
 

 

 

Increasing Complexity in Molecular Chemical Dynamics 

 

 

 

 
Aisling Ciara Stewart 

 

 

Submitted for the Degree of Doctor of Philosophy 

 

 

 

 

 
Heriot-Watt University Institute of Chemical Sciences 

School of Engineering and Physical Sciences 

 

 

 

 

June 2021 

 

 

 

 

 

 

 
The copyright in this thesis is owned by the author. Any quotation from the thesis or use of any of the 

information contained in it must acknowledge this thesis as the source of the quotation or information. 



i 

 

 

 

 

Abstract 

Crossed molecular beam (CMB) methods are combined with velocity map imaging (VMI) in 

order to study the scattering of gaseous polyatomics from colliders of increasing complexity. 

In addition to this, molecular dynamics (MD) simulations are used to model the surfaces of a 

range of atmospherically relevant fatty acids and mixtures of hydrocarbons. 

The first known measurements of k-j-k′ correlations for an inelastic scattering system, are 

reported. The scattering system of choice was NO(A, 2𝚺+) + Ne, with the NO(A) initially 

rotationally excited to the N = 4,  j = 3.5 state, making this also one of only a small number of 

studies of initially rotationally excited NO(A). During excitation molecules are aligned using 

linearly polarised light, allowing for the extraction of both differential cross sections (DCSs) 

and 𝑇0
2 polarisation dependent DCSs (PDDCSs).  

Results of scattering experiments involving NH3 and a series of atomic and molecular 

colliders of increasing size are reanalysed using a fitting routine modified by the author. 

Where Ar and D2 are used as co-colliders, the DCSs extracted are compared to those from 

quantum scattering (QS) calculations. Good experiment-theory agreement is found for the 

work involving Ar. For the NH3 + D2 work, however, a much higher degree of product D2 

excitation is observed in the experiments than predicted based on theory. DCSs are also 

extracted from data on the scattering of NH3 from a series of hydrocarbons, representing one 

of the first systems involving polyatomic-polyatomic scattering. 

MD simulations of the vacuum-liquid interfaces of members of the oleic acid family, and of 

mixtures of squalane and squalene, are presented, with an emphasis placed on which groups 

are preferentially present at the surface, as opposed to the bulk. An above-statistical 

distribution of methyl groups is observed at the interface, with the implications of this for 

atmospheric pollution cycles discussed. 
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Chapter 1: Introduction 
 

 
1.1 Inelastic Scattering Processes 

 
1.1.1 Background 

An understanding of the processes involved when molecules collide is central to many fields 

of science. Collisions are the main way in which energy is transferred between particles, and 

in which different species come into contact with each other in order for reactions to take place. 

As such, collisions of gas phase molecules are key in atmospheric and interstellar chemistry, 

as well as in processes such as combustion. An understanding of how gas molecules interact 

when they come into contact with a liquid interface also has many applications within 

chemistry, notably on the surface of aerosols, during respiration, and in industrial chemical 

processes involving the reaction of a gaseous species with a liquid. 

The field of reaction dynamics aims to understand the processes that occur during collisions, 

both in terms of the chemical nature of the products obtained post-scattering and the energy 

transfer processes that may occur whilst a collision is taking place. The results of scattering 

processes are governed by the laws of the conservation of energy and of both angular and linear 

momentum. When two atoms collide, there are two possible outcomes – they either react, or 

scatter off each other in such a way that the total kinetic energy of the system is conserved 

(elastic scattering). When one or both of the collision partners is a molecule a third possibility 

is opened up – energy can be transferred between the translation modes of the colliders 

involved and the internal energy levels of the molecules (inelastic scattering). As the total 

number of atoms in the collisional system increases so does the number of internal modes 

that can be involved in this energy transfer. This is a result both of the number of degrees of 

freedom increasing with increasing atom number and spacing of the energy levels being 

smaller for heavier species, resulting in the population of a larger number of these being 

possible at the collision energies of interest. The complexity involved in the studying and 

modelling of multi- atom systems therefore scales with the number of atoms involved. As 

such there has traditionally been a great focus on gaining a thorough understanding of 

scattering processes involving two or three atoms,
1–3 with this understanding being built on in 

recent years in order to study higher order collision systems.
4–10
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During a scattering process the total energy of the system must be conserved. In collisions 

involving two atoms in their electronic ground states, the total energy (E) of the system is equal 

to the sum of the kinetic energies (K.E.total) of the two colliders. 

𝐸 = 𝐾. 𝐸.𝑡𝑜𝑡𝑎𝑙 = 𝐾. 𝐸.1+𝐾. 𝐸.2                                                 (1.1) 

 
The kinetic energy of each of the colliders can in turn be calculated from their masses (m) and 

velocities (v). 

𝐸 =  
1

2
𝑚1𝒗1

2 + 
1

2
𝑚2𝒗2

2 (1.2) 

Where molecular colliders are involved, the internal energy (Eint) of the two species also has 

to be taken into account when calculating the total energy of the system. 

 

 𝐸 =  
1

2
𝑚1𝒗1

2 + 
1

2
𝑚2𝒗2

2 + 𝐸𝑖𝑛𝑡,1 + 𝐸𝑖𝑛𝑡,2                                                                  (1.3) 

However, it is not primarily the total kinetic energy of the system that we are interested in, only the 

component of this that is related to the motion of the colliders towards each other (the collision 

energy, Ecoll). If we consider a system involving two particles moving towards each other prior to a 

collision, there is a certain velocity vector associated with the movement of the centre-of-mass of the 

system as a whole (vCM). This is calculated based on the velocities of the two molecules and their 

masses: 

𝒗𝑪𝑴 = 
𝑚1𝒗𝟏+ 𝑚2𝒗𝟐

𝑚1+ 𝑚2
                                                                                                      (1.4)   

The energy related to the motion of the centre-of-mass of the system is related to this as  

𝐸𝐶𝑀 = 
1

2
 (𝑚1 +𝑚2)𝒗𝐶𝑀

2                                                                                            (1.5)   

Due to the law of the conservation of linear momentum, this must be preserved in the absence 

of an external force. When subtracting this from the total kinetic energy of the system one 

obtains Ecoll, which is the component of the energy available for transfer during the collision 

process. Ecoll is defined as 

𝐸𝑐𝑜𝑙𝑙 = 
1

2
 µk

2
                                                                                                              (1.6) 

with µ being the reduced mass of the system (
𝑚1𝑚2

𝑚1+𝑚2
)  and k the relative velocity vector. The 

relativevelocity vector is defined  by  
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k = v1 - v2                                                                                                                                                                (1.7) 

as shown in the diagram in Fig. 1.1. 
 

 
Fig. 1.1 Relationship between the initial velocity vectors of the colliders, the relative velocity vector 

(k) and the centre-of-mass velocity vector (vCM) for a pair of molecular beams that cross at 90°. 

 
In the case of molecular beams that cross at 90°, the magnitude of the relative velocity can be 

calculated using Pythagoras’ theorem: 

𝒌 =  √𝒗𝟏
𝟐 + 𝒗𝟐

𝟐                                                                                                        (1.8) 

   

 

During an elastic scattering process, the total collision energy would be partitioned amongst 

the products in a way that is dependent purely on their relative masses, with the post collisional 

velocities being defined as 

  𝒗𝟏
′ = 

𝒌𝑚2

𝑚1+𝑚2
                                                                                                                            (1.9) 

   𝒗𝟐
′ = 

𝒌𝑚1

𝑚1+𝑚2
                                                                                                                          (1.10) 

the primes here indicating that these are final, post-collision velocities of the particles. 

 
For an inelastic scattering process, on the other hand, collision energy may be transferred to 

the internal modes of the colliders and as such the speeds of the scattering products will be 

lower than in the elastic case, with this loss of translational energy being equal to the gap 

between the energy levels of interest within the molecule. Due to the spacings of the energy 

levels and the collision energies that are accessible in typical scattering experiments, it is 

usually only rotational excitation which is energetically accessible during scattering 

processes. In some cases, colliders may not be in their rotational ground states prior to the 

collision, and rotational de-excitation can occur during the scattering process, leaving the 
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colliders with a higher combined translational energy after the scattering event. In either 

event knowledge of both the spacings of the energy levels within a molecule and the collision 

energy allows us to calculate the expected speed of the molecules that have scattered into a 

particular final rotational level, with this forming the basis of the experimental methods used 

in this thesis. 

1.1.2 Scattering Cross Sections 

In order for a scattering event to occur, it is necessary for the two atoms or molecules to come 

into close enough proximity with each other for them to exert a force upon each other. It is this 

force that changes the trajectories of the two species and allows one to know that a collision 

has occurred. Whether or not a collision does take place is dependent on both the size of the 

two species and the impact parameter (b) describing their motions towards each other. b is 

defined as the distance of closest approach that would be achieved if the two were to continue 

on their pre-collision trajectories, as would be the case if there were no forces exerted by the 

two upon each other (Fig. 1.2). Low values of b correspond to direct head-on collisions of the 

two particles, with larger parameters describing a more glancing blow. As a result of this, 

collisions at lower impact parameters are associated with scattering that results in a larger 

deflection of the colliders from their initial trajectories (that is to say scattering into larger 

scattering angles, see Section 1.2.4). Lower impact parameter collisions also mean that a 

greater degree of the kinetic energy of the collision partners is directed along their line of 

approach, and thus these are more likely to result in energy transfer between the colliders, or 

in a reaction taking place. The actual outcome of a given collision event, however, depends on 

the exact nature of the forces acting between the particles at a given distance and orientation of 

approach, and is discussed in greater detail in Section 1.1.3. 

The scattering cross section (σs) is related to the highest possible b parameter that can still lead 

to a scattering event (bmax) via the equation 

𝜎𝑠 =  𝜋𝑏𝑚𝑎𝑥
2
                                                                                                   (1.11) 
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Fig. 1.2 Definition of the impact parameter (b) as the distance of closest approach of two particles, if 

they were to carry on their original trajectories. The scattering angle (θ) is the angle between the initial 

and final velocity vectors of the primary collider (v1 and v1′ respectively). 

Using a simple hard-sphere model one would require b ≤ rA + rB in order for a scattering process 

to take place, where rA and rB are the radii of the two colliders. This model, however, assumes 

that the species have spherical symmetry, with the forces that they exert upon each other 

having no dependency on their orientation at the time of approach. It also assumes that there is 

no interaction between species at distances greater than their van der Waals radii. In reality, 

angular anisotropy and longer-range interactions may be important, and this total scattering 

cross section is best described by integrating scattering probability (P(b,θ)) across all angles 

and impact parameters. 

𝜎 =  ∫ ∫ 𝑃(𝑏)𝑏 𝑑𝑏 𝑑𝜃
𝑏𝑚𝑎𝑥

0

2𝜋

0
                                                                                  (1.12) 

 

Thus, the scattering cross section is sometimes referred as the integral cross section (ICS). 

 
Another important cross section in the study of collisions is the differential cross section (DCS, 

𝑑𝜎 
). This is related to the probability of scattering occurring into a given scattering angle P(θ, φ) 

𝑑𝜔 

and as described in Equation 1.13. 
 

P(θ, φ) = 
1

𝜎
 
𝑑𝜎

𝑑𝜔
                                                                                                           (1.13) 
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1.1.3 The Potential Energy Surface 

One of the main aims of measuring experimental differential cross sections is to be able to 

compare these with ones calculated theoretically. There are several levels of theory commonly 

in use, from classical models to full quantum mechanical treatments of collision systems.
11–15 

The forces experienced by molecules or atoms as they interact with each other are modelled 

using the concept of a potential energy surface (PES). A PES is a multidimensional plot of the 

total energy of the system against the coordinates of its atoms. PESs are used in the 

modelling of scattering experiments in order to predict both the trajectory of the colliders 

post-scattering and the proportion of scattering into a given final ro-vibrational level. The 

number of dimensions on the PES of a given system is defined by the number of degrees of 

freedom in the system, which in turn depends on the number of atoms (N) present within this: 

there are 3N-5 degrees of freedom within a linear and 3N-6 degrees of freedom within a non-

linear system. These internal degrees of freedom describe all the bond lengths and angles 

within the system. 

Typically, a PES describes a single electronic state of the system. A true PES would describe 

all of the nuclear-nuclear, nuclear-electronic and electronic-electronic interactions within the 

system and would include all terms for how these interactions are relate to each other. This, 

however, is not computationally possible, as the correlations of the electronic motion within 

particles is too complex to be calculated. In order to simplify the treatment of systems, the 

Born- Oppenheimer approximation is employed.
16 This decouples the nuclear motion from 

the electronic motion, by assuming that the motion of the electrons is so much faster than that 

of the nuclei that electrons can be assumed to react instantaneously to differing forces caused 

by changes in the position of the nuclei. This then allows nuclear parts of the wavefunction of 

the system (i.e. the rotational and vibrational wavefunctions) to be treated separately from the 

electronic wavefunction. 

𝛹𝑡𝑜𝑡𝑎𝑙 = 𝛹𝑒𝑙 𝛹𝑣𝑖𝑏 𝛹𝑟𝑜𝑡                                                                                                 (1.14) 

This assumption is valid in most cases, as the speed of the movement of the electrons is many 

orders of magnitude faster than that of the nuclei, due to the greater masses of the latter. 

The PES is the solution to the time-independent Schrödinger equation for fixed nuclear 

coordinates.
17 The time-independent Schrödinger equation takes the form 

�̂�𝑒𝛹𝑖(𝑅, 𝑟) =  𝐸𝑖𝛹𝑖(𝑅, 𝑟)                                                                                       (1.15) 



7 

Chapter 1: Introduction 

  

 

 

�̂�𝑒 is  the  electronic  Hamiltonian  and  is  the  only  part  of  the  Hamiltonian  that  needs  to  be 

considered when the nuclear coordinates of the system are fixed. The assumption of fixed 

nuclear coordinates is valid as a result of applying the Born-Oppenheimer approximation. The 

full Hamiltonian takes the form 

�̂� =  �̂�𝑁(𝑅) + �̂�𝑒(𝑟) + �̂�𝑒𝑒(𝑟) + �̂�𝑁𝑁(𝑅) + �̂�𝑒𝑁(𝑅, 𝑟)   (1.16) 

�̂�𝑁 and �̂�𝑒 are the kinetic energies of the nuclei and electrons within the system, whilst �̂�𝑒𝑒  

�̂�𝑁𝑁 and �̂�𝑒𝑁 describe the electron-electron, nuclei-nuclei and electron-nuclear interactions at 

given nuclear and electronic displacements (R and r respectively). 

 
At fixed nuclear coordinates, the terms for the kinetic energy of the nuclei and the nuclear- 

nuclear interactions drop out of the equation and Equation 1.16 simplifies to
18

 

�̂�𝑒 =  �̂�𝑒(𝑟) + �̂�𝑒𝑒(𝑟)+ �̂�𝑒𝑁(𝑅, 𝑟)                                                                           (1.17) 

giving us the electronic Hamiltonian (�̂�𝑒) for the system. This is used to calculate the potential 

energy for a given set of nuclear coordinates. The energy of the system varies with differing 

nuclear coordinates. As such, ab initio methods are used in order to calculate how energy 

varies with varying atomic position and to obtain the equilibrium geometries of the molecule. 

A collection of such calculations across a full set of geometries makes up a PES. 

As the computational cost of calculating a PES scales rapidly with increasing numbers of atoms 

within the system, applying the Born-Oppenheimer approximation and fixing some of the 

degrees of freedom is essential in order to allow calculations to be viable. It is often assumed, 

for example, that all of the bond lengths within molecular colliders remain at their 

equilibrium values during the course of the collision process. This, however, can lead to a 

reduction in the accuracy of the PES, as rotational and vibrational motion can perturb the 

interactions between molecules. Excluding this from the calculations means that a degree of 

information about the scattering processes is lost. In general, when depicting a potential 

energy surface on paper one needs to fix all but two degrees of freedom, in order to represent 

the PES as a 3D contour plot. Doing this results in a topological surface, with peaks 

representing areas of higher energy and troughs those interactions at which the total energy of 

the system is lower. PESs can be used in quantum scattering calculations in order to model 

the behaviour of particles as they come into contact with each other via different trajectories 

and at different collision energies. Such calculations can be used to predict the outcomes of 

inelastic scattering processes, both in terms of the proportions of scattering into each different 
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rotational channel, and for each of these the angular distribution of the scattering products. 

Comparison of these predictions with experimental data is one of the main aims of chemical 

dynamics – good agreement between experimental and theoretical ICSs and DCSs indicates 

both that the PES used is accurate and that the number of degrees of freedom used is 

sufficient to describe the system. Fig. 1.3 shows an example of a PES, for the NO(A2Σ+)-Ar 

system, as a contour plot. 

 

 

 

 
Fig. 1.3 PES for the NO(A2Σ+)-Ar system, calculated by Cybulski and Fernández,

19 with all energy 

values in cm-1, taken from reference 
20

. Contours in red represent the repulsive part of the potential 

(positive energies) with blue showing the attractive well The black contour line represents 0 cm-1 and 

the green contour line represents 500 cm-1, typical of the collision energies achieved in the kinds of 

experiments discussed in this thesis. 

1.2 Reaction Dynamics Experiments 

 
1.2.1 Generating Molecular Beams 

One of the key aims of experimental reaction dynamics is to obtain information about the 

mechanisms for scattering and how these are affected by the shape of the PES and by differing 

collision energies. One also wants to investigate how these factors vary for different collisional 

channels, each involving a specific combination of initial and final states of the species 

involved. In order to gain accurate information about what occurs during a scattering event, 

however, one needs to have a knowledge of and control over the initial conditions of the 

particles involved, in particular their velocities and internal state distributions. A large spread 

of molecular beam velocities, for example, will result in a large range of possible collision 
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energies during the course of the experiment. As the velocities of the scattering products, and 

in turn radii of the scattering images, are dependent on these collision energies, a large spread 

of collision energies will lead to broad, poorly resolved data. Likewise, it is desirable to have 

only a small number of rotational states populated in the incoming beams, in order that one 

knows that the scattering observed is for one particular initial-final state scattering channel. 

This allows for easier comparison with theoretical scattering calculations, which are quantum 

state resolved. 

Control of molecular velocities is usually carried out by the use of molecular beams. These are 

generated via a supersonic expansion, obtained by allowing a gas mixture to pass through a 

narrow interface (nozzle) and into a region of much lower pressure (see Fig. 1.4). In order to 

obtain supersonic expansion conditions the nozzle diameter must be small enough and the 

pressure of the gas mixture prior to entering the nozzle high enough that the mean free path of 

a gas molecule is smaller than the diameter of the nozzle.
21 The pressure on the exit side of 

the nozzle must be significantly lower, so that collisions between particles in the expanding 

gas mixture and the background gas in the chamber are negligible, thus preventing the 

thermalisation of the gas particles of interest with their surroundings. On leaving the nozzle the 

density of particles means that these undergo a large number of collisions with each other and 

only once they have a significant component of their velocity pointing along the beam axis are 

they able to escape the region of high pressure just after the nozzle. In addition to this a 

skimmer is commonly placed at a short distance (≈ 10-20 mm) in front of the nozzle, ensuring 

that only particles travelling with the correct trajectory, co-axial with the orifice, can pass into 

the main reaction chamber. This allows for the conversion of a high-pressure gas mixture with 

a random distribution of velocities into an ordered flow with a low spread of velocities centred 

around the beam axis. 
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Fig. 1.4 Pictorial representation of the formation and collimation of a molecular beam. A high 

pressure of gas within the valve forces gas particles out of a narrow orifice. The high particle densities 

in this region lead to a large degree of rotational cooling. A skimmer is placed close to the valve and 

only allows particles travelling co-axial to the skimmer orifice to pass through. What results is a 

rotationally cool molecular beam with a narrow spread of velocities. 

 

The large number of collisions of the species with each other within the supersonic expansion 

also allows, in the case of molecules, for rapid transfer of energy between the translational and 

rotational modes of the molecules. This ultimately results in the majority of the rotational 

energy of the sample being converted to translational energy, leading to rotational cooling for 

the sample. Typically, rotational temperatures of <10 K can be obtained, which means that 

only a few rotational levels are populated. This high degree of control over both the initial state 

and velocity distributions of the beams allows for accurate measurements of how the molecules 

are affected by the scattering process itself. 

For a given kinetic energy lighter particles will have a higher velocity: 

v = √
𝐾.𝐸.

2𝑚
                                                                                                                  (1.18) 

 

In the field of dynamics this relationship is commonly taken advantage of in order to provide 

control over the speeds of molecules in the incoming beams. Colliders are often seeded as 

mixtures in inert gases, commonly noble gases, in order to allow for a greater control over the 

velocities of these beams. Seeding certain molecules is also necessary in order to provide a 
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more efficient molecular cooling. Larger molecules have more closely spaced energy levels, 

and as such there is likely to be a larger population in levels above the ground state prior to a 

supersonic expansion. Samples of larger molecules have a lower particle density and lower 

average speeds, and thus collisions are less frequent, and these often just transfer energy 

between rotational levels, instead of into translational energy. For these reasons cooling 

provided by collisions during a beam expansion is not every effective. Seeding molecules in a 

rare gas allows for a greater number of collisions between particles during an expansion and 

thus facilitates better rotational cooling. 

The mean velocity in m s-1 (�̅�), of a gas sample after undergoing an expansion can be can be 

estimated using the equation
21

 

       �̅� = √(
2kB𝑇0

𝑚
)(

𝛾

𝛾−1
)                                                                                              (1.19)  

where m is the mass (in kg) of one gas atom or molecule and 𝑇0 is the temperature prior to 

expansion. γ is defined by the relationship 

γ = 
𝐶𝑝

𝐶𝑣
                                                                                                                       (1.20)     

with 𝐶𝑝 and 𝐶𝑣the heat capacities at a constant pressure and volume respectively. This ratio is 

related to the number of degrees of freedom of the particle involved, and can be 

approximated to 
5

3
 for monoatomics, 

7

5
 for diatomics and 

4

3
 for polyatomics.

22
  

 

On changing from a pure gas to a mixture of gas A seeded in gas B, the m and γ terms in 

Equation 1.19 are replaced by 

mmix  = cAmA + (1-cA)mB                                                                                                                        (1.21) 

γmix  = cA γ A + (1-cA) γB                                                                                                                         (1.22) 

 
with cA the concentration of gas A in the mixture. The mean beam velocity of a mixture can 

be written 

 �̅�𝒎𝒊𝒙 = √(
2kB𝑇0

𝑐𝐴𝑚𝐴+(1−𝑐𝐴)𝑚𝐵
)(

𝑐𝐴𝛾𝐴+(1−𝑐𝐴)𝛾𝐵

𝑐𝐴𝛾𝐴+(1−𝑐𝐴)𝛾𝐵−1
)                                                         (1.23) 

 From this equation one can calculate the velocities of the gas mixtures used in the studies discussed 

in this thesis. These are reported in Chapter 2. 
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1.2.2 Velocity Map Imaging 

In order to gain a complete understanding of the events taking place during a collision one 

needs to not only have a high level of control over the initial conditions of the system, but to 

also be able to obtain as much information as possible about the scattered products, their 

chemical identities, the energy levels they are in and their speed and angular distributions. 

Traditionally the products of CMB scattering experiments were detected using a rotatable 

quadrupole mass spectrometer.
23 This allowed for the detection of all product molecules 

scattered into a given scattering angle, with this being used to determine the speeds of the 

molecules. However, the technique only allows for detection at one particular laboratory 

frame angle at a time, meaning that many experiments need to be run in order to gain 

information about the angular distribution of the scattered products. 

The invention of ion imaging techniques eliminated this problem.  In these methods the 

scattered products are first ionised by laser radiation, and the resulting ions can then be 

manipulated by the use of electric fields and mapped onto a position sensitive detector. This 

allows for the viewing of all products of one given species into all scattering angles 

simultaneously and thus makes the collection of data revealing the scattering angular 

distributions significantly more efficient. In 1997, Eppink and Parker developed this 

detection method further into the technique that forms the basis of the detection method 

discussed in the experimental sections of this thesis – velocity map imaging (VMI).
24,25 This 

employs curved electric fields which focus the product ions onto a position-sensitive detector 

in a way that is dependent only on their velocity post-scattering and not on their position 

within the collision region at the time of the ionisation. 

VMI ion optics, in contrast to earlier ion imaging setups, employ open lenses and not a grid-

based optics setup, as is used in ion imaging. The removal of these grids was found by 

Eppink and Parker to greatly improve the resolution of the images, as grids reduce the 

transmittance of the ion optics and deflection of ions from the grids causes distortions to the 

image produced. Using open electrodes produces inhomogeneous fields and it was found that 

applying the correct voltages to these electrodes produces a field that maps ions of the same 

mass and velocity onto the same position on the detector, regardless of their position at the time 

of the ionisation. This is because the field gradients are denser at positions further away from 

the centre of the ion optics stack, meaning that ions there are accelerated towards the detector 

at a greater rate than those generated nearer to the centre with the same velocity. As a result, if 

the electrode voltages are carefully selected this effect acts as a lens and focusses all ions of 
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the same velocity to the same point. 

The minimum number of electrodes necessary to carry out VMI is three - a repeller plate, an 

extractor plate and a grounded electrode. Many VMI setups, such as the ones described in the 

experimental section of this thesis, also contain further electrodes in order to improve the 

lensing effects of the optics and to have greater control over the shape of the field gradients.
26 

The collision region is situated between the repeller and extractor plates. The repeller plate 

serves to turn around those ions whose post-collision trajectory is directed away from the 

detector, so that all ions reach the detector, regardless of their velocity perpendicular to the 

plane of the detector. The component of the ion velocities in the plane of the detector is 

manifested in two ways. The speed at which the ions are travelling in this plane is directly 

proportional to the distance at which they are detected from the centre of the ion image. 

Angular information about the scattering of the parent molecule can be obtained from the 

angle between the pixel which it hits and the initial velocity vector of the collider. This is 

discussed in detail in Section 1.2.4. 

1.2.3 Slice Imaging 

Following a collision, the ionised scattering products can be moving towards or away from 

the detector, as well as spreading out in the plane of the detector. This leads to the formation 

of an ion cloud (see Fig. 1.5). Traditionally electric fields are chosen so as to compress the 

ion cloud along the time-of-flight axis, so that the whole of the ion cloud is imaged at once. 

What results is a ‘crushed’ image in which all ions with the same velocity components in the 

plane of the detector are pancaked onto the same point on the detector, regardless of their 

velocity components perpendicular to this. In order to obtain the required angular information 

about the scattering process it is therefore necessary to carry out mathematical 

transformations, such as an Abel inversion
27 or the onion-peeling method

28 in order to recover 

information about the 3D distribution of ions within the ion cloud. Alternatively, it is possible 

to simulate crushed images in order to extract DCSs, a technique that will be used in Chapter 

3. 

Another method for obtaining information about scattering of the collision products in three 

dimensions is to use ‘slicing’ techniques.
29,30

 In ‘crushing’ setups, the voltages of the ion 

optics are selected so that there is only a few nanoseconds of delay between front and the 

back of the ion cloud reaching the detector. ‘Slicing’ techniques, on the other hand, stretch the 

ion cloud along its direction of propagation, before imaging only a central ‘slice’ of this 

cloud. This central slice includes only ions for which the component of the post-collision 
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scattering in the direction of propagation was close to zero, and it is from this central part of 

the cloud that all of the necessary information about scattering in the plane of the detector can 

be obtained. This means that the mathematical techniques described above are no longer 

needed in order to obtain angular information required from the scattering studies. 

 

 

 

Fig. 1.5 Comparison of ‘crush’ and ‘slice’ imaging methods of VMI. An ion cloud is generated in the 

collision region by ions scattering into all possible angles. In ‘crush’ imaging, the ion cloud is allowed 

to expand naturally, before impacting on the detector, which is ‘on’ for the entire time that the ion 

cloud ion hitting it. In ‘slice’ imaging, the VMI optics voltages are chosen so as to stretch the ion 

cloud along the  axis. The detector is then turned on for a short period of time, when only the central 

slice of the ion cloud is impacting upon it. 
 

