be rotationally hot and vibrationally cold – mostly in v′′ = 0, with a bimodal

distribution of N ′′ peaking around N ′′ = 9 and 17.28† This is similar to observations with

other quenchers such as H2 and D2,
115,269,272 N2

270 and O2,
271 as reviewed recently in

ref. 268, except that the product rotational distribution is unimodal for all of these. In

quenching with CO2, the rotational PSD is colder, perhaps reflecting the extended time

spent in a collision complex.271

In all the experimental studies mentioned above, the F1 and F2 spin-orbit levels of

OH(X) are populated almost equally and, if a preference for one lambda-doublet over an-

other is observed, it is a slight propensity for Π(A′). For quenching with Kr, no significant

lambda-doublet preference is seen at the range of N ′′ probed.28

A quantitative measure of preferential lambda-doublet population is given by the degree

of electron alignment, or DEA. This is defined as28

DEA =
PΠ(A′) − PΠ(A′′)

PΠ(A′) + PΠ(A′′)
(6.66)

such that positive and negative values (ranging between +1 and -1) imply a preference for

Π(A′) and Π(A′′) respectively.

In this section, results will first be presented for collisions of OH(A) + Kr at a fixed

collision energy of 0.039 eV, just as for the quenching results in the rest of this chapter.

This will give further insights into the nature of surface hops and which kinds of collisions

lead to quenching (and what the outcome of those collisions will be). Then, calculations

for a fixed collision energy of 0.012 eV will be compared to the experiments of Lehman et

al.28 This collision energy is chosen to correspond approximately to the molecular beam

temperature used in those experiments (' 100 cm−1).

†We use quantum numbers without primes for the OH(A) produced by laser excitation. Single primes
denote OH(A) post-collision, and double primes are for quenched OH(X).
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6.10.1 39 meV

TSH-QCT calculations were run at a fixed collision energy of 0.039 eV using the two state

model of ref. 23,28 as well as the three state model described in this chapter. The resulting

OH(X) product rotational state distributions, or PSDs, are presented in the top row of

figure 6.9.

As remarked upon above, the OH(X) rotational distribution is found to be hot, re-

flecting the large torques experienced by the molecule as it undergoes quenching. The

experimental observation28 that most OH(X) is born in v′′ = 0, and the similarity of

the OH bond lengths in the X and A electronic states, justify keeping rOH fixed in these

calculations.

The most interesting feature of these PSDs is that they are bimodal, at least in the two

state model – some remnant of this can be seen in the three state model, but it is nowhere

near as apparent. To explain this, the bottom row of the figure shows the surface hops

binned into the Kr–OH distance, R, where the hop took place. In the two-state model,

there are clearly two regions where hopping occurs: a spread-out region at lower values of

R, and a sharp spike at higher R.

Taking 1.978 Å as a cut-off between these two regions, the PSDs in the figure are

split into those deriving from low-R hops, which tend to have lower final N ′′, and the

distribution resulting from high-R hops, which is rotationally hotter. This nicely accounts

for the two peaks observed in the summed PSD.

The same behaviour is observed for hops to the 1A′ PES in the three state model. The

peak from high-R hops looks much the same as in the two state model, but there are fewer

hops leading to low N ′′ (and there is less separation between these two hopping regions).

In fact, the hops at lower R that yield rotationally colder OH(X) actually end up going to

1A′′ in this model – hops to this surface take place at shorter distances than hops to 1A′.

The 1A′′ PSD is also separated to some extent into two regions, with low-R hops giving a

distribution centred at low N ′′, and hops at higher R giving the higher-N ′′ peak.

In order to explore this further, figure 6.10 shows opacity functions for quenching, split
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Figure 6.9: Top row: OH(X) product rotational state distributions for quenching of
OH(A) + Kr, N = 0, 0.039 eV at all Rhop (black solid line), Rhop ≤ 1.978 Å (red dashed
line) and Rhop > 1.978 Å (blue dotted line). Bottom row: surface hops binned into R
at point of hopping. The left-hand column shows the two state TSH-QCT model; the
centre and right-hand columns show the three state model (trajectories ending on the
1A′ and 1A′′ PESs respectively).

according to where the hops took place into ‘low’ and ‘high’ Rhop regimes. This reveals a

stark difference in that trajectories hopping at low R, which lead to lower final N ′′, tend to

be more head-on in character than trajectories hopping at higher R. This is not surprising

– a more head-on collision would be required for OH and Kr to approach closer.

The same behaviour is seen for the three state TSH-QCT calculations as for the two

state model, though the difference is not as strong. The probability of a hop to 1A′′ is

seen to drop dramatically at low impact parameter, because the smaller orbital angular

momentum implies a smaller value of K, thus reducing rovibronic couplings.

The OH(X) PSDs resulting from quenching of OH(A) in different rotational states

are compared in figure 6.11. The first point to note is that fewer trajectories hop for

initial N = 2 than for N = 0 – as OH rotates faster, it becomes more difficult for Kr to

approach at the right angle to reach the position of greatest potential couplings. Much the

same peaks are observed in the PSDs for both initial rotational states, but their relative

magnitudes are quite different, with the higher N ′′ peak being much more favoured for

N = 2. Quenching to high N ′′ derives from surface hops at larger separations; at higher
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Figure 6.10: Opacity functions for collisions leading to quenching for OH(A) + Kr,
N = 0, 0.039 eV, for hops at Rhop ≤ 1.978 Å (red dashed line) and Rhop > 1.978 Å (blue
dotted line). The left-hand column shows the two state TSH-QCT model; the centre
and right-hand columns show the three state model (trajectories ending on the 1A′ and
1A′′ PESs respectively).

initial N , more head-on collisions are needed to reach the hop positions that would give

low N ′′.

Finally, figure 6.12 compares surface hops to the 1A′ and 1A′′ potentials in terms of

the Jacobi angle, γ, at which they take place. It is clear that hops to the 1A′′ surface

occur further off linearity than those to 1A′. At near-linear configurations, rovibronic

couplings should go to zero as detailed in section 6.7, explaining the fall-off in hops in

this region. The approximately equal split between trajectories ending up on the 1A′ and

1A′′ potentials shows the importance of including all three relevant electronic states in any

description of the collision process.

6.10.2 12 meV

TSH-QCT calculations were also run at a fixed collision energy of 0.012 meV (' 100 cm−1)

for comparison with the experimental data of Lester and coworkers.28 Note that, in ref. 28,

the collision energy for this molecular beam experiment is given as 0.025 eV; the work in

this subsection was performed before this information was known and as such the choice

of 0.012 eV was a ‘best guess’ for molecular beam conditions. As the general trends in

this subsection are broadly similar to those for 0.039 eV (section 6.10.1), the comparison

to this experiment should still be appropriate.
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Figure 6.11: OH(X) product rotational state distributions for quenching from OH(A)
+ Kr, N = 0 (top row) or N = 2 (bottom row), at a fixed collision energy of 0.039 eV.
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Figure 6.12: Surface hops binned into γ at point of hopping for OH(A) + Kr, N = 0,
0.039 eV, using the three state TSH-QCT model. Left: trajectories ending on 1A′, right:
trajectories ending on 1A′′.
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It is also worth noting that the experiments of Lester et al.28 give relative, rather than

absolute cross-sections. Therefore, the experimental data is scaled ‘by eye’ to give the best

match with theory in the comparisons below.

Figure 6.13 presents a comparison between the experimental OH(X) product rotational

state distributions and the theoretical PSDs calculated using the full three state TSH-QCT

model, including all rovibronic couplings. The agreement between theory and experiment

is very encouraging – firstly, the lambda-doublet ratio is correct, with no overwhelming

preference for A′ over A′′, or vice versa. At high N ′′, the correspondence between the

theoretical and experimental rotational state distributions is almost quantitative, with

some discrepancies for lower final rotational states. It would be very interesting to see

experimental data for 1A′′ states at low N ′′, but, because of spectroscopic limitations such

as overlapping line positions in a crowded spectrum, this may not be possible.
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Figure 6.13: OH(X) product rotational state distributions for quenching from OH(A)
+ Kr, N = 0. Left: molecules ending up in the 1A′ state, right: molecules ending up in
the 1A′′ state. The bars are 3 state TSH-QCT calculations at a fixed collision energy of
0.012 eV and the red circles are the experimental results of Lester and coworkers28.

To enable a more in-depth analysis of the data, 0.012 eV calculations were run using

the four models of section 6.9.3. The results are displayed in figure 6.14.

The rotational state distributions for trajectories ending on the 1A′ PES are fairly

similar across the four models – even the two state TSH-QCT calculations do a decent

job of modelling the experimental distribution (as seen in ref. 28). However, inclusion of

the 1A′′ state is essential as almost half of the experimental quenching is seen to be to

this state. This shows that most of the increase in the total quenching cross-section when
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going from the two state model to a three state model is due to added quenching to 1A′′,

rather than enhanced quenching to 1A′.

Looking at the results from the three state models, Coriolis coupling favours the pro-

duction of OH(X) in low rotational states, with the addition of Renner-Teller coupling

leading to higher values of N ′′. This could mean that more torque is applied to OH on

passage from 2A′ to 1A′ (with subsequent hopping to the 1A′′ surface) than during a direct

hop from the 2A′ to the 1A′′ PES. In general, though, trajectories ending on the 1A′′ PES

tend to have a lower degree of rotational excitation than those ending up on the 1A′ PES.

The PSDs from the full three state model appear as a combination of those from

the two partial models (‘Coriolis, no RT’ and ‘RT, no Coriolis’). The theoretical DEA

predicts a propensity for the 1A′′ surface in low final rotational states, with quenching

to 1A′ leading preferentially to higher N ′′. The experimental DEA of 0.06 ± 0.07 at N ′′

between 11 and 16 is in accord with theory, but, if it were possible to measure this over

a wider range of product rotational states, this would give a much better idea of whether

Coriolis or Renner-Teller couplings predominate.

6.11 Summary

In this chapter, a TSH-QCT model has been presented for the OH(X,A) + Kr, Xe systems.

Chapter 7 will use the theory developed here to model and analyse the experimental

results for OH(A) + Kr, Xe that will be presented and discussed in detail there. The 1A′,

1A′′ and 2A′ potential energy surface are all included, with all electronic and rovibronic

(Coriolis and Renner-Teller) couplings between them. Special attention has been given

to details of the diabatic electronic basis and adiabatic to diabatic transition, as well as

numerical considerations in the program. Finally, the model has been demonstrated with

the presentation of results for quenching of OH(A) and for the resulting state distributions

of quenched OH(X), and these results are compared to non-adiabatic quantum scattering

calculations236 and experimental data28 respectively.
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Figure 6.14: Theoretical OH(X) product rotational state distributions for quenching
from OH(A) + Kr, N = 0, at a fixed collision energy of 0.012 eV. Top row: trajectories
ending on the 1A′ PES, middle row: trajectories ending on the 1A′′ PES, bottom row:
degree of electron alignment (equation (6.66)). The columns are the four models of
section 6.9.3, from left to right: 2 state TSH-QCT, 3 state TSH-QCT including Coriolis
but not RT couplings, 3 state TSH-QCT including RT but not Coriolis couplings, 3 state
TSH-QCT including all couplings.