‘Slicing’ methods rely on the idea of gating the detector so that it only records part of the ion 

cloud. In ‘crushing’ techniques, the microchannel plates (MCPs) within the detector are held 

at a constant voltage throughout the entire time that the ion cloud is impacting upon the 

detector. This leads to the whole cloud being recorded as part of a single image. ‘Slicing’ 

methods, on the other hand, rely on the detector only being ‘on’ at times in which the centre 

of the ion packet is impacting upon it. This is achieved in practice by holding one of the MCP 

plates below the minimum voltage threshold for ions hitting it to be recorded in the image 

taken (see Section 2.2.1 for details). The voltage of the MCP is then suddenly increased to be 

above this threshold at the time at which the centre of the ion cloud is due to reach the 

detector. The MCP is then turned back ‘off’ after a short delay (time-gate), recording only the 
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central slice of the ion packet. 

In ‘crushing’ techniques, the entire ion cloud impacts upon the detector over the course of 

only a few nanoseconds. As the time required for the MCP voltage to be increased, stabilised 

and then decreased again is of the order of a few tens of nanoseconds, it would not be possible 

under these conditions to view only part of the ion cloud. Therefore if ‘slicing’ techniques are 

to be employed, it is necessary to stretch the ion cloud along its axis of propagation, in order to 

allow for a larger spread of arrival times and a greater ability to differentiate between the 

centre and the edges of the ion packet. There are two main methods for expanding the ion 

cloud. In the method of Kitsopoulus et al.
30 the ion cloud is allowed to expand naturally to a 

larger size than in ‘crush’ imaging, by leaving the repeller plate ‘off’ for a few hundred ns 

after the time of ionisation. The repeller plate is then switched on, generating a uniform 

accelerating field, which directs this expanded ion cloud towards the detector, with this being 

pulsed on so as to capture the central ‘slice’ of the ion cloud. This, however, involves 

reintroducing the grids on the electrodes, which, as discussed in Section 1.2.2 reduces the 

resolution of the images. Pulsing the repeller electrode also requires a higher level of 

technical complexity than having static ion optics voltages for the entirety of the experiment. 

An alternative technique for stretching the ion optics cloud is the use of DC slice imaging, as 

invented by Townsend et al.
29  and Lin et al.

31
 This introduces an additional electrode 

between the extractor and ground electrodes, in order to generate more gentle field gradients 

in the repeller-extractor region than are applied to the ions in a traditional VMI setup. This in 

turn means that the ions have a greater time-of-flight on travelling towards the detector, 

allowing them to spread out more along the time-of-flight axis. Further electrodes are then 

needed in order to ensure that the ions experience correct velocity mapping conditions. This 

is the technique which is employed in the work discussed in Chapter 4 of this thesis in order 

to ensure that only the centre of the ion packet is imaged. 

1.2.4 Frames of Reference 

Scattering experiments are carried out within the laboratory, and scattering products are 

detected within the laboratory frame, which relates the motion of the particles to an axis 

based on the molecular beam axes. However, as mentioned in Section 1.1.1, there is a certain 

component of the motion of the centre-of-mass of the system as a whole, and this is 

conserved during the course of a scattering event. The position at which a product ion is 

detected in the laboratory frame post-collision will be dependent on both the motion of the 

centre-of-mass of the system as a whole and on the effects of the scattering process. It is, 
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however, generally only those effects that are caused by the interactions of the molecules 

which one is interested in when studying reaction dynamics. It is therefore of interest to 

convert between the laboratory frame and the centre-of-mass frame, which gives information 

about the velocities of the species relative to the centre-of-mass of the total system. The 

centre-of-mass frame velocities (uA) are defined as 

𝒖 𝑨 = 𝒗𝑨 − 𝒗𝑪𝑴                                                                                             (1.24) 

 
with vA and vCM representing the laboratory frame velocities of A and the centre-of-mass of 

the whole system. The relationship between the laboratory and centre-of-mass (CM) frames 

can be shown using a Newton diagram, an example of which is given in Fig. 1.6. vA and vB 

show the initial velocity vectors of species A and B in the laboratory frame. uA and uB show 

the corresponding velocities in the CM frame. The velocity of the centre-of-mass of the system 

is marked vCM and the relative velocity vector, as described in Section 1.1.1, is shown as k. 

Post-collisional velocity vectors are marked with a prime. The scattering angle, θ, is the angle, 

in the CM frame, between the initial and final velocity vectors for the primary collider. 

Angles close to 0° are described as forward scattering, with increasing angles being described 

as sideways scattering and finally backwards scattering when 180° is approached. Imperfect 

rotational cooling leads to traces of excited molecules in the primary molecular beam. 

Ionisation of these can lead to signal from unscattered molecules, with this showing up as a 

bright region in the extreme forward direction of the image. This is known as a beam spot and 

needs to be taken into account in the analysis process as discussed in Section 2.3. In some 

cases, as discussed in Section 4.3.1, traces of primary collider in the secondary molecular beam 

can lead to the presence of a second, weaker beam spot. These two beam spots mark the 

position of the initial velocities of the colliders on the images. 
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Fig. 1.6 Newton diagram laid over an example experimental image. This diagram shows the relationship 

between the velocity vectors of the colliders in the laboratory frame (u) and the centre-of-mass frame 

(v). Primes indicate the vector following scattering, with unprimed vectors being the initial velocity 

vectors of the colliders. k is the relative velocity vector between the two colliders and vCM the laboratory 

velocity vector of the centre-of-mass of the system. θ is the scattering angle. Beam spots are marked, 

with these showing the position that signal from unscattered molecules will show up on the image. Both 

beam spots are visible in this image, due to traces of the primary collider being present in the secondary 

nozzle. See the main text for further details. 

Studying the angular distributions of scattered products provides a powerful tool in elucidating 

information about the mechanism and energetic processes involved during the collision. Key 

to this is the measurement of differential cross sections (DCSs), these describe the flux of 

scattering into a given solid angle. DCSs are related to ICSs via the equation 

𝑃(𝜃, 𝜑) =  
1

𝜎𝑠
 
𝑑𝜎𝑠

𝑑𝜔 
                                                                                                     (1.25)                                                                                     

 

with ω describing the solid angle, θ the polar angle (the angle in the plane of detection) and φ 

the azimuthal angle (the angle in the plane perpendicular to the plane of detection). As 

scattering tends to be symmetrical with regard to φ, this is usually neglected when discussing 

the behaviour of a system and θ is simply referred to, as above, as the scattering angle. In 

general, low scattering angles are associated with long-range attractive interactions, with 
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scattering at higher angles usually originating from more head-on collisions at lower impact 

parameters. 

1.3 Spectroscopic Methods 

 
1.3.1 Resonance Enhanced Multiphoton Ionisation Spectroscopy 

In order to detect scattering products by the methods used in this work, these need to first be 

ionised, in order for them to be manipulated using electric fields. Such fields are needed to 

accelerate species to high enough velocities for them to be detected when they impact upon the 

MCPs and are also essential in generating velocity mapping conditions. In the work described 

in Chapters 3 and 4 of this thesis, the chosen ionisation technique is resonance enhanced 

multiphoton ionisation (REMPI). This allows not only for the ionisation of the products, 

meaning that their speed and angular distributions can be imaged, but also adds the element of 

state-selectivity to the detection scheme, as the use of carefully selected wavelengths during 

this procedure means that a single rotational state of the product can be ionised and imaged. 

Photoionisation occurs when a species absorbs one or more photons, the combined energy of 

which is high enough to excite one of its electrons to above the ionisation threshold. This is the 

point at which the electron has sufficient energy to overcome the attractive forces between it 

and the nucleus and thus be ejected from the atom or molecule in question. In practise the 

photon source usually employed when trying to achieve photoionisation in the laboratory is a 

laser, due to the high photon densities and narrow range of wavelengths that these commonly 

provide. In general, the ionisation threshold for small molecules is too high to be reached via 

single-photon ionisation at the kinds of wavelengths accessible in the laboratory. In addition to 

this these high energies often result in the fragmentation of the product molecule, resulting in 

a range of different charged products in addition to the one of interest. As such multiphoton 

ionisation is more commonly used in the study of reaction dynamics within the laboratory 

environment. 

Where more than one photon is involved in the ionisation, this process can be either resonant 

or non-resonant. Non-resonant multiphoton ionisation involves the simultaneous absorption of 

multiple photons by the molecule and therefore requires high photon densities. This type of 

ionisation does not pass through an intermediate state, instead all the required photons are 

absorbed at once, leading to the instantaneous ejection of the electron from the molecule. This 

method is generally less species-selective than its resonant counterpart and therefore often 
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contributes to the background signal seen in scattering experiments such as those discussed in 

this thesis. 

Resonance-enhanced multiphoton ionisation (REMPI) on the other hand involves using one or 

more photons to first excite the molecule to a higher electronic state, before a further photon 

or photons are used to push the electron over the ionisation threshold.
32 As the molecule will 

have a finite lifetime within this excited intermediate state, absorption of the photons in the 

two steps of this process need not be instantaneous, meaning that lower photon densities are 

needed in order to carry out the ionisation than for a non-resonant process involving an 

equivalent total number of photons. REMPI is much more species- and state-selective than 

non-resonant multiphoton ionisation. This is because it only occurs when the total energy of 

the photons involved in the excitation step are equal to the energy gap between the initial 

state and the chosen intermediate state. Tuning of the wavelengths of the excitation photons 

allows for these to be resonant with the energy gap between different rotational states of the 

ground state and a single excited state. As a result, ionisation of molecules in a single rotational 

level of the ground state can be carried out. REMPI has thus become popular in scattering 

studies as it allows for the imaging of the scattering behaviour of a single product in a single 

rotational state at a time. This means information can be obtained about the ratio of the 

products scattered into each rotational state and the different scattering mechanisms involved 

in reaching these. In the type of scattering experiments discussed in this thesis the photon 

source is usually a tuneable UV laser. This provides not only high enough photon densities to 

allow the desired ionisation processes to occur, but the tuneability of these lasers allows for 

the state-selective imaging of scattering into a number of different final rotational levels. Fig. 

1.7 shows a comparison of the different types of ionisation discussed in this section. 

When describing REMPI processes the nomenclature is as follows. The ionisation process is 

described as an (m + n′) REMPI scheme, with m describing the number of photons involved 

in the excitation step and  n the number involved in taking the molecule from this 

intermediate state over the ionisation threshold. The wavelengths of the photons in these two 

steps may either be the same or two different wavelengths may be employed. If only one 

wavelength is deployed across the two steps, then the prime on the n is dropped. 

The scattering systems involving NO (Chapter 3) used a (1+1′) REMPI scheme, in this case 

proceeding via the E(1Σ+) state at wavelengths of at ≈598 nm for the excitation and 532 nm for 

the ionisation step.
20

 In the NH3 scattering studies (Chapter 4), the REMPI scheme 
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employed was a (2+1) scheme, which proceeded via the 𝐵 ̃  intermediate state.
33

 This 

required wavelengths between 316 and 319 nm. The spectroscopy of NH 3 and NO 

are discussed in the following sections.  

  

 

Fig. 1.7 Diagrammatic representation of the ionisation processes discussed in the main text. a. and b. 

both represent different forms of non-resonant ionisation, with single photon ionisation (a.) requiring 

very high energies of input light and non-resonant multiphoton ionisation (b.) requiring very high 

fluxes in order that multiple photons be absorbed simultaneously. In REMPI (c. and d.) excitation to a 

stable intermediate state provides a longer time frame for the absorption of these photons to occur and 

also lends state-selectivity to the ionisation process. (1+1′) and (2+1) REMPI schemes are used in the 

work described in Chapters 3 and 4 respectively. 

1.3.2 Spectroscopy of NH3 

Ammonia has a pyramidal shape and its three-fold symmetry axis means that it belongs to the 

C3v point group. It is an oblate symmetric top – that is, the moments of inertia around each of 

its three axes (Ia, Ib and Ic) follow the relationship 

𝐼𝑎 = 𝐼𝑏 < 𝐼𝑐                                                                                                                                     (1.26) 

  

The corresponding rotational constants (in cm-1) are 
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B = 
ℎ

8𝜋2c𝐼𝑏
                                                                                                                 (1.27) 

and  

C =
ℎ

8𝜋2c𝐼𝑐
                                                                                                                (1.28) 

with h being Planck’s constant, and c the speed of light (in cm s-1). 
 

From these rotational constants, the rotational energy levels of ammonia can be calculated. 

These are dependent on two quantum numbers that describe the rotation of the molecule. j is 

the angular momentum quantum number, describing the magnitude of the rotational energy, 

with k describing the projection of this onto the principal C3 axis. The relationship between j 

and k is shown in Fig. 1.8. Both j and k are quantised – j can take any integer value, with k for a 

given j state taking integer values between the limits 

−𝑗 ≤ 𝑘 ≤ j                                                                                                              (1.29) 

 
The angle (a) between the axis about which the ammonia molecule is rotating and the principal 

axis can be described by the equation 

cos(a) = 
𝑘

√𝑗(𝑗+1)
                                                                                                          ( 1.30) 

 

 

 

 

 

 

 

 

Fig. 1.8 Ball and stick representation of an ammonia molecule showing the location of the principal 

C3v and the relationship of j, k and a to this. 

 

The rotational energy levels of NH3 can be calculated from its k and j values and rotational 

constants via the equation 
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𝐸𝑗𝑘 = ℎ𝑐𝐵𝑗(𝑗 + 1) + (𝐶 − 𝐵)𝑘2                                                                          (1.31) 

 
This takes into account both the total angular momentum of the rotating molecule and the 

component of this which is directed around the axis of higher inertia, as a higher inertia implies 

that there is a greater energetic barrier to rotation and thus a greater component of the 

molecule’s rotation being directed about this axis leads to the molecule having a higher energy. 

As B > C for NH3 for a given j state the energy of levels decreases as k increases. 

 

Equation 1.31, however, assumes that the rotational energy of NH3 follows the rigid rotor 

model, in which the moments of inertia, Ib and Ic are unchanged by the rotational motion of 

the molecule. This would imply that the bond lengths with NH3 are fixed and do not depend 

upon the speed at which the molecule is rotating. However, this is not strictly true. As the 

angular velocity of the molecule increases this causes the bonds in the molecule to weaken 

and become longer, as a result of increased centrifugal force. It follows that as the angular 

momentum quantum number increases the moments of inertia of the molecule will both 

increase, and so will the spacing of the energy levels (see Fig. 1.9). To take this effect into 

account a set of centrifugal distortion constants (Dj, Djk, Dk) are introduced, and the energy 

levels are described as below. 

𝐸𝑗𝑘 = ℎ𝑐𝐵𝑗(𝑗 + 1) + (𝐶 − 𝐵)𝑘2 − 𝐷𝑗𝑗
2(𝑗 + 1)2 − 𝐷𝑗𝑘𝑗(𝑗 + 1)𝑘2 + 𝐷𝑘𝑘

4       (1.32) 

 
Further terms could be included to describe distortions that follow third power relationships 

and above. However these are negligible at the energies of interest and will thus be neglected 

for the remainder of this thesis. 

In addition to the factors discussed above, the spectroscopy of NH3 is made more complex by 

the coupling of the rotational energy levels to the ‘umbrella’ inversion mode of vibration. This 

mode of vibration describes the fact that the plane of the three hydrogen atoms fluctuates 

between being above and below the nitrogen atom (Fig. 1.9), passing through a planar transition 

state as it converts between these two geometries. The overall rovibrational wavefunction can 

be either symmetric or antisymmetric with respect to this motion. The result of this is that all 

jk states for which k ≠ 0 are split into a doublet, with the doublet consisting of one level with a 

wavefunction that is symmetric (+) with respect to inversion and one which is antisymmetric 

(-) with respect to this. Individual ro-vibrational states of ammonia are thus labelled in the form 

jk
+/-. the symmetry with respect to inversion is sometimes referred to as the parity of the 

wavefunction. For each doublet, the antisymmetric level has a higher energy than the 
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symmetric state. For the lowest vibrational energy level, this energy difference is 

0.7933 cm-1.
34 For states where k = 0, only one parity level is present as a result of the Pauli 

Exclusion principle.
35 This requires that the overall wavefunction be antisymmetric with 

respect to exchange of the three equivalent H nuclei. This means that if k = 0 only the + parity 

type is allowed for states where j = even and the – state when j = odd. Our molecular NH3 

beam consists of a statistical mixture of + and – initial states (see Section 2.2.3). However our 

REMPI detection scheme is only sensitive to antisymmetric final states of ammonia. As it is 

possible to convert between different parity states during collisions each of the experimental 

images for scattering into a given final product pair contains contributions from both + → - 

and - → - scattering. This is discussed at greater length in Chapter 4. 

 

 
Fig. 1.9 Potential energy diagram for the umbrella inversion of NH3.

36
 The two minima show the two 

possible equilibrium pyramidal geometries (shown in the cartoons above them). The presence of a 

double well structure in the potential causes ‘inversion splitting’ of the rotational levels, as the 

umbrella vibrational mode couples to the rotational modes. This leads to a symmetric and an 

antisymmetric state for every jk level. 

NH3 is a fermion and has two spin isomers. For the ortho-spin isomer of NH3, the spins of all 

three H atoms point in the same direction and therefore the overall spin of the molecule is 

1½. For para-NH3, the spin of one of the hydrogen atoms points in the opposing direction to 

those of the two other hydrogen atoms, thus resulting in an overall spin of ½. Ortho states 

have A1 symmetry and para states E symmetry. Ortho symmetry is observed for all states 

where k = 0 or a multiple of 3, all other states have para symmetry. Molecules cannot 

interconvert between ortho and para states during collisions. In practice this means that 

molecules that are detected in the k = 0, 3n… product states will have originated from 
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molecules in either jk = 00 or 10 pre- scattering, with those finishing in k ≠ 0, 3n having come 

from jk = 11, the ground state of para- NH3. The energy levels of NH3 are shown in Fig. 1.10. 

The spectroscopy of NH3 is discussed in greater detail in Chapter 4. 

 
 

 
 

Fig. 1.10 Rotational energy level diagram for the ground electronic state of NH3 for the energy range 

of interest for our scattering experiments.
36 States are labelled by j number with the k number in 

subscript. Para states are shown in black, with ortho states in red. Each of the states is split into a 

doublet by coupling to the umbrella inversion mode. The exception to this is for states with k = 0, for 

which for each one of these parity states is forbidden by the Pauli exclusion principle. 

1.3.3 Spectroscopy of NO 

The ground electronic state of the NO radical is X2П. Absorption of photons of wavelength in 

the UV range can lead to excitation of this to the first excited electronic state, A2Σ+. In the 

experiments described in Chapter 3 of this thesis NO molecules are excited to A2Σ+ prior to 

collisions with Ne, and the scattered NO products are then detected using a (1+1′) REMPI 

scheme via the E2Σ+ state. NO has an unpaired electron in a π* orbital. This means that its 

orbital angular momentum, L = 1, and electron spin angular momentum, S = 0.5. 

For the energy levels of interest to this work the angular momentum coupling in NO(X) can be 

described using Hund’s case a.
32

 This means that L and S couple to the internuclear axis, r, as 

follows. If the projections of L and S onto this axis are labelled Λ and Σ respectively then these 

couple together to give the total orbital angular momentum, Ω, so that 

𝛺 = |𝛬 + 𝛴|                                                                                                      (1.33) 

 
with the possible values Λ = 1 and Σ = ±0.5. 

 
The total orbital angular momentum then couples to the bond rotation angular momentum, R 

to give the total angular momentum, J: 
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𝐽 = |𝑅 + 𝛺|                                                                                                       (1.34) 

As there are two possible values that 𝛺, and therefore J, can take, J states are split into two sets 

of quantum states, labelled 2𝛱1⁄2 and 2𝛱3⁄2, where the subscript represents the value of 𝛺 

contributing to this set. The 2𝛱3⁄2 states are 123 cm-1 higher in energy than the equivalent 2𝛱1⁄2 

states. 

Each these spin orbit states is further split into a Λ-doublet by the coupling of L with R. These 

represent states for which the unpaired electron is rotating in or perpendicular to the plane 

containing the bond axis rotation. The states can be resolved spectroscopically, as they have 

opposite parity values, despite the very small differences in energy between them. Which parity 

Λ-doublet state has the higher energy alternates as J is increased, and the state with the highest 

level is always labelled e, with the lower energy state labelled f. 

In the excited (A2Σ+) state, the unpaired electron is in the σ* orbital. In this case Λ = 0 and as 

a result there is no coupling between S and r. This means that Hund’s case b is followed. R and 

Λ couple to form the total angular momentum without electron spin, N: 

𝑁 = 𝑅 +  𝛬                                                                                                       (1.35) 

 
This then couples with S to give J: 

 
𝐽 = 𝑁 + 𝑆                                                                                                         (1.36) 

 

The same coupling rule also applies to the E2Σ+ Rydberg state, as this also has its unpaired 

electron in a σ* orbital. 

On excitation from the X2П → A2Σ+ and A2Σ+ → E2Σ+ the following selection rules apply: 

 
𝛥J = 0, ±1   with the restriction 𝛥J= 0 ⇹ 𝐽 = 0 (1.37) 

 
𝛥𝑁 = 0, ±1 with the restriction 𝛥𝑁 ≠ 0 for Σ- Σ transitions (1.38) 

 
𝛥𝑆 = 0 (1.39) 

 
𝛥𝛬 = 0, ±1 (1.40) 

 
Parity must change during transitions. 

 

Fig. 1.11 and Fig. 1.12 show the allowed transitions for X2П → A2Σ+ and A2Σ+ → E2Σ+ 

excitations respectively. 
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Fig. 1.11 Energy level diagram for the v = 0 vibrational levels of the X2П and A2Σ+ levels of NO, 

with allowed transitions labelled. Spin-rotation splitting has been exaggerated for clarity. 
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Fig. 1.12 Energy level diagram for the v = 0 vibrational levels of the A2Σ+ and E2Σ+ levels of 

NO, with allowed transitions labelled. Spin-rotation splitting has been exaggerated for clarity. 
 

1.3.4 Polarisation Effects 

The angular momentum of an NO molecule can is described by a vector, J, with both the 

magnitude of J and its projection onto an arbitrary axis (Jz) being quantised. In a sample of NO 

gas, however, molecules will be present in all orientations, and thus J can point in any given 

direction in space, relative to some arbitrary axis, Z, in the laboratory frame. Indeed, for most 

NO samples, there will be a completely random distribution of these vectors relative to Z, and 

there is as a result no net polarisation of the angular momentum vectors within the sample. 

Under certain circumstances, however, it can be energetically preferable for J to point in a 

particular direction in the laboratory frame. There are two possible ways in which this can 

occur (Fig.1.13). In an oriented sample of molecules there is a preference for a particular 

direction of the angular momentum vectors, i.e. they are preferentially orientated pointing 

towards either the positive or negative z direction. In an aligned sample, on the other hand, 

there is no preference for either the positive or negative directions, however, there is a 

preference as to whether molecules are positioned parallel to or perpendicular to Z. In 
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practise, it is impossible to generate an orientation without also generating an alignment. 

 

 
Fig. 1.13 Pictorial representation of the distribution of directions in which the vectors representing the 

angular momentum of an NO molecule are pointing in an unpolarised sample, an orientation and an 

alignment. In the top half of the figure. These angular momentum vectors are shown classically as 

arrows that can be pointing in any direction. In the bottom half of the figure is the quantum 

mechanical representation, where these vectors correspond to values of the m quantum number, which 

represents the discrete values that Jz can take.  

Within a crossed molecular beams setting, it is possible to generate either an alignment or an 

orientation of excited state molecules via optical preparation. This relies on the fact that when 

a laser beam is introduced with a set polarisation, some positionings of J relative to this will 

lead to a higher probability of absorption of a photon and thus preferential excitation. This is 

because the probability of excitation is related to the overlap between the electric vector of the 

photon and transition dipole moment, the first of which is determined by the laser 

polarisation and the second of which is dependent on the direction of J. The use of linearly 

polarised light (horizontal or vertical) leads to an alignment of molecules, whereas the 

introduction of circularly polarised (left- or right-handed) generates an orientation. 
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2.1 Crossed Molecular Beams Setup for NO(A2Σ+) Scattering Experiments 

 
2.1.1 Experimental Overview 

The experimental work that forms the basis of Chapter 3 was carried out using a compact 

crossed molecular beams setup
26 with VMI as the detection scheme.

24 It was designed by T. R. 

Sharples and M. L. Costen, and built with the aid of T. F. M. Luxford, being described in detail 

in his thesis.
37 It has been used previously to study the collisions of NO(A2Σ+) with rare gas 

atoms,
20,38–40 N2 and D2.

9,40 This setup was specifically designed in order to investigate the 

dynamics of collisions of electronically excited species, with the ion optics setup designed so 

as to maximise the detection of NO that had undergone the desired excitation process prior to 

scattering, whilst discriminating against NO that may have been produced by other routes. 

The experiment aimed to probe rotational energy transfer and polarisation effects during the 

scattering of NO in the (A2Σ+) state from Ne. Previous studies have documented collision 

processes involving NO(A2Σ+) that was in its ground rotational level prior to the scattering: 

this work, in contrast, looks at collisions involving initially rotationally excited and aligned 

NO(A2Σ+). 

The setup consisted of two pulsed molecular beams which meet at 90° in the centre of a high 

vacuum scattering chamber (Fig. 2.1). The primary beam consisted of NO, seeded as a 10% 

mixture in Ne. As discussed in Section 1.2.1, seeding the molecular collider in a rare gas 

improves the rotational cooling achieved during the molecular expansion. 10% was here found 

to be the optimum value for enhancing this cooling whilst still having a high enough 

concentration of NO for good levels of scattering signal to be observed. The backing pressure 

of the NO/Ne mixture was 3 bar. The collider beam was neat Ne with a backing pressure of 5 

bar. The molecular beams are formed via supersonic expansions through pulsed General 

Valves (Parker Series 9). These each had an orifice of diameter 0.5 mm and a repetition rate 

of 10 Hz. These were housed in individual source chambers, separated from the main 

scattering chamber and pumped via turbomolecular pumps (Edwards, EXT75DX). The beams 

passed through skimmers manufactured by Beam Dynamics Inc. with 0.5 mm orifices, 

before entering the main scattering chamber. The nozzle to skimmer distances were each 20 

mm. 
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The main chamber was pumped by a third turbomolecular pump (Edwards, EXT300D). These 

three turbomolecular pumps were backed by a dry scroll pump (Edwards nXDS10). A fourth 

turbomolecular pump (Edwards, EXT75DX) was used to pump out the detector chamber, with 

this being backed by a further scroll pump (Edwards, nXDS6). The detector chamber was 

directly above the main scattering chamber and connected to this by a tube and a gate valve, 

which could be closed in order to completely isolate the detection chamber. As the system 

pumping out the detector chamber was separate to that pumping the rest of the setup, this 

allowed for the detector to be kept under vacuum whilst work was being carried out on the rest 

of the equipment at atmospheric pressure. The base pressure of the chamber without the 

valves running was typically 2-4 × 10-9 mbar, with this rising to 5-8 × 10-7 mbar whilst 

measurements were being taken. The base pressure was measured in the molecular beam source 

cubes using wide range pressure gauges (Edwards, WRG-S-NW35), one mounted on each 

cube. In addition to this active ion gauges (Edwards, AIGX-S-DN40CF) were mounted on both 

the main chamber and the detector chamber. The latter allowed the pressure on the detection 

chamber to be monitored independently when the rest of the chamber was at atmospheric 

pressure. 