Chapter 7

OH(A2Σ+, v = 0) + Kr and Xe: experimental

and theoretical results

This chapter will present experimental results for electronic quenching, rotational energy

transfer (RET), and collisional depolarisation in rotationally elastic∗ and inelastic collisions

for OH(A2Σ+, v = 0) + Kr and Xe. As set out in chapter 2, the most attractive region

of either OH(A) + Rg potential energy surface (PES; Rg = rare gas) is the ‘oxygen well,’

the near-linear configuration close in where the oxygen atom of OH(A) is pointing at the

rare gas atom. It is this feature of the PES that is responsible for a good deal of the RET

and inelastic depolarisation, as in refs. 13,16,21–23 and as will be further shown in this

chapter. However, chapter 2 also demonstrated that electrostatic coupling between the

excited and ground state diabatic OH-Rg potentials21,28 is greatest in this near-linear HO–

Rg configuration, with a conical intersection at linearity in the oxygen well.28 This means

that electronic quenching will compete directly with RET and inelastic depolarisation,

since the same features of the PES are partly responsible for both. The competition

between these different outcomes is one of the main themes of this chapter.

These experimental results will be compared with calculations using the adiabatic

(single-surface) and surface-hopping quasi-classical trajectory (QCT) methods presented

in chapters 5 and 6, and also with previous results for other, similar systems. Theoretical

∗As in previous chapters, an ‘elastic’ collision is one in which j′ = j.

157
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insights will be used in conjunction with experimental data in order to probe the compe-

tition between the electronically elastic and inelastic channels open to these systems.

It is important to note that the PESs and couplings will be responsible for the over-

whelming majority of differences observed here between the behaviour of the OH(A) +

Kr and OH(A) + Xe systems. The reduced masses (OH–Kr: 2.378×10−26 kg, OH–Xe:

2.500×10−26 kg) are too similar for kinematic effects to have much relevance, as will be

shown theoretically in this chapter.

7.1 Electronic quenching

7.1.1 Experimental data

Rate constants for electronic quenching were measured for selected (N, j) states of OH(A)

with Kr and Xe at thermal collision energy, and converted to thermal flux average cross-

sections, σQ, according to equation (4.4). For the OH(A) + Kr system, the quenching

cross-sections presented here extend and improve on the set of results reported in ref. 21,

and have been published in ref. 28. Chapter 6 has already evaluated different theoretical

models in terms of their ability to reproduce these cross-sections, so the comparison of

different theories will be dealt with only briefly here. Instead, more focus will be placed

on examining the experimental data, comparing Kr to Xe and also to other systems in the

literature.

Figure 7.1 compares experimental quenching cross-sections for OH(A) + Kr and Xe,

and these cross-sections are also tabulated in table A.1 in appendix A. In both cases,

excellent agreement with the data of Hemming et al.27 is observed, and there is seen to

be no significant difference in quenching from f1 (j = N + S) and f2 (j = N − S) levels

within experimental error.

For both the OH(A) + Kr and OH(A) + Xe systems, quenching cross-sections fall with

increasing rotation. As N increases, the angle of approach required for Kr to reach the

position of the potential crossing (low on the repulsive wall of the HO–Kr well, or near the
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Figure 7.1: Experimental cross-sections for electronic quenching of OH(A) by Kr (left)
and Xe (right). Red triangles: f1 levels, blue triangles: f2 levels, black squares: Hem-
ming et al.27 The spin-rotation level employed by Hemming et al. is not specified in
their paper.

bottom of the HO–Xe well) becomes more difficult to reach. Quenching in OH(A) + Kr

is highest at N = 0, and falls to zero by around N = 10. By this point, QCT calculations

show that trajectories can no longer sample the correct region of the oxygen well. In

contrast, quenching in OH(A) + Xe extends out to the highest N measured, although the

same downward trend is seen. The position of the potential crossing is the crucial factor

here — classical trajectories are able to access the bottom of the HO–Xe well at all N

studied.

The size of the electronic quenching cross-sections is explained by the location of the

conical intersection. Quenching is much more extensive with Xe than with Kr because

more collisions can sample the relevant features of the PES. Both systems considered

here have significant cross-sections for quenching under thermal conditions. This stands

in contrast to collisions with lighter rare gases such as Ar and He, where quenching is

negligible.13,27,273,274 Comparing cuts through the diabatic 2Σ+ and 2Π potentials236 (figure

7.2), the reason for this is revealed to be that, moving down the noble gas group, the

position of the conical intersection in the HO–Rg geometry moves lower in energy. In

the case of He or Ar, the crossing is much too high to be accessible at typical thermal

collision energies. However, for Kr and Xe, the crossing becomes accessible and quenching
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is possible.

Figure 7.2: Cuts through the diabatic 2Σ+ (red) and 2Π (black) potentials236 for
OH(X,A) + Rg in the linear HO–Rg geometry. Top row: He, Ne, Ar; bottom row: Kr,
Xe. Figure by J. KÃlos.236

7.1.2 Comparison to theory

In figures 7.3 and 7.4, the experimental quenching cross-sections for OH(A) + Kr, Xe are

compared to two state trajectory surface-hopping (TSH) QCT calculations, including only

the 2A′ and 1A′ adiabatic PESs, and a full three state TSH model including all (non spin-

orbit) couplings, as detailed in chapters 5 and 6. The results from the two-state model

have been published in ref. 28; the three-state model results are presented here for the first

time. A comparison of the various models, including a discussion of quantum mechanical

data,236 has already appeared in chapter 6, so the present discussion will be more general.

The two-state model, neglecting couplings to the 1A′′ PES, is seen to be an inadequate

description of both collision systems. For OH(A) + Kr, it recovers around half of the

experimental quenching, but captures the correct trend with N , while for OH(A) + Xe,

agreement is worse and the cross-sections fall off too quickly. It seems that the inclusion of

the third, 1A′′ surface is essential for an appropriate description of the quenching dynamics.
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Figure 7.3: Experimental cross-sections for electronic quenching of OH(A) by Kr.
Red triangles: f1 levels, blue triangles: f2 levels, black squares: Hemming et al.27,
open circles: surface-hopping QCT, fixed energy 39 meV (left: 2-state, right: full 3-
state). Note that the theory is closed-shell, and that the spin-rotation level employed
by Hemming et al. is not specified in their paper.
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Figure 7.4: Experimental cross-sections for electronic quenching of OH(A) by Xe.
Red triangles: f1 levels, blue triangles: f2 levels, black squares: Hemming et al.27,
open circles: surface-hopping QCT, fixed energy 39 meV (left: 2-state, right: full 3-
state). Note that the theory is closed-shell, and that the spin-rotation level employed
by Hemming et al. is not specified in their paper.
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Including roto-electronic couplings in OH(A) + Kr quenching succeeds in reproducing

the experimental results reasonably well. The calculated cross-section at N = 0 is too

large, but after this the trend is a good match for the data. As was shown in chapter 6,

about half of the quenched products end up on the 1A′′ PES,28 so consideration of this

surface in the model is important to properly model the results.

The calculations presented here have the OH bond length fixed at its equilibrium

bond length. It is not known how the potential energy surfaces (and couplings) would

change with rOH, though the evidence in chapter 8 suggests that there is a considerable

effect. However, the low degree of vibrational excitation of quenched OH(X) that has been

through the conical intersection28 would indicate that the OH bond is not stretched much

by interaction with the oxygen well, so the fixed-bond model here should be appropriate.

The greater extent of quenching in OH(A) + Xe, compared to OH(A) + Kr, comes

from the location of couplings and these locations’ accessibility, not so much the strength of

the couplings. In the OH(A) + Xe system, the full three-state TSH model improves upon

the two-state model, but agreement with experiment is still not quantitative. One would

not expect the extent of roto-electronic coupling in OH(A) + Xe to be significantly greater

than in OH(A) + Kr, and this is borne out in the data. Looking at the equations in chapter

6, the main terms that would have a mass dependence are br, BR and K. br depends only

on the reduced mass of OH, so is the same in both systems. BXe
R /BKr

R = µKr/µXe ' 0.94,

so not much difference is expected here either. As for K, this depends principally on

the ratio of ` between the two systems, so the difference will go as µ0.5
Xe/µ

0.5
Kr — not very

different. The effect of changing the masses is demonstrated by running calculations on

the OH(A) + Kr PESs with the mass of Kr artificially set to that of Xe — in effect,

“OH(A) + 131.3Kr”. The value of σQ obtained from this mass-adjusted system is within

the statistical error of the cross-section calculated with the correct masses.

The disagreement seen between experiment and theory in OH(A) + Xe quenching,

compared to the excellent agreement in the case of OH(A) + Kr, is a reminder that

calculating ab initio potential energy surfaces and diabatic couplings is still a task that
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stretches current theory to its limits. The excellent agreement of the experimental data

reported here with the earlier results of Hemming and coworkers27 suggest that the error

is in the theory rather than the experiment.

It is also worth noting that spin-orbit coupling is completely neglected in the semi-

classical theories used here. The agreement between experiment and theory for OH(A) +

Kr suggests its inclusion is not essential in this system. In addition, spin-orbit coupling

is included in the QM calculations of KÃlos et al.236 considered in chapter 6, and these

displayed good agreement with the TSH models considered here (for OH(A) + Kr). How-

ever, it is possible that such couplings are more important for OH(A) + Xe, and could

be a source of the disagreement exhibited here. The spin-orbit coupling constant, ζ, for

Xe atoms is almost twice that for Kr, and is on the order of that of lead.275 Future work

should aim to quantify such effects.

More important than this, however, is the approximate nature of the present calcula-

tions. The potential energy surfaces and diabatic couplings have been calculated assuming

no coupling to the 1A′′ state, and roto-electronic couplings are inserted into the theory

later on. This is hampered by the separation between rotational (nuclear) and electronic

degrees of freedom required by the TSH method, and reconciling this with the need to in-

clude rotational terms in the electronic Hamiltonian used. Further study of these systems

would require, ideally, a full quantum mechanical model of all the states and couplings

involved. It should be noted, however, that the calculations shown here do a good job for

the OH(A) + Kr system, and so their shortcomings are not (primarily) responsible for the

discrepancies between experiment and theory for OH(A) + Xe — this disagreement must

come from another source, for example the limits of ab initio theory.

7.1.3 Continuous collision energy TSH-QCT

The experimental quenching cross-sections presented in this section were obtained from a

thermal distribution of molecules at 300 K (see chapter 4). So far, however, these have

been compared to calculations performed at a fixed collision energy of 0.039 eV. As set
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out in chapter 5, it is possible to carry out TSH-QCT calculations over a range of collision

energies, resulting in 300 K thermal (flux averaged) cross-sections.

As lower energy collisions experience more of the attractive part of the intermolecular

potential, it is expected that electronic quenching will be more prevalent for these inter-

actions. Conversely, quenching will be less important for high energy collisions, which

experience more of the repulsive potential wall. This subsection aims to investigate the

differences between calculations carried out at a fixed collision energy and those using a

continuous distribution of collision energies, and to see whether the 300 K calculations

will better simulate the experimental data.

Figure 7.5 presents such a comparison. For OH(A) + Kr in the left-hand panel, the

calculations for a 300 K Boltzmann distribution of collision energies display a small increase

in the electronic quenching cross-sections over those performed at a fixed collision energy.

The difference is not great, but is more noticeable for higher rotational states, and improves

upon the already impressive agreement with experiment displayed by the fixed-energy

calculations. Because both sets of calculations (fixed and continuous collision energy) give

a fair description of experiment for OH(A) + Kr, and the difference between them is slight,

the fixed-energy data will be used in the remainder of this thesis due to the higher number

of trajectories it was possible to run.

There is seen to be a much greater difference between the fixed-energy and 300 K

theoretical results in the case of OH(A) + Xe than there was for OH(A) + Kr – using the

full Maxwell-Boltzmann distribution of collision energies results in significantly greater

quenching, and much better agreement with experiment at low N . For high rotational

states, however, theoretical quenching drops off too quickly and underestimates the exper-

imental data. These results indicate that lower energy collisions, which experience more

of the attractive part of the potential, play an important part in quenching. Because the

same trends are evident in both sets of results, and due to the limited number of tra-

jectories it was possible to run using a continuous distribution of collision energies, the

rest of this thesis will use fixed-energy data, and so it should be borne in mind that this
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underestimates the true extent of non-adiabatic transitions in the OH(A) + Xe system.

Future work should certainly focus on further full 300 K simulations of these experiments.
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Figure 7.5: Cross-sections for electronic quenching of OH(A) by Kr (left) and Xe
(right). Red triangles: f1 levels, blue triangles: f2 levels, black squares: Hemming et
al.27 The open symbols are three state surface-hopping QCT calculations at a fixed
collision energy of 0.039 eV (black circles) and using a 300 K Boltzmann distribution
of collision energies (green squares). Note that the theory is closed-shell, that the spin-
rotation level employed by Hemming et al. is not specified in their paper, and that the
two panels of this figure have different scales.

To examine the effects of collision energy on electronic quenching in more depth, fig-

ure 7.6 presents excitation functions (collision energy dependent cross-sections) for both

electronic quenching and inelastic collisions. Quenching is seen to have an important de-

pendence on the collision energy, with collisions at low energies being much more likely to

undergo quenching as they experience more of the relevant, attractive, part of the PES.

Inelastic collisions vary less with Et, though as the variation in cross-section with collision

energy can be as great as 10 to 20 Å2, this is still worth further consideration.

7.2 Rotational energy transfer (RET)

Cross-sections for rotational energy transfer (RET) were measured by resolving emission

from a single j state using the monochromator, as described in chapter 4. RET processes

include all those for which N ′ 6= N , as well as purely spin-rotation level changing collisions

where N ′ = N ; j′ 6= j, and the term ‘total RET’ here refers to the sum of all these
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Figure 7.6: Theoretical excitation functions (variation of cross-section with collision
energy) for OH(A, N = 2) + Kr (left), Xe (right), calculated using 3 state TSH-QCT
and expanded in Legendre polynomials. Black solid lines: electronic quenching collisions,
red dashed lines: closed-shell inelastic (N -changing) collisions. The vertical dotted lines
indicate a collision energy of 0.039 eV, as used in the fixed-energy calculations elsewhere
in this chapter.

processes. This total RET is the quantity that is measured experimentally, and will be

presented first with a comparison to adiabatic and non-adiabatic theory. The theoretical

RET will then be broken down into different contributing collisional processes for a more

in-depth analysis.

7.2.1 Total RET versus adiabatic theory

Experimental RET cross-sections for OH(A) + Kr and OH(A) + Xe are presented in figure

7.7, compared to adiabatic QCT calculations. Some of the cross-sections for OH(A) + Kr

have been published in ref. 21; the present results are an extension of the previous set.

Adiabatic QCT predicts that the RET cross-sections for OH(A) + Xe will be higher

than those for OH(A) + Kr. This cannot be a kinematic effect, due to the similar reduced

masses of the two systems, so must be down to the potentials. The greater attraction in

HO–Rg geometries seen for Xe as opposed to Kr induces more torque on the OH radical,

and these attractions also extend to a longer range than for OH(A) + Kr. It is notable

that the oxygen well is very deep for HO–Kr, and as such it is surprising that increasing

the attraction still further results in more RET, but the range of the interaction plays an
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Figure 7.7: Experimental cross-sections for RET in OH(A) + Kr (left) and Xe (right).
Red triangles: f1 levels, blue triangles: f2 levels, open circles: adiabatic QCT.21 In the
case of Xe, the green triangles are experimental total removal cross-sections (quenching
plus RET.)
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important part as well.

Although adiabatic theory would predict more RET for OH(A) + Xe than for OH(A)

+ Kr, in reality the cross-sections are found to be much the same in the two systems. The

reason for this is quenching, which competes with RET because the same feature of the

PES — the deep, attractive oxygen well — is largely responsible for both processes. As

quenching is much more extensive in the OH(A) + Xe system (figure 7.1), the adiabatic

theory overestimates the RET cross-sections by a larger amount.

The competition between quenching and RET can be seen very clearly in the OH(A) +

Xe system by plotting total removal cross-sections — the sum of experimental quenching

and RET (green triangles in figure 7.7). The excellent agreement between this data and

the RET cross-sections predicted by adiabatic QCT shows that the presence of quenching

suppresses rotational energy transfer. (For OH(A) + Kr, the magnitude of σQ is such that

the total removal cross-sections are within the errors of σRET).

In both collision systems, theory predicts a decrease in σRET with increasing rotation.

This is simply due to the increasing energy separation of rotational levels with N . Because

of the longer range of the OH(A) + Xe PES, this decrease is much shallower than for OH(A)

+ Kr and, indeed, is not observed experimentally — the RET cross-sections are constant

across the range of N measured.

To verify that the differences between the experimentally measured and theoretical

RET cross-sections are due to quenching and not a failure of the QCT method, the single-

surface QCT calculations are compared to full single-surface close-coupled (CC) quantum

mechanical (QM) calculations in figure 7.8. The QM calculations for OH(A) + Kr were

performed by KÃlos,21,236 and those for OH(A) + Xe were done by McCrudden and Herráez-

Aguilar,235,237 using the hibridon suite of codes.238 Full details of these QM calculations

are contained in the references cited. The excellent agreement shown in figure 7.8 validates

the use of the QCT method in this thesis, including the assumption that spin is a spectator

in the collision (used to obtain quasi open-shell cross-sections), and supports the conclusion

that the disagreement between experiment and (adiabatic) theory is caused by the neglect
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of electronic quenching.
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Figure 7.8: Theoretical cross-sections for RET in OH(A) + Kr (left) and Xe (right),
for f1 (top) and f2 (bottom) spin-rotation levels. Open symbols: adiabatic QCT,21 filled
symbols: adiabatic QM.21,235–237

7.2.2 Total RET versus non-adiabatic theory

In this subsection, the three state trajectory surface hopping (TSH) variant of QCT theory

presented and developed in chapter 6 is brought into play to try and account for the

competition between electronic quenching and rotational energy transfer.

Figure 7.9 compares the experimental RET cross-sections to adiabatic QCT and 3-state

surface hopping (TSH) QCT. Note that, for OH(A) + Kr, TSH-QCT calculations have

been carried out only up to N = 8, as electronic quenching is negligible beyond this point.

Because of the inclusion of non-adiabatic effects in the theory, the TSH cross-sections are

lower than the adiabatic ones — trajectories that, adiabatically, would have undergone

RET are in fact ‘lost’ to quenching. For OH(A) + Kr, the magnitude of quenching is such

that both sets of theoretical data are able to reproduce the experimental results well. In
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the case of Xe, the TSH results represent a great improvement over the adiabatic theory,

but the failure to capture all of the experimental quenching (see figure 7.4) means that

the theoretical cross-sections are not lowered enough to fully account for experiment.
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Figure 7.9: Comparison of experimental and theoretical cross-sections for RET in
OH(A) + Kr (left) and Xe (right). Red triangles: f1 levels, blue triangles: f2 levels,
open red and blue circles: adiabatic QCT,21 open black squares: 3 state TSH-QCT.

The 3-state TSH-QCT calculations are compared to full non-adiabatic quantum scat-

tering calculations by KÃlos236 in figure 7.10, for OH(A) + Kr. The figure shows that

the TSH results agree well with full close-coupled (CC) QM calculations, but the coupled-

states (CS) QM calculations are significantly different, thus pointing to the need to include

all couplings for an accurate description of the system. Such CC-QM calculations are very

expensive and can take several weeks to complete on modern computer clusters,236 showing

the benefit of a semiclassical approach.

Theory can be used to further investigate the competition between quenching and RET

channels in collisions. Closed-shell opacity functions for inelastic collisions (in this case,

N ′ 6= N) and surface-hopping collisions are displayed in figure 7.11, demonstrating the
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Figure 7.10: Comparison of RET cross-sections for OH(A) + Kr. Red triangles:
experimental f1 levels, blue triangles: experimental f2 levels, open red and blue circles:
adiabatic QCT (left)21, QM (right)21. Open black squares (left): 3 state TSH-QCT,
open diamonds (right): non-adiabatic QM236, with green being CS and black being CC.

similar range of the two processes. This is further evidence that both RET and quenching

occur in the deep, oxygen well, and that this is responsible for the competition between

them.

7.2.3 Resolved RET

The experimentally determined RET cross-sections are a sum over all the individual state-

to-state cross-sections, except the purely elastic cross-section with j′ = j:

σj =
∑

j′ 6=j

σjj′ (7.1)

State-to-state resolution of the theoretical RET cross-sections can therefore help to show

exactly which electronically adiabatic collisional outcomes compete with electronic quench-

ing – high or low ∆j.

Figure 7.12 shows closed-shell state-to-state RET cross-sections, σNN ′ , for initial levels
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Figure 7.11: Closed-shell theoretical opacity functions for OH(A) + Kr (N = 2, left)
and Xe (N = 6, right), using 3 state TSH-QCT. Solid black line: inelastic collisions
(N ′ 6= N), dotted blue line: surface-hopping collisions.

N = 2 in OH(A) + Kr and N = 6 in OH(A) + Xe. These levels were chosen so that

quenching would be significant at the values of N studied. Contrasting adiabatic QCT

and the three state TSH-QCT model, it can again be seen that the presence of quenching

results in lower cross-sections for RET. However, it would appear that quenching competes

mainly with collisions that would result in a lower change in N — the cross-sections for

higher ∆N collisions are more similar between the two models. Of course, the higher ∆N

collisions are less likely anyway, but comparing the percentage difference reveals a similar

story.†

In addition, another instructive way of separating the RET cross-section into different

components is to consider the open-shell character of OH(A). Collisions are broken down

into three classes depending on the conservation or otherwise of the spin-rotation (SR, f1

or f2) level of OH(A), with RET being the sum of:

SR conserving: The relative orientation of N and S is conserved; ∆j = ∆N 6= 0

Inelastic SR changing: Collisions which are inelastic in rotational level N and also

change the relative orientation of N and S; ∆j = ∆N ± 1

Pure SR changing (PSRC): Collisions which are elastic in N but change the relative

†It should be noted that state-to-state QCT cross-sections for ∆N = ±1 are known to differ (very)
slightly from the corresponding QM values, due to the binning procedure used, so this should be borne
in mind in the above discussion.
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for OH(A) + Kr (N = 2, left) and Xe (N = 6, right). Red open circles: adiabatic
QCT,21 black open squares: 3 state TSH-QCT.

orientation of N and S; ∆N = 0; ∆j = ±1

Note that purely elastic (∆j = ∆N = 0) collisions are not included, as these cannot be

converged using the QCT method. (See chapter 3).

The separation of total RET into these three classes is shown in figures 7.13 and 7.14

for OH(A) + Kr and Xe respectively. These clearly show that the major factor resulting

in the total RET cross-sections being reduced in the non-adiabatic calculations is the

decrease in N -changing collisions, with pure SR changing collisions (PSRCs) seeming to

be affected less by the inclusion of quenching. The trends in N -changing collisions, which

fall with increasing N , are very different to those seen for the PSRCs, which are almost

constant with N . This means that these collisions will be of increasing importance in the

OH(A) + Rg systems as the rotational level increases. (Note that the state N = 0 has

only one spin-rotation level (j = 0.5) and, as such, cannot undergo a purely SR changing

collision).