 

 

Fig. 2.1 Schematics of the source chambers (left) and the main scattering chamber (right). Valves have 

been highlighted in red, skimmer mounts in purple and the ion optics in green. Images adapted from the 

thesis of T. F. M. Luxford.37
 

The intersection point of the molecular beams is also crossed by the four laser beams used for 

the excitation and ionisation of NO. The first of these was at ~226 nm, the doubled output of a 

Source Chamber Source Chamber 

Main 

 Chamber 

Ion Optics  

Stack  



33 

Chapter 2: Experimental Section  
 

 

 

dye laser (Sirah CTSG), pumped by an Nd-YAG laser (Continuum Surelite II-10, 

Coumarin450/methanol). This beam served as the preparation laser beam and was used to 

pump the NO molecules to the N = 4 level of the A 2Σ+ electronically excited state prior to 

them undergoing collisions. Post-collision molecules were ionised using a 1+1′ REMPI 

scheme, involving three laser beams. One of these was at ≈598 nm, and was used to state 

selectively excite NO(A) molecules to the NO(E) state. This probe beam was generated from 

the output of a dye laser (Sirah CSTR-DA24), which was pumped by an Nd-YAG laser 

(Continuum Surelite I-10, Rhodamine B/methanol). The final laser beams to enter the chamber 

were the ionisation beams, at 532 nm, which were used to ionise the NO(E) molecules produced 

by the probe laser. These ionisation beams were generated from the same Nd-YAG that was 

used to pump the dye laser that generated the probe laser beams. A fraction of the output of 

the Nd-YAG, typically 20%, was divided off via a zero-order half-wave plate and a 

polarising beamsplitter prior to it entering the dye laser. This 532 nm output was divided by a 

beamsplitter into two equal components. One of these resulting beams entered the chamber 

counter-propagating with the preparation laser beam, whilst the other entered the chamber at 

90° to these. The use of two orthogonal ionisation beams reduced the effects of polarisation 

sensitivity induced at the ionisation stage. Ideally one would want three ionisation beams, 

representing the three orthogonal propagation directions, however, due to space constraints it 

was only possible to have a maximum of two in practice. 

The diameters of the four laser beams were controlled via irises immediately before entering 

the chamber via silica viewports. The preparation laser had a diameter of 2 mm, whilst the 

probe and ionisation laser beams had diameters of 3 mm. This larger diameter was chosen 

based on calculations and ensured that even the fastest moving molecules in the laboratory 

frame would not leave the detection region prior to ionisation. 

The fluence of the preparation laser was controlled using a Berek’s compensator and polarizer. 

This was set at 0.65 mJ cm-2 for all experiments. Immediately after the polarizer the 

preparation light passed through a photoelastic modulator (PEM, PEM-90 Hinds Inc.) before 

entering the scattering chamber. This prepared the polarisation of the electric vector of the light 

to be directed either vertically (V) or horizontally (H) in the laboratory frame, with this 

polarisation changing at intervals that were synchronised to the timings of the rest of the 

experiment (Section 2.1.5). The fluence of the probe laser beam was set to 570 µJ cm-2 and was 

controlled by a half-wave plate and linear polariser. This fluence was higher than for previous 
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work using this setup on the scattering of NO(A). This was necessary in order to get sufficient 

signal intensities to produce good scattering images. In order to obtain NO(A, N = 4, j = 3.5), 

NO(X) was pumped on the R21(2.5) transition. As the initial state population of the j = 2.5 state 

was lower than the j = 0.5 used in previous studies, the scattering signal was lower and higher 

pump fluences were needed in order to achieve good signal to noise ratios. This higher probe 

fluence also ensured that the detection process was not sensitive to the polarisation of the 

scattered products, as it was high enough to saturate the excitation step of the detection 

REMPI process. The fluence of the ionisation laser was 28 mJ cm-2. Tests were carried out in 

the absence of the ionisation beam in order to ensure that only (1+1′)REMPI signal was 

observed at this probe and ionisation fluence combination, with no ions being produced by 

absorption of two probe laser photons. It was found that no significant signal intensity could 

be recorded when no ionisation laser intensity was entering the chamber. 

The NO+ ions produced by ionising the products of the collisions were detected via velocity 

map imaging. Collisions and ionisation took place in the collision region, located between 

plates 1 and 2 of the ion optics stack. Ions were then accelerated upwards through the 

remainder of the ion optics stack, before passing through a field-free region and impacting 

onto a position sensitive detector. The ion optics stack was made up of 8 electrodes, which 

were mounted on four insulated posts. The voltages on the ion optics were chosen so as to 

map their post-collision velocities, with the exact design of the ion optics stack being chosen 

so minimise the spread of ions of different velocities in the direction of the axis and maximise 

the spread of ions produced at different times. This allows for the discrimination between 

those ions that were ionised by the 598 nm + 532 nm probe scheme and those that were 

ionised by absorbing two photons of light from the preparation laser (226 nm + 226 nm) 

instead of the desired one photon. The voltages of three of the ion optics plates could be 

controlled independently, with the rest being controlled by custom-built voltage divider 

network. The voltages of the plates directly above and below the collision region were fine-

tuned at the start of this study, as the velocity mapping conditions were most sensitive to 

these (see Section 2.1.4). 

The detector consisted of a pair of microchannel plates (MCPs) and a phosphor screen 

(Photonis 40 mm diameter, P47 phosphor). Ions impacting on the MCP plates caused an 

electron cascade, which magnified the signal from each individual ion. These electrons caused 

illumination of the phosphor screen, with this illumination being captured by a charge coupled 

device (CCD) camera (Basler scA 780-54fm, 782 × 582 pixel array). The detector was time- 
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gated (Section 1.2.3) in order to selectively view ions of NO+ produced by the desired 

(1+1′)REMPI scheme. Due to the 380 ns delay between the firing of the pump and probe lasers 

any NO+ ions produced by absorption of two photons of 226 nm light, arrived sufficiently 

long before the desired scattering signal to be discriminated against. This time-gating was 

achieved by holding the rear MCP at a resting voltage that was below the threshold value 

required to allow ions impacting upon it to trigger an electron cascade, with this voltage being 

switched to one that was above this threshold only at the times at which the ions of interest 

would arrive. This switching was carried out by a fast high-voltage switch (DEI PVX4140) 

with a rise time of less than 25 ns. The ‘on’ time of the detector was 120 ns, centred at the time 

of arrival of the NO+ ions generated by the probe laser. This was sufficient to capture all the 

scattered signal whilst minimising recording of signal from other sources (see Section 2.1.6). 

Ions were mapped onto the detector at positions dependent only on their post-collision 

velocities, with the velocity-to-pixel conversion factor of 8.73 ± 0.02 m s-1 pixel-1 having been 

calculated based on previous measurements involving NO2 photolysis carried out by T. F. M. 

Luxford.
37

 

The experiment was controlled by a delay generator (Quantum Composers 9520 series), which 

was in turn controlled by a LabVIEW program, written by T. R. Sharples. The program was 

responsible for recording the images viewed by the CCD camera. Images were recorded in sets 

of four cycles. A set consisted of a total image and a background image each, for both 

horizontally and vertically polarised light. The background images were obtained by firing the 

primary nozzle (NO) as normal, but by delaying the secondary nozzle (Ne) by 1 ms, meaning 

that this no longer intersected the primary gas pulse. This meant that no scattering signal was 

observed, but all other processes that generated background ions were unchanged. Subtraction 

of the background image from the total image meant that only signal from the scattering 

process was left in the background-subtracted image. 

2.1.2 Experimental Timings 

The timings of the experiment (laser beams, nozzles, the detector mass-gate and the camera) 

were controlled using a delay generator (Quantum Composers 9520 series), which was itself 

controlled by the LabView code. This sent trigger pulses to the lasers, nozzles, MCPs and 

camera, precisely controlling the timings of these relative to each other. The delay generator 

was itself synchronised to the PEM, with the timing of this corresponding to the lowest power 

of vertically polarised light transmitted defining t = 0 for the whole experiment. The PEM 

oscillated at a frequency of 50 kHz, with this being down-counted by a counter/timer (National 
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Instruments, cDAQ-9171), in order that the compression cycle of the PEM was matched to the 

10 Hz repetition rate of both the laser and the nozzles. 

The timings of the triggering of the different parts of the experiment are summarised in Fig. 

2.2. The Q switches and the flashlamps of the two lasers were triggered independently, with 

the time delay between these two triggers being optimised so as to maximise the power outputs 

of the lasers (180 µs). The timings of the preparation laser and the probe laser were such that 

the probe pulse reached the collision region 380 ns after the preparation pulse, which was the 

optimum time to allow sufficient collisions of the NO(A) molecules, whilst minimising the 

time available to fluoresce down to the ground state. It also allowed the differentiation between 

NO+ produced by the probe laser via the desired (1+1′)REMPI scheme and background NO+ 

ions produced by absorption of two preparation photons. The ionisation pulses were generated 

from the same Nd:YAG laser as the probe pulse, but they passed down an optical delay line 

prior to entering the chamber, and thus reached the collision region 4 ns after the probe pulse. 

 

 

 

Fig. 2.2 Diagram of the experimental timings, as discussed in the main text. The triggering of the PEM 

defines time = 0. There is a 380 ns delay between the firing of the preparation and probe lasers. For 

details of the timings of the primary and secondary valves see Table 2.1. This diagram is correct for 

the NO(A) + Ne scattering experiments described in the results section. When carrying out the centring 

measurements the detector was turned on 380 μs earlier than in the scattering experiments, as the 

former was looking at ions generated by the preparation laser only. The difference in the timings of 

nozzles 1 and 2 is due to the different temporal functions of the nozzle driver electronics. The nozzles 

were optimised so as to allow the coldest parts of the two molecular beams to arrive in the collision 

region at the same time. In the centring measurements involving Ar and He the timings of nozzle 2 

were different to those shown above, due to the different beam speeds of the gases. 

 

 

The timings of the primary and secondary nozzles were chosen so as to allow for the 

rotationally coldest part of the supersonic expansion to reach the collisions at the time of the 

preparation laser firing. This was optimised by analysing beam profiles. This involved running 
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signal intensity measurements with only the preparation laser firing, holding this at its optimum 

wavelength for the Q1(0.5) transition whilst scanning across the nozzle timings relative to this. 

The results of this, measured for samples of NO in Ne are shown in Fig.2.3. These scans were 

run using trace amounts of NO in Ne, it being assumed that the beam profiles when using either 

10% NO in Ne or pure Ne would be similar to these. Similar measurements were made for 

optimising the timings of the nozzles when using Ar or He as a seed gas, and these were used 

during the centring measurements described in Section 2.1.3. Table 2.1 summarises the 

optimal nozzle timings for each of the seed gases used. 

 

 

Fig. 2.3 Scan of signal intensity versus 

wavelength for trace samples of NO in Ne run 

through the primary and secondary nozzles 

(nozzles 1 and 2 respectively). Spectral 

assignments were made using the LIFBASE
41

 

tool, and are shown above each peak. 

Comparison to simulated spectra generated in 

LIFBASE allowed beam temperatures to be 

estimated as 15 K for the primary nozzle and 

10 K for the secondary nozzle. 

 

 

 

REMPI scans run at the selected optimum nozzle timings confirmed the low rotational 

temperatures of the molecular beams at these timings (Fig. 2.3). These were carried out for 

the samples of trace NO in Ne only, as Ne was employed in the scattering experiments 

themselves. This ensured that the nozzles could be mechanically adjusted in order to allow 

for optimal rotational cooling. 

 

Ideal nozzle timings 

relative to the 

preparation laser / μs 

Ar Ne He 

Nozzle 1 -561 -475 -455 

Nozzle 2 -605 -585 -490 

 
 
Table 2.1 The optimal timings for nozzles 1 and 2 when using each of the seed gases employed, 

relative to the timing of the preparation laser Q switch firing. These were selected so as to give 

molecular beams that were both rotationally cold and having sufficient intensities to get good signal to 

noise ratios. 
 

R21(3) 

R21(2) 
R21(1) 

R21(0) 

S21(0) 

Q1(0) 

R21(0) 

R21(1) 
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Velocities and velocity spreads of all of the beams used had been previously measured by T. 

F. M. Luxford37 using laser induced fluorescence (LIF) measurements and are recorded in 

Table 2.2 and 2.3 respectively. As these LIF measurements were dependent on the presence of 

NO in the beam it was not possible to measure the FWHM speed of the Ne collider gas directly. 

However, it was assumed that this was similar to that of a sample of 1% NO in Ne. 

 

Seed Gas 10% NO (mean) / m s-1 1% NO (mean) / m s-1
 

He 1396.8 1677 

Ne 803.1 801.6 

Ar 575.1 560.5 

 

Table 2.2 Average velocities for the different concentrations of NO in each of the seed gases used in 

this work, as obtained by T. F. M. Luxford.
37

 

 
 

Seed Gas 10 % NO (FWHM) / m s-1
 1% NO (FWHM) / m s-1

 

He 91.2 ± 0.4 124 ± 5 

Ne 57 ± 1 52 ± 1 

Ar 53 ± 2 45 ± 3 

 
Table 2.3 FWHM of beam speeds for the different concentrations of NO in each of the seed gases used 

in this work. These are based on LIF measurements recorded by T. F. M. Luxford and documented in 

his thesis.
37 It is assumed that speeds for the trace NO mixtures used in the zero of velocity 

measurements described in Section 2.1.3 are similar to those obtained in a 1% mixture. It is also 

assumed that pure Ne behaves similarly to a 1% mixture of NO in Ne. 

During the background images, the timings of the secondary nozzle were moved to 2 ms later 

than the optimum timing, which meant that scattering signal was not observed. The detector 

was time-gated so that only the desired NO+ ions were recorded. In the scattering experiments 

these were the NO+ ions produced by (1+1′)REMPI, and this required a detector gate timing of 

7.46 µs after the firing of preparation laser Q switch, in order to differentiate these from signal 

produced by absorption of two photons of 226 nm from the preparation laser. The centring 

measurements on the other hand involved only light from the preparation laser and an earlier 

detector gate timing of 7.08 µs was thus required. In both cases the width of the gate valve 

pulse was 120 ns, which was long enough for the entire Newton sphere to be recorded without 

recording undesired background ions. The camera was active for a 100 µs period, with this 

time being centred on the time of the probe laser Q-switch triggering. 
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The timing of the preparation pulse relative to the PEM was altered when making 

measurements of the two different polarisations of the preparation light. ~5 µs variation was 

required in order to switch the polarisation of light from vertical to horizontal. When altering 

the timings of the laser firing the Q-switch and flashlamp were moved by the same amount, so 

that the delay between them, and thus the power output of the laser, remained constant. This 

time alteration was controlled by the LabView program, which was written so as to cycle 

between horizontal and vertical images and their respective background images within a given 

cycle of recording. On altering the timings of the preparation laser by 5 µs the timings of the 

rest of the experiment (the firing of the nozzles, probe laser and detection system) were also 

altered in order to keep all other parameters of the experiment unchanged. 

2.1.3 Centring Measurements 

In order to correctly fit the experimental scattering images produced in this work, it was 

necessary to know certain experimental parameters, so that the fitting program could correctly 

calculate the beam velocities and expected position of the scattering image on the detector. One 

of these parameters is the location of the particles travelling at zero velocity in the lab frame. 

This location was calculated daily, based on measurements of the positions of beam spots of 

trace NO in three different carrier gases, He, Ne and Ar. These beam spots were recorded by 

introducing trace amounts of NO to the beam, with this being ionised by (1+1)REMPI using 

only the preparation laser and on the R21(2.5) transition. It was necessary to calculate this 

parameter daily, as mechanical instabilities within the equipment meant that the exact location 

of the pixel of zero of velocity varied from day to day by about 1.5 pixels.
37

 

The different masses of these carrier gases led to different velocities of NO samples, and thus 

beam spots that were mapped onto different positions on the detector. The direction of 

propagation of each of the molecular beams was, however, the same for a given nozzle, 

irrespective of which seed gas was used. Points for beam spots of different velocities could 

therefore be joined to form a line, corresponding to the directions of the two input beams, with 

the point at which these intersected defining the pixel of zero velocity. The centre of each of 

the beam spots was defined by fitting using 2D Gaussians, with the lines plotted passing 

through these centres. Fig. 2.4 shows this pictorially. 
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Fig. 2.4 Example image from which fitting was carried out in order to find the zero of velocity pixel. 

This was made by combining images for the ionisation of trace amounts of NO in He, Ne and Ar 

(labelled) through both nozzles at 226.053 nm. The black lines show the direction of travel of the 

molecular beams with the crossing point of these corresponding to the pixel of zero laboratory frame 

velocity pixel (Z.V.). 

 
2.1.4 Optimising the Ion Optics Voltages 

VMI requires the use of curved electric fields, in order to ensure that all ions of the same 

velocity are mapped onto the same region of the detector. The quality of the velocity mapping 

describes how small this region is for ions of a given velocity but produced at different locations 

within the scattering region. This is very sensitive to small changes in the voltages applied to 

the different plates within the VMI ion optics stack. The ion optics stack involved in this 

experiment consisted of 8 electrodes, of which the voltages of three (V1, V2 and V3) were 

independently controlled. The next four (V4, V5, V6 and V7) were powered off the third plate, 

using a voltage divider network. The uppermost electrode (V8) was grounded and formed the 

start of the field-free region. 

Initial estimates for the voltages required for optimal velocity mapping conditions had been 

previously calculated using the SIMION program
42 by T. F. M. Luxford.

37 Tests were then 

carried out, varying the voltages V2 and V3 systematically around the calculated values, in 

order to see if better velocity mapping could be achieved, with this defined by the ability of the 

electric fields to map ions of the same velocity onto the smallest area of the detector possible. 

The quality of the images was most strongly dependent on these two voltages, as these were 

most strongly involved in generating the velocity mapping lensing effect. V3 naturally altered 

voltages V4-V7, as these plates were controlled by it. 
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These optimisation tests were carried out by recording beam spot images for each of the two 

nozzles simultaneously. These beam spots were for a 10% mixture of NO in Ne, at a backing 

pressure of 3 bar. Ionisation was carried out using the preparation laser only, with this tuned to 

the Q1(0.5) transition. This should, under ideal VM conditions, produce two beam spots that 

would be well defined by 2D Gaussian distributions. 

Tests were carried out by first varying the V2 and V3 voltages in coarse steps centred on those 

voltages predicted by the SIMION calculations. The VM conditions were found to be more 

sensitive to V2 so this was varied in steps of 5 V with V3 being varied in 20 V steps. After 

visual inspection of the resulting images (Fig.2.5), it could be seen which voltage region 

produced the best-defined beam spots. A second set of images was then obtained, varying the 

voltages in smaller steps (1 V, Fig.2.6) over a smaller range, across the region selected based 

on inspecting the coarse image grid. 2D Gaussian functions were then fit to the beam spots in 

each of these images and the quality of these fits was assessed by comparing the integrated 

residual values of the images compared to the fits. The voltage set with the lowest integrated 

residual was selected as that giving the best quality focussing of the beam spots and thus the 

best velocity mapping conditions. These voltages are shown in Table 2.4.
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Fig. 2.5 Voltage grid showing how the shape of beam spots from trace NO in Ne changed when 

altering the voltages of plates 2 and 3 in coarse steps, whilst keeping all other experimental settings the 

same. The region around V2 = 2656 V and V3 = 2025 V (indicated by a red box) was chosen as that 

which had the most promising VM conditions. A finer grid of voltage changes around these values is 

shown in Fig. 2.6. 
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Fig. 2.6 Voltage grid when altering the voltages of plates 2 and 3 in fine steps, in the region selected 

after visual inspection of Fig. 2.5 to have the best shaped beam spots. The final voltages used are 

shown in Table 2.4 (below). 
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Electrode Number Voltage / V 

1 3000 

2 2656 

3 2025 

4 1705 

5 1280 

6 850 

7 425 

8 0 

 

Table 2.4 Voltages used on each of the plates in the NO CMB-VMI scattering experiment, after the 

optimisation tests described above. Voltages 1-3 were individually programmed with voltages 4-8 fed 

off plate 3 via a custom-made voltage divider network. 

2.1.5 Setting the Preparation Laser Polarisation 

Excitation of NO by a linearly polarised laser light led to a sample of NO(A, N = 4, j = 3.5, 

f2) with an alignment of its rotational angular momentum (see Section 1.3.4). The N = 4 state 

was chosen as a compromise between the available population in lower N states from a 

molecular beam that was rotationally cold, and the need to reduce the effects of nuclear 

hyperfine depolarization (NHD).
39,43

 NHD reduces the achieved alignment of the NO(A) 

rotation by coupling this to the randomly aligned nuclear spin angular momentum. The 

effects of NHD are reduced for higher N states, meaning a greater alignment can be achieved. 

The N = 4 was selected so as to allow for the greatest possible alignment, whilst still being 

able to achieve a high enough population be able to achieve good scattering signal.  

Switching between horizontally and vertically polarised light meant the direction of this 

alignment could be changed. This switching was achieved by passing the initially vertically 

polarised laser light through a PEM. This consisted a birefringent quartz crystal, which 

underwent periodic compression cycles. As the birefringence is proportional to the strain 

applied the polarisation of light output by the crystal changed at different points over the 

course of this compression cycle. The timings of the other experimental equipment (Section 

2.1.2) were synchronised to the compression cycle of the PEM, allowing for measurements to 

be taken at each of the extremes of the polarisation cycle. 

In order to synchronise the experimental timings to the extremes of the PEM cycle it is 

necessary to know exactly when these occur. This was ascertained by passing the output of the 

PEM through a linear polariser and measuring the resultant laser energy. The polariser could 

be set to allow exclusively horizontal or vertical polarisation through. Altering the timings so 

as to find the point at which the lowest energy of light was transmitted through the polariser 

(the ‘null point’) yielded the timings of the PEM output with opposite polarisation to that 
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which the polariser was set to transmit. That is a null point with the polariser set to transmit 

horizontal light gave the optimum timing for the generation of vertically polarised light, and 

vice versa. It was estimated that laser polarisations of the order of ~95% were generated 

using this method. 

2.1.6 Tests for Sources of Background Signal 

When carrying out CMB-VMI experiments there are inevitably sources of signal other than 

those generated via the desired scattering processes occurring. During the course of the 

experimental work discussed in Chapter 3, several methods were used to reduce and subtract 

out some of these possible sources of background signal. 

The first of these sources was thermal and electrical noise within the CCD camera, which lead 

to some of the pixel readings being non-zero, even when the camera lens cap was on. In order 

to overcome this the data acquisition code was written so as to set any pixels of value <20 to 

zero every time an image from a single laser shot was recorded. This threshold value was 

selected based on tests by T. F. M. Luxford
37 and was chosen so as to effectively eliminate this 

‘dark’ signal from the camera, whilst still allowing for low intensity parts of the scattering 

signal to be recorded. 

A second source of background signal was signal from NO(A) that was ionised non-resonantly 

by two photons of 532 nm from the ionisation beam. This is a non-state-selective process, 

however, as non-resonant ionisation is much weaker than resonant ionisation, and the majority 

of NO(A) molecules do not undergo collisions. In practice it is only unscattered NO(A) that 

produces notable signal by this route. This appeared as a peak of intensity (beam spot) in the 

extreme forward direction of the images. As only photons from the ionisation beams are 

involved this is not dependent on the probe laser wavelength and is thus present in images from 

all of the N′ states. In general signal from unscattered NO(A) was accounted for by acquiring 

background images, that is images taken with the timings of the secondary nozzle altered so as 

to prevent any collisions, and subtracting these from the overall experimental image (see 

Section 2.1.7). Tests were carried out in which the probe laser beam was prevented from 

entering the scattering chamber, in order to see whether ionisation by two photons of 532 nm 

light contributed to the scattering images produced. It was found that in these images only a 

beam spot was produced, with no noticeable scattering signal, and could thus be concluded that 

all observed scattering signal in the main images originated from state-selectively ionising 

products via (1+1′)REMPI. 
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When unscattered NO underwent this process, the signal also appeared as part of the beam spot 

and was subtracted out of the final image accordingly. Scattered NO could also undergo non- 

resonant ionisation. Here scattering rings would, however, not be for a particular known final 

rotational level of NO, as non-resonant ionisation is non-state selective. An image was, 

however, recorded without the presence of the probe laser beam, so that all ionisation would 

have to come via two photon absorption from either the preparation or ionisation beams. This 

image, however, showed no detectable scattering signal, and thus it was concluded that signal 

from non-resonant ionisation of scattered NO would be negligibly low compared to that 

generated via the desired resonant process. 

Another possible source of undesired ions was ionisation of NO(A) by absorption of a second 

photon of 226 nm light from the preparation laser. As the preparation laser fired 380 ns before 

the probe laser, this signal, however, arrived at the detector prior to that from ions generated 

by the probe laser, and could largely be discriminated against using the correct timings of the 

detector gate. Any remaining signal would have been subtracted out as part of the background- 

subtraction process. 

2.1.7 Data Acquisition 

Data acquisition was carried out using a program written in LabView by T. R. Sharples and 

described in the thesis of T. F. M. Luxford.
37 The same program was used both to trigger the 

delay generator, control the wavelength of the lasers and to record the outputs of the camera at 

different times, thus allowing for the recording of experimental data. The program works as 

follows. Recorded signal in individual pixels during a single camera shot were converted to a 

2D numeric array. These arrays were then summed over a given number of camera shots in 

order to give a total intensity for a given pixel over that period of time, a frame. When carrying 

out the experimental images four frames were recorded, with the program recording 200 shots 

to each frame in turn. These frames corresponded to a scattering image with vertically polarised 

preparation laser input, a background image for the same polarisation, a scattering image with 

horizontally polarised preparation light and the corresponding background image. The timings 

of the triggering of all of the experimental parts were changed with respect to the compression 

cycle of the PEM when moving between the vertically and horizontally polarised images, with 

just the timings of the secondary nozzle being changed in order to take the background images 

(see Section 2.1.5). A background-subtracted image was obtained for both the polarisations of 

light by subtracting the background image from the total image, with this subtraction taking 

place every time 200 shots were added to a background image, in order that these background- 
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subtracted images could be monitored in real time. 

In order to ensure that there was no bias in the recorded images from Doppler selection of 

molecules with a particular velocity in the laboratory frame, the wavelength of the probe laser 

was scanned across the entire Doppler profile of the transition of interest. This was carried out 

by recording 200 shots in each of the four frames at a given wavelength, before increasing the 

wavelength in steps between set limits and repeating the recording process. A cycle consisted 

of recordings at 0.0005 nm steps over a range of typically 0.015 nm – 0.019 nm. This step size 

was less than the full width at half maximum (FWHM) spectral bandwidth of the probe laser, 

0.0012 nm.40 The exact range was determined by manually stepping the wavelength of the 

probe laser across the transition and observing from the live images the range at which 

scattering was present. A few points of baseline were included at either side of the range in 

order to make sure that the full transition had been covered. This size of this range varied from 

state to state but was kept constant for different images of the same state. The exact positioning 

of the range was, however, redefined before starting every experimental run to account for 

slight changes in the reported laser wavelength from day to day. The LabView program also 

recorded a count of total signal intensity against wavelength so this could be observed over the 

course of the run, in order to ensure that the full transition had been covered. Three to four 

complete cycles were recorded per image, with this number varying from state to state based 

on the difference in the ranges across which the wavelength of the laser was measured, keeping 

the total number of shots recorded (64,000) the same across all images. 3-6 images were 

recorded for each experimental state, with the exact number dependent on the signal to 

background noise intensity for that state. 
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2.2 Crossed Molecular Beams Setup for Ammonia Scattering Experiments 

 
2.2.1 Experimental Overview 

The experimental work described in Chapter 4 of this thesis was carried out using a compact 

crossed molecular beam apparatus, built by S. J. Greaves, with a design based on a similar 

setup reported by Jansen et. al.
26

. The setup here had been previously used for the study of 

scattering processes involving methyl radicals (Fig. 2.7).
5,36,44–46 Molecular beams (MB) were 

generated as supersonic expansions through pulsed valves, passing through skimmers before 

intersecting at 90° under high vacuum at the centre of the scattering chamber (Fig. 2.7). The 

compactness of the chamber was designed to minimise the distance between the nozzles and 

the collision point, maximising the MB densities and thus the number of collisions observed. 

It also allowed for a more efficient pumping of the chamber, increasing the mean free path of 

the molecules of interest and reducing undesirable collisions with background gas particles. 

The base pressure of the chamber was typically 1 × 10-8 mbar, with this rising to ≈ 1 × 10-6 

mbar when scattering measurements were being taken. 

The crossing region of the two molecular beams was intersected by a laser beam, propagating 

at 45° to the primary molecular beam and at 135° to the secondary gas beam. This laser beam 

consisted of the frequency doubled output of a tuneable dye laser, which was pumped by the 

3rd harmonic of an Nd:YAG laser, and produced wavelengths between 316 nm and 319 nm. 