There is seen to be good agreement between the QCT and QM resolved RET cross-

sections in figures 7.13 and 7.14, except at low N . As reported previously,21 this is a

consequence of the histogram binning procedure used in the QCT calculations. Never-

theless, the ability of quasi open-shell QCT to produce results close to those from full

quantum mechanics is very encouraging.
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Figure 7.13: Comparison of theoretical RET cross-sections from initial f1 (top) and f2

(bottom) spin-rotation levels of OH(A) + Kr, at a fixed collision energy of 0.039 eV. The
bars are adiabatic QCT (left) or 3 state TSH-QCT (right) calculations, and the points
are single-surface CC QM calculations.21,258 Total RET is represented by the total height
of the bar (QCT), or the triangles (QM). This is made up of SR conserving collisions
(∆j = ∆N 6= 0, red bars, red squares), inelastic SR changing collisions (∆N 6= 0;
∆j = ∆N ± 1, blue bars, difference between blue circles and red squares) and pure SR
changing collisions (∆N = 0; ∆j = ±1, white bars, difference between open triangles
and blue circles).
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Figure 7.14: Comparison of theoretical RET cross-sections from initial f1 (top) and f2

(bottom) spin-rotation levels of OH(A) + Xe, at a fixed collision energy of 0.039 eV. The
bars are adiabatic QCT (left) or 3 state TSH-QCT (right) calculations, and the points
are single-surface CC QM calculations.235 Total RET is represented by the total height
of the bar (QCT), or the triangles (QM). This is made up of SR conserving collisions
(∆j = ∆N 6= 0, red bars, red squares), inelastic SR changing collisions (∆N 6= 0;
∆j = ∆N ± 1, blue bars, difference between blue circles and red squares) and pure SR
changing collisions (∆N = 0; ∆j = ±1, white bars, difference between open triangles
and blue circles).
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Opacity functions

For a more detailed picture of exactly which kinds of electronically elastic collisions com-

pete with quenching, figures 7.15 and 7.16 present (quasi) open-shell opacity functions

(see chapter 5), calculated using adiabatic QCT and three state surface-hopping QCT. It

was shown in ref. 21 that the adiabatic QCT opacity functions for OH(A) + Kr display

excellent agreement with adiabatic quantum mechanical opacity functions, with the only

difference being the absence of quantum oscillations in the QCT functions.

Comparing the opacity functions for N = 2 and N = 8, rotationally inelastic collisions

— whether conserving or changing the spin-rotation level — are less likely to take place at

higher N , and occur at lower impact parameters. This is simply due to the greater energy

level spacing at higher N making RET a more difficult process, as more energy must be

transferred in the collision. The range of impact parameters that can lead to inelastic

collisions is greater for OH(A) + Xe than for OH(A) + Kr, reflecting the differences in

the two potential energy surfaces.

The rotationally elastic, ‘pure’ SR-level changing collisions (PSRCs), in the right-hand

columns of figures 7.15 and 7.16 mostly take place at high impact parameters, as lower-b

collisions tend to lead to a change in N . They show the influence of long-range attractive

collisions, which can be seen to compete less with quenching — at low impact parameters,

the non-adiabatic P (b) is lower than the adiabatic one, but at the high-b peak there is no

loss of trajectories to quenching. Rotationally inelastic collisions are seen to have more

of a difference between the adiabatic and non-adiabatic opacity functions, because of the

competing pathways present in the shorter-range attractive region.

As spin is taken to be a spectator in the collision,12 changing the spin-rotation level

requires significant reorientation of N , so PSRCs are likely to lead to a high degree of elastic

depolarisation. The range of impact parameters leading to PSRCs does not fall with N

as much as for rotationally inelastic collisions (especially for OH(A) + Xe), showing the

importance of these long-range attractive collisions in the systems considered here over

the full range of N .



Rotational energy transfer (RET) 177

0 2 4 6
0.00

0.25

0.50

Kr
Pure SR changingInelastic SR changing

P(
b)

N=8

N=2

 Adiabatic QCT
 3 state TSH-QCT

 

 

P(
b)

SR conserving

0 2 4 6
0.00

0.25

0.50

 

 

0 2 4 6
0.00

0.25

0.50

 

 

0 2 4 6
0.00

0.25

0.50

b / Åb / Å

 

 

b / Å
0 2 4 6

0.00

0.25

0.50

 

 

  

0 2 4 6
0.00

0.25

0.50

  

 

 

Figure 7.15: Quasi open-shell opacity functions, using adiabatic QCT (black solid
lines) and 3 state surface hopping QCT (red dashed lines), for transitions from N = 2,
j = 1.5 (top) and N = 8, j = 7.5 (bottom) in OH(A) + Kr, at a fixed collision energy
of 0.039 eV. Left: spin-rotation level conserving collisions (∆j = ∆N), middle: inelastic
spin-rotation level changing (∆j = ∆N + 1), right: ‘pure’ spin-rotation level changing
(PSRC; ∆N = 0, ∆j = 1). Note that no quenching takes place in the N = 8 calculations,
so only adiabatic QCT is shown in this row.
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Figure 7.16: Quasi open-shell opacity functions, using adiabatic QCT (black solid
lines) and 3 state surface hopping QCT (red dashed lines), for transitions from N = 2,
j = 1.5 (top) and N = 8, j = 7.5 (bottom) in OH(A) + Xe, at a fixed collision energy
of 0.039 eV. Left: spin-rotation level conserving collisions (∆j = ∆N), middle: inelastic
spin-rotation level changing (∆j = ∆N + 1), right: ‘pure’ spin-rotation level changing
(PSRC; ∆N = 0, ∆j = 1).
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7.3 Total depolarisation

This section explores the experimentally measured total collisional depolarisation (see

chapter 4) – the sum of the depolarisation over all final states, j′.

σ(k) =
∑

j′
σ

(k)
jj′ (7.2)

k is 1 or 2 for disorientation and disalignment respectively.

These cross-sections are obtained from the unresolved OH(A) fluorescence. Later on

in this chapter, the total depolarisation will be resolved into elastic (j-conserving) and

inelastic components, and broken down still further theoretically, for greater insight into

the collision dynamics.

7.3.1 Total depolarisation versus theory

Experimental cross-sections for total depolarisation — that is, the sum of elastic (j′ = j)

and inelastic depolarisation — of OH(A) + Kr and Xe are presented in figure 7.17, in

comparison with adiabatic QCT theory22,237 and three-state non-adiabatic TSH-QCT cal-

culations. Note that there is no f2 spin-rotation level for N = 0, and that it is not possible

to align levels with j = 0.5.

The results show a significant difference in depolarisation between f1 and f2 spin-

rotation levels. For a given j, N is larger for the f2 level, so a given change in the

direction of N causes more depolarisation for f2 than for f1. This is more the case at low

N , where S forms a greater proportion of j, and so the f1 and f2 cross-sections get closer

together for higher rotational levels.

The overall trend in total disorientation and disalignment, for both systems, is a rise

in depolarisation cross-sections with increasing rotation. For OH(A) + Kr, this flattens

off and turns into a fall at higher N ; for OH(A) + Xe, the measurements do not extend

to a high enough N to reach this regime. Certainly though, this trend is very different

to that seen with the lighter noble gases (He, Ar),12,13,16,17,20 where σ
(k)
d is seen to fall
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with N . This fall can be readily explained by increasing rotation partially averaging out

the anisotropy in the PES (more so for the weakly attractive OH(A) + He PES), and

the tendency of collisions to be less depolarising at higher N . To change the direction of

N through a given angle, a greater transfer of momentum is required in the collision for

higher N .

Single-surface QCT calculations fail to capture the unusual trend in cross-sections with

N in both systems, and do not do a good job of modelling the magnitudes of the cross-

sections. Most strikingly, adiabatic theory predicts that the depolarisation cross-sections

for OH(A) + Xe will be larger than those for OH(A) + Kr, due to the greater anisotropy

of the PES, while in reality the opposite is the case. The disagreement with experiment

is most evident at lower N , especially for OH(A) + Xe, and, for OH(A) + Kr, there is

more of a discrepancy in the f2 results than the f1 data. This lack of concordance between

QCT and experiment is not due to dephasing contributing to the experimental results —

figure 7.18 shows that experimental simulations agree well with the QCT data. Neither is

the reason to do with a breakdown of the QCT method, as adiabatic quantum scattering

calculations235,236 display excellent agreement with QCT, as shown in the top row of figure

7.18.

Instead, competition between (inelastic) collisional depolarisation and electronic

quenching is to blame. Including non-adiabatic effects in the calculations, using the three-

state TSH-QCT model, results in better agreement with experiment, particularly in the

case of OH(A) + Xe. At lower N , where quenching is most significant, collisions that ex-

perience the most attractive parts of the PES (and would therefore be expected to result

in significant depolarisation) often end up with OH in its ground electronic state, mean-

ing that adiabatic calculations over-predict the true extent of depolarisation. The greater

suppression of depolarisation at low N manifests itself as an initial rise in σ
(k)
d with N , as

observed experimentally.

Despite the better accord between experiment and trajectory surface-hopping QCT,

agreement is still not perfect. For OH(A) + Xe, this can be attributed to the failure of
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Figure 7.17: Experimental and theoretical cross-sections for total (inelastic + elastic)
depolarisation of OH(A) in collisions with Kr and Xe. Left: OH(A) + Kr disorientation
(σ(1)

d ), centre: OH(A) + Kr disalignment (σ(2)
d ), right: OH(A) + Xe disalignment (σ(2)

d );
top row: f1 initial levels (j = N +S), bottom row: f2 initial levels (j = N−S). Red and
blue triangles are experimental data, open circles are adiabatic QCT,22,237 open squares
are 3 state TSH-QCT.

theory to fully capture the full extent of experimental quenching (figure 7.4). If the calcu-

lations could recover all of the quenching, it seems likely from figure 7.17 that experimental

disalignment would be well modelled too.

However, for the OH(A) + Kr collision system, theory can already explain the ob-

served electronic quenching (figure 7.3). Disagreement with experimental depolarisation

cross-sections must be simply because the calculation of vector quantities, like the j − j′

correlation considered here, requires an extra level of accuracy in the potentials and cou-

plings over and above that necessary for scalar quenching and RET cross-sections. As

remarked on in chapter 6, the present TSH-QCT theory agrees well with non-adiabatic

quantum mechanical models, so refinement of the theory must come from a full treatment

of all three states and couplings, including cross-couplings.

7.3.2 Opacity functions

For a deeper consideration of the processes involved in collisional depolarisation, and the

extent of competition with electronic quenching, closed-shell opacity functions (calculated
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Figure 7.18: Theoretical cross-sections for total (inelastic + elastic) depolarisation
of OH(A) in collisions with Kr. Left: disorientation (σ(1)

d ), right: disalignment (σ(2)
d ).

Top row: Comparison between adiabatic QCT22 (open circles) and adiabatic QM235,237

(filled circles); bottom row: comparison between adiabatic QCT (open circles) and ex-
perimental simulations (open triangles). Red and blue symbols represent f1 and f2

spin-rotation levels respectively.
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with the three state TSH-QCT theory) for OH(A) + Kr and OH(A) + Xe are presented in

figure 7.19. These functions represent the probability, as a function of impact parameter,

b, of an inelastic collision (‘inelastic’ in the closed-shell case meaning N ′ 6= N), inelas-

tic depolarisation, and electronic quenching (represented here by surface hopping). The

opacity function for inelastic disalignment, P (2)(b), is given by (see chapter 5)

P (2)(b) = P (b)(1− a(2)(b)) (7.3)

and the opacity functions are expanded in Legendre polynomials as described in chapter

5. Note that the comparison here is to depolarisation in inelastic collisions, rather than

all collisions, as this makes a better comparison to the other quantities presented.

It is very noticeable from figure 7.19 that the probability of inelastic disalignment is

almost the same as the probability of an inelastic collision, across all N for both systems.

This indicates that a single (inelastic) collision is enough to completely depolarise the

OH(A) radical, even out to high N . Similar behaviour was observed for OH(A) + Ar

at low N ,20 but the ‘following’ collisions responsible (those in which the H of OH(A) is

pulled around by the passing Rg atom, leading to very efficient scrambling of polarisation)

occurred only for low rotational states. In the systems considered here, the potentials are

so anisotropic that these highly depolarising collisions are possible not only over a wide

range of rotational states, but across the full range of impact parameters for all levels

studied. This is hardly surprising, considering the magnitude of the attractive forces at

play in these systems (chapter 2).

The range of impact parameters at which collisions can change the rotational state of

OH(A), and cause inelastic depolarisation, is greater for OH(A) + Xe than for OH(A) +

Kr due to the longer range of the potential. The greater anisotropy of the OH(A) + Xe

PES is also evident in that this range of b does not fall significantly with increasing N ,

in contrast with OH(A) + Kr — with Kr, most collisions are elastic (in N) by N = 14,

which is certainly not the case with Xe. This explains why, for OH(A) + Kr, σ
(k)
d begins
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to fall at high N , which is not observed for OH(A) + Xe.

Comparing the opacity functions for rotationally inelastic collisions and surface-

hopping, the ranges of these processes are quite similar. Some RET will occur in both

the HO–Rg and OH–Rg wells, but, for that subset of RET occuring in or near the oxygen

well, competition with electronic quenching will be noticeable over most of the range in

b where inelastic collisions occur. The opacity functions for surface-hopping do not show

a decline with N , instead remaining relatively constant until they suddenly drop off at a

value of b where collisions can no longer reach the relevant region of the PES.
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Figure 7.19: 3 state TSH-QCT closed-shell opacity functions for inelastic collisions
(black solid lines), inelastic disalignment (P (2)(b), N ′ 6= N ; red dashed lines) and surface
hopping (green dash-dotted lines) of OH(A) in collisions with Kr (top row) and Xe
(bottom row). Left, middle and right columns for initial N = 2,8,14 respectively.

7.4 Resolved depolarisation

By using a monochromator to spectrally resolve the OH(A) fluorescence, cross-sections for

collisional depolarisation in elastic (that is, j′ = j) collisions may be recorded (see chapter

4). Subtracting these elastic σ
(k)
el from the total depolarisation cross-sections yields cross-

sections for inelastic depolarisation (j′ 6= j). Breaking down the total depolarisation

cross-section into elastic and inelastic components in this manner offers an extra level
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of insight into the collision dynamics, and enables us to gauge the different effects of

quenching on both kinds of collision.

In this section, experimental elastic and inelastic depolarisation cross-sections will be

presented and compared to theoretical calculations. This will be supplemented by further

theoretical data, such as opacity functions. Then, the collisional depolarisation will be

resolved still further, using the categories from section 7.2.3. These were SR conserving

collisions (f1 → f1 or f2 → f2, with a change in N), inelastic SR changing collisions

(∆N 6= 0, f1 ↔ f2), pure SR changing collisions (∆N = 0, f1 ↔ f2) and purely elastic

collisions (∆N = ∆j = 0).

7.4.1 Elastic and inelastic depolarisation

Experimental elastic depolarisation cross-sections for OH(A) + Kr and OH(A) + Xe are

presented in figure 7.20, compared to the results of adiabatic QCT calculations22,237 and

3 state TSH-QCT calculations. The first point to note is that the cross-sections — both

experimental and theoretical — are more-or-less constant with N . In fact, a small rise

is noticeable at low rotational states, before the trend levels out. This kind of trend

with N is also seen for OH(A) + Ar,16 and can be attributed to the the character of the

potential energy surfaces involved. The OH(A)+ Kr and OH(A) + Xe PESs are both

very anisotropic, with deep attractive wells, and extend out to long range. Rotation of

the OH radical will not average out these interactions, as can be the case in less attractive

systems such as OH(A) + He (where the elastic depolarisation cross-sections do fall with

N).16 ‘Following’ collisions, where the passing Rg atom pulls the H atom of OH around,

are common and lead to extensive depolarisation.

The slight rise in σ
(k)
el for low rotational states can be attributed to the fact that

collisions are more likely to be inelastic at low N , as seen in section 7.2. As N increases,

collisions changing N and/or j become more restricted to the HO–Rg well and compete

less with elastic depolarisation, which can occur in other regions of the potential.

Subtracting the elastic depolarisation cross-sections from those for total depolarisation
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Figure 7.20: Experimental and theoretical cross-sections for elastic (j′ = j) depolari-
sation of OH(A) in collisions with Kr and Xe. Left: OH(A) + Kr disorientation (σ(1)

el ),
centre: OH(A) + Kr disalignment (σ(2)

el ), right: OH(A) + Xe disalignment (σ(2)
el ); top

row: f1 initial levels (j = N + S), bottom row: f2 initial levels (j = N − S). Red and
blue triangles are experimental data, open circles are adiabatic QCT,22,237 open squares
are 3 state TSH-QCT.

gives cross-sections for inelastic (j′ 6= j) depolarisation, which are presented in figure 7.21.

It can be seen that this is where the main competition with quenching lies — this is more

visible for OH(A) + Xe, due to the greater extent of quenching. The experimental error

in these inelastic results, being propagated from the combined error in σ
(k)
d and σ

(k)
el , is

larger than for the other results, making a comparison with theory slightly more difficult.

Nevertheless, it does seem that three state TSH-QCT is an improvement on the adiabatic

QCT, and f2 results display worse agreement with theory.

In contrast to inelastic processes, elastic depolarisation does not appear to compete

with quenching. The experimental cross-sections are well modelled by adiabatic QCT,

with the TSH-QCT results being very close to the adiabatic ones (more so for Kr than

Xe). The reason for this difference is explored further in the next subsection.

7.4.2 Elastic versus inelastic depolarisation: opacity functions

Figure 7.22 compares closed-shell opacity functions for inelastic collisions (in the case of

this figure, N ′ 6= N), elastic depolarising collisions (again, in the closed-shell case N ′ = N)
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Figure 7.21: Experimental and theoretical cross-sections for inelastic (j′ 6= j) depolar-
isation of OH(A) in collisions with Kr and Xe. Left: OH(A) + Kr disorientation (σ(1)

inel),
centre: OH(A) + Kr disalignment (σ(2)

inel), right: OH(A) + Xe disalignment (σ(2)
inel); top

row: f1 initial levels (j = N + S), bottom row: f2 initial levels (j = N − S). Red and
blue triangles are experimental data, open circles are adiabatic QCT,22,237 open squares
are 3 state TSH-QCT.

and surface-hopping collisions. As remarked earlier, the ranges of RET and quenching are

broadly similar, indicating that the same features of the PES (HO–Rg well) are mainly

responsible for both. The opacity function for elastic depolarisation (disalignment), on the

other hand, peaks at high impact parameters and extends out further than the inelastic

processes. The peak at high b is because there is no competition with inelastic processes

there, and the magnitude of P (2)(b) increases with N as RET becomes less likely. It is also

interesting to note the lack of an appreciable fall in the range of elastic depolarisation with

increasing rotation, as the potential’s anisotropy is not ‘washed out’ by rotation sufficiently

to make a difference.

To gauge how depolarising elastic collisions are, figure 7.23 shows the elastic depolar-

isation opacity functions mentioned above, plotted with the opacity functions for elastic

collisions. Note that, in QCT, the elastic opacity functions do not converge and instead

tend to unity at high b, as discussed in chapter 5. It is also possible for P (2)(b) > P (b),

as a(2) can take negative values. The figure shows that, at low to middle impact parame-

ters, elastic collisions are very depolarising — a single collision can effectively depolarise
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OH(A). At high b, elastic collisions begin to become more ‘glancing-blow’ in nature, so

depolarisation falls off.
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Figure 7.22: 3 state TSH-QCT closed-shell opacity functions for inelastic collisions
(black solid lines), elastic disalignment (P (2)(b), N ′ = N ; blue dashed lines) and surface
hopping (green dash-dotted lines) of OH(A) in collisions with Kr (top row) and Xe
(bottom row). Left, middle and right columns for initial N = 2,8,14 respectively.

7.4.3 Spin-rotation level resolved depolarisation

So far, this section has separated the total depolarisation cross-sections into elastic (j′ = j)

and inelastic components. This is the most separation that is possible experimentally (with

the resolution available), but it is possible to use theory to go further.

In the studies of spin-rotation (SR) level resolved rotational energy transfer in section

7.2.3, inelastic collisions were separated into three categories: those that conserve N but

change the SR level, known as pure spin-rotation changing collisions (PSRCs); those that

change N but conserve the SR level, known as SR conserving collisions; and collisions

which change both N and the SR level, which are labelled inelastic SR changing collisions.

This subsection uses the same separation to look at depolarisation in each type of

collision, and explores exactly which kinds of collisional depolarisation compete the most

with electronic quenching. It is also possible to include the purely elastic depolarisation

in these comparisons, as these cross-sections can be converged theoretically, unlike the
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Figure 7.23: 3 state TSH-QCT closed-shell opacity functions for elastic collisions (black
solid lines) and elastic disalignment (P (2)(b), N ′ = N ; blue dashed lines) of OH(A) +
Kr. Left and right panels for initial N = 2,14 respectively.

collision cross-section σNN (see chapter 3).

Figures 7.24 and 7.25 show, for OH(A) + Kr and Xe respectively, collisional disalign-

ment resolved into disalignment in elastic, SR conserving, inelastic SR changing and pure

SR changing collisions. These figures are laid out in a similar way to the resolved RET

figures, 7.13 and 7.14.

The inelastic depolarisation is also separated into its N -changing and N -conserving,

j-changing components in figures 7.26 and 7.27, which demonstrate the changing make-up

of ‘inelastic’ depolarisation in a clearer way.

As N increases, single-surface QCT predicts a fall in the inelastic disalignment cross-

sections, more so for Kr than for Xe. The figures here show that this is entirely due

to the drop in depolarisation from N -changing collisions, with the PSRC disalignment

cross-sections displaying no fall at all.