Tuning of the dye laser to a particular wavelength allowed for state selectivity in the ionisation, 

and therefore detection, of the scattered NH3 products. This ionisation occurred via the 

𝐵  1E′′(ν2 = 4) intermediate state as part of a (2+1) REMPI scheme (see Section 1.3.1).
33
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Fig. 2.7 a. Cut-away CAD diagram of the reaction chamber, showing the position of the two molecular 

beams and the ion optics stack. The laser beam (not shown) entered at 45o to the primary molecular 

beam and 135o to the secondary beam, that is in the plane of the paper, and intersected both the gas 

beams at their crossing point in the centre of the chamber. The MCP plates, phosphor screen and CCD 

camera were located after a field-free region, directly above the ion optics stack (see main text for 

details). b. Top down schematic showing the relative positions of the molecular and laser beams within 

the scattering chamber.
36

 

The primary collider was prepared as 3% NH3 in Ar, with the secondary colliders employed 

either neat (Ar, D2) or seeded as a 25% mixture in He (methane, ethane, neopentane). 

Sections 1.2.1 and 2.2.3 describe the reasons for seeding certain species in these 

concentrations. For all gases, backing pressures of 5 bar were employed. 

The collision region was located within a vertical stack of VMI electrodes. Voltages were 

applied to these plates in order to accelerate the ions produced upwards through the stack. 

These then passed through a field-free region and impacted upon a position sensitive detector, 

consisting of two MCPs and a phosphor screen. The fluorescence from this screen was imaged 

by a CCD camera and recorded using a custom data acquisition program, written in LabView. 

A silicon photomultiplier (SensL) (SPM) was also used to collect the total light from the screen 

and to output this to an oscilloscope (LeCroy WaveRunner). 

The electrode stack consisted of 20 plates, with voltages ranging between 1000 V at the bottom 

of the stack and 0 V immediately before the field-free region. The voltages of the first 8 plates 

in the stack could be independently tuned and were chosen so as to generate optimal velocity 

b. a. 
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mapping conditions within the collision region (see Sections 1.2.3 and 2.1.5). 

Gentle field gradients were chosen so as to allow the ion cloud to expand along its axis of 

propagation as it travelled up the ion optics stack.
29 The detector was gated so as to only record 

a 30 ns slice at the time at which the centre of the ion cloud reached it. This was achieved by 

holding the rear MCP at a voltage below that required for an ion impact to trigger an electron 

cascade, with 500 V being added to this MCP at the desired times in order to bring its voltage 

above this threshold. Ion hits viewed by the camera as individual flashes of light were relayed 

back to the computer, where the position, timing and number of these were recorded and binned 

into pixels by a the LabView data acquisition program. 

The chamber itself consists of a spherical octagon, with the collision region located in a cuboid 

at the centre of this. The source regions are located within the octagon and are kept separate 

from the collision region by stainless steel baffles. The valves used to generate the molecular 

beams are General valves (series 9) and are pulsed at a repetition rate of 20 Hz, with typical 

pulse durations of 200 µs. The molecular beams were collimated by skimmers situated 3.69 cm 

from the centre of the chamber and ~1.6 cm from the nozzle faceplates. The nozzle-skimmer 

distance could be adjusted as these faceplates were mounted on posts attached to the wall of 

the cuboid, thus allowing for the gas flow through the skimmers to be adjusted and preventing 

the nozzles from choking. The diameters of the nozzle and skimmer orifices were 0.8 mm 

and 1 mm respectively. 

The chamber was pumped by a turbomolecular pump (Edwards nEXT 300D) mounted on the 

base of the octagon, a further two smaller turbomolecular pumps (Pfeiffer HiPACE 80) were 

located opposite the entrance of each of the molecular beams to the chamber, in order to prevent 

the build-up of gas during experiments. A further such pump was located on the wall of the 

field-free region directly before the detector, in order to prevent the build-up of gas close to 

this. The turbomolecular pumps were backed by a scroll pump (Edwards nXDS 15iC). 

Images were collected using a custom built LabView program written by D. J. Hadden. This 

recorded individual ion ‘hits’ across a region of interest centred on the detectors. These hits 

were recorded for every laser shot, converted into numerical arrays and stored, with the results 

from each shot being summed into the array. Images were taken with nozzle 2 running in a 

50 shots ‘on’ 50 shots ‘off’ mode, with the latter preventing any scattering from taking place. 

Shots with nozzle 2 ‘on’ and ‘off’ were recorded in two separate arrays, a total image array 

and a background image array respectively. The background image was subtracted from the 
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total image to give a background-subtracted image, which was the image to which fitting was 

carried out (Section 2.3). 

2.2.2 Laser Setup 

The use of velocity map imaging as the detection method for our system was dependent on a 

(2+1)REMPI scheme in order to ionise the reaction products. The laser setup consisted a 

tuneable dye laser (Sirah Cobra-Stretch), pumped by the third harmonic of an Nd-YAG laser 

(Continuum Surelite SLI-20) with a repetition rate of 20 Hz. 

The initial dye laser output was doubled using a BBO crystal, with the doubled light being 

separated from the fundamental via the use of Pellin-Broca prisms and irises. The resulting 

light was reflected off a series of mirrors before being focussed into the centre of the scattering 

chamber using a 250 mm lens. The laser beam was found to have a near-Gaussian intensity 

distribution, with the Rayleigh length measured to be 3600 µm and the waist width 200 µm at 

the focal point. These values were calculated by carrying out power measurements at a range 

of distances and xy displacements and fitting 2D Gaussians to them using the tools available 

as part of the Origin software package. This setup was used to generate wavelengths of 316-

319 nm, obtained using DCM in methanol as the laser dye. The power output of the laser 

directly prior to entering the chamber was 0.75 mJ/pulse, with a pulse length of 7 ns. The 

bandwidth of the laser before it passed through the doubling crystal was 0.0027 nm. 

2.2.3 Parameters of the Gas Beams 

The velocities of the molecular beams were calculated during the fitting procedure and were 

based on the observed positions of the molecular beam spots, as will be discussed in Section 

4.3.1. These velocities are shown in Table 2.5 and correspond to a valve temperature of 327 K. 
 

Gas Mean Beam Velocity/m s-1
 Beam Velocity Standard 

Deviation/m s-1
 

NH3 (3% in Ar) 590 62 

Ar 583 25 
D2 2171 106 

Methane (25% in He) 1450 115 

Ethane (25% in He) 1181 117 

Neopentane (25% in He) 838 100 

 

Table 2.5 Beam velocities of each of the gases used in the experiments discussed in Chapter 4. These 

have been calculated based on a valve temperature of 327 K and were consistent with beam spot 

positions observed. 

It is assumed during these calculations that equilibration of the kinetic energies of the collider 

and seed gas molecules has been obtained in such a way that the mean velocities of collider 
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and seed gas molecules are equal. That is to say that whilst the difference in mass and γ values 

of the collider as compared to the noble gas atoms alters the bulk properties of the gas sample 

undergoing the expansion, but that these bulk properties are shared evenly between the two 

different types of atom or molecule. In reality molecules that are lighter than the gas they are 

seeded in tend to travel slightly faster than average within the molecular beam, whilst for 

molecules that are heavier than their seed gas the opposite is the case. This can lead to velocity 

slip, with beam spots for a particular collider of interest appearing at slightly higher or lower 

velocities to where they would be predicted based on the bulk properties of the gases involved. 

Selection of a seed gas for the primary collider is based mainly on the beam speeds that one 

wishes to achieve, along with other factors, such as the signal intensity and efficiency of 

rotational cooling provided by these samples. Seeding the secondary collider, as is the case for 

the hydrocarbons discussed in Section 4.5, brings with it other considerations. Whilst using a 

carrier gas leads to a better degree of rotational cooling, it also provides a second species that 

the primary collider can undergo collisions with, thus generating a second source of scattering 

signal. As the two species generally have different masses, and thus different collision energies, 

scattering with both will result in different velocities of scattered NH3. In studies involving DC 

slicing this presents itself as two scattering rings of different radii, overlapping in the extreme 

forward direction (see Fig. 2.8). It is important, therefore, to select the greatest possible 

difference in mass between the collider molecule and the seed gas, as this allows for a greater 

difference in radii of the two types of scattering signal, and thus a better resolution of the two 

rings. In the study described in Section 4.5, He was chosen as a seed gas, as it offered the 

largest difference in mass between the primary collider and seed gas for all the hydrocarbons 

investigated, and thus the clearest separation of the two scattering rings. The ratio of collider 

to seed gas is also important. The relative intensity of desired scattering off the collider to 

undesired seed gas scattering is approximately proportional to the ratio of the two species 

within the secondary beam. Thus, one chooses the highest possible collider:seed gas ratio that 

will still allow for sufficient cooling of the collider molecules. In the work discussed in Section 

4.5, a 25% mixture of hydrocarbons in He was used for all of the alkanes studied. For the 

primary collider it was only important that there was enough of this to allow sufficient 

scattering signal to be observed, and thus lower concentrations could be used, allowing for 

optimal rotational cooling. 3% NH3 in Ar was therefore used for all of the experiments 

discussed in Chapter 4. It was not necessary to seed D2 as its large rotational constant meant 

that majority of these molecules would be found in their rotational ground states. 
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Fig. 2.8 Scattering images for collisions of NH3 with a 25% mixture of ethane in helium. a. The raw 

experimental image, b. with a Newton diagram overlaid, showing the expected scattering radius for 

collisions of NH3 with He (collision energy 237 cm
-1

 ), c. with a Newton diagram overlaid, showing 

the expected scattering radius for collisions of NH3 with ethane (collision energy 796 cm-1 ). 

The rotational temperature of the primary molecular beam was measured by running a REMPI 

scan across the lowest j states of NH3 and fitting simulations generated using PGOPHER
47

 to 

this. The co-collider beams were characterised similarly, by introducing trace amounts of NH3 

to samples of these and running REMPI scans of this NH3. It was assumed that to a first 

approximation rotational cooling of the co-collider species of interest was of an equal 

efficiency to that of the NH3. The resulting molecular beam temperatures calculated are shown 

in Table 2.6. 

The LabView program involved in acquiring REMPI spectra proceeded in two stages. The first 

‘tune-up’ stage allowed the time-of-flight spectrum to be viewed across this entire range, at a 

constant wavelength. In the second stage a given arrival time range could be selected on the 

software. The laser was then scanned across a given wavelength range, typically 316.5 nm-

317.5 nm for NH3 spectra. At each of the wavelengths measured an integral was taken of total 

signal across the entire time range selected. An example REMPI spectrum of NH3 (3% in Ar, 

5 bar) can be seen in Fig. 2.9. The Boltzmann distribution can be used to calculate the 

expected initial populations of different NH3 rotational states within a sample at this 

temperature (Table 2.7). 
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Gas Rotational Temperature/K 
NH3  (3% in Ar) 8 

Ar 8 
D2 9 

Methane (25% in He) ~15 

Ethane (25% in He) ~20 

Neopentane (25% in He) ~30 

 
Table 2.6 Rotational temperatures of each of the gases used in the experiments discussed in Chapter 

4. These have been calculated based on fitting simulations generated using PGOPHER to experimental 

REMPI scans run on trace amounts of NH3 added to the sample of interest. 
 

 

 

 

Fig. 2.9 In red, (2+1)REMPI scan of a mixture of 3% 

NH3 in Ar, with a total backing pressure of 5 bar. Black, 
PGOPHER simulation of an NH3 REMPI spectrum 
with a rotational temperature of 8 K. Figure from the 

thesis of C. A. Rusher.
36

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.7 Initial state populations of NH3 based on the   

Boltzman distribution at a rotational temperature of 8 K. 

States of ortho-symmetry have k = 0,3,6…, all other states 

have para-symmetry. There is no interconversion between 

ortho- and para- states during collisions. From the thesis of 

C. A. Rusher.
36

 

 

 

 

 
 

2.2.4 Experimental Timings 

The timings of the experiment were controlled using a delay generator (Quantum Composers 

9520), which was independently set and sent trigger pulses to the lasers, nozzles, MCP plates 

and camera. The timings of each of these relative to each other could thus be optimised and 

precisely controlled. The timings of the Q switch and the flashlamp were controlled separately, 

allowing for the power output of the laser to be optimised and adjusted as desired. The timing 

of the Q switch was set to 5 ms, and all other experimental timings were set relative to this. In 
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general, setting the flashlamp to fire 180 µs before the Q switch was found to give the 

maximum power output of the laser. 

The primary nozzle fired approximately 350 μs prior to the Q switch firing. The secondary 

nozzle was triggered at roughly 385 μs, 290 μs or 370 μs before the Q switch for the Ar, D2 

and hydrocarbon studies respectively. As the hydrocarbons were seeded in the same carrier 

gas, the timings of these were similar. The exact timings of the nozzles were fine-tuned prior 

to the start of acquisition of each image and were optimised by visually checking for maximum 

scattering signal on the live raw image. 

The detector was gated, so that signal was only recorded for 30 ns, with this timing being 

centred on the time of arrival of the middle of the ion cloud at the detector. This was achieved 

by holding the rear MCP below its working voltage for the majority of the time and pulsing an 

extra 500 V through it at the desired interval. These timings were optimised by adjusting them 

until the scattering ring observed in the live raw image was at its maximum radius. This related 

to the centre of the Newton sphere, with all of the ion centre-of-mass frame velocity directed 

in the plane of the detector. Once this slice timing (T) had been optimised for one species, it 

can be calculated for another species of a different mass, as arrival times and masses (m) are 

related via the equation 

 

T2 = T0 + √
𝑚2

𝑚1
 T1                                              (2.1) 

 

where T0 is the time of the laser firing. 

 
In practise this method was used as a first guess of ion arrival times, with this being again 

optimised visually when changing between species. The optimised gate timings were 8.755 μs 

after the Q switch timing for all of the scattering experiments described in Chapter 4, involving 

the detection of NH3 and 8.460 μs for the measurements requiring the detection of atomic 

oxygen (Section 2.2.6). In all cases the detector gate was ‘on’ for 30 ns. The timings of the 

camera were chosen so as to capture all of the signal from the detector When recording 

REMPI spectra an SPM was used, this was triggered with the same timing as the laser Q switch, 

lasting long enough span the entire time-of-flight spectrum of the products. The LabView 

program involved used to record these spectra was also used to manually select the time-of-

flight range of interest. 

The timings of the triggering of different parts of the experimental setup are summarised in 
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Fig. 2.10. 

 

Fig. 2.10 Diagram of the experimental timings, as discussed in the main text. The laser Q switch fires 

at 5.0 ms, with all other timings optimised relative to this. The delay between the laser flash lamp (FL) 

and Q switch (QS) were optimised so as to maximise the power output of the laser. The detector 

timings and the timings of the secondary nozzle varied depending on the species used, see main text 

for details. 

2.2.5 Ion Optics Setup 

In our set up the inhomogeneous imaging fields are generated via a vertical ion optics stack. 

This consists of a repeller plate and an extractor plate, with two stabiliser plates positioned 

between these. The collision region is in turn located between the two stabiliser plates. There 

follows a further 16 plates above the extractor plate. The voltages of the repeller, stabiliser and 

extractor plates, as well as the first 4 plates above them can be individually controlled to a 

precision of 0.01 V via a high voltage crate (Wiener MPod C) and the ISEG computer program. 

The remaining 12 plates are connected to plate 8 via resistor stack, an in vacuum voltage 

divider, and their voltages decrease evenly to plate 20, which is held at 0V. 

The voltages required to produce velocity mapping conditions were investigated by simulating 

the trajectories of sets of ions with different velocities and positions within the ionisation 

region, using the SIMION program. These voltages could then be fine-tuned by adjusting them 

using the ISEG program whilst data was being acquired in real time. Typically this was carried 

out whilst running experiments involving the photolysis of NO2 and subsequent detection of 

NO at 226 nm, as this is known process in the literature to give a sharp ring in a velocity 

mapped image.
48 Adjusting the voltages slightly around those predicted based on SIMION 

calculations in order to maximise the sharpness and circular shape of these rings allowed for 

the optimisation of the velocity mapping conditions prior to the acquisition of the experimental 

data reported in this thesis. 

Typical optimised voltages are shown in Table 2.8. Only the plates for which the voltages can 

be independently programmed are shown. 
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Electrode Number Voltage/V 

1 1000 

2 985 

3 944 

4 913 

5 892 

6 872 

7 852 

8 832 

Table 2.8 The optimised ion optics voltages, with numbering going from the bottom of the stack 

towards the top. Above plate 8 are a further 12 plates, with the voltages of these decreasing in even steps 

to ground. The collision region is situated between plates 2 and 3. 

2.2.6 Velocity-to-Pixel Calibration 

The extraction of DCSs from experimental data discussed in Chapter 4 of this thesis required 

the use of Monte-Carlo based fitting routines (Section 2.3), that first generated a number of 

basis images and then fit linear combinations of these to the recorded scattering images. In 

order to generate basis images that could be meaningfully fit to the experimental data it was, 

however, necessary to measure the proportionality constant relating the velocity of the scattered 

NH3 to the radius, in pixels, of the scattering image. 

This velocity-to-pixel calibration factor was calculated by M. Dasbach and D. J. Hadden based 

on experiments involving the photodissociation of O2. When molecular oxygen absorbs 

photons at 224.99 nm it undergoes dissociation via the 3dπ 
3Σ1𝑔

−  Rydberg state. This absorption 

results into photodissociation into a range of products states, each with well-defined energies. 

Under DC slicing conditions, a VM image will appear as a series of concentric rings, at well- 

defined energy spacings
25,31 (Fig. 2.11). As the dissociation energies associated with these 

pathways are known, the expected velocities of these rings can also be calculated. Comparison 

of these known ring velocities with the observed ring radii in pixels yields the velocity-to-pixel 

conversion factors. 

 

Fig. 2.11 One of the O2 photodissociation images taken by M. 

Dasbach and D. J. Hadden and used in calculating the velocity-

to-pixel calibration factor. The multiple rings correspond to 

product channels with different product velocities – the known 

energy differences between the dissociation pathways leading to 

these products were used in conjunction with these velocities in 

order to calculate the velocity-to-pixel calibration factor. 

Multiple O2 photodissociation images were used, with the 

calibration factor calculate an average of calculations on these. 
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The velocity-to-pixel calibration factor (F) varies from species to species and is related to the 

mass (m) of the species involved via Equation 2.2. 

 F2  = √
𝑚1

𝑚2
F1                                                                                                                                                                  (2.2) 

The electric field ‘lensing’ effect that generates velocity mapping conditions is based on the 

voltage gradients employed, that is it is dependent only on the relative voltages involved. 

Altering the voltages on all of the plates simultaneously, but in such a way that the ratio of the 

voltages on each pair of plates is left changed, will change the radius of the scattering ring, 

whilst still maintaining velocity mapping conditions. The scattering radius (R) is related to the 

repeller voltage (VR) via Equation 2.3, with T being the kinetic energy that the ion has and q 

the charge of the ion.
25

 

R ∝√
𝑇

𝑞𝑉𝑅
                                                                                                                  (2.3) 

The repeller voltage was chosen so as to optimise the size of the scattering image with relation 

to the size of the detector region available. 

2.3 Monte Carlo Based Fitting Code 

 
2.3.1 Overview of the Fitting Procedure 

In order to extract experimental DCSs from the images taken in the CMB-VMI experiments 

described in Chapters 3 and 4 an analysis program, originally written by T. R. Sharples and 

described in previous publications,
20,40 was employed. This program was modified by M. L. 

Costen and the author in order to reflect the experimental setups used for the work in 

Chapters 3 and 4 respectively. These specific modifications will be discussed in the relevant 

chapters, however, the main details of the program are presented here. 

Basis images are generated via a Monte Carlo simulation based on the geometry of the 

apparatus and the known parameters of the molecular and laser beams. The basis images in 

each set were simulated with scattering angle distributions described by Legendre polynomials 

in cos(θ) up to the maximum order found to be sufficient to describe the angular variation 

evident in the experimental images. Simulations were then generated showing what a scattering 

image with this angular distribution would look like for a chosen final jk, given the known 

experimental parameters. A fitting algorithm was then used to fit linear combinations of these 

to the background-subtracted experimental images. This worked by assigning each of the basis 

images a weighting factor and then multiplying the pixel intensities of all of the pixels in that 
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basis image by that weighting factor before summing across all of the weighted basis images. 

This generated a fit image, which was normalised, so that the total signal intensity across the 

fit image was the same as for the experimental image. The quality of the fit was calculated by 

looking at the difference in signal intensities between the experimental images and fits across 

all of the pixels and calculating the χ2 value for this difference. The weighting factors for each 

of the basis images were changed iteratively, until a fit image was generated that was the closest 

possible match to the experimental image. Once these weighting factors had been assigned 

DCSs (
𝑑𝜎

𝑑𝑤
 (θ) ) could be obtained based on the equation 

𝑑𝜎

𝑑𝑤
 (θ) = ∑ 𝑐𝜆𝑃𝜆(𝜃)

𝜆𝑚𝑎𝑥

𝜆=0
                                     (2.4)  

 

with 𝑃𝜆(𝜃) being a Legendre polynomial of order λ and λmax the highest order polynomial used 

in the fit (see Section 2.3.2). cλ is the weighting factor for a polynomial of that order. Fig. 2.12 

demonstrates this process pictorially. 

 

Fig. 2.12 Diagrammatic depiction of the fitting process. Angular functions in the form of Legendre 

polynomials are used to generate basis images based on the experimental parameters input. For 

simplicity only the first three Legendre polynomials are shown, in reality 5 to 19 are often needed, 

depending on the system and state being investigated. These are then individually weighted and the 

results summed to give a fit image. The quality of the fit is judged based on the difference between the 

it and the experimental image, as calculated using a χ2 value. Weighting factors are varied iteratively to 

minimise this value and the resulting coefficients are used to calculate the DCS as per Equation 2.4 (see 

text for further details). 
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2.3.2 Generation of the Basis Images 

In the first stage of the analysis routine, the programme generated a set of basis images via a 

Monte Carlo simulation. It carried out this simulation as follows. A point was picked at random 

within a box that was centred at the middle of the reaction chamber. The dimensions of the box 

are chosen so that the box encompassed all possible points at which a collision can occur. This 

was calculated based on possible trajectories of the primary and secondary colliders: the 

furthest points from the centre of the collision region at which collisions would be possible 

would be the points at which particles that had passed through the very edges of the apertures 

would meet (see Fig. 2.13) After having selected a point within this box a line was traced back 

from this point to each of the nozzles and it was seen whether these trajectories pass through 

both of the skimmers. If this was the case the point in accepted, otherwise the point was rejected 

and a new one selected. 

 

 

 

 

Fig. 2.13 Diagram illustrating the principles behind calculating all of the possible collision points for 

particles. Each particle must have passed through both the nozzle and skimmer orifices in order to reach 

the collision region. The black lines indicate the extremes of directions of travel that the particles can 

have and this still be the case. Any point that is simultaneously between both pairs of lines is a potential 

collision point, this region is shown in green. A square encompassing all of this potential collision 

region is drawn (blue) and possible collision points are selected at random from this. This diagram 

shows this in 2D, in reality the velocities of the colliders have components in 3D and the calculations 

are carried out accordingly, with possible collision points being selected from a cube instead of a square. 
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Having selected a collision point the unit vector required for each of the colliders to reach this 

point is calculated based on the coordinates of the crossing point and the positions of both the 

nozzle and the skimmers for each collider. Each unit vector is multiplied by a speed, sampled 

at random from a Gaussian spread of speeds with a mean and standard deviation corresponding 

to the experimental values (see Sections 2.2.3 and 4.3.1). These velocities were used to 

calculate the collision energy for a particular pair of particles. The relative velocity vector (k) 

and the centre-of-mass velocity vector (vCM) for that particular collision were also calculated 

and recorded. 

The scattering angles in and out of the plane of detection (θ and φ respectively) in the centre- 

of-mass frame were selected based on sampling from a uniform sphere. Mass dependent energy 

partitioning (see Section 1.1.1) was used in order to calculate the final speed of the scattered 

primary collider, this was combined with the chosen scattering angles in order to predict the 

final velocity of the molecule in the centre-of-mass frame. This was rotated into the laboratory 

frame and added to the centre-of-mass velocity in order to calculate the scattered velocity in 

the laboratory frame. 

Blurring functions were also added to the basis functions. These accounted for electron 

recoil blurring which originates from fact that during the REMPI process absorption of 

photons by a molecule causes an electron to be ejected. This electron has a certain 

momentum when it leaves its parent molecule, and according to Newton’s Third Law the 

molecule must recoil with a momentum of the same magnitude but opposite direction. The 

mass of a molecular ion is of course much larger than that of an electron, and as such the 

velocity with which the ion recoils is much lower than that of the electron, however, it is 

sufficient to cause a blurring effect on the image produced. This is because the direction in 

which the electron is ejected is random, and thus a velocity vector of known length but 

random orientation is added to that of the scattered molecule. The magnitude of this recoil 

velocity is not dependent on the nature of the collision that occurred prior to the REMPI 

process and thus is the same for all of the systems discussed in this chapter. It was calculated 

to have a value of 8.6 m s-1 for the NO work and 24.45 m s
-1

 for the NH3 work. The fitting 

routine accounts for this recoil by selecting a direction at random from a uniform sphere and 

converting this to a unit vector. The components of this unit vector are multiplied by this 

recoil speed and added to the velocity vector of the scattered primary collider. This process 

made the scattering rings thicker than they would otherwise have been. 
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Following this the position at which a particle with this velocity would be mapped onto the 

detector could be calculated based on the known velocity mapping conditions of the apparatus. 

Correspondingly the ion hit could be binned into the appropriate pixel on the detector. This ion 

hit was weighted by a detection probability, dependent on the position-based detection bias and 

Doppler effects (see Sections 4.2.3 and 4.2.4). This procedure was repeated many times, until 

an appropriate number of hits had been simulated so as to sample the results of all possible 

collision positions and scattering angles. The result was a pixel array describing the chances of 

an ion being detected at each pixel if scattering were isotropic, based on the energetic factors 

of the scattering and instrumental biases. 

This weighting function (Fig. 2.14a) was combined with a series of angular distributions, based 

on the Legendre polynomials of orders from 0 to a maximum number, as selected by the user 

(Fig. 2.14b). This gave a series of basis images, showing certain angular distributions of 

scattering would manifest themselves in images, taking into account the detection biases 

discussed above (Fig. 2.14c). 

 

 

Fig. 2.14 Schematic of how the basis images are generated, using an NH3 example. An instrument 

function is simulated, showing what images would look like, if the probability of scattering into all 

angles were equal. This is a result of energetic parameters and instrumental detection bias. A mask is 

also applied to these basis images, shown as an area of zero intensity in the extreme forward direction 

(see Chapter 4.2.5). The instrumental function is then combined with a series of angular functions in 

order to generate basis images. Linear combinations of these are then fit to the experimental image as 

described in Sections 4.1.1 and 4.1.3. Here the first two basis images are shown, in reality at least five 

functions were needed to capture the angular dependences of the experimental data. 
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In Fig. 2.14 only three basis images are shown. This is just for clarity. In reality the number of 

basis images chosen was dependent on the system and final rotational state studied. The more 

basis images were applied, the more effectively sharp features could be fitted, however, using 

too many basis images led to fits that had a lot of oscillations that were not present in the 

experimental data. Section 3.3.2 shows examples of selecting the number of basis images used 

in fitting data for scattering involving NO. Extra considerations on selecting the number of 

basis images for fitting to multiple co-excitation channels simultaneously are described in 

Section 4.4.2. 

2.3.3 Fitting the Basis Images to the Experimental Data 

Linear combinations of the basis images generated were fit to the background-subtracted 

experimental images (see Section 2.2.1 for an explanation of the background-subtraction 

process). Fitting was carried out using a downhill-simplex (or amoeba) routine.
49 This worked 

as follows. A guess at the correct DCS was taken, in the form of a random seed DCS. This was 

then broken down into a linear combination of the Legendre polynomials of orders 0 to n, with 

n being input by the user and the weighting coefficients cn obtained. A further n linear 

combinations were generated by choosing weighting coefficients at random. This generated a 

simplex with n+1 vertices. Fit images were generated for each of these vertices, by weighting 

the basis images by each combination of weighting coefficients and summing the results. The 

χ2 values for the difference between each of these fits and the experimental image were then 

calculated. The vertex of the lowest χ2 value was retained, and the other vertices were replaced 

by once again randomly selecting weighting factors for each of the n basis images. This 

effectively meant that in each step the best fit vertex was retained and the others were discarded. 