The reason for the decrease in N -changing, depolarising collisions with N is simply the

increasing rotational level spacing, exactly as discussed for RET earlier in this chapter. The

relationship between N -changing and pure SR changing depolarisation cross-sections in

figures 7.26 and 7.27 suggests that, as the rotational level spacing increases and changing N

in a collision becomes less likely, these N -changing collisions become PSRCs, explaining the



Resolved depolarisation 189

0 4 8 12
0

50

100

150

(2
)  / 

Å
2

Non-adiabatic

f2

f1

 

 

(2
)  / 

Å
2

 N = 0; j = 0
 N = 0; j = 1
 N  0; j = N  1
 N  0; j = N

Adiabatic 

0 4 8 12
0

50

100

150

 

 0 4 8 12
0

50

100

150

 

 

0 4 8 12
0

50

100

150

N
 

 

N

Kr

Figure 7.24: Comparison of theoretical disalignment cross-sections σ(2) from initial f1

(top) and f2 (bottom) spin-rotation levels of OH(A) + Kr, at a fixed collision energy
of 0.039 eV. The bars are adiabatic QCT (left) or 3 state TSH-QCT (right) calcula-
tions, and the points are single-surface CC QM calculations.258 Total depolarisation is
represented by the total height of the bar. This is made up of purely elastic depolari-
sation (∆j = ∆N = 0, crosshatched grey bars) and inelastic depolarisation (the rest of
the bars). The inelastic depolarisation is in turn composed of SR conserving collisions
(∆j = ∆N 6= 0, red bars, red squares), inelastic SR changing collisions (∆N 6= 0;
∆j = ∆N ± 1, blue bars, difference between blue circles and red squares) and pure SR
changing collisions (∆N = 0; ∆j = ±1, white bars, difference between open triangles
and blue circles).
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Figure 7.25: Comparison of theoretical disalignment cross-sections σ(2) from initial f1

(top) and f2 (bottom) spin-rotation levels of OH(A) + Xe, at a fixed collision energy of
0.039 eV. The bars are adiabatic QCT (left) or 3 state TSH-QCT (right) calculations.
Total depolarisation is represented by the total height of the bar. This is made up
of purely elastic depolarisation (∆j = ∆N = 0, crosshatched grey bars) and inelastic
depolarisation (the rest of the bars). The inelastic depolarisation is in turn composed
of SR conserving collisions (∆j = ∆N 6= 0, red bars), inelastic SR changing collisions
(∆N 6= 0; ∆j = ∆N±1, blue bars) and pure SR changing collisions (∆N = 0; ∆j = ±1,
white bars).
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Figure 7.26: Theoretical disalignment cross-sections σ(2) from initial f1 (top) and
f2 (bottom) spin-rotation levels of OH(A) + Kr, at a fixed collision energy of 0.039
eV. Inelastic (j′ 6= j) disalignment (red circles) is here resolved into disalignment in
collisions that change N (black squares) and collisions that conserve N , but change j
(green diamonds). The left panels are adiabatic QCT and the right panels are 3 state
TSH-QCT.
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Figure 7.27: Theoretical disalignment cross-sections σ(2) from initial f1 (top) and
f2 (bottom) spin-rotation levels of OH(A) + Xe, at a fixed collision energy of 0.039
eV. Inelastic (j′ 6= j) disalignment (red circles) is here resolved into disalignment in
collisions that change N (black squares) and collisions that conserve N , but change j
(green diamonds). The left panels are adiabatic QCT and the right panels are 3 state
TSH-QCT.
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rise in pure spin-rotation changing depolarisation with N . (The reasons behind the elastic

depolarisation being relatively constant with N were explored earlier in this section).

Looking now at the non-adiabatic calculations, and at the experimental data, no signif-

icant fall in inelastic depolarisation is observed – in contrast to the adiabatic predictions.

The figures here reveal that this is because it is overwhelmingly the N -changing depolari-

sation which is suppressed by quenching at low N , with much less change in the purely SR

changing depolarisation. This suggests that purely SR changing depolarisation is similar

to elastic depolarisation in that it occurs away from the HO–Rg well and does not compete

so much with quenching.

7.4.4 Comparison with OH(X) + Xe

Elastic depolarisation cross-sections for collisions of OH(X) with Xe have been measured

by Paterson et al.,25,276 using the TCPS (two-colour polarisation spectroscopy) technique,

and compared to quantum scattering calculations by KÃlos. The OH(X) + Xe PESs are

much less attractive than the excited state OH(A) + Xe PES; the deepest point on the

potentials used in ref. 276 (those of Groenenboom et al.100) is -224 cm−1, and occurs in a

T-shaped geometry (γ = 90◦) on the 1A′ PES. The OH(X) + Xe PESs used in the present

work (see chapter 2) are very similar, except the T-shaped well on the 1A′ PES is a little

shallower, so that the global minimum is now in the OH–Xe geometry.

Figure 7.28 compares elastic disalignment cross-sections for OH(A) + Xe with those

obtained by Paterson et al.,25,276 for OH(X) + Xe. As can be seen, the magnitudes of

the cross-sections are fairly similar — a trend with N is not visible in the left hand panel

due to the number of points measured. However, as noted in the comparison of OH(X)

and OH(A) with Ar in ref. 16, σ
(2)
el for OH(X) is better compared to the closed-shell

elastic depolarisation (that is, N ′ = N) of OH(A), to better reflect the depolarisation of

N (including depolarisation in purely spin-rotation changing collisions, j′ 6= j; N ′ = N).

This is because, in collisions of OH(X2Π), even-λ terms of the Legendre expansion of Vsum

(equation (7.4)) govern elastic depolarisation;277,278 in collisions of a 2Σ+ radical such as
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OH(A), even-λ terms of the Legendre-expanded potential are responsible for both elastic

depolarisation and pure spin-rotation changing collisions.279

V (R, γ) =
∑

λ=0

Vλ(R)Pλ(cos γ) (7.4)

These cross-sections, the sum of those for depolarisation in elastic and purely spin-

rotation changing collisions in OH(A), are the same as the ‘closed-shell’ elastic (i.e.

N ′ = N) depolarisation cross-sections.16 They can be seen to be significantly larger for

OH(A) + Xe than the elastic depolarisation cross-sections for OH(X) + Xe, as expected

due to the much more attractive PES in this case.

In both cases, for OH(X) and OH(A), simply comparing the depth of the potential

wells is not enough to gauge the effectiveness of elastic depolarisation. As remarked

above, elastic depolarisation in OH(A) + Xe tends to occur at longer range than processes

in the HO–Xe well (which are more often inelastic). For OH(X) + Xe, the symmetry of

anisotropy plays a crucial role: when the potential Vsum = (V1A′ + V1A′′)/2 is expanded

in Legendre polynomials, odd -λ terms Vλ0 favour lambda-doublet changing collisions, and

even-λ terms favour elastic depolarisation.277,278 The λ = 0 term is isotropic and does not

take part in depolarisation. (Note that the Vdif potential also plays an important role in

elastic depolarisation of OH(X), so the present discussion is somewhat simplified.)280 A

simple consideration of the well depth may miss the propensity for lambda-doublet transfer

over elastic depolarisation.

7.5 Summary

This chapter has presented experimental results for electronic quenching, rotational energy

transfer and collisional depolarisation in elastic (j′ = j) and ‘total’ (elastic + inelastic)

collisions. The results have been compared to adiabatic QCT calculations as well as

three-state surface-hopping QCT (as in chapter 6), to tease out the effects of competition

between electronic quenching and electronically adiabatic processes. The various features
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Figure 7.28: Comparison of elastic disalignment cross-sections between OH(X) + Xe
(Paterson et al.,276 left) and OH(A) + Xe (right). Left: experimental276 σ

(2)
el , right:

experimental (triangles) and adiabatic QCT237 (circles) elastic disalignment. Black line
in right panel: closed-shell elastic disalignment cross-sections.

of the potential energy surfaces involved have been examined for their influence on each

possible outcome of a collision, and it was found that quenching competes directly with

those rotationally inelastic processes that take place in the HO–Rg well (as opposed to the

OH–Rg configuration), while rotationally elastic depolarising collisions tend to take place

at longer range.

Agreement with theory has been seen to be better for scalar quantities such as quench-

ing and RET cross-sections than it is for depolarisation cross-sections, and better for

OH(A) + Kr than for OH(A) + Xe. Future work should aim to extend the theory pre-

sented here to a full, consistent quantum mechanical treatment.



Chapter 8

OH(A2Σ+, v = 1) + Kr: experimental results

In this chapter, the study of the OH(A) + Kr system will be extended to include another

collisional process: vibrational energy transfer (VET). When OH(A) is in a vibrationally

excited state (here, v = 1), a collision with Kr can induce electronic quenching or rotational

energy transfer (RET), as in v = 0, but also VET, which presents an extra available

channel. The extent to which collisions take this pathway, and its competition with the

other pathways available, is an interesting question that will be investigated in this chapter.

In addition, the introduction of one quantum of vibrational energy to OH(A) will affect

its behaviour in other energy transfer processes. There may be a vibrational enhancement

or decrease of the rate of electronic quenching, due to vibronic coupling. Moreover, the

potential energy surface (PES) for OH(A) + Kr may have a dependence on the OH bond

length, rOH, meaning that collisions of vibrationally excited OH could access regions of

the potential where coupling to the ground state is increased, or decreased. Any change

to the quenching rate caused by vibration will have an associated effect on the rate of

RET, which has been shown to compete with quenching in chapter 7. The results of this

chapter will provide information about this other dimension of the PES, rOH, which has

so far been held constant in the ab initio calculations21 (see chapter 2).

The experimental results presented here, collected according to the methods set out

in chapter 4, will begin with a discussion of electronic quenching in v = 1, compared to

v = 0. Vibrational energy transfer cross-sections will be examined, and discussed in the

196
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context of other systems examined in the literature. Also measured here are cross-sections

for rotational energy transfer within v = 1, which can be compared to those measured for

v = 0 in chapter 7. The results presented here are also tabulated in Appendix B.

Because the potential energy surfaces for OH(X,A) + Kr used in this thesis21,28 (chap-

ter 2) have rOH fixed at the potential minimum for this coordinate, QCT or TSH-QCT

calculations of OH(A, v = 1) + Kr have not been performed in this thesis. If the full-

dimensional potentials were available, this would present an interesting extension of the

work in this chapter, though the quasi-classical nature of the theory used in this thesis

would require careful treatment of quantisation and zero-point energy. Alternatively, a

vibrationally averaged PES, with rOH fixed at the correct value for the relevant vibrational

state, could be employed — provided that the neglect of vibrational energy transfer was

reasonable.

8.1 Electronic quenching

As described in chapter 4, cross-sections for electronic quenching of OH(A, v = 1) + Kr

were measured by recording unresolved emission on the (1,0) band, which furnished a rate

constant for the sum of quenching and VET. Subtracting the separately measured VET

rate constant provides the rate constant for electronic quenching. These rate constants,

converted into cross-sections using the thermal relative velocity, are displayed in figure

8.1.

Comparing the quenching cross-sections for OH(A, v = 1) + Kr to those for OH(A,

v = 0) + Kr — which, for convenience, will henceforth be referred to as Q1 and Q0

respectively — it can immediately be seen that Q1 is significantly greater than Q0. For

some rotational states, Q1 is over twice the magnitude of Q0. While quenching in v = 0

falls from its highest value around N = 0 to zero by N ' 8 to 10, Q1 rises to a peak at

N = 2 and then falls off, becoming near-zero in the same region as Q0.

The fact that Q1 does not extend to higher N than Q0 indicates that vibration does
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Figure 8.1: Experimental cross-sections for electronic quenching of OH(A) by Kr.
Left: f1 levels, right: f2 levels; solid triangles: v = 1 quenching, open triangles: v = 0
quenching.

not help the system access the HO–Kr well, but rather that it enhances the probability of

quenching once the system is in that well. This could be because the potential crossing

between the X and A states shifts to a more accessible position (lower down on the repulsive

wall) at values of rOH sampled by OH(A, v = 1).

A similar effect was seen in quenching of OH(A) + Kr by Paul,281 who observed that

Q1 was approximately 70% greater than Q0 under shock tube conditions (1900-2300 K).

The same behaviour was observed in OH(A) + Xe. At these high temperatures, quenching

cross-sections are lower than those reported here, as the collision samples the repulsive

part of the potential more than the attractive wells (where the potential crossing lies).

Other collider gases for which the rates of quenching of OH(A, v = 0, 1) have both

been measured include oxygen227,282 and nitrogen.227,282 (A few points have been measured

for Q1 with H2,
224,283 among other gases, but there are not enough for a meaningful

comparison with v = 0 data.) Figure 8.2 compares quenching cross-sections Q0 and Q1

for quencher gases O2 and N2; the v = 0 data is from ref. 282 and the v = 1 data is from

ref. 227. The O2 data shows hints of the behaviour observed here with Kr, where Q1 is

greater than Q0 at low N but falls to the same values at higher rotational levels. It is not

possible to investigate such trends in the N2 data due to the magnitudes of the errors.