This leads to an iterative process in which the value of all of the vertices gradually becomes 

closer to the true best fit value. This process was repeated until all of the vertices were within 

a set tolerance of each other, with this being chosen by the user. This corresponded to a local 

minimum in the χ2 value generated by fits on an n-dimensional surface, with each of the 

dimensions corresponding to changing the value of one particular cn coefficient. In order to 

find the global minimum the process was restarted several times after a local minimum had 

been found, by discarding all of the vertices (including the best fit one) and restarting. The 

process of finding minima is repeated, until χ2 values from two consecutive restarts are within 

a pre-set value of each other. The tolerance values for both the defining of both the local and 

global minima differed, with the later necessarily being lower than the former, in order to 

ensure that the same minimum had been found each time. 
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The exact values of both of the tolerances were found based on tests using different values of 

these. When decreasing the tolerances values no longer improved the quality of the fit (as 

judged by the χ2 value obtained) it was assumed that there was no advantage to decreasing the 

tolerances further. As lower tolerance values lead to a higher computational cost it was 

advantageous to use the highest possible tolerance values that could be shown to still give a 

high quality of fit. The initial DCS used to start the program was chosen at random, however 

it was shown in tests that using a different random DCS or an isotropic DCS made no difference 

in the outcome of the fitting procedure. 

As described in Section 4.2.6 masks were applied to both the basis images and the experimental 

images prior to the fitting being carried out for the NH3 discussed in Chapter 4. This meant that 

the pixel intensities at all points under the mask were set to zero in both the basis images and 

experimental image prior to the fitting routine being carried out. As a result, all possible linear 

combinations of these basis images would give fits that had the same value of pixel intensity, 

zero, for pixels below the mask. This meant any signal that was originally present in the masked 

regions did not contribute to the χ2 values calculated and thus made no contribution to the final 

outcome of the fitting procedure. For the NO(A) work discussed in Chapter 3 there was much 

less signal from unscattered molecules and as such masking was not necessary. 
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Chapter 3: Scattering of Rotationally Excited NO(A 2𝚺+) From Neon 

 
3.1 Previous Scattering Studies Involving NO 

 

Many chemical systems and environments are highly complex, involving large numbers of 

species, the interactions of which can lead to a variety of possible outcomes, both in terms of 

the chemical identity of the products and their energies. In the pursuit of accurately predicting 

and modelling these interactions, it is often beneficial to first gain a detailed understanding of 

interactions within much smaller systems, before applying this knowledge to increasingly 

complex ones. The lower number of degrees of freedom in these smaller systems allows for 

greater control of experimental conditions, providing a cleaner pathway to extracting the 

required information from the results of such experiments and ensuring that the computational 

costs involved in simulating them are lower. 

The simplest possible collision process is an atom colliding with another atom. However, as 

these have no internal energy level structure the results of such a process should be trivial – all 

collision energy would remain as translational energy, with this being redistributed post- 

collision purely based on the conservation of momentum. When adding a further atom to the 

collision system, in the form of a diatomic + monoatomic collisions another outcome becomes 

possible as energy now no longer necessarily remains as translational energy but can also be 

converted into internal energy of the diatomic. Normally this is in the form of rotational 

excitation, as the spacings of vibrational levels in diatomic molecules means that vibrational 

excitation is not energetically possible at most collision energies reached in the laboratory. 

The study of how scattering behaviour is different for different degrees of internal excitation 

of a diatomic molecule affords a wealth of information about the interactions of two species 

as they come into contact with each other. 

NO has been a particularly popular molecule for investigating the basic principles behind 

rotationally inelastic scattering processes. It is readily available, stable under standard 

laboratory conditions and its spectroscopic properties afford both easy detection (via REMPI 

at readily accessible wavelengths) and an array of interesting properties that allow for probing 

PESs in detail. The first CMB-VMI studies involving NO were carried out by Suzuki and co- 

workers
50,51 and Chandler and co-workers.

52,53 Both chose to probe the scattering of NO in its 

electronic ground state (NO(X 2Π)) with Ar as their system of interest. The addition of 

hexapole state selection by Stolte and co-workers allowed for imaging of NO(X) + Ar 
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collisions from a specific initial Λ-doublet state.
54 The further addition of a homogenous 

electric field allowed for the orientation of NO molecules, so that collisions were preferentially 

N-end on or O-end on.
55 LIF was then used to study the effect of this orientation on the total 

intensity of scattering into a given state. A so-called ‘steric asymmetry’ was observed, with O- 

end on collisions being more effective at exciting NO(X) molecules to higher rotational levels. 

Moving from LIF to ion imaging as a detection method allowed for the measurement of DCSs 

for these experiments.
56,57 The effects of the parity of the final state on the shape of its DCS 

were investigated. It was found that the parity of the state was more important in determining 

the shape of the DCS than its internal energy, with states forming ‘parity pairs’, that is pairs of 

opposite Λ-doublets in neighbouring j levels, with the DCSs of these parity-pairs being almost 

identical. The maximum intensity of the scattering was found at higher angles for parity-

changing transitions than for parity-conserving ones. 

A large body of work on the scattering of NO(X) by number of colliders has been carried out 

by Brouard and co-workers. This also employed hexapole state selection: similar parity effects 

were found in the study of NO(X) + Ne collisions
58 to those described by Stolte and co-workers 

for NO(X) + Ar collisions.
57 In addition to this, it was noted that parity-changing collisions 

lead to a DCS with a single peak, whereas those that conserve parity are often multi-peaked. 

These parity-dependent oscillations were also observed in collisions of NO(X) + Ar using the 

same experimental apparatus.
59,60 Comparison with QS calculations showed that the source of 

these oscillations was interference between wavefunctions of those molecules that had 

scattered after a collision of the Ar atom with one of the ends of the NO(X) molecule, with 

those that had been involved in side-on collisions. It was found that in moving from He, 

though Ne to Ar the DCSs became more forward scattered, an effect that was thought to be 

primarily due to the increase in the depth of the attractive well on the PES on moving to 

larger rare gas atoms.
59

 

As well as measuring DCSs, Brouard and co-workers have carried out significant amounts of 

work on the determination of both the alignment
61 and orientation

62,63
 moments of NO(X) 

molecules after scattering off Ar.  Interestingly the alignment  moments
64  measured (𝐴0

2 and 

𝐴2+
2 ) could be well simulated using the classical kinematic apse (KA) model.64 However, KA 

calculations predict orientation moments of zero, as a result of the symmetry of the hard shell 
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potential used, and therefore are not adequate for modelling the observed non-zero 𝐴1+
1  

moments or the system. For NO(X) + Kr scattering, however, alignment moments contained 

oscillations from interference that was not well reproduced by KA calculations for the lower 

j′ states.
65 This was attributed to the greater influence of scattering via highly attractive parts 

of the PES. 

Following on from measuring the orientation and alignment moments after collisions of 

NO(X) + Ar, in which the orientation of the NO(X) on approaching the Ar was random, 

Brouard and co-workers sought to investigate the effect of different orientations of the 

NO(X) bond axis on approach towards the Ar (N-end on versus O-end on) on both the overall 

scattering cross section into a given j state and the shape of the DCSs.
63 A steric asymmetry 

was observed in low to moderate Δj collisions with Δj = even transitions being favoured for 

O-end collisions and Δj = odd transitions for those in which the Ar collided with the N-end of 

the molecule. For larger Δj a larger ICS was favoured for N-end collisions for all transitions, 

as a result of the larger curvature of the PES at the N-end of the molecule, which allows the Ar 

to exert a greater torque on the NO if it approaches from this direction. When looking at the 

DCSs it was possible to compare these to those from the non-oriented NO(X) and to see 

which of the individual features were a result of N-end and O-end on collisions. The 

oscillations found in the DCSs from the non-oriented NO(X) studies were not seen in those 

with orientation, as this orientation selected a particular trajectory of the NO(X) towards the 

Ar, and thus did not allow for interference effects between scattering on differing trajectories 

to be observed. 

Van de Meerakker and co-workers have also studied the collisions of NO(X) with rare gas 

atoms using initial state selection.
10,66,67 Here this was provided by a Stark decelerator, which 

gave a high level of control of the beam speeds and collision energies involved. This allowed 

for the generation of very high resolution scattering images for NO(X) + Ar, Ne and He, in 

which oscillations could be seen clearly in the raw data itself, with the angles at which these 

oscillations occurred being strongly dependent on the chosen collision energy, but always being 

in the forward direction. These oscillations were of a much higher frequency than those 

observed from scattering by Brouard et al. and were a result of diffraction effects. Scattering 

resonances, peaks in the ICS versus collision energy profile across a small range of collision 

energies, were also observed. These corresponding to the formation of a quasi-bound state 

during the collision, and result in DCSs that contain a much larger amount of sideways and 
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backwards scattering than those at energies just outside this range. 

Whilst scattering studies have traditionally focussed on the collisions of molecules in their 

electronic ground state, as this is the state in which molecules are found under standard 

laboratory conditions, in recent years a number of studies have been carried out on the 

collisions of NO that has been excited to its first excited electronic state (NO(A 2Σ+)). The first 

of these were carried out by Costen and co-workers, in collaboration with Chandler and co- 

workers, and measured DCSs for the collisions of NO(A) with Ar, He and Ne.
67–69 In addition 

alignment moments for the collisions of NO(A) with Ne were also measured.
69 Unlike for the 

collisions of NO(X) with Ne, these showed significant angle-dependent oscillations that were 

not reproduced by KA calculations. 

Following on from these proof-of-concept measurements, the experimental apparatus used for 

the work presented in this chapter, and described in Section 2.1, was built by M. L. Costen, T. 

R. Sharples and T. F. M. Luxford.
20,38 This was used to study the collisions of NO(A, v = 0, 

N = 0, j = 0.5) with rare gases and a number of small molecules.
9,20,37,38,40

 DCSs were extracted 

from the resulting sets of images, as were alignment moments. The first of these studies was 

on the collisions of NO(A) with Ar.
20 The DCSs for all states were sharply forward scattered, 

with much smaller oscillations at larger angles. Alignment moments were not well captured by 

KA model, with QS calculations giving a much closer agreement to the experimental DCSs. 

This agreement was less satisfactory for odd N′ states of NO. This was thought to be a result 

of inaccuracies in the PES involving the differences between the N and O ends of the molecule. 

When looking at the collisions of NO(A) + Ne, Costen and co-workers chose to compare the 

experimental DCSs with those generated using QS calculations on two different PESs, in order 

to ascertain which of these gave a more accurate description of the scattering process.
38 The 

most recent of the two, by Cybulski et al.,
19 was found to better predict the location of the 

peaks in the experimental DCSs. Whilst the data contained a larger amount of sideways 

scattering than for the NO(A) + Ar system, sharp peaks in the forward direction were also 

present, which were not seen in either of the sets of theoretical data. Such peaks had also been 

seen in the QS results for the scattering of NO(A) from Ar
20 and had been attributed to 

scattering from an attractive regions of the PES, in particular from a well at N-end of the 

molecule. This well is present in the NO(A) + Ar PES but not in either of the NO(A) + Ne 

PESs studied. It was suggested that the addition of such a well would improve the agreement 

between the theoretical and experimental data. 
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Following on from the use of scattering experiments to ascertain which of two PESs was more 

accurate, work was then carried out in order to predict the shape of PESs that had not so far 

been calculated. The study of the scattering of NO(A) with both He and D2 was used as a model 

system for this. As the two systems are kinematically identical, any differences in scattering 

behaviour must be purely down to the shape of the PES. It was found that the experimental 

DCSs produced by these systems were remarkably similar, suggesting that the shape of the 

PESs for the two were also similar. No evidence of D2 excitation was observed during the 

scattering. This is in direct contrast to work on the scattering of NO(A) from N2, where 

significant amounts of N2 excitation were observed, most probably due to the much closer 

spacing of the N2 energy levels.
9
 This proportion of N2 excitation during collisions was only 

relatively weakly linked to the final N state of the NO, and it was proposed that the torque on 

each of the two molecules is determined independently during collisions. Again, no NO(A) + 

N2 PES was available for direct comparison of experimental data with QS calculations. 

However, comparison of the shapes of the DCSs with those from collisions involving rare gas 

atoms led to the conclusion that an attractive well is also likely to be present for this system. 

In a recent study, also by Costen and co-workers, the j vectors of the NO(A) molecules were 

oriented by the use of circularly polarised light.
39 This allowed for control over whether the 

molecules were rotating clockwise or anti-clockwise with respect to k prior to the collision. 

Probing also using circularly polarized light provided information on the correlation between 

initial and final relative orientation of j as a function of scattering angle, a four-vector k-j-k'-j' 

correlation, where k and k′ are the relative velocity vectors before and after the collision 

(Section 1.1.1) While generally the initial direction of the orientation was conserved after 

collision, albeit with considerable angle-dependent variations, it was also found that the angular 

momentum vector preferentially flipped direction over a narrow range of scattering angles for 

several of the final N states measured. This was a surprising result, but was, however, also 

mirrored at least in part by quasi-classical trajectory (QCT) calculations, suggesting that this 

effect was primarily classical in nature. QS calculations, however, displayed more quantitative 

agreement with the experimental results, with quantum interference playing a role in the exact 

shape and location of the oscillations. 

The work discussed in this report focusses on the collisions of NO(A) with Ne at an average 

collision energy of 646 cm-1. In these studies, NO has not only been excited electronically, but 

also been both rotationally excited to the j = 3.5 (N = 4) state prior to collisions. This excitation 
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process also generated an alignment of the j, with the direction of this relative to k dependent 

on whether H- or V- polarised light was used. This allowed the determination of polarisation 

dependent DCSs (see Section 3.2) for the system, reporting the dependence of the angular 

scattering distribution on the initial rotational alignment, i.e. the 3-vector k-j-k' correlation. 

To the best of our knowledge, this is the first report of a k-j-k' correlation in rotationally 

inelastic scattering, and it is also unique for CMB scattering in starting from an initial level 

with a moderate degree of rotational excitation. The aim of this work is therefore to 

investigate for the first time how the scattering of an initially rotating diatomic varies from 

that in its ground rotational state at the level of differential cross sections, as well as providing 

the first ever study of how the orientation of the plane of rotation relative to k influences the 

angular scattering. This is also the first study in which collisions involving NO(A) de-excitation 

have been observed, thus providing a test of whether the sign, or just the magnitude, of the 

rotational angular momentum transfer is important in rotational energy transfer. 

3.2 Mathematical Description of the Scattering Process 

 

3.2.1 Generation and Description of Initial Angular Momentum Distributions 

The distribution of the angular momentum vector j within a given state can be described by a 

density matrix, (𝑗), which can be conveniently defined as 

𝜌(𝑗) =  ∑ 𝜌𝑞
𝑘

𝑘,𝑞 𝑇𝑞
𝑘(𝑗)                                                                                              (3.1)                   

Here 𝑇𝑞
𝑘(𝑗) is a spherical tensor operator, which classically describes an angular function, and 

𝜌𝑞
𝑘 is a spherical tensor moment, a coefficient that describes the contribution of (𝑗) to the 

overall distribution, where k is the rank of the tensor and q is its projection. 

 

Generation of an initial alignment of NO(A) molecules is possible due to the use of linearly 

polarised light within the excitation process. This selectively excites NO(X) molecules whose 

transition dipole moments are lined up with the electric vector of the light and thus generates a 

sample of NO(A) molecules whose j vectors are preferentially aligned along a particular axis 

(See Section 1.3.4). Because of the symmetry of the linearly polarised light used, the j 

distribution can only contain contributions from tensors with even ranks. Under perturbative 

conditions, only tensors of ranks 0 and 2 would be accessible. Even under saturating conditions 

the contributions from ranks >2 would be expected to be much lower than for k = 0, 2. In 

addition to this, there is no experimental way of measuring any higher order moments in the 

experimental apparatus discussed here, so these will be neglected for the remainder of the 
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chapter. Equation 3.1 for NO(A, j) prepared with linearly polarized light thus simplifies to  

𝜌(𝑗, ε̂) =  𝜌0
0(𝑗, ε̂)𝑇0

0(𝑗) + 𝜌0
2(𝑗, ε̂)𝑇0

2(𝑗)                                                                (3.2) 

with 𝜀̂  indicating that this is in the ‘preparation’ frame, in which the projections of the moment 

are referenced to the electric vector of the light. When discussing experimental measurements, 

it is, however, not convenient to use this frame of reference, as it is much more intuitive to talk 

about things with respect to the plane of the image. The density matrix given in Equation 3.2 

needs to be rotated in order to discuss the j distributions in this ‘laboratory’ frame (�̂�𝑝)  

(see Fig. 3.1). 

 
 

 
Fig. 3.1 Depiction of the laser preparation and laboratory frames. In the laser preparation frame, the z 

axis is referenced to the electric vector of whichever polarisation of light is in use. In the laboratory 

frame, the z axis is defined by the laser propagation direction, with the xz plane being the plane of 

detection. 
 

The rotation is carried out by the use of rotation matrices (𝐷𝑝𝑞
𝑘 (𝒂𝑝)), with p and q 

representing the projections in the initial and final frames respectively and 𝒂𝑝 represents the 

Euler angles that rotate one frame to another. 

𝜌𝑞
𝑘(𝑗, �̂�𝑝) =  ∑ 𝐷𝑝𝑞

𝑘
𝑝 (𝒂𝑝)𝜌𝑝

𝑘(𝑗, 𝜀̂ )                                                                            (3.3) 
 

 

In the experimental work discussed in this chapter 𝒂 = (0, 
𝜋

2
, 0) for the geometry in which the 

preparation laser polarisation was horizontal and 𝒂 = (
𝜋

2
, 
𝜋

2
,
𝜋

2
) for the V-polarisation geometry
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Using these angles, and taking only tensors of rank k = 0 or 2 into consideration. Using these angles, 

and taking only tensors of rank k = 0 or 2 into consideration  

  𝜌(𝑗, �̂�𝑝, H) =  𝜌0
0(𝑗, 𝜀̂ )𝑇0

0(𝑗) − 
1

2
𝜌0
2(𝑗, 𝜀̂ )𝑇0

2(𝑗) + 
√3

2
𝜌0
2(𝑗, 𝜀̂ )𝑇2+

2 (𝑗)                   (3.4) 

and  

  𝜌(𝑗, �̂�𝑝, V) =   𝜌0
0(𝑗, 𝜀̂ )𝑇0

0(𝑗) − 
1

2
𝜌0
2(𝑗, 𝜀̂ )𝑇0

2(𝑗) − 
√3

2
𝜌0
2(𝑗, 𝜀̂ )𝑇2+

2 (𝑗)                  (3.5)      

  

for H- and V-polarised light respectively. The appearance of a third term, in contrast to in 

Equation 3.2, indicates that the distribution is not cylindrically symmetrical in this new frame 

of reference. Equations 3.4 and 3.5 thus describe the initial polarisation in the ‘laboratory’ 

frame. Here the Hertel-Stoll renormalisation
70 has been used, to ensure that the moments 

generated are real, as must be the case for all experimental observables. This renormalisation 

takes the form 

𝑇𝑞+
𝑘  = 

1

√2
[(−1)𝑞𝑇𝑞

𝑘 + 𝑇−𝑞
𝑘 ]                                                                                      (3.6)             

𝑇𝑞−
𝑘  = 

𝑖

√2
[𝑇−𝑞

𝑘 − (−1)𝑞𝑇𝑞
𝑘]                                                                                      (3.7)             

The spherical tensor moments of Equation 3.4 and 3.5 are related to the more commonly used 

alignment moments ( 𝐴𝑞
(𝑘)(𝑗) ) by a renormalisation

71
 

𝜌−𝑞
𝑘  =  

(−1)𝑞√2𝑘+1⟨𝑗𝑚|𝐽2|𝑗𝑚⟩
𝑘
2

𝑐(𝑘)(𝑗‖𝐽(𝑘)‖𝑗)
 𝐴𝑞

(𝑘)(𝑗)                                                                             (3.8)   
  

This renormalisation allows for the convenient limits 

 
-1 < 𝐴𝑞

2  < +2                q = 0 

−√3 < 𝐴𝑞
2  < √3             q = 1+ or 2+ 

3.2.2 Polarisation Dependent Differential Cross Sections 

Prior to collisions, NO(A) is in a well-defined j state, with a known distribution of m substates, 

as defined by Equation 3.1. On collision with another atom or molecule these NO(A) molecules 

can be transferred to another j state, with an angular momentum distribution described by 

   

𝜌(𝑗′) =  ∑ 𝜌𝑞
𝑘

𝑘,𝑞 𝑇𝑞
𝑘(𝑗′)                                                                                            (3.9)                                                             

The probability of transfer of a molecule from 𝑗 → 𝑗′ is dependent on the j distributions of these 

states, and can be described by a series of tensor dependent differential cross sections, which 

we define as 
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𝑑𝜎
𝑞,𝑞′
𝑘,𝑘′(𝑗,𝑗′)

𝑑𝜔
                                                                                                           (3.10) 

describing the components of this probability that are dependent on tensors of ranks k and 

projection q in the initial state and rank k′ and projection q′ in the final state. These have been 

previously described in the literature, and are generally referred to as polarization-dependent 

differential cross sections (PDDCSs).
72 In theory there are a very large number of PDDCSs 

that could contribute to a given j→j′. However, the geometry of the experimental setup and 

the restrictions of the detection system place limits on those which can be measured in 

practice (see Section 3.2.1 and 3.5 for details). The PDDCSs are defined as tensor 

contractions of differential cross sections for transfer between individual density matrix 

elements in the initial and final states: 

𝑑𝜎
𝑞,𝑞′
𝑘,𝑘′(𝑗,𝑗′,�̂�𝑠 )

𝑑𝜔
=

𝑘]
1

2  [𝑘′]
1

2 ∑ (−1)𝑗+𝑗
′−𝑚−𝑚′

𝑚𝑛𝑚′𝑛′ (
𝑗 𝑗 𝑘
𝑚 −𝑛 −𝑞

) (
𝑗′ 𝑗′ 𝑘′

𝑚′ −𝑛′ −𝑞′
)
𝑑𝜎

𝑚𝑛𝑚′𝑛′
(𝑗,𝑗′ )

𝑑𝜔
   (3.11) 

 

where square brackets indicate 

 

[𝑛] = 2𝑛+1                                                                                                  (3.12) 

 
The terms in the brackets are Wigner 3j symbols. These are used in calculations involving two 

angular momentum terms, which are coupled in order to produce a third, resultant angular 

momentum.
73 �̂�𝑠 indicates  that  the  frame  of  reference  used  is  the  scattering  frame.  This is 

defined with the z-axis parallel to k, and k′ lying in the zx-plane. 

The PDDCSs are an intrinsic property of the collision system for a given 𝑗 → 𝑗′ channel and 

give a complete description of how the initial angular momentum polarisation is related to both 

the DCS for scattering into a given channel, and the final j distribution. Obtaining a full set of 

these k-j-k'-j' correlations, however, requires both control of the initial j distribution and 

velocities of the molecules, as well as a probe scheme that is sensitive to both the scattering 

angle and j distribution of the products, for a given final state.
39 In practice, it is more common 

to measure the correlations between three of these vectors, for example by probing how the 

product j' distribution is related to the angle into which they are scattered (a k-k′-j′ 

correlation)
20,38,40,62,63,65

 In the work discussed here it is the k-j-k′ correlation that is 

investigated, by preparing an initial j alignment and using a probe scheme that is not sensitive 

to final j' distribution. This gives information about how initial j polarisation affects the angular 

dependence of scattering into a given final state of NO(A). 
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Theoretical PDDCSs can be generated by carrying out time independent QS calculations on a 

PES. The calculations discussed in this chapter were carried out by M. L. Costen using the 

HIBRIDON suite of programs
74 and performed on an ab initio NO(A) + Ne PES by Cybulski 

et al.
19 The HIBRIDON time-independent QS calculations calculated the scattering amplitude 

(f) as a function of scattering angle for all possible |𝑗 𝑚⟩ → |𝑗′ 𝑚′⟩ channels.79,80
 

 

𝑓𝑗𝑚→ 𝑗𝑚′(𝜃) =

∑ √𝜋

𝜅𝑗
2 [𝐽][𝑙]

1

2  (
𝑗 𝑙 𝐽
𝑚 0 −𝑚

)
(−1)𝑗+𝑗

′+2𝑙+𝑚−𝑚′

𝐽,𝑙,𝑙′ (
𝑗′ 𝑙′ 𝐽

𝑚′ 𝑚 −  𝑚′ −𝑚
)⨉ 𝑇𝑗𝑙𝑚𝑙′𝑚′

𝐽 𝑌𝑙′|𝑚−𝑚′|(θ,0)   

              (3.13) 

 
Here, l is orbital angular momentum of the collision system, (related to the impact parameter 

by Equation 1.11) and J the total angular momentum of the system. m is a quantum number of 

the NO molecules, describing the projection of j onto a reference axis. 𝑇𝑗𝑙𝑚′𝑙′𝑚′
𝐽

 is 1-𝑆𝑗𝑙𝑚′𝑙′𝑚′
𝐽

 , 

with this ‘𝑆𝑗𝑙𝑚′𝑙′𝑚′
𝐽

’ being a scattering matrix element. The scattering matrix contains all of 

the information about the scattering amplitude via the |𝑗𝑚⟩ → |𝑗′𝑚′⟩ channel that is 

dependent on the shape of the PES. The 𝑌𝑙′|𝑚−𝑚′|(θ,0) are spherical harmonics describing the 

scattering angle dependence. The second term in the brackets here is zero, as in the scattering 

frame of reference the azimuthal angle, φ, is zero by definition. 

𝜅𝑗 is the ingoing wavevector: 

 

𝜅𝑗 = (
2𝜇𝐸𝑐𝑜𝑙𝑙

ћ2
)
1

2                                                                                   (3.14) 
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with 𝜇 and 𝐸𝑐𝑜𝑙𝑙 the reduced mass and the collision energy, as defined in Section 1.1.1. 

 

The scattering amplitudes, 𝑓𝑗𝑚→ 𝑗𝑚’  (𝜃), given by Equation 3.13 are complex numbers and can 

have positive or negative absolute values, as they contain information about interference 

effects. The scattering cross section is the square modulus of this amplitude: 

 

𝑑𝜎
𝑚𝑛𝑚′𝑛′

(𝑗,𝑗′,�̂�𝑠 )

𝑑𝜔
= |𝑓𝑗𝑚→ 𝑗′𝑚′ 𝑓𝑗𝑚→ 𝑗′𝑚′

∗ |   (3.15) 

 
with  �̂�𝑠 again indicating that the frame of reference being used is the scattering frame. 

Scattering must be symmetric with respect to reflection in the scattering plane (i.e. the xz plane 

in the scattering frame defined here). As a consequence of this, for even tensor rank k only 

those moments with projection q = 0 or the positive Hertel and Stoll linear combination (q+) 

are non-zero. Therefore, in this work, only the following PDDCSs need to be considered: 

𝑑𝜎0,0
0,0(𝑗,𝑗′,𝑘�̂� )

𝑑𝜔
, 
𝑑𝜎0,0

2,0(𝑗,𝑗′,𝑘�̂� )

𝑑𝜔
, 
𝑑𝜎1+,0

2,0 (𝑗,𝑗′,𝑘�̂� )

𝑑𝜔
, 
𝑑𝜎2+,0

2,0 (𝑗,𝑗′,𝑘�̂� )

𝑑𝜔
                                              (3.16)    

 

𝑑𝜎0,0
0,0(𝑗,𝑗′,𝑘�̂� )

𝑑𝜔
 is a renormalised version of the DCSs, as introduced in Chapter 1.1.2, and therefore 

describes the angular distribution of scattering from a sample of NO with no initial alignment 

or orientation of its rotational angular momentum. The other PDDCSs describe modifications 

to the overall scattering cross section that result from an initial alignment of NO angular 

momentum. Each 
𝑑𝜎𝑞,0

2,0(𝑗,𝑗′,𝑘�̂� )

𝑑𝜔
 term describes the effect of alignment with respect to a different 

axis or plane, with positive values of this term indicating that a higher positive initial alignment 

with respect to this increases the intensity of scattering into this angle for a given final j state 

and a negative value showing the opposite is the case. The first of these three alignment terms, 

𝑑𝜎0,0
2,0(𝑗,𝑗′,𝑘�̂� )

𝑑𝜔
, describes the alignment with respect to the z-axis of the centre-of-mass frame, 

  

which is defined by the relative velocity  vector, k. 
𝑑𝜎1+,0

2,0 (𝑗,𝑗′,𝑘�̂� )

𝑑𝜔
describes the alignment with 

respect to an axis that bisects the centre-of-mass xz plane, and alignment with respect to the 

k-k′ scattering plane.In order to determine experimental scattering frame PDDCSs from our 

experimental images, it is necessary to rotate the scattering frame into the laboratory frame, 

as that is the frame in which the images are recorded. Tensors of rank k = 0 are spherically 
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𝑞+ 

𝑞+ 

symmetrical and thus are unchanged by rotation. For those of k = 2 rotations is carried out by 

the use of rotation matrices. 

𝑑𝜎𝑞,0
2,0(𝑗,𝑗′, �̂�𝑝 )

𝑑𝜔
= ∑ 𝐷𝑝𝑞

𝑘 (𝜶𝑠)
𝑑𝜎𝑝,0

2,0(𝑗,𝑗′, �̂�𝑠 )

𝑑𝜔𝑝                                                                  (3.17) 

with 𝜶𝑠 the Euler angles between the scattering frame and the laboratory frame. 𝜶𝑠 = (φ, Θ, χ). 

For the experiments described in this chapter χ = π and Θ, the polar angle between k and kp, 

the direction of propagation of the preparation laser, is ≈ 
𝜋
. φ is the azimuthal angle for the 

2 

scattering relative to the laboratory xz plane (i.e. the plane of the image) and is therefore 

different for each scattering event. The result of this rotation, for the experimental setup 

described in this chapter is 

𝑑𝜎0,0
2,0(𝑗,𝑗′, �̂�𝑝 )

𝑑𝜔
=

 𝑃2(𝑐𝑜𝑠Θ)
𝑑𝜎0,0

2,0(𝑗,𝑗′, �̂�𝑠)

𝑑𝜔
+ √3𝑠𝑖𝑛Θ𝑐𝑜𝑠Θ𝑐𝑜𝑠𝜑

𝑑𝜎1+,0
2,0 (𝑗,𝑗′, �̂�𝑠)

𝑑𝜔
+

√3

2
𝑠𝑖𝑛2Θ cos2φ

𝑑𝜎2+,0
2,0 (𝑗,𝑗′, �̂�𝑠)

𝑑𝜔
        

                                                                                                    (3.18) 

 

𝑑𝜎2+,0
2,0 (𝑗,𝑗′, �̂�𝑝 )

𝑑𝜔
=

 
√3

2
𝑠𝑖𝑛2Θ

𝑑𝜎0,0
2,0(𝑗,𝑗′, �̂�𝑠)

𝑑𝜔
− 𝑠𝑖𝑛Θ𝑐𝑜𝑠Θ𝑐𝑜𝑠𝜑

𝑑𝜎1+,0
2,0 (𝑗,𝑗′, �̂�𝑠)

𝑑𝜔
+

1

2
(1 + 𝑐𝑜𝑠2Θ)cos2φ

𝑑𝜎2+,0
2,0 (𝑗,𝑗′, �̂�𝑠)

𝑑𝜔
 

                                                                                                   (3.19) 

The observed final scattering will be the sum of the contributions that each of these laboratory 

frame PDDCSs make (including the isotropic k = 0 PDDCS), weighted by the appropriate 

initial alignment moment generated in the preparation step. We can equate the k = 0 PDDCS 

to the DCS as normally defined. 

𝑑𝜎

𝑑𝜔
= [

2𝑗′+1

2𝑗+1
]
1/2 𝑑𝜎0,0

0,0(𝑗,𝑗′)

𝑑𝜔
                                                                                         (3.20) 

As defined the alignment PDDCS have units of Å2 sr-1, but if we normalise to the isotropic 

PDDCS, we can introduce renormalized PDDCSs, 𝑇2 (𝑗, 𝜃), which have limits consistent with 

the standard equivalent alignment moments, 𝐴2 , discussed in the thesis of T. F. M. Luxford.37
 

 
𝑑𝜎0,0

2,0(𝑗,𝑗′)
𝑑𝜔

⁄

𝑑𝜎0,0
0,0(𝑗,𝑗′)

𝑑𝜔
⁄

 = 𝑉(𝑗)𝑇0
2(𝑗, 𝜃)                                                                                     (3.21) 
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𝑑𝜎1+,0
2,0 (𝑗,𝑗′)

𝑑𝜔
⁄

𝑑𝜎0,0
0,0(𝑗,𝑗′)

𝑑𝜔
⁄

 = 𝑉(𝑗)𝑇2+
2 (𝑗, 𝜃)                                                                                  (3.22) 

𝑑𝜎2+,0
2,0 (𝑗,𝑗′)

𝑑𝜔
⁄

𝑑𝜎0,0
0,0(𝑗,𝑗′)

𝑑𝜔
⁄

 = 𝑉(𝑗)𝑇2+
2 (𝑗, 𝜃)                                                                                  (3.23) 

where 𝑉(𝑗) = ( 
5𝑗(𝑗+1)

(2𝑗+3)(2𝑗−1)
)
1

2                           (3.24) 

 

Equation 3.18 and 3.19 can then be inserted into Equation 3.4 and 3.5 in order to give, after 

normalisation, a pair of equations that describe the observed image intensity as a function of 

polar and azimuthal scattering angles. 

𝐼𝐻(𝜃, 𝜑) =
𝑑𝜎

𝑑𝜔
[1 + 𝑉(𝑗)2𝐴0

(2)(𝑗, 𝜀̂ ) {
(1−𝑐𝑜𝑠2Θ)

4
𝑇0
2(𝑗, 𝜃) −

√3

2
𝑠𝑖𝑛2Θ𝑐𝑜𝑠𝜑𝑇1+

2 (𝑗, 𝜃) +

√3

4
(1 + 𝑐𝑜𝑠2Θ𝑐𝑜𝑠2𝜑)𝑇2+

2 (𝑗, 𝜃)}]                                                                           (3.25) 

𝐼𝑉(𝜃, 𝜑) =
𝑑𝜎

𝑑𝜔
[1 − 𝑉(𝑗)2𝐴0

(2)(𝑗, 𝜀̂ ) {
1

2
𝑇0
2(𝑗, 𝜃) +

√3𝑐𝑜𝑠2𝜑

2
𝑇2+
2 (𝑗, 𝜃)}]                    (3.26) 

where 𝐼𝐻 and 𝐼𝑉 are the experimental intensities for horizontally and vertically polarised 

preparation light respectively, and 𝐴0
(2)(𝑗, 𝜀̂ ) is the initial alignment generated in the 

preparation step. 

 
The normalisation limits of the renormalized PDDCSs here are: 

-1 < 𝑇0
2(𝑗, 𝜃) < +2                                                                                                         

-√3 < 𝑇1+
2 (𝑗, 𝜃) < +√3                                                                                                  

-√3 < 𝑇2+
2 (𝑗, 𝜃) < +√3    

 

It is 
𝑑𝜎

𝑑𝜔
, 𝑇0

2, 𝑇2+
2  which are used in the comparisons between the experimental and theoretical 

results that are discussed in the Sections 3.4 and 3.3. We note here that in the experiments 

presented in this chapter the orthogonal arrangement of k and kp ( = /2), arising from the 

near equal speeds of the NO and Ne beams, results in no contribution to the image intensity 

from 𝑇1+
2 (𝑗, 𝜃). This would not in general be the case in experiments using different 

collider/carrier gas species. 
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𝑞 

3.3. Data Analysis 

 

3.3.1 Introduction 

DCSs were extracted from the experimental data using a Monte-Carlo based fitting program. 

The main points of this fitting routine are discussed in Section 2.3. However, the 

modifications to the original program were made by M. L. Costen in order to reflect the work 

carried out in this setup, with these changes being detailed here. 

The program worked by simulating sets of basis images and fitting linear combinations of 

these to the experimental background-subtracted images (Sections 2.1.1 and 2.1.7). These 

basis images represented a series of Legendre polynomials in cos(θ), up to a rank that was 

sufficient to describe the angular dependence of the scattering. For the work described here it 

was not only DCSs, but also 𝑇𝑞
2 PDDCSs (Section 3.2.2) that were to be extracted from the 

experimental data. In order to obtain these the program carried out fitting to pairs of H- and V- 

images simultaneously. It was assumed that fitting of the DCSs and 𝑇𝑞
𝑘 PDDCSs can be treated 

independently of each other. This assumption has previously been used successfully to fit 

product rotational alignment and DCSs by M. L. Costen and co-workers.
9,20,38,40 The program 

first assumes that the 𝑇𝑞
𝑘 PDDCSs are all zero, and finds the best possible fit varying just the 

DCS. The DCS from this initial fit is then used to simulate basis images for the 𝑇𝑞
𝑘 PDDCSs, 

which are then fit to the experimental images to give an initial set of PDDCSs. A new set of 

DCS basis images is then generated assuming these initial fit PDDCSs, and the simplex 

algorithm is again used to find a new, revised DCS. The program cycles between fitting the 

DCS and the 𝑇𝑘 PDDCSs in this fashion until consecutive cycles around the fitting loop cause 

changes in their values that are below a certain pre-set convergence tolerance. The number of 

basis images used varied from state to state and was selected so as to capture the angular 

distribution of the scattering as well as possible. Section 3.2.4 describes this selection process 

in more detail and gives examples. The fitting coefficients extracted during this process were 

then combined with the angular functions in order to generate DCS and PDDCSs. 

3.3.2 Basis Tests carried out on Summed Images 

DCSs and PDDCSs are determined by fitting linear combinations of simulated basis images to 

the experimental images. In order for this fitting to be carried out as accurately as possible, it 

is important to establish the right number of basis images to capture all of the information in 

the experimental data without adding any artefacts to the DCSs that were not present in the raw 

data. The number of basis images used was chosen based on tests carried out by fitting different 
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numbers of these to the summed experimental images, and visually checking both the fit images 

and the extracted DCSs in order to select the best combination. These summed images were 

generated by adding together all of the 3-6 images taken for a particular N′ state. This process 

was first carried out by varying the number of basis images for the DCSs, whilst holding the 

number of basis images for the 𝑇𝑞
𝑘 PDDCSs at the constant value of 9. Once the number of 

basis images had been optimised for the DCSs, the number of basis images for the 𝑇𝑞
𝑘  

PDDCSs was varied, until the optimum value for these had also been found. The number of 

basis images for each of the PDDCSs were varied together, so that in all fits the number of 

basis images for each of these was the same. 

Fig. 3.2 illustrates an example of this for fits to the N′ = 2 image. Here the DCSs are shown 

for fits using three different numbers of basis images. For each plot the experimental image is 

shown in the inset with the fit image directly to the right of this. In Fig. 3.2a too few basis 

images have been selected and as a result a linear combination of these is unable to capture the 

sharp forward scattered signal. This is visible in the fit images, as the area of high signal 

intensity is clearly spread across a larger range of angles than in the experimental image. There 

are also significant oscillations in the fit image and the DCS that are not present in the 

experimental image. This is because there is no linear combination of 7 basis images possible 

in which the peaks of the basis sets are sufficiently aligned at θ = 0° to interfere constructively 

enough in order to give the sharp peak required there, whilst also destructively interfering at 

larger angles in order to give very low signal intensities found there. The best attempts to fit 

the forward scattering signal therefore result in a series of artificial oscillations at θ > 45o. 

Fig.3.2b shows a fit using 17 basis images, the number of basis images that was chosen to 

extract the DCSs for this particular state. It can be seen that the fit image matches the 

experimental image a lot more closely than in Fig. 3.2a. The peak of the DCS is a lot narrower 

and goes smoothly to ≈ 0 at around 60o without any artificial oscillations. Fig. 3.2c shows the 

result of using too many basis images. Here there are many possible combinations of basis 

images that would result in fit images that, when compared to the experimental image, give 

similar χ2 values. As a result a combination is often chosen that captures a specific feature of 

the experimental data well, but which may give a large number of small artificial oscillations 

in another part of the DCS as the fitting routine tries to capture small details in the images 

resulting from the finite signal-to-noise resolution of the images. Use of a larger number of 

basis images also increases the computational cost of the fit, thus it is advantageous not to use 

more than the minimum number of basis images required to capture the angular distribution of 
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the scattering. 

 

 

a. 
 
 
 
 
 
 
 

b. 
 
 
 
 
 
 

c. 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 3.2 DCSs extracted from the experimental data for the N′ = 2 image using a. 7, b. 17 and c. 27 basis 

images. For each of the plots, the fit image achieved with that number of bases is shown to the far 

right, with the experimental image to the left and shown on the same colour scale as this. Fitting is 

simultaneous to both the H- and V- images, giving two fit images, but a single DCS. The 

experimental image is the sum of the six experimental images that have been taken for that N′ state 

and polarisation of light. 

Tests to find the best number of basis images to use were carried out for each of the N′ states. 

Once tests had been carried out on the summed experimental image and the optimal number of 

basis images selected, fitting was carried out for each individual experimental image V and H 

7 bases 

17 bases 

27 bases 
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pair. This was necessary, as simultaneous fitting must be carried out on individual pair of 

images taken simultaneously, in order to allow for the extraction of the PDDCSs (see Section 

3.2.2). The final reported DCS or PDDCS is the average of these individual fits, with the errors 

quoted as twice the standard error in the mean. In each case the number of basis images used 

was the same for all images of the same state but different from state to state. The numbers of 

basis images used are presented in Table 3.1. 

 

N′ State Number of Basis Functions Used 

DCS 𝑻𝒌 
𝒒 

1 15 9 

2 17 9 

3 15 9 

5 13 9 

6 19 9 

7 19 11 

8 17 11 

9 15 11 

11 13 9 

 

Table 3.1 The number of basis images chosen to fit to the experimental data for each final N′ state. 

Fitting was carried out on the H- and V- images simultaneously, with the number of bases used the 

same for both. The number of basis functions used to fit the 𝑇0
𝑘 and 𝑇2+

𝑘  were the same for each test. 
  

 

3.3.3 QS Methods 

The QS calculations reported in this chapter were carried out by M. L. Costen, using the 

HIBRIDON QS code.
74 The NO(A)-Ne PES employed was that of Cybulski et al.,

19 also used 

in the previous work of the Costen group on inelastic scattering of NO(A, N = 0) + Ne.
38 Open- 

shell close-coupled calculations were performed at 20 different total energies, in 10 cm-1 steps 

on a grid ranging from 590 to 780 cm-1. The initial state in the experiment, N = 4, j = 3.5, has 

a rotational energy of 40 cm-1, and hence for scattering from this initial state the effective 

collision energy range was 550 to 740 cm-1, a range of 4 standard deviations in either direction. 

For each total energy calculations were performed with values of total angular momentum, Jtot, 

up to 350.3. A rotational basis up to N =  20 was employed, with numerical propagation from 

3.5 to 300 Bohr. During the calculations NO(A) was assumed to act as a rigid rotor, with 

rotational constants of constants B = 1.9869 cm-1 and γ = -0.0027 cm-1.
75

 The calculated S- 

matrices were used to determine the complex scattering amplitude as a function of scattering 

angle (Equation 3.12). Software written by M. L. Costen and T. R. Sharples was then used to 

calculate the DCS and renormalized PDDCS via Equations 3.9, 3.12 and 3.19-3.23, for each 

spin-rotation resolved final level. The DCS for final rotational level N was then calculated as 
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the sum of the respective f1 and f2 spin-rotation states, while the renormalized PDDCSs were 

calculated as the DCS-weighted average of the individual spin-rotation states. Finally, the N 

dependent DCS and renormalized PDDCSs from the 20 separate collision energy calculations 

were averaged over the experimental collision energy distribution. 

3.4 Results 

 
The scattering of NO(A) with Ne has been carried out using the crossed molecular beams 

apparatus described in Section 2.1. The primary beam consisted of NO seeded as a 10% mixture 

in Ne, to a total backing pressure of 3 bar. This was collided with a beam of neat Ne, at 5 bar 

backing pressure. The mean beam speeds of the NO and Ne were 803 m s-1 and 801 m s-1 

respectively, with standard deviations of 24 and 22 m s-1 respectively. The beams had near 

Gaussian velocity distributions, leading to a collision energy distribution which was also near 

Gaussian, with a mean of 644 cm-1 and a standard deviation of 26 cm-1. 

 
Prior to collisions NO(X, j = 2.5, F1f) was excited to the NO(A, N = 4, j = 3.5, f2) by pumping 

on the R21 branch at a transition wavelength of 226.05 nm. Scattering images were taken for 

final states N′ = 1-3, 5-9 and 11. N′ = 4 was not imaged, as the vast majority of NO(A) 

molecules do not undergo collisions and therefore signal from this state would be 

overwhelmingly from non-scattered NO(A) molecules, with the high concentrations of these 

producing signals that would cause damage to the detector MCPs. 

 
Images were taken by scanning across the entire Doppler profile of the transition of interest, 

with the scan being carried out in 15-19 steps depending on the shape and width of the profile 

(as measured by running spectra of the transition of interest) with 200 points taken at each step 

for each of the two polarisations and their respective background images. Each image was 

recorded by cycling 3-4 times across the Doppler profile, with this number depending on the 

number of steps taken across the profile and chosen so as to keep the total number of shots 

contributing to each image approximately the same. 

3-6 images were taken for each of the N′ states. For each state the images were taken across a 

range of days, to prevent any day-to-day fluctuations in experimental conditions affecting or 

biasing the final comparison of data between states. Fitting was carried out on individual 

images, with the DCSs quoted the mean values across the set of images. The number of 

Legendre polynomials required to fit to each of the images was obtained as per the tests 
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described in Section 3.3.2. 

The summed experimental images for each of the states imaged are shown in Fig. 3.3. These 

are background-subtracted images, obtained as described in Section 2.2.1. They are shown in 

two sets, those from the H-polarised light are shown at the top of the image with the V-polarised 

images shown below. As the experimental images are sums of six individual images, so the fit 

images are the sums of six fits to these individual images. The top left-hand image has the 

relative velocity vector pre-collision, k, marked on for reference. Scattering angles are 

discussed, as in Chapter 4, relative to k, with scattering at θ → 0° referred to as forward 

scattering and that for which θ → 180° as backward scattering. Images are nearly symmetrical 

about k, which shows that there is very little detection bias dependent on the direction that 

molecules scatter in the laboratory frame (see Section 4.2.3 for a discussion of sources of this 

bias). 
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It can be seen that for all of the images there is a good agreement between the experimental 

data and its corresponding fit, giving evidence that the method used to produce these was 

effective, and that the number of basis images selected for each state was sufficient to capture 

the angular scattering distributions observed. On moving to higher N′ states the scattering 

images produced have a smaller radius. This reflects the fact that a larger proportion of the 

collision energy has been converted to rotational energy of the NO(A). As a result, less is 

available to be partitioned into the translational energy of the scattered products, and these 

scatter with a lower velocity than for channels with lower N′ values. NO(A) molecules are in 

the N = 4 state prior to scattering, and therefore, unlike in previous studies on the scattering of 

NO(A, N = 0, j = 0.5) scattering here can be observed into both channels with positive and 

negative values of ΔN. It can be seen from Fig. 3.3 that as the absolute value of ΔN increases 

there is a greater proportion of sideways and backwards scattering. For states N′ = 1-3, 5 it is 

primarily forward scattering that is visible in the images, whereas for N′ ≥ 6 the entire scattering 

‘ring’ is clearly visible, with significant signal intensity at θ > 90°. 

Fig. 3.4 shows V-H difference images for both the experiment and the fit. These are taken by 

subtracting each H-image from its corresponding V-image. Areas of these difference images 

that are shown in red represent areas for which there is a greater amount of scattering for 

molecules that have been excited with V-light and blue for areas which are have an excess of 

scattering for molecules that have been excited by H-light. As for the images shown in Fig. 

3.3, there is good agreement between the experimental and fit images. These difference images 

are, as for the images in Fig.3.3, symmetric about k. 

It is noticeable from these difference images that for scattering into lower N′ states, that states 

for which ΔN = negative, is favoured by V-polarised preparation light, whereas for higher N′ 

states (ΔN = positive) there is a greater scattering intensity when H-polarised light is used. The 

angular dependence of these preferences also changes as N′ changes, with the extreme forward 

direction being preferred by the use of V- light at low values of N′, whereas for higher N′ values 

the forward direction is dominated by blue areas, meaning that this is favoured by the use of 

H-light, with a greater proportion of backwards scattering from the V-images. 
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The Monte Carlo based fitting routine described in Sections 2.3 and 3.3 was used to extract 

PDDCSs from the experimental images. This extraction process was carried out by fitting to 

a H- and its corresponding V-image simultaneously, and yielded a DCS, and the 𝑇0
2   and 𝑇2+

2    

PDDCSs. Although the images shown in Fig. 3.3 are the result of summing all of the 

experimental images for a given N′ state, the PDDCSs were extracted from individual 

experimental images, to allow error values to be calculated, thus checking for consistency of 

experimental data across the different days over which the measurements were made. All error 

bars in this chapter represent two standard errors of the mean. Where theoretical predictions 

are shown for comparison, they were calculated by M. L. Costen using HIBRIDON and the 

NO(A)+Ne PES proposed by Cybulski et al. Experimental DCSs have been area normalised to 

the QS DCSs during the fitting process, to enable direct comparison. 

Fig. 3.5 shows the DCSs extracted from all of the experimental data, alongside their theoretical 

counterparts. As was observed in the experimental images, on moving to larger absolute values 

of ΔN a greater amount of sideways and backward scattering is observed. Each DCS shows a 

single peak and this moves to higher angles as ΔN increases, with states for which N′ < 7 having 

very little cross section at θ > 45o, whereas for N′ = 8, 9 and 11 there is significant signal at 

scattering angles above 90°. For these high N′ states the DCSs not only peak at higher scattering 

angles, but have a broader shape, describing scattering over a wider range of angles. For all 

states, however, the cross section has non-zero values at all angles up to 180°. 

There is good agreement between the experimental and theoretical results. This agreement is 

particularly strong for θ > 20°, with the QS calculations predicting near quantitatively the 

position and shape of the peaks. There is, however, some divergence between the experimental 

and theoretical results in the extreme forward direction, notably for N′ = 1,2 and 7, for which 

the experimental DCSs peak at 0o, whereas for the calculated DCSs these peaks are found at  

θ = 15°-20°, with very small cross sections at 0°. 

For N = -2 to N = + 3, the QS calculations predict high frequency structure in the forward 

10°. The experiment does not have the angular resolution in this region to measure such high 

frequency oscillations. We do however experimentally observe substantial forward scattering 

for all final states N′ = 1 to 7. 

The QS calculations predict low frequency oscillations in the DCS as well, clearly visible as 

inflections in the backward scattered side of the primary peak for most final states. The 

experimental results also display structure in the peaks, which are significant within the 
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experimental errors, but there is not, in general, quantitative agreement between the experiment 

and theory in the location of these inflections. In low intensity scattering regions (e.g. backward 

hemisphere of N′ = 5 -7) regular oscillations are observed in the experimental DCS. These are 

an artefact of the fitting process and the use of Legendre basis functions and have been observed 

in similar situations in previous work. 
 

 

Fig.  3.5 DCSs for the scattering of NO(A, N = 4, J = 3.5, f2) off Ne at 646 cm
-1

, with experimental 
results shown in black and the QS results in red. The experimental results are the average of 3-6 
experimental runs, with the error bars representing two standard errors of the mean. 
 

Fig. 3.6 and 3.7 show the 𝑇0
2 and 𝑇2+

2  PDDCSs from the experimental fits and QS 

calculations. 

  

These PDDCSs show less close experimental-theory agreement than for the DCSs. However 

the experimental and theoretical results still match qualitatively. It is to be expected that there 

will be larger errors in the determination of the PDDCSs, as they are dependent on differences 

between the H- and V-experimental images, and these differences are often quite subtle. Small 
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differences are clearly particularly difficult to determine at angles for which the differential 

cross section is small. For states for which ΔN is negative, the 𝑇0
2  PDDCSs generally have 

positive values for forward scattering, becoming negative on moving to higher angles. For 

states with larger positive ΔN values the opposite is the case. For N′ = 5-7 𝑇0
2oscillates around 

zero for all angles. For the 𝑇2+
2   PDDCSs no such clear trend is observed on moving across 

angles, although a trough is often seen in the extreme forward direction. For N′  5, the 𝑇2+
2   

PDDCSs tend to have negative values across all scattering angles, whereas for N′ ≥ 5 they tend 

to oscillate around 0. In all cases both the experimental and theoretical 𝑇0
2 and 𝑇2+

2   PDDCS 

show a significant number of oscillations. 

  

Fig. 3.6 𝑇0
2 PDDCSs for the scattering of NO(A, N = 4, J = 3.5, f2) from Ne at 646 cm

-1
, with 

experimental results shown in black and the QS results in red. The experimental data is the average of 

3-6 experimental runs, with the error bars representing two standard errors of the mean. These PDDCSs 

have been normalised by dividing through the values for the DCS for that state. 
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Fig. 3.7 𝑇2+
2  PDDCSs for the scattering of NO(A, N = 4, J = 3.5, f2) from Ne at 646 cm

-1
, with 

experimental results shown in black and the QS results in red. The experimental data is the 

average of 3-6 experimental runs, with the error bars representing two standard errors of the 

mean. These PDDCSs have been normalised by dividing through the values for the DCS for 

that state. 
 

3.5 Discussion 

 
The closeness of the fits to the experimental images suggests that the fitting routine is robust, 

with the observed decrease in ring size at higher N′ being as expected, based on the energetic 

constraints of the scattering channel of interest. On moving to larger absolute values of ΔN 

there is a transition towards scattering at both a larger range of scattering angles and towards 

the peak of the scattering intensity being at higher values of θ. This effect is seen in both the 

scattering images (Fig. 3.3), and more quantitively in the DCSs shown in Fig. 3.5. An 

association between larger amounts of rotational excitation in collisions and a greater degree 

of backward scattering has been noted both in previous NO(A) studies
9,20,38–40 and will also 

be discussed with reference to the work on the scattering of NH3 discussed in Chapter 4. This 
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has generally been explained by noting that channels involving a greater product rotational 

excitation require collisions in which a greater torque is exerted on the collider. Such collisions 

are those that occur at lower impact parameters, and it is these that are usually associated with 

scattering into greater scattering angles. Whilst this effect has often been observed when 

looking at scattering in which there is rotational excitation of the product, it is interesting to 

note that a greater degree of product de-excitation also appears to be associated with an increase 

in the angle at which the peak scattering angle is observed (see the DCSs for N′ = 1 and N′ = 2 

of Fig. 3.5 for this comparison). That is to say it is the magnitude of ΔN, and not its sign, which 

is predominantly associated with this transition from forward to backwards scattering. 

Close agreement has previously been found between the QS and experimental data for the 

scattering of NO(A, N = 0, j = 0.5) + Ne
38 and it is satisfying to see that this agreement is also 

shown in the current system. As for the scattering of NO(A, N = 0, j = 0.5) + Ne, the agreement 

between the experimental and theoretical data is less satisfactory for the extreme forward 

direction. There are high frequency oscillations in the theoretical data, which are not present in 

the experimental data. These are likely to be diffraction oscillations, of the kind noted by van 

de Meerakker and co-workers for NO(X) scattering,
10 however the angular resolution of the 

experimental setup here is not sufficient to resolve these. More interestingly, however, is the 

higher levels of signal seen around θ = 0 in many of the experimental images, as compared to 

the QS results. This effect is not a result of experimental resolution, but instead shows that the 

PES in use is underestimating the amount of forward scattering that will occur. Scattering in 

the extreme forward direction is often enhanced by attractive interactions. In the case of 

systems involving NO, such interactions are believed to be particularly strong at the N-end of 

the molecules, with these often referred to as where there is believed to be an ‘attractive  

well’. Such a well is present in the NO(A)-Ar potential of Kłos et al.,
76 and thus a large 

amount of forward scattering is predicted for final states between N = 3 and 9 for this 

system. This is reflected in the NO(A) + Ar experimental data. Whilst it would be expected 

that a system involving scattering with a heavier and more polarisable rare gas atom would 

exhibit stronger attractive forces, work on the scattering of NO(A, N = 0, j = 0.5) with Ne 

suggests that there is also a significant attractive component to this NO(A)-Ne potential, which 

is not currently being modelled successfully. The work in this chapter provides further 

evidence to support the presence of such a potential well. The closeness of the experimental 

and theoretical DCSs for the rainbow peaks, on the other hand, suggest that the repulsive wall 

of the PES is accurate. The small steps on high angle side of these peaks, suggest that this 
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wall is not fully ellipsoidal, but has a more complicated structure. This is consistent with the 

ab initio PES. 