Apart from a possible vibronic coupling enhancing the rate of quenching, the most
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Figure 8.2: Experimental literature cross-sections for electronic quenching of OH(A)
by O2 (left) and N2 (right). Solid circles are v = 1 quenching (Q1),227 open triangles
are v = 0 quenching (Q0).282 Note the different scales in the two panels.

likely explanation for the increased electronic quenching observed from v = 1 as opposed

to v = 0 is the variation of the potential energy surfaces with rOH. The PESs used in this

work (chapter 2) were calculated with a fixed OH bond length,21 so it is not possible to

look further into how the position of the conical intersection would vary in this respect. It

would be very interesting to run TSH-QCT calculations on a set of vibrationally averaged

v = 1 PESs, to see if this can explain the quenching observed here.

However, a full-dimensional adiabatic PES for OH(A) + Ar has been calculated by

KÃlos284 at the MRCISD+Q level of theory. By looking at how the HO–Ar well changes

with the OH bond length, it may be possible to gain some insight into the OH(A) +

Kr system. Of course, the OH(X) + Kr state, and the diabatic coupling, will change

with rOH too, and this must be borne in mind. Sumiyoshi et al. reported full-dimensional

semi-empirical adiabatic PESs for OH(X) + Kr, which give information on changes in the

ground state.285

Cuts through the 3D OH(A) + Ar PES284 at γ = 180◦ (HO–Ar geometry) at various

values of rOH are shown in the left hand panel of figure 8.3, demonstrating that the oxygen

well becomes shallower moving from the equilibrium bond length of OH(v = 0) to that of

OH(v = 1). These equilibrium bond lengths were obtained from the rotational constants
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Bv tabulated by Huber and Herzberg,91 with

Bv =
h

8π2cIv
(8.1)

with Iv being the vibrational state-dependent moment of inertia.

What this behaviour implies is that, if the same occurs in OH(A) + Kr, the intersection

with the ground state PES will occur closer to the bottom of the oxygen well in v = 1 than

in v = 0 (as the well is ‘moving up’). The right hand panel of figure 8.3 shows a section

through the full-dimensional OH(A) + Ar PES, at γ = 180◦ and as a function of the Ar

to OH centre of mass distance (R) and the OH bond length (r), showing again how the

oxygen well gets shallower with increasing rOH. This strong dependence of the potential

on rOH gives an idea of how vibrational excitation could enhance quenching.

Again, it is important to emphasise that the ground state potentials will also shift with

rOH, as will the diabatic couplings, which may affect the conclusions drawn here. Figure

7(f) in the paper of Sumiyoshi and coworkers285 shows the changes in the OH(X) + Kr

Vsum PES at γ = 180◦ as rOH is varied, which are only on the order of 20 cm−1 – much less

than the changes in the OH(A) + Ar PES discussed above. For this reason, variation in

the excited state PES with OH bond length will be the major factor affecting quenching.

To investigate this vibrational enhancement of quenching further, a target for theory

should be to obtain rOH-dependent potentials (or vibrationally averaged potentials) for

the OH + Kr system.

8.2 Vibrational energy transfer (VET)

When considering OH(A, v = 1) + Kr, an extra collisional outcome is possible compared

to collisions in v = 0: vibrational energy transfer (VET).

OH(A, v = 1) + Kr
kV ET−−−→ OH(A, v = 0) + Kr (8.2)
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Figure 8.3: Left: potential energy versus centre of mass distance, R, for HO–Ar ge-
ometry at various OH bond lengths. Black: re for OH, red: equilibrium rOH for v = 0,
blue: equilibrium rOH for v = 1. Right: potential energy versus R (Ar to OH centre
of mass distance) and r (OH bond length) for OH(A) + Ar. All data from the PES of
KÃlos.284.

Experimental cross-sections for VET were measured using the method in chapter 4, and

are presented in figure 8.4. These cross-sections are found to be extremely small (around

0.5 Å2) and do not vary appreciably with N , within experimental error — though this

may be a consequence of the fact that they were measured only up to N = 7. Comparing

the extent of VET to that of RET and electronic quenching, these results show that it

would certainly be possible to model the system assuming no vibrational energy transfer

— for example, with the existing TSH-QCT theory on a vibrationally averaged v = 1 set

of potentials.

The near-negligible degree of vibrational energy transfer in the OH(A, v = 1) + Kr

system is in agreement with that seen with other monatomic colliders. Both He and Ar

have very small VET cross-sections with OH(A, v = 1)224,226,286 with the cross-section for

Ar being within the errors of that for Kr. This can be readily explained by a consideration

of the relative timescales of translation and vibration. A molecule that vibrates on a

femtosecond timescale will not transfer much energy in a collision that could last orders of

magnitude longer8,287 — a sudden collision is necessary for efficient energy transfer. VET

can be successfully modelled in many cases by a purely impulsive interaction with the

repulsive part of the potential.8,288 For example, the simple Landau-Teller model8,288,289
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gives an analytical expression for the probability of VET where the potential is taken to

be an exponential, V (R) = Ce−αR:

P10 = exp

[
−3

(
2π4µν2

α2kBT

) 1
3

]
(8.3)

where µ is the reduced mass and ν the vibrational frequency. A brief consideration of this

equation reveals that the probability of VET in a typical collision will be very small.

However, significant vibrational energy transfer in collisions of OH(A, v = 1) + Kr (and

Xe) has been observed under superthermal collisions (T = 1900 K) in a shock tube.281

There, the VET cross-sections are around 4 Å2 for Kr and 10 Å2 for Xe, which are in

fact larger than the corresponding cross-sections for quenching (which fall with temper-

ature). This can be explained by the increasing impulsiveness of the collisions at higher

temperatures.

Presenting quite a different picture to that seen with monatomic collision partners,

collisions of OH(A, v = 1) with diatomic (and larger) molecules can result in effective VET.

Systems that have been investigated include H2,
224,226 D2,

224,226 N2
226,227,286 and O2,

227,286

all of which exhibit VET cross-sections comparable to (and in some cases greater than)

those for quenching. The internal degrees of freedom of the diatomic are what makes the

difference,226 rather than resonant energy transfer, as verified by a comparison of OH(A)

+ H2 with OH(A) + D2.
226

8.3 Rotational energy transfer (RET)

In chapter 7, it was found that competition between electronic quenching and electronically

adiabatic rotational energy transfer (RET) resulted in an overprediction of the RET cross-

sections for OH(A, v = 0) + Kr by single-surface QCT. As there is more quenching in

OH(A, v = 1) + Kr, one would expect a concomitant decrease in the RET cross-sections.

This is what is experimentally observed, as seen in the left hand panel of figure 8.5.

At low values of N , the rotational quantum number, where quenching is most signif-
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Figure 8.4: Experimental cross-sections for vibrational energy transfer (VET) of OH(A,
v = 1) + Kr as a function of initial rotational state, N , all f1 (N + S) levels.

icant, there is the greatest difference between the v = 1 and v = 0 RET cross-sections.

Moving to higher rotational states, the difference gets smaller as there is less quenching.

The right-hand panel of figure 8.5 shows cross-sections for total removal, which is (as

in chapter 7) the sum of RET and electronic quenching. (For v = 1 collisions, total

removal also includes vibrational energy transfer, but this was shown to be negligible in

the previous section). The total removal cross-sections for collisions in v = 0 and v = 1

agree to within experimental error, demonstrating that the difference between RET cross-

sections in the two vibrational states can be assigned to the competition between RET

and quenching.

8.4 Summary

In this chapter, the investigation of collisional pathways in OH(A) + Kr was extended

to include vibrational energy transfer (VET). The probability of VET under thermal

conditions was found to be low, as it is favoured by impulsive collisions on the repulsive

part of the potential energy surface, but vibration caused significant enhancements to the

rate of electronic quenching. The increased quenching also caused the cross-sections for
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Figure 8.5: Experimental cross-sections for rotational energy transfer (RET, left) and
total removal (sum of quenching and RET, right) of OH(A, v = 1) + Kr (red triangles)
and OH(A, v = 0) + Kr (black open triangles). All f1 (N + S) levels.

rotational energy transfer in OH(A, v = 1) to be lower than the corresponding cross-

sections in v = 0 — which can be explained through competition between quenching and

RET, as in chapter 7.

The increase in quenching for OH(A, v = 1) + Kr over OH(A, v = 0) + Kr has been

attributed to the change in the location of the crossing between the OH(A) + Kr and

OH(X) + Kr potentials with rOH. To confirm this hypothesis, it would be interesting to

see ab initio potentials calculated at different fixed rOH, perhaps vibrationally averaged, or

even a set of full-dimensional PESs. With these potentials, the theory set out in chapter 6

could be extended to the current case, in an attempt to model the results in this chapter.

One useful point in this regard is that it would likely not be necessary to explicitly

treat the OH vibration. As VET is almost negligible, it may well be enough to run fixed-

rOH calculations on a set of vibrationally averaged potentials, which would be a good deal

easier.



Chapter 9

Conclusions and future work

9.1 Conclusions

The primary focus of the work in this thesis has been to investigate the competition

between electronically adiabatic and non-adiabatic processes in collisions of OH(A) with Kr

and Xe. From the experiments and accompanying theory presented here, it is possible to

conclude that quenching competes directly with rotationally inelastic collisions (including

the inelastic depolarisation of angular momentum), as both processes are governed by the

same region of the potential energy surface – principally, the deep linear HO–Rg well.

Rotationally elastic depolarising collisions, on the other hand, tend to occur at longer

range and so do not compete with electronic quenching so much.

The experiments used here took advantage of polarised laser excitation to prepare a

distribution of OH(A) radicals in which the angular momentum vectors were oriented or

aligned. The collisional loss of polarisation was monitored by examining quantum beats

in the fluorescence induced by a magnetic field; the decreasing beat magnitude over time

gave the rate of depolarisation. By resolving fluorescence from different excited vibrational

or spin-rotation states, or collections thereof, it was possible to obtain cross-sections for

energy transfer processes such as electronic quenching and rotational or vibrational energy

transfer.

Quenching was found to be significant for both the OH(A) + Kr, Xe systems examined

205
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here, but more so in the case of Xe. This is because the region of the excited state PES close

to the conical intersection – the region where quenching is most likely – is more accessible

at thermal collision energies, lying as it does close to the bottom of the attractive HO–

Xe well. In the case of OH(A) + Kr, the conical intersection lies slightly higher on the

repulsive wall of the potential, requiring more head-on collisions to result in quenching.

This explains why electronic quenching cross-sections for OH(A) + Kr are smaller than

those for OH(A) + Xe, and fall faster with increasing rotation.

When OH(A) is vibrationally excited, this is found to increase the amount of quenching

seen with Kr, presumably due to the crossing region becoming more accessible at different

values of rOH. More quenching leads to a concomitant decrease in the cross-sections for

rotational energy transfer. Collisional transfer from OH(A, v = 1) to OH(A, v = 0) is not

observed to be a significant process, as expected on kinematic grounds.

In the first instance, single surface quasi-classical trajectory (QCT) theory was used

to model the experimental results. In contrast to previous studies of OH(A) + He,

Ar,12,13,16,18,22 significant discrepancies were observed between experiment and theory. As

quantum scattering calculations displayed the same behaviour, it was attributed to elec-

tronic quenching rather than a deficiency in the QCT method. The competition between

rotationally inelastic collisions (RET, inelastic depolarisation) and electronic quenching

results in single surface QCT overpredicting the RET and depolarisation cross-sections.

However, elastic collisional depolarisation is well simulated by QCT due to the absence of

competition from quenching.

Following on from this, trajectory surface hopping (TSH) QCT was employed in an

attempt to include non-adiabatic effects into the QCT theory and thereby better model the

experimental data. Agreement between experimental and theoretical RET and collisional

depolarisation cross-sections was improved, but the inability of two state TSH-QCT to

capture the full magnitude of quenching meant that this improvement was not enough to

fully explain the observed results.