 

 

 
 
Fig. 3.8 Polar contour plot for the PES of the NO(A)-Ne system,

38
 as calculated by Cybulski et al.

19 

The dashed red lines represent energy contours 0-100 cm
-1 in 10 cm

-1 intervals. The solid red lines 

represent energy contours 100-1500 cm
-1 in 100 cm

-1 intervals. 

 

The 𝑇𝑞
𝑘 PDDCSs describe how the initial j distribution affects the likelihood of scattering into 

a particular state and angle. The 𝑇𝑞
2 PDDCSs describe this likelihood for alignments relative 

to different directions in the scattering frame, with a positive 𝑇𝑞
2 value for a given q showing 

that a positive value for the respective alignment moment increases the chance of scattering 

into this N′ state and value of θ. The 𝑇0
2 PDDCS is sensitive to the alignment with respect to 

the z-axis which is parallel to k. It is cylindrically symmetric about this axis, but gives no 

information about the azimuthal projection. Positive values of the 𝑇0
2 moment mean that there 

is preferential scattering from NO(A) molecules that are initially rotating with their j pointing 

parallel or antiparallel to k. This can be depicted classically as the NO(A) molecules rotating 

about an axis that is parallel to their direction of travel, that is to say moving with a motion 

like a propeller (see Fig. 3.9). Negative values of 𝑇0
2, on the other hand, suggest that there is a 
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preference for scattering from molecules which have j perpendicular to k. There are two 

limiting ways in which such motion can occur, and which are not differentiated between 

when looking solely at the 𝑇0
2, often referred to as cartwheeling and frisbeeing (Fig. 3.9).  

 

 

 
Fig. 3.9 Classical picture of the three limiting planes of rotation of NO molecules. For ‘in-plane’ 

modes j lies perpendicular to k, meaning the plane of rotation (itself perpendicular to j) contains k. 

whereas for the ‘out-of-plane’ j is parallel or antiparallel to k. The cartwheeling mode is equally 

accessible when using H- or V- polarised light, whereas propellering is favoured by the use of V- light 

and frisbeeing by the use of H- light. A preference for one or more of these modes of rotation in the 

initial sample will lead to increased or decreased scattering into a given angle, with this discussed in 

greater detail in the main text. It should be noted that the preferences for rotation of a mode by a 

particular polarisation of light are dependent on the geometry of the apparatus and are correct for the 

current experimental setup. 

When looking at the 𝑇0
2 extracted from the experimental data, it can be seen that this is in good 

agreement with that predicted based on QS calculations. This again gives support to the idea 

that the PES employed is able to well model the collision system being investigated. On moving 

from lower to higher N′ there is a change in the trend of these 𝑇0
2 PDDCSs. For low N′, 𝑇0

2 has 

a positive value for scattering into the forward direction and becomes negative as θ increases. 

This means that for these final states, that is for final states involving rotational de-excitation, 

NO(A) molecules approaching the Ne collider with propeller motion are preferentially 

scattered in the forward direction, whereas those with frisbee or cartwheel motion are 

preferentially scattered sideways or backwards. This is reflected in the V-H difference images 

of Fig. 3.4. As shown in Fig. 3.9 V-initial polarisation of light generates an alignment with a 

greater degree of propeller motion, and for the V-H difference images it can be seen that for 

the extreme forward direction there is a greater signal intensity for the V-images than the H-

images (with these regions thus being shown in red). For backward scattering there is a greater 
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degree of scatter in the H-images, with the V-H images showing in blue in this region, 

suggesting that these are favoured by a larger proportion of in-plane (frisbee+cartwheel) 

rotation in the initial sample. However, it should be noted that as the is a very low signal 

intensity for > 90° for these low N′ states this effect is being observed based on a small number 

of collisions. 

For intermediate N′ states (N′ = 5-7), the 𝑇0
2 PDDCSs are close to zero for all angles, with 

there being no clear trend on increasing θ. This suggests that there is no strong dependence 

for scattering into these states on the initial alignment of the NO(A) molecules with respect to 

k, within our experimental sensitivity. On moving to the higher N′ states (N′ = 8, 9 and 11) 

the opposite trend is observed to that in the low N′ states, with scattering at smaller angles 

being associated with negative 𝑇0
2 values, with these moving to positive values as θ increases. 

It appears that for these states a propeller-like motion favours scattering into higher angles, 

with the opposite being true for in-plane rotation. This is reflected in the V-H images. In 

contrast to the low N′ images, the forward region in the N′ = 8, 9 and 11 images is dominated 

by contributions from the H-images (blue), with the backward region having a higher 

contribution from the V-images (red). This effect is seen most clearly in the images for the N′ 

= 8 and N′ = 11 states. It should be noted that for all states measured the DCSs peaked at 

angles < 90°. This meant that the overall tendency for molecules to scatter into a given N′ 

state was dependent on which alignment favoured scattering into the forward region in that 

state. Thus for N′ = 1-3, for which forward scattering was preferred by out-of-plane initial 

rotation, the overall intensity of the experimental images was greater when using V-polarised 

light, whereas for N′ = 8,9 and 11 the H-experimental images had a greater total intensity. As 

the majority of scattering is in the forward direction for states N′ = 1-3, and the 𝑇0
2 moment has 

a positive value for these states at angles <45° it can be surmised that a greater positive initial 

alignment of NO(A) with respect to the k leads to a greater proportion of scattering into these 

states. For states N′ = 8,9,11 the greatest amount of signal is at angles 45°-90°, and the 

primarily negative values of 𝑇0
2 at these angles suggest a negative alignment of NO(A) 

favours scattering into these states. A strong preference is not seen for N′=5-7, for which 𝑇0
2 

values are close to zero. 

For the particular experimental setup used, it is not possible to obtain the 𝑇 1+
2  for this system. 

As the secondary collider and the seed gas for the primary collider are the same, Θ  ≈ 90° and 

the 𝑇1+
2  term in Equation 3.25 and 3.26 (which has a sin2Θ dependence) disappears. The 𝑇2+

2  
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2+ terms, on the other hand, can be obtained and these are presented in Fig. 3.7. These refer to 

the contributions to the scattering signal that arise as a result of alignments with respect to the 

xz plane in the scattering frame – positive values have j lying along the x axis (that is in-

plane), whist negative values have it along the y axis (out of plane). Positive values of 𝑇2+
2  

indicate that there was a preference for the molecules that scatter into this angle to be 

cartwheeling in the k-k′ plane before the collision, whereas for a negative 𝑇2+
2  indicates 

frisbeeing. For scattering into the N′ = 1-3, the 𝑇2+
2 PDDCSs are all predominantly negative, 

suggesting that scattering into these states is primarily from molecules that originally had a 

significant component of their rotation in the plane that would be formed by k and k′. For N′ 

≥ 5 these PDDCSs oscillate at values ≈ 0, suggesting that the initial alignment of j with 

respect to the axis to which the 𝑇2+
2  PDDCSs are referenced has little importance to the 

proportions of molecules scattering into particular angles within these states. The exception 

of this is in the extreme forward direction. For all of the QS 𝑇2+
2  PDDCSs, there is a trough at 

angles < 15o, with this representing the minimum value for the entire 𝑇2+
2   moment, reaching 

values between -0.5 and -1.5 depending on the state. For many of the experimentally obtained 

𝑇2+
2  (N’ = 2, 3, 5, 7 and 8) this trough is also seen, either at the same or slightly higher θ. This 

suggests that scattering in the extreme forward direction is increased if molecules are initially 

rotating in the k-k′ plane. Both the 𝑇0
2 and 𝑇2+

2  PDDCSs have complex shapes and exhibit a 

significant amount of oscillatory behaviour in both the experimental and theoretical data, 

suggesting that the exact reasons for a particular rotational alignment favouring scattering into 

a given angle or state are complex, and not easily explained by simple classical pictures. 

3.6 Summary 

 
CMB-VMI experiments have been used to obtain DCSs, 𝑇0

2 and 𝑇2+
2  PDDCSs for the 

scattering of initially aligned NO(A, N = 4, j = 3.5,  f2) in collisions with Ne, at a collision 

energy of  646 cm-1. This work represents the first study on k-j-k′ correlations for an inelastic 

collision system, and one of a very small number of scattering studies on initially rotation 

NO(A). Data was obtained for final states N′ = 1-3, 5-9 and 11, with N′ = 1-3 representing the 

first study for which DCSs had been obtained for scattering into states of lower rotational 

energy than the initial state for this system. It was found that scattering into states with a 

larger value of ΔN was associated with both a broader angular distribution and the peak of 

this being at higher angles. This effect was more dependent on absolute change in angular 

momentum of the NO(A) during the collision, and not the sign of this. 
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The DCSs, 𝑇0
2 and 𝑇2+

2  PDDCSs obtained experimentally were compared to QS results 

carried out by M. L. Costen using HIBRIDON and a PES by Cybulski et al. In general, there 

was found to be excellent agreement between the experimental and theoretical DCSs for all N′ 

states. The main discrepancies between the two sets of results were in the extreme forward 

direction for N′ ≤ 6, where the greater proportion of scattering in the experimental results than 

predicted by the calculations suggests that the size of the attractive part of the PES was being 

underestimated by the PES used in the calculations. 

In  general,  there  was  good  agreement  between  the  experimental  and  theoretical 𝑇0
2 and 

𝑇2+
2  PDDCSs, across the range where the scattering cross section is reasonably high, which 

again supports the accuracy of the PES used. For N′ = 1-3, 𝑇0
2 was positive for forward 

scattering and became negative with increasing θ. For N′ = 8,9,11 the reverse was true. For 

N′ = 5-7 the 𝑇0
2 values oscillated around zero. The 𝑇2+

2  PDDCSs oscillated around 0 for all 

states N′ ≤ 3. For N′ = 1-3 these PDDCSs were predominantly negative. The 𝑇0
2 and 

𝑇2+
2  PDDCSs, however, were observed to have a complex structure in both the experimental 

and theoretical work, often showing many oscillations, suggesting that the relationship between 

the initial plane of rotation of the NO(A) and the state and angle into which it scatters. Further 

work would be needed in order to shed light onto the reasons behind this. 
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Chapter 4: Reanalysis of NH3 Scattering Experiments 

 

4.1 Background 

 
As discussed in Chapter 3, when studying reaction dynamics, systems involving fewer atoms 

have a lower number of degrees of freedom, simplifying both the process of extracting 

information from experimental data and reducing the computational costs involved in 

simulating such systems. As such, systems involving the collisions of mono- and diatomics can 

be studied to very high levels of accuracy, affording a wealth of information about the 

interactions of such species during collisions. The real world, however, does not consist solely 

of mono- and diatomic species, and it this thus necessary to see how techniques involved in the 

study of such smaller systems can be adapted in order to look at increasingly complex systems. 

The presence of ammonia in interstellar dust clouds was first reported in 1968 by Cheung et 

al.
77 and since then this molecule has gained a large amount of attention as its rotational 

spectroscopy is used in the estimation of the temperature of these clouds.
78–80

 In order for this 

interstellar ‘ammonia thermometer’ to be used to obtain accurate temperature measurements 

for the interstellar medium (ISM), one requires reliable measurements of the ratios of NH3 

molecules in different rotational levels, as well as an understanding of the rate constants 

involved in the processes that transfer molecules between these levels. It is primarily 

collisions between NH3 and other small molecules present in the ISM that lead to the transfer 

of ammonia molecules between different rotational states and as such an understanding of the 

energetic processes that occur during collisions between NH3 and small molecules is important 

in ensuring that the current models of the ammonia thermometer are reliable. 

Scattering studies involving ammonia have to date tended to focus on the collisions of NH3 and 

its deuterated isotopes with noble gases.
81–89 There has been a particular focus on systems 

involving ND3, as this has a larger effective dipole moment than its non-deuterated equivalent, 

which facilitates its use in experiments that employ the Stark effect in initial state selection and 

velocity control.
90,91

 In recent years the collisions of ND3 with H2 and D2 have also been studied 

in detail,
7,8 with hydrogen and its isotopologues being of particular interest to astrochemists, 

as H2 is the most abundant molecule found in the ISM and therefore the most likely collision 

partner for ammonia within this medium.
92,93

 

In general good agreement has been found between these experimental studies and the results 

predicted based on quantum scattering (QS) calculations.
7,8,87,88

 When looking at the noble 
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gas series, it has been found that in general as one descends the series from He to Ne and then 

Ar the PES involved in the collision process contains a larger contribution from long range 

attractive interactions.
68,87,88 As a result scattering for Ar is primarily in the forward direction, 

with greater amounts of sideward and backward scattering for He. It has also been found that 

scattering into higher j states is often associated with a greater degree of sideways and 

backwards scattering, as it often requires more head-on collisions to rotationally excite 

ammonia molecules to the higher rotational levels and these low impact parameter collisions 

are in general linked to scattering at larger angles. 

This chapter focuses on reanalysing scattering recorded by C. A. Rusher and first described in 

her thesis.
36 This data was initially analysed using a LabView-based method first developed by 

M. Brouard and C. J. Eyles
94  and adapted for use with the current setup by O. Tkáč

46  and C. 

A. Rusher.
36 This method involved measuring the total image signal intensity at given angles 

for a ring of set width at a known radius from the centre of the scattering image. This radius 

was chosen based on the expected scattering velocity of NH3 molecules for a given product- 

pair channel. A plot of integrated signal intensity across the width of the ring versus angle then 

gave the DCS for that state. This centre point was input independently into the LabView 

program and could be adjusted to reflect day-to-day drift in the experimental image position. 

Differences in ionisation probability of scattered products based on their velocities and 

positions with relation to the laser beam (Section 4.2.3) were accounted for by simulating an 

instrument function, which gave a weighting for the ionisation probability for ions that would 

arrive at each pixel on the detector. The experimental background-subtracted images were 

divided by this prior to extraction of DCSs. 

This method, however, assumed that scattering would present itself as rings of a known finite 

width, with signal intensity being uniform for a given angle across the width of this ring and 

zero outside of it, in the absence of instrument-based detection bias. This is not, however, the 

case, for several reasons. Factors such as kinematic blurring and ion-recoil blurring gave the 

rings a greater width than they would have otherwise had and meant that the signal intensity 

went to zero more gradually on moving away from the radius of greatest signal intensity. The 

distribution of molecules around the average velocity for each of the beams also contributed to 

this.
94 In addition to this, for the case of di- and polyatomic co-colliders overlap of rings from 

different co-excitation channels mean that there is a more complex relationship between 
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distance from the centre of the scattering ring and intensity than this simplified integration- 

based method captures. As such, it was decided to use an alternative method to extract DCSs 

from the experimental data. This involved the simulation of a set of basis images of known 

angular distributions of signal intensity, with linear combinations of these being fit to the 

experimental data. As factors such as the spread of molecule speeds and sources of blurring 

could be accounted for in the generation of the basis images this method should give a more 

accurate way of extracting DCSs from the data and assigning signal intensity to different 

product-pair channels. 

4.2 Modifications to the Monte Carlo Based Fitting Routine 

 
4.2.1 Introduction 

DCSs presented in this chapter were obtained using a Monte Carlo based simulation program, 

originally written by T. R. Sharples in order to extract DCSs and alignment moments from 

NO(A, N = 0, j = 0.5) + Ar scattering images.
20 The main basis of this program is detailed in 

Section 2.3. Modifications were, however, made by the author, in order to reflect both the 

differences in the two experimental setups and to take into account the differences in the 

information that could potentially be obtained when using a di- or polyatomic collider, as 

opposed to a rare gas atom. These modifications are detailed below. For each of the systems, 

tests to determine the optimal number of basis images used were carried out as for the NO(A) 

work (Section 3.3.1), however, with only the need to vary these for the DCSs, as the alignment 

moments were not measured. More information on how the number of basis images was chosen 

when looking at the NH3 + D2 s system, for which collider co-excitation was a factor, is given 

in Section 4.4.2. 

 

4.2.2 Density-to-Flux Considerations 

The original fitting procedure gives all possible ion hits the same weighting when binning 

them into the corresponding pixel on the detector. This is because the program was initially 

designed for use on systems involving excited state NO.
20 This NO(A) is generated by 

excitation with a preparation laser, and as there is a fixed time delay between the firing of this 

laser and the time at which ionisation takes place, careful selection of the radii of the laser 

beams can be used to ensure that all scattered NO(A) is imaged. 

The current system, on the other hand, involves the study of molecules in their ground 

electronic state, and the use of only one laser beam. The species of interest is thus present over 
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a larger volume and can travel a non-negligible distance between the time of scattering and 

the time of their ionisation. The chance of the scattered NH3 being ionised is dependent on its 

position at the time at which it is ionised – if the particles travel away from the most intense 

part of the laser beam prior to the time of ionisation this reduces the chance of this ionisation 

occurring. The opposite is true of molecules moving towards the most intense part of the beam. 

Such detection bias can be taken to account using ‘density-to-flux’ corrections. 

The current fitting routine has been modified to take this into account. The time at which the 

ionisation occurs is selected from a Gaussian based on the length of the laser pulse. It is 

assumed that collisions occur at time = 0. As the velocities and collision positions of the 

scattered particles are already known the position of the NH3 at the time of ionisation can be 

calculated. 

The laser beam is assumed to be Gaussian. Fig. 4.1 shows the key parameters in defining the 

structure of a Gaussian beam that has passed through a lens. The focal point (0,0) is the most 

intense part of the beam. The beam is described in terms of cylindrical coordinates, with z 

representing the distance from the focal point along the axis of propagation of the beam and r 

representing the radial distance from this axis. w(z) is the distance that one needs to go out 

from the beam axis in order for the value of the electric field vector (E) to drop by a factor of 

1/e. This is dependent on z, with wo giving the minimum value of this. The Rayleigh length 

(zR) is the value of z for which the w(z) increases by a factor of √2 . 
 

 
 

Fig. 4.1 Explanation of some of the parameters involved in describing the properties of a Gaussian 

beam. z described the projection of a point’s coordinates onto the axis of propagation of the laser beam, 

r is the radial distance from this axis, relative to the focal point (0,0). w(z) is the value of r at which the 



Chapter 4: Reanalysis of NH3 Scattering Experiments 

101 

 

 

intensity of the beam intensity drops to 1/e of its value on the axis, for a given value of z. wo, the waist 

radius, is the minimum value of w(z). The value of z for which w(z) = √2 w0 is called the Rayleigh 

length (zR). 

The electric field vector (E) is described by the equation 

 

E(r,z) =  E0
𝑤0

𝑤(𝑧)
  𝑒

(
−𝑟2

𝑤(𝑧)2
)
 𝑒
(−𝑖(ĸ 𝑧+ĸ 

𝑟2

2𝑅(𝑧)
))
                                                                 (4.1) 

 

with ĸ the wavefunction (2𝜋𝑛) for wavelength, 𝜆, and refractive index, n. 
 

w(z) is derived from the equation 
 

w(z) = w0√1 + (
𝑧

𝑧𝑅
)
2

                                                                                                                                             (4.2) 

 

Equation 4.2 gives the electric field vector at a point. The intensity of the laser beam is equal 

to the square of this. In the setup used for this experiment, a lens of 200 mm focal length was 

used, giving a Rayleigh length of 3.6 mm and a waist width of 200 µm (see Section 2.1.2). 

If both the position of the NH3 molecule at the time of ionisation and the intensity of the laser 

beam at this position are known, a weighting factor for the likelihood of this ionisation 

occurring can be assigned. In the REMPI scheme employed in the work in this chapter it is the 

excitation step that is limiting: the ionisation step is fully saturated. As it is a (2+1) REMPI 

scheme in use there are two photons involved in the limiting step, and as a result the ionisation 

probability scales with the square of the laser intensity at a given location. When counting ion 

hits being assigned to each pixel, instead of counting 1 for every ion hit, the total ion count was 

increased by this weighting factor, which meant that some ions contributed more to the overall 

image intensity than others. The effects of this are shown in Fig. 4.2. 
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a. Experimental 
b. With Density-to-Flux c. Without Density-to-Flux 

Correction  Correction 

 

Fig. 4.2a. Example experimental image for scattering of NH3 from Ar the 43 final state of NH3 and at 

a collision energy of 343 cm-1. b. Corresponding fit with the density-to-flux corrections discussed in the 

main text applied. c. Fit without these corrections. For all three images the relative velocity vector, k, 

has been overlaid as a white arrow. It can be seen that the addition of flux density corrections makes 

the fits much less symmetric with respect to reflection in k, which is reflected in the experimental 

image. The beam spot has (as will be discussed in Section 4.2.6) been masked out and this mask 

appears as an area of zero intensity in the extreme forward direction. 
 

 

4.2.3 Doppler Effects 

Another factor that will affect the likelihood of a scattered particle being ionised is the direction 

of its velocity compared to the direction of travel of the laser beam. The Doppler effect means 

that molecules that are moving in a direction that opposes the direction of propagation of the 

laser beam will experience the laser output as being at a shorter effective wavelength than those 

moving in the same direction as it. Those moving completely perpendicular to the laser axis 

of propagation will experience the laser wavelength unshifted from its value relative to a 

stationary observer – it is only the component of the velocity vectors of the NH3 that are 

directed along the axis of propagation of the laser beam that are involved in this Doppler effect 

(see Fig. 4.3). This effect did not need to be taken into account by the fitting routine for the 

work discussed in Chapter 3, as the wavelength of the laser was scanned across an entire 

transition during a run, averaging the Doppler shift out (see Section 2.1.7). The experiments 

discussed in the work here, however, were carried out a single laser wavelength, and as such 

the effects of Doppler shift had to be explicitly accounted for during the data extraction process. 
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Fig. 4.3 Illustration of how molecules are affected by Doppler shifting based on their velocities. 

Particle A is moving in the same direction as the laser beam and thus observes the laser as being 

shifted to lower frequencies (shorter wavelengths) than it would if it were stationary. B Is moving in 

the opposite direction to the laser beam and thus experiences higher frequencies (longer wavelengths). 

C is moving perpendicular to the direction of travel of the laser beam. It has no component of its 

velocity projected onto the axis of laser propagation and thus experiences zero Doppler shift. 
 
 

If the laser gave out only a single wavelength, this would mean that only molecules with the 

correct velocity would be able to absorb photons of light and become ionised. In reality the 

laser gives out a range of wavelengths, centred around the wavelength to which it is 

programmed. The Doppler weighting for each molecule is assigned by working out the 

component of the molecules post-collision velocity that is projected onto the laser axis and 

calculating the wavelength at which this molecule will absorb. This can be calculated based on 

the equation 

Δf = (
𝑣𝑧

c
)f0                                                                                                                                 (4.3) 

 

 

where Δf is the shift in observed frequency from that of a stationary observer (f0), based on the 

projection of the molecule’s velocity onto the laser propagation axis (vz) and the speed of light 

(c). The frequency is related to the wavelength of the light through Equation 4.5. 

c = fλ   (4.4) 

The distribution of wavelengths within the laser beam is assumed to be Gaussian. This means 

that the intensity of the wavelengths present in the beam is described by the equation. 

(𝑓) = (𝑓𝑚𝑎𝑥)                                                                                                                            (4.5) 
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where I(f) is the intensity of light of frequency f and I(fmax) that of the frequency at which the 

Gaussian distribution is centred. σ is the standard deviation of this distribution. The velocities 

vectors of ions that would be mapped onto a given pixel can be calculated based on the known 

velocity mapping conditions of the equipment, and the component of this relative to the laser 

propagation direction can be calculated using simple trigonometry. This value, representing 𝑣𝑧 

of Equation 4.3, could be combined with Equation 4.4 and Equation 4.5 in order to generate a 

weighting file, giving the relative probability that a molecule with the velocity vector 

corresponding to mapping in a particular pixel would be ionised by the laser light. Basis images 

were multiplied by these weighting factors in order to take into account the effects of Doppler 

shift based ionisation bias on the signal intensity in different parts of the image. 

4.2.4 DC Slicing 

The original fitting routine was designed for use on studies involving ‘crushing’ techniques for 

VMI, that is when the entire ion cloud is ‘pancaked’ onto the detector and the 3D image 

regained later via mathematical transformations. The experimental work here, however, 

employs DC slicing, with carefully selected voltage gradients being used to stretch the ion 

cloud along its axis of propagation, and the detector being gated so as to ensure that only the 

central portion of the ion cloud was imaged (see Section 1.2.3). 

The fitting program was adapted to accommodate this as follows. The component of the 

velocity vector that was directed vertically along the time-of-flight axis, vy, was calculated. 

Also calculated was the maximum value of vy that would allow the ion to still be imaged – ions 

with too large a component of their velocity directed along the time-of-flight axis are not in 

the central portion of the ion cloud and are thus not imaged. This value, vy,max was calculated 

using the equation 

vy,max =  
𝛥𝑉𝑒0𝑇𝑠𝑙

2𝑚𝑑
                                                                                                        (4.6) 

where ΔV is the voltage difference across the collision region, in this case the voltage difference 

between plates 2 and 3 of the ion optics stack, e0 is the charge on an electron, Tsl is the slice 

thickness in s, d is the distance between plates 2 and 3 and m is the mass of the particle involved. 

The factor of 2 comes from the fact that the total gate on time will encompass ions that are 

moving with speeds that are directed both in the positive and negative directions along the  

axis, relative to the velocity of the centre of the cloud. The program generating the basis 

images gave any ion for which the magnitude of vy > vy,max a weighting of zero, with all other 

ions having the weightings assigned to them as described in Sections 4.2.3 and 4.2.4. 
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4.2.5 Masking 

Whilst rotational cooling during supersonic expansion ensures that the majority of NH3 

molecules in the input beams are in their rotational ground states, there is inevitably a small 

amount of population of higher rotational states. Because the proportion of NH3 that is involved 

in inelastic scattering processes is low, the number of NH3 molecules in a given excited state 

in the input molecular beam can be comparable to or higher than the number that are excited 

to this state on undergoing a collision, depending on the jk state being investigated. This 

initially excited NH3 manifests itself as an area of high intensity in the extreme forward 

direction, on or just outside the scattering ring. This ‘beam spot’ can largely be accounted for 

by subtraction of an image taken in the absence of the co-collider from the main scattering 

image (Section 2.2.1). However, this subtraction is often imperfect and can lead to areas of 

artificially high or low intensity in the extreme forward direction. As such DCSs extracted 

from this area are not a valid representation of scattering processes into these angles. Because 

the basis functions used are universal, that is they are functions spanning all angles from 0° to 

180° attempts to fit to areas of higher or lower intensity in the forward direction will affect 

the ability to fit to angles above this region. In order to account for this, a mask was applied to 

the beam spots, and pixels below this mask were assigned zero intensity in both the 

experimental images and basis functions and thus did not influence the rest of the fitting 

process. Masks were obtained using a separate Fortran program written by the author. This 

took the background image taken in the absence of the secondary collider and recorded every 

pixel with an ion count higher than a predefined limit. Those pixels that were not above this 

limit, but were surrounded by those that were, were also included in the mask. The mask file 

was then input into the main fitting procedure and all coordinates in it were set to zero in both 

the experimental images and the basis images generated (Fig. 4.4). This meant that they did 

not contribute to the rest of the fitting process. DCSs for angles corresponding to data that 

was below the mask (θ<α) could not be accurately obtained, as discussed in the Results 

sections. 
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Fig. 4.4a. Example experimental image for scattering of NH3 from D2 the 30 final state of NH3 and at 

a collision energy of 685 cm-1. b. Mask generated as described in the main text. c. The result of 

applying this mask to the experimental image, so that all the points at the coordinates in it are set to 

zero. The maximum angle (α) between the edge of the mask and the relative velocity vector (k) has 

been marked on, this is the angle below which DCSs could not be accurately obtained (see Section 4.2.6 

and the Results sections). 
 

Data below the mask was not taken into account when carrying out the fits. This meant that for 

a certain range of angles in the forward direction any values of DCSs obtained were not valid. 