To this end, the existing TSH-QCT theory, which included only the symmetric 1A′
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and 2A′ electronic states, was extended to incorporate rovibronic couplings (Coriolis and

Renner-Teller) to the antisymmetric 1A′′ state. The development of this extension to

the theory was detailed in chapter 6. Inclusion of this third electronic state resulted in

much improved agreement between calculated and experimental quenching cross-sections;

in the case of OH(A) + Kr the agreement was almost quantitative. Agreement with the

experimental RET and collisional depolarisation data also displayed a significant improve-

ment. Notably, the new theory also succeeded in modelling the related experiments of

Lester et al.,28 in which the rotational state distribution of quenched OH(X) products

was measured. This theoretical modelling added insight into how the balance of differ-

ent quenching pathways leads to the observed lambda-doublet ratio in the products, and

also the rotational state distribution – with Coriolis coupling tending to form OH(X) in

lower rotational states than Renner-Teller coupling. Some interesting trends in these state

distributions were also explained in terms of the kinds of collisions that led to them.

In conclusion, the experiments and calculations presented here have shown that elec-

tronic quenching is a significant channel in collisions of OH(A) with both Kr and Xe.

Quenching competes directly with electronically elastic, rotationally inelastic collisional

processes, but not as much with j-conserving depolarising collisions. As such, inclusion

of non-adiabatic effects is crucial for a complete understanding of the systems here; in

particular, the effects of rovibronic couplings to the 1A′′ potential energy surface must

be taken into account. It is likely that similar behaviour will be exhibited in collisions

of OH(A) with other quenchers and, indeed, in many other collision systems. The work

here will therefore be of value in the further study of collisional energy transfer and vec-

tor correlations where breakdown of the Born-Oppenheimer approximation is likely to be

significant.
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9.2 Future work

The results presented in this thesis naturally lead to a number of interesting directions

for future study. The OH(A) + Kr, Xe systems still have many more secrets to give up,

but, moreover, the present results form a springboard from which to make further leaps

in the understanding of collisional dynamics in systems with electronically non-adiabatic

channels. As explained in the introduction (chapter 1), one of the aims of the study of

simple, three atom systems such as these is the applicability of the conclusions and insights

drawn from them to studies of larger, more complex systems. It is to be hoped that this

will be the case in the future. To this end, several potential directions for future work are

set out in this section.

9.2.1 Experimental

The present results on the OH(A) + Kr and Xe collision systems form the final part of a set

of results encompassing 300 K measurements of collisional depolarisation of OH(A) with

rare gases in recent years.24 Together with similar work on other prototypical radicals

such as OH(X2Π), NO(X2Π), NO(A2Σ+) and CN(A2Π), reviewed in refs. 24–26, these

results add to the current understanding of atom-diatom collision dynamics. A direct

continuation of the present experiments could be the study of OH(A, v = 1) + Xe, or

perhaps the use of isotopically substituted OD(A). However, a more interesting possible

extension of this work would be to supplement the j − j′ correlation measured here with

other vectors.

The use of a crossed molecular beam configuration would offer the opportunity to

include the vectors k and k′ in the correlations investigated. An interesting first direc-

tion could be to measure the differential cross-sections for collisions of OH(A) with Kr

and Xe, in a similar fashion to the very recent crossed-beam experiments (and accompa-

nying theoretical studies) on NO(A) performed by the groups of Costen, Chandler and

Alexander.290–292 For this experiment, a REMPI detection scheme for OH(A) would be
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useful. Further extensions could include j or j′, for example looking at the polarisation

of collisional products (see ref. 292). Alternatively, the OH(X) products of non-reactive

quenching could also be studied via ion imaging (or another suitable technique).

Looking to other systems, the collisional depolarisation of OH(A) by H2 has been

investigated recently in our group.5 The reactive channel could be investigated, as both

H2O and H are amenable to detection (for example, REMPI or Rydberg tagging). This

would follow a variety of previous work on this channel, for example refs. 293–298.

9.2.2 Theoretical

As emphasised several times already in this thesis, an excellent priority for theoretical

development would be full close-coupled three state quantum scattering calculations for

OH(X,A) + Kr, Xe, extending the unpublished work of KÃlos, Alexander and Dagdigian,236

to put the results of chapter 6 on a more secure footing. However, such calculations are still

rather expensive – and certainly not an easy task! – at the present time. Some preliminary

non-adiabatic quantum calculations on three coupled PESs have begun to appear in the

literature, for example the recent study of the quenching of O(1D) by N2(X
1Σ+

g ) in ref.

250.

Concentrating more on the existing theory in this thesis, though, an interesting ex-

tension would be to model the results of chapter 8, i.e. collisions of OH(A, v = 1) by

Kr. For this task, vibrationally averaged potentials and couplings would be required; if

a full-dimensional calculation (where rOH can vary) is considered, then thought needs to

be given to the zero-point energy of the OH vibration. In addition, if the experiments in

section 9.2.1 are to go ahead, it would be useful to model them using an extension of the

theory developed in this work.

The extension of the present QCT code to a four atom (diatom + diatom) system has

been recently dealt with by Seamons5 in the context of OH(A) + H2 collisional depolar-

isation. In common with the OH(A) + Kr, Xe systems considered in this work, OH(A)

+ H2 collisions can also undergo electronic quenching, and efforts are underway in several
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groups to simulate this.272,299–305 One added complication here is the reactive channel,

which accounts for most of the products306 – this would need to be included in the cal-

culations. In addition, previous QCT calculations on the OH(A) + H2 system met with

some difficulties due to the large rotational spacing of H2: energy leaked out in collisions,

changing the rotational state of OH, but H2 was still binned to the same final quantum

state as it started in.5 Innovative binning schemes alleviate this problem somewhat,5 but

it would still need to be considered in any extension to multiple states. Alternatively (if

full quantum scattering calculations were unfeasible) some sort of semiclassical trajectory

method could be considered – for example, treating rotation quantum mechanically but

translation classically.307–311
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σQ / Å2

N f1 f2 Hemming27 TSH2 TSH3

Kr 0 10.1(1.1) – – 12.6 16.5
1 11.2(1.0) 10.9(0.3) – 6.2 10.9
2 7.8(1.5) 8.9(0.8) 9.3(0.6) 3.6 7.4
3 5.3(0.8) 6.2(0.3) – 2.3 5.0
4 3.4(0.8) 4.9(1.0) 5.0(0.4) 1.9 3.0
5 3.2(1.2) 4.5(1.4) – 0.9 1.2
6 2.9(0.4) 3.3(0.3) 3.1(0.2) 0.3 0.2
7 1.4(0.1) – – 0.1 –
8 – 2.0(1.0) 1.9(0.5) 0 0
10 – – 0.4(0.3) 0 0
13 – – 0.3(0.2) 0 0
14 0.0(1.8) – – 0 0
20 – – 0.8(0.3) 0 0

Xe 0 22.3(0.5) – – 18.9 20.0
1 28.4(2.7) – – – –
2 28.1(1.0) 30.3(0.7) – 13.4 17.5
3 26.5(7.5) 28.3(2.1) – 10.4 14.2
4 – 32.1(2.6) – 8.4 13.4
5 29.7(0.7) 31.7(3.2) – 6.7 9.1
6 – 21.1(1.7) 25.1(1.3) 4.7 8.9
7 25.3(1.4) – – – –
8 – 24.6(2.0) – 2.0 5.1
9 – 25.9(1.3) – – –
10 22.2(3.8) 18.4(1.2) 21.9(1.5) – –
13 – – 16.4(1.1) – –
15 – – 12.1(0.8) – 0
20 – – 12.1(0.8) – –

Table A.1: Electronic quenching cross-sections for OH(A) + Kr, Xe under thermal
conditions. Errors (in brackets) represent one standard deviation. Closed-shell surface-
hopping calculations were carried out at a fixed collision energy of 0.039 eV. Note that
the spin-rotation level employed by Hemming et al. is not specified in their paper.
‘TSH2’ and ‘TSH3’ refer to two-state and three-state trajectory surface-hopping QCT
calculations respectively.
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σRET / Å2

N Expt Adiabatic QCT21 Adiabatic QM21 TSH2 TSH3

Kr, f1 0 29(7) 38 – 26 23
1 38(7) 43 47 38 36
2 – 43 45 41 38
3 – 41 47 40 39
4 38(7) 39 41 41 37
5 37(9) 37 36 41 37
6 – 34 38 34 34
7 – 31 – 35 –
8 21(3) 28 28 29 29
9 – 25 – – –
10 18(3) 23 23 24 –
12 – 19 19 20 –
14 17(9) 15 16 16 –

Kr, f2 1 – 53 57 48 46
2 – 49 50 47 43
3 – 45 43 44 42
4 39(4) 42 44 44 40
5 38(7) 39 39 44 40
6 – 37 36 37 37
7 – 34 – 33 –
8 25(9) 30 30 31 32
9 21(4) 27 – – –
10 – 25 25 26 –
12 – 20 21 21 –
14 – 16 17 17 –

Table A.2: Rotational energy transfer cross-sections for OH(A) + Kr under thermal
conditions. Errors (in brackets) represent one standard deviation. Adiabatic21 and
surface-hopping QCT calculations were carried out at a fixed collision energy of 0.039
eV, as were the adiabatic QM calculations of KÃlos.21 ‘TSH2’ and ‘TSH3’ refer to two-
state and three-state trajectory surface-hopping QCT calculations respectively.
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σRET / Å2

N Expt Adiabatic QCT Adiabatic QM235,237 TSH2 TSH3

Xe, f1 0 – 58 – 47 45
1 – 53 – 43 –
2 – 52 55 43 41
3 – 53 – 45 43
4 – 52 52 44 41
5 24(6) 50 52 44 42
6 – 47 48 44 40
8 – 46 – 41 38
10 25(5) 41 39 37 –
14 – 37 – 35 –
15 – – – – 33

Xe, f2 1 – 67 – 54 –
2 29(3) 59 61 49 46
3 – 57 – 49 42
4 18(8) 56 56 47 44
5 20(3) 53 55 46 44
6 – 50 51 46 43
8 26(2) 48 – 43 41
9 18(2) 45 45 – –
10 – 43 41 39 –
14 – 39 – 37 –
15 – – – – 35

Table A.3: Rotational energy transfer cross-sections for OH(A) + Xe under thermal
conditions. Errors (in brackets) represent one standard deviation. Adiabatic and surface-
hopping QCT calculations were carried out at a fixed collision energy of 0.039 eV, as were
the adiabatic QM calculations of McCrudden and Herráez-Aguilar.235,237 ‘TSH2’ and
‘TSH3’ refer to two-state and three-state trajectory surface-hopping QCT calculations
respectively.
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Appendix B

Tabulated results for OH(A, v = 1) + Kr

σ / Å2

N Quenching f1 Quenching f2 VET RET

0 12.2(0.5) — 0.6(0.2) —
1 15.7(1.2) — 0.5(0.2) 25.0(5.8)
2 16.6(1.4) 16.8(0.5) 0.4(0.4) —
3 12.3(1.5) — 0.3(0.2) —
4 8.0(0.6) 9.6(1.1) 0.5(0.1) 34.2(4.3)
5 6.0(0.2) — — —
6 — 3.1(0.6) — 28.2(4.3)
7 5.1(0.9) 0.1(0.5) 0.3(0.1) —
8 0.2(0.9) — — 23.2(1.3)
9 — 0.0(0.5) — —

Table B.1: Experimental results for OH(A, v = 1) + Kr under thermal conditions.
Errors (in brackets) represent one standard deviation. Vibrational (VET) and rotational
energy transfer (RET) are for f1 (N + S) spin-rotation levels, electronic quenching as
labelled.
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Chem. Phys., 13, 2076 (2011).
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