This range was ascertained by looking at the parts of the scattering signal that overlapped with 

the masked out region in each of the experimental images and finding the maximum angle 

involved in this overlap (see Fig.4.4). This was carried out for each experimental image the 

largest angle over the whole set for was chosen for each experimental setup. 

When studying scattering using hydrocarbon co-colliders, a second artefact needed to be 

masked out. This was because instead of using neat co-colliders, as was the case for Ar and D2, 

the hydrocarbons were each seeded as a 25% mixture in He. The presence of two species 

within the collider sample leads to scattering images that contain two rings. One corresponds 

to the desired NH3 + hydrocarbon scattering. The other, smaller ring, inside this, however, 

corresponds to the scattering of NH3 from the seed gas. Due to the large differences in masses 

between each of the alkanes studied and He, this ring was very distinct from the ring produced 

the desired scattering process and only overlapped it in the extreme forward direction. 

However, in order to allow for the fitting procedure to work effectively, signal from this He 

scattering needed to be masked out. This was carried out by applying a circular mask to the 

region of the image where this scattering occurred. This was in addition to the beam spot masks 

applied as described above. 

This masking angle was calculated for the hydrocarbon data by manually placing overlays on 

top of the masked experimental image and finding the angle defined by 0° → Cr → ME at the 

radius of most intense hydrocarbon scattering. Here Cr is defined as the centre of the ring and 

ME as the edge of the mask (see Fig. 4.5). This angle was calculated for each image for both 

α 
k 

c. 

 

 

 

 

 
b. a. 
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scattering in the fast (+) and slow (-) directions and the largest of these angles used. This 

process was carried out for all individual experimental images, with the largest angle for a 

given quantum state taken as the angle used for that state in total. 

 

Fig. 4.5 Calculating the mask angle for an example hydrocarbon scattering image. Masks were overlaid 

over the He scattering ring, and the angle that the edge of the mask made with the relative velocity 

vector (k) at the radius of scattering for the NH3 + hydrocarbon scattering was measured. This was 

carried out for both the angle above and below k and the larger of the two was taken as the overall mask 

angle for that image. The overall mask image for the scattering system was the maximum mask angle 

across all the images. 

4.2.6 Theoretical Methods 

Sections 4.3 and 4.4 compare DCSs extracted from the experimental data with those obtained 

using QS calculations. These calculations were carried out by J. Loreau at the Université Libre 

de Bruxelles (Brussels, Belgium). QS calculations for the Ar data were carried on a PES 

generated by Loreau et al.
95

 and those for the D2 work on one developed by Maret et al. for 

the scattering of NH3 with H2,
80

 with the coordinates involved being modified to take into 

account the differences in mass between H2 and D2. The PES and computational techniques 

used were the same as those discussed in the work of the van de Meerakker Group (Nijmegen, 

The Netherlands) on the scattering of ND3 with D2.
7
 Quantum scattering calculations were 

carried out at the experimental collision energies. 

The NH3 + D2 PES used was 5 dimensional: dependent on R (the magnitude of the vector 

connecting the centres of mass of the 2 molecules), θ1 (the angle R makes with the C3 axis of 

the ammonia molecule), φ1 (the angle of rotation of R about the C3 axis), θ2 and φ2 (respectively 

the polar and azimuthal angles describing the orientation of the H2 molecule relative to the 

NH3.)
96

 Both molecules were treated as rigid rotors throughout the scattering process. The Ar 
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PES was calculated in a similar method, but due to the monoatomic nature of Ar fewer 

dimensions were required to capture the behaviour of this under collisions with NH3. The 

coupled-cluster method with single, double, and perturbative triple excitations [CCSD(T)] was 

used in calculating these PES. The basis set used was aug-cc-pVQZ for the Ar and aug-cc- 

pVDZ for D2. 

Umbrella inversion of the NH3 molecule was taken into account by modelling ground state 

inversion-tunnelling as linear combinations of the two possible equilibrium states.
97,98 

Calculations were carried out using a code developed in Nijmegen,
4,87 which implements the 

close-coupling method for the collision of a symmetric top with a linear molecule.
99 QS 

calculations were carried out for the initial rotational states of 00
±, 10

±, 11
± for NH3 and 0, 1 and 

2 for D2. The rotational constants of NH3 were taken as A = 9.94664 cm
-1

 and C = 6.22750 cm
-1

, 

the rotational constant of D2 B = 30.443 cm
-1

. 

QS DCSs were calculated for transitions between individual inversion states of ammonia. 

However, because the experiment did not allow for initial state selection recorded images for 

para-NH3 were averages of transitions from 11
+ and 11

- state to a given jk 
- state. As the 00

- state 

does not exist this was not an issue when dealing with ortho-NH3. In order to allow for 

comparison with the experimental results the QS DCSs were weighted by the proportion of 

NH3 and D2 in each state in the initial molecular beams and it is these weighted QS DCSs that 

are discussed during the rest of this thesis. For a discussion of the populations of different states 

in the molecular beam see Section 2.2.3. Likewise, there is no way, using VMI, of 

differentiating between NH3 + D2 scattering for which has scattered elastically from the 𝑗𝐷2 = 0 

state or the 𝑗𝐷2 = 1 state. So any DCS obtained from scattering at radii corresponding to 

involving no excitation of D2 is likely to contain contributions from both collisions involving 

𝑗𝐷2 = 0 → 0 and 𝑗𝐷2 = 1 → 1. These factors must be accounted for when comparing the 

experimental DCSs to the calculated values. The way that this is achieved is by comparing the 

experimental DCSs to DCSs that were calculated by multiplying each of the possible 

contributing parity-specific DCSs by the initial population of that state and then summing 

these. 

The initial state populations of the NH3 molecules are shown in Table 2.7. The D2 molecules 

are assumed to all be in their ground state, with a statistical mixture of 66.7% ortho-D2 

(𝑗𝐷2 = 0) and 33.3% para-D2 (𝑗𝐷2 = 1). The overall chance of a collision between a molecule of 

NH3 and a molecule of D2 being one involving NH3 in a given jk state and D2 in a given 
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𝑗𝐷2 
state is found out by multiplying the populations of the two together (see Tables 4.1 and 

4.2). The result gives a weighting factor, by which the theoretical DCS for that channel is 

multiplied. DCSs from each of the possible channels that could have feasibly contributed to a 

given experimental image are multiplied by their respective weighting factors and then 

summed to give an overall DCS for a given final rotational state of NH3. Examples of this for 

collisions involving both ortho- and para-NH3 are shown for clarity in Fig.4.6 and Fig. 4.7. 

For each experimental image involving a para- state of ammonia there are 8 contributing 

channels, ortho- states have half this number due to the absence of one of the inversion levels 

in every inversion doublet. For the Ar work a similar averaging process was used, but only 

the NH3 channels needed to be weighted as there as Ar does not have spin isomers. 

 

 
Table 4.1 The initial state weighting factors used when summing over the different inversion channels 

for the para final state of NH3. 

Para Channels NH3 Initial 

State 

Weighting 

D2 Initial State 

Weighting 

Channel Initial 

State 

Weighting 

NH3(jk = 11
+
 → jk, k ≠ 0,3,6…) + 

D2(𝑗𝐷2 = 0 →  0 or 2) 

0.54 

 

0.67 0.36 

NH3(jk = 11
-
 → jk, k ≠ 0,3,6…) + 

D2(𝑗𝐷2 = 0 →  0 or 2) 

0.46 0.67 0.31 

NH3(jk = 11
+
 → jk, k ≠ 0,3,6…) + 

D2(𝑗𝐷2 = 1 →  1 or 3) 

0.54 

 

0.33 0.18 

NH3(jk = 11
-
 → jk, k ≠ 0,3,6…) + 

D2(𝑗𝐷2 = 1 →  1 or 3) 

0.46 0.33 0.15 
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Fig. 4.6 The QS DCSs calculated for each of the individual inversion channels (left) that were 

summed in order to produce the theoretical DCS for the 21 state (a para- state) discussed in the 

Section 4.4.4 (right). 
 

 

 

Table 4.2 The initial state weighting factors used when summing over the different inversion channels 

for the ortho-final state of NH3. 

Ortho Channels NH3 Initial 

State 

Weighting 

D2 Initial State 

Weighting 

Channel Initial State 

Weighting 

NH3(jk = 00
+
 → jk, k = 0,3,6…) 

+ D2(𝑗𝐷2 = 0 →  0 or 2) 

 

 

0.93 

 

0.67 0.62 

NH3(jk = 00
+
 → jk, k = 0,3,6…) 

+ D2(𝑗𝐷2 = 1 →  1 or 3) 

0.93 0.33 0.31 
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Fig. 4.7 The QS DCSs calculated for each of the individual inversion channels (left) that were summed 

in order to produce the theoretical DCS for the 43 state (an ortho- state) discussed in Section 4.4.4 

(right). 

4.3 NH3 + Ar Analysis Results 

 
4.3.1 Fixing the Beam Spot Parameters 

The newly modified fitting routine was first used to extract updated DCSs from an 

experimental study of the scattering of NH3 from Ar, conducted by C. A. Rusher and described 

in her thesis.
36 Collisions involving noble gases are simpler to analyse than those involving a 

di- or polyatomic collider. The lower number of degrees of freedom involved in studying 

scattering involving a rare gas atom as a collision partner as compared to a di- or polyatomic 

means that there is a smaller parameter space involved in testing that the fitting procedure was 

working satisfactorily and in ensuring that all of the calibration factors involved in the analysis 

were correct. When looking at multiatom collision partners, there is the possibility of energy 

transfer to the rotational modes of the secondary collider, as well as to the primary collider. 

With systems involving NH3 and a rare gas atom, on the other hand, it is only the ammonia that 

can become internally excited during the collision process. As the use of state-specific 

ionisation means that we are able to view scattering into a single final state of NH3, it is only 

the collision energy of the system and the calibration factors involved in the VMI setup that 

affect the observed radius of scattering. The velocity-to-pixel calibration factor was measured 
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independently using photolysis studies (See Section 2.2.6). It is therefore only the collision 

energy of the system, which is dependent on the beam speeds, that needs to be ascertained. 

The fitting program calculates the beam velocities itself from beam spot locations that are input 

into it. These are the positions at which ions of the colliders would be mapped onto the detector 

if they were to be ionised without having undergone a collision. The pixel at which particles 

with zero laboratory frame velocity would be mapped onto the detector must also be input. 

The position of the beam spot generated by the primary collider (beam spot 1) is easily located. 

This is present as an area of high intensity just outside the main scattering direction in the total 

image, before the background image has been subtracted from this (Section 2.2.1). It is also 

the most intense feature in the background image. Indeed, beam spot 1 positions were 

calculated for each experimental image by locating the pixel of highest intensity in this 

background image and recording the coordinates of this. 

One would not normally expect to see beam spot 2, belonging to the co-collider, in the 

experimental images, as this species is not detected. However, prior to the recording of 

experimental data, NH3 had been leaked into the secondary beam line in order to carry out 

measurements of beam speeds (Section 2.2.3). Traces of NH3 remained in the beam lines and 

thus a secondary beam spot can be seen in some of the experimental images. Whilst the average 

speed of NH3 molecules was likely to not be exactly the same as that of the Ar carrier gas it 

gave a good estimate of the position of beam spot 2. 

Beam spots are often elongated along the direction of propagation of the gas beam. If these 

directions of propagation are extrapolated back to the point at which they cross this defines the 

location of the pixel of zero velocity in the laboratory frame (Fig. 4.8). The distance between 

the positions of beam spot 1 and the pixel of zero velocity is proportional to the velocity of 

beam 1, with the proportionality constant the velocity-to-pixel ratio. 

This velocity is related to the operating temperature of the valve (Section 1.2.1). It was 

assumed that the valves, being the same make and operating under the same conditions, would 

have the same operating temperatures. Thus, the expected velocity of the co-collider could be 

calculated and, knowing the direction of the propagation of this, the position of beam spot 2 

calculated. This was found to agree satisfactorily with the observed locations of the secondary 

beam spot in those images in which it was present. Having located the directions of propagation 

of the two beams the angle between the detector pixel array x axis and the primary beam 
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propagation direction (α in Fig. 4.8) could also be calculated. Knowing this, the beam velocities 

and the locations of the primary beam spots, the locations of the pixel of zero velocity and 

beam spot 2 could be calculated via trigonometry for all of those images for which a well- 

defined secondary beam spot was not present. 

When this procedure was carried out on all of the experimental images in which there were two 

beam spots visible it was found that the primary beam spot had corresponded to an average 

velocity for 3% NH3 in Ar of 590 m s
-1

, corresponding to a valve temperature of 327 K 

(calculated using Eq. 1.19).
21

 The corresponding velocity for a beam of neat Ar was 583  m s-

1,  giving  a collision  energy of 343 cm-1, with a standard deviation of 37 cm-1. The detector-

to-Newton diagram angle (𝛼𝐷) was found to have a value of 5°. Once these average velocity 

values had been found they were applied to all images, for consistency. The corresponding 

basis images generated were found to have good overlap with the coordinates of the 

scattering images measured. As such they could be fit to the experimental data discussed in 

the following section and used to obtain DCSs. 

 

 
 

Fig. 4.8 Newton diagram overlaid on an example NH3 + Ar image, 

with the relative velocity vector, k, and the initial velocity vectors of 

the colliders indicated. The angle, 𝜶𝑫, is the angle between the x axis 

of the detector (xD) and vAr. 

 

 

 

 

 

 

 

4.3.2 Results: NH3 + Ar 

Images were recorded by C. A. Rusher
36

 for the scattering of NH3 by Ar at a collision energy 

of 343 cm
-1

. Under these conditions it would be energetically possible to excite NH3 up to j = 

6, however, due to spectral overlap and the low population of some of the higher energy levels 

only states with j ≥ 5 could be resolved. j = 1 states could also not be imaged, as the high 

population of these in the input beam meant that images taken for these states would be 

primarily background noise with very little scattering signal. The input NH3 contained a 

mixture of ammonia in symmetric and antisymmetric parity states (see Section 1.3.2), however, 

because of the spectroscopic branch being probed,
34

 it was only NH3 that scattered into (-) 

states that was detected, that is collisions jk
+/- → j′k′ 

– were probed. The Pauli selection rule 

means that j0
- states do not exist for even values of j and thus the 20 and 40 states could not be 

imaged. 
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The experimental images are shown in Fig. 4.9. The inset in the top left corner shows the 

directions of forward (≈0°) and backward (≈180°), and the scale bar indicates how the distances 

in the images shown are related to velocities in centre-of-mass frame. The images are presented 

in the form of a jk grid, with rows indicating increasing j number and columns increasing k 

value. 

The images shown here are the result of summing several individual images for each state. The 

exact number of experimental images varied between 2 and 5 and depended on the signal-to- 

noise ratio within the individual images. When summing it was ensured that the contributions 

of each individual image to the final image were the same. This was achieved by normalising 

the individual images so that they each contained the same total number of ion counts within 

the region of interest before summing the results. The resulting summed images were then 

divided by the number of images being summed in order to allow for comparison between 

different states with different numbers of contributing images. The colour scale for each state 

has been set independently so that its maximum is equal to the pixel of maximum intensity. 

This ensures that the colour scheme is not saturated and allows for the most reliable information 

of the different intensities across different pixels. It should be noted that comparing total 

intensities across the different states does not give an indication of the relative ratios of 

scattering into each of the states. Indeed, it is not possible to obtain this information reliably 

from the experimental data, due to the differing numbers of shots recorded from image to 

image. What can, however, be gained by looking at the normalised summed experimental data 

is an idea of the relative proportions of scattering into the forward, sideways and backward 

directions, and how these vary on moving from state to state. 

The images shown here are background-subtracted images generated by subtracting the signal 

with the secondary nozzle ‘from’ from that with both nozzles firing (Section 2.2.1). In many 

of the images there is a region of zero intensity in the extreme forward direction. This is the 

result of subtraction of excited NH3 in the primary beam from the scattered signal. In some 

cases, this subtraction can also lead to areas of high positive intensity. Both of these issues are 

dealt with by masking out the extreme forward direction during the fitting procedure (Section 

4.2.5). In the images it can be seen that there is an asymmetry about the relative velocity 

vector(indicated by the white arrow in the inset). Higher signal intensities are found below this 

vector, that is in areas corresponding to ions moving with lower velocities in the laboratory 

frame. These have an increased ionisation probability as a result of the flux-density 

dependent detection bias described in Section 4.2.3 and this is taken into account during the 
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fitting procedure. 

In the image corresponding to the 21 state a second ring is seen inside the main ring. This is the 

result of there being a second state that is accessible at a wavelength very close to that used to 

excite to the 21 state, meaning that NH3 in that state would also have been ionised during by 

the REMPI scheme and detected. This would not, however, have caused a significant 

problem in extracting DCSs for the 21 state, as the basis images generated for the 21 state 

would have been of the correct radius to fit to only the desired ring. No linear combination of 

basis states would have been able to be fit to the inner ring, as all basis images have an 

intensity of zero at all pixels at this radius from the centre of the scattering ring. As a result, 

the presence of the inner ring would not have had an effect on the χ2 value on which the 

quality of the fit was judged and the DCSs extracted from the linear combination of basis 

images would have been based purely on the desired scattering. 

 

 

 
 

Fig. 4.9 The background-subtracted experimental images for the scattering of NH3 with Ar at a 

collision energy of 343 cm
-1

. Each image is labelled with the jk state measured and arranged with the 

rows indicating increasing j level and the columns increasing k level. Each image consists of 2-5 
individual images which have been normalized so the sum of the intensity across all the pixels was the 
same, before summing. These are difference images, generated by taking measurements with and 
without presence of the co-collider and subtracting the latter from the former. The colour intensity has 
for clarity been set with maximum intensity corresponding to the most intense part of the scattered 



Chapter 4: Reanalysis of NH3 Scattering Experiments 

116 

 

 

signal. This means that areas of high intensity from the unscattered NH3 may appear saturated. In the 

top left hand corner, an example image is shown with a scale bar showing how pixel-space in the 

images shown related to velocities of the scattered ammonia molecules. The relative velocity vector is 
shown as an arrow, with the forward and backward directions marked on for clarity. 

Fitting was carried out to each of the individual experimental images, instead of the summed 

images shown in Fig. 4.9. Fig. 4.10 shows examples of fits to images from each of the states 

probed. In the left hand column is are the experimental images. Masks have been applied to the 

beam spots in the extreme forward direction, as described in Section 4.2.6. The fits are shown 

directly to the right of these. In the far right column simulated images are shown. These are the 

images that would be expected based on DCSs generated via QS calculations
100 and the known 

instrument detection biases (Sections 4.2.3 and 4.2.4). The experimental and fitted images have 

been normalised so that they have the same total intensities across the region of interest as the 

simulated images. For each jk state the experimental, fit and simulated images are shown on 

the same colour scale, in order to allow comparison between them. The colour intensity scales 

varies, however, from state to state, depending on the signal intensities of the states, as 

discussed above. Likewise, the total number of Legendre polynomials required to fit to the 

images varied from state to state and depended on the shape of the angular dependence of the 

scattering signal. 



Chapter 4: Reanalysis of NH3 Scattering Experiments 

117 

 

 

 

Fig. 4.10 Example fits to the 

scattering data for the collisions of 

NH3 from Ar at a collision energy of 

343 cm-1. The left-hand column 

shows examples of individual 

experimental images. The middle 

column shows the best fits to these, 

assuming beam speeds of 590 m s
-1

 

for the NH3 and 583 m s
-1

 for the Ar. 

The right-hand column shows what 

images would be predicted, based on 

QS calculations, carried out at the 

experimental collision energy by J. 

Loreau and with the calculated 

instrument-based detection bias. 
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The DCSs extracted from the individual experimental images were then normalised and 

averaged. The results are shown in Fig. 4.11. This is laid out in the same jk grid format as for 

the images shown in Fig. 4.9, with row number representing increasing j value and column 

increasing k. The averaged experimental data is shown in black with the error bars representing 

one standard error of the mean of the calculated DCSs. The DCSs from the QS calculations are 

shown in red. The experimental DCSs have been normalised so as to have the same total area 

as the QS DCSs in the region shown on the graph. Experimental DCSs are not shown for angles 

<25°, as this is the region covered by the masks applied during the fitting step. Data below this 

mask was not used in calculating the χ2 values so there is no way of knowing if the shapes of 

the DCSs predicted below this angle are true representations of the experimental data or not. 

Data from the QS calculations at angles <25° is also not included for clarity. As discussed in 

Section 4.2.6 the QS data was the average over scattering from all parity states to (-) states. 

 

 

 
Fig. 4.11 DCSs for the scattering of NH3 by Ar at 343 cm

-1
, with the experimental data shown in black 

and the QS data in red. Each of the experimentl DCSs shown is an average of 2-5 individual images 

with error bars showing one standard error of the mean. Data below 25o was masked out during the 

fitting procedure, and as a result the DCSs shown at smaller angles than this are not reliable. 25o is 
marked on the graph as a vertical dashed line. The REMPI scheme probes scattering from both parities 
of NH3 in the input beam into the (-) parity state only. The QS DCSs for a given assigned have been 

averaged over the jk
+ → j′k′ 

– and jk
- → j′k′ 

– transitions for comparison. 

 

In general, DCSs for lower j values are more forward peaked with increasing sideways and 

backwards scatter at higher j values. This is as expected, it has been noted in the literature for 

other collisional systems that scattering into higher j states involves larger amounts of energy 

transfer between the colliding species.
4,7,44,94

 This is associated with more head-on collisions 

involving lower impact parameters. Such collisions are also associated with a greater degree of 

sideways and backward scattering. No obvious trends were seen when changing the value of 
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k. 

It can be seen that for all states except 42 and 43 there is good agreement between the 

experimental data and that predicted for by the QS calculations. This agreement is present at 

angles >45°, with QS data recreating the experimental data below this in only about half of the 

cases. In several of the QS DCSs oscillations are present at lower angles, this is due to quantum 

interference between particles that have scattered into these angles via different routes. Our 

experimental resolution is, however, not high enough to distinguish such oscillations. 

The agreement between the experimental and theoretical DSCs, along with the similarity in 

size between the experimental images and their fits suggests that the methods for determining 

the input parameters for the fitting routine and the experimental calibration factors are robust. 

This thus allows for the same fitting routine to be used on more complex systems involving di- 

and polyatomic co-colliders. 

4.4 Scattering of NH3 from D2 

 
4.4.1 Previous Work 

A lot of interest in studying the dynamics of collisions of ammonia originated from the 

discovery of ammonia in interstellar dust clouds and its resulting use as a probe for the 

temperature of these.
78–80 As the most common molecule present in the interstellar medium is 

hydrogen
92,93 there is a particular interest in understanding the collisions of ammonia with H2  

and its isotopologues. Such investigations also provide a chance to add a level of complexity 

to simulations of gas phase scattering: quantum scattering calculations have shown a high 

level of success at predicting the structure of DCSs from the scattering of isotopologues 

ammonia from noble gases
87,101 and looking at collisions involving a homonuclear diatomic is 

a natural progression in complexity in looking at systems to simulate using such methods. 

Comparisons of studies involving different isotopologues are often used within chemistry to 

understand which effects are a result of differences in mass and which are based on the 

electronic properties of a system. For example, when carrying out scattering studies involving 

different isotopologues of ammonia, the same PES
80 is often used for the theoretical work for 

analogous systems involving NH3 and ND3, with this merely being scaled in order to take into 

account the differing centres-of-mass of the two systems. Likewise, there is an interest in 
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looking at different isotopologues of a given collision partner and comparing the effects of 

changing these. In general, the fully deuterated isotopologue of ammonia, ND3 has been more 

intensely studied in recent years than NH3 itself. This is because the larger dipole moment of 

ND3 means that this molecule lends itself to studies involving initial state selection and velocity 

control, carried out using a Stark decelerator. As such data has been published for the scattering 

of ND3 with both H2 and D2, using initial state selection and looking at scattering signal into 

both scattering channels that were elastic with respect to the collider and those which involved 

co-excitation. The work presented in this chapter intends to compliment these previous 

scattering studies, by re-analysing the scattering of NH3 from D2, with experimental work 

having been carried out by C. A. Rusher.
36 A particular emphasis will be put into obtaining 

information about the relative proportions of scattering into different co-excitation channels of 

D2 and comparing these proportions both to those predicted by theory and those seen in 

analogous scattering of ND3 of D2. 

 

4.4.2 Scattering of NH3 from D2 Results: Raw Data 

D2 has two identical nuclei. Each of these has spin = 1, making D2 a boson, and meaning that 

it can only exist in states that are symmetric with respect to nuclear exchange. The spin of the 

two nuclei can either be aligned in the same direction giving a total spin of 2 or in opposing 

directions, giving total spin = 0.
102 Ortho-D2 has a spin component of its wavefunction which 

is symmetric with respect to nuclei exchange, which means in order for the overall sign of the 

wavefunction to remain the same under nuclei exchange the rotational wavefunction needs to 

be symmetric across θ and θ+π. This is only true for even numbered 𝑗𝐷2 states, and as a result 

ortho-D2 only exists in 𝑗𝐷2 = 0, 2, 4 … For para-D2 the opposite is the case, with the 

wavefunction being antisymmetric with respect to particle exchange and only odd numbered 

𝑗𝐷2 states being accessible. There can be no interchange between ortho- and para-D2 during 

scattering processes: collider molecules that are in an even 𝑗𝐷2 prior to a collision must remain 

in an even state post-collision and odd in an odd state. This means than during any scattering 

process only Δ𝑗𝐷2 = 0, ±2, 4 … are allowed. At the collision energy used in this study the 

largest energetically accessible D2 excitations would be Δ𝑗𝐷2 = 0 → 4 for ortho-D2 and Δ𝑗𝐷2 = 

1 → 5 for para-D2. In practice collisions involving Δ𝑗𝐷2 > 2 are not observed in this study. 
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Fig. 4.12 presents the scattering images obtained for the scattering of NH3 of D2 at a collision 

energy of 685±45 cm
-1

. The primary collider was, as in the NH3 + Ar work, seeded as a 3% 

mixture in Ar, at a backing pressure of 4 bar. The secondary collider was neat D2 at a pressure 

of 4 bar. This collision energy corresponds to beam speeds for the NH3 and D2 of 

590±62 m s
-1

 and 2181±29 m s-1 respectively. These mean beam speeds were obtained by 

assuming that the beam speed of the primary beam and the running temperatures of the 

valves were the same as during the NH3 + Ar work. This assumption should be valid, as both 

sets of experiment were run immediately after one another without changes to the setup. As 

for the Ar study, only final states of NH3 up to j = 4 were able to be spectroscopically 

resolved.  

 
The results are presented here, as in Section 4.3 in the form of a jk grid, with the rows 

representing increasing j state and the columns increasing k state (Fig. 4.12). Each image is 

the sum of 2-5 individual images. These have been normalized so that the sum of the 

intensity across all the pixels in each image was the same, before being summed. Each of the 

images used was a difference images, obtained by taking measurements with and without the 

secondary nozzle firing present and subtracting the latter from the former, as described in 

Section 2.1.1. The colour intensity has for clarity been chosen so that maximum intensity 

corresponds to the most intense part of the scattered signal, meaning that regions of high 

intensity from the unscattered NH3 may appear to be saturated. 

 

 
Fig. 4.12 The background-subtracted experimental images for the scattering of NH3 with D2 at a 

collision energy of 685±45 cm-1. The rows indicate increasing j level and the columns increasing k level. 

Each image consists of 2-5 individual images which have been normalized so the sum of the intensity 

across all the pixels was the same, before summing. 
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When looking at the experimental images, only one scattering ‘ring’ is observed for each. If 

co-excitation of the D2 was observed, one might expect to see this in the form of several 

concentric rings, with the difference in radii related to the difference in translational energy 

available to the NH3 following different degrees of D2 excitation. Assuming all D2 originated 

in its ground state the ring of largest radius would correspond to scattering that was elastic with 

respect to D2, with D2 excitation leading to lower amounts of energy being left to be divided 

between the translational modes of the two species, and thus to scattering rings of smaller radii. 

The radius of the scattering rings would decrease in the order 𝑗𝐷2 = 0 → 2 > 𝑗𝐷2 = 1 → 3 > 

𝑗𝐷2   = 2 → 4 … as energy levels become more widely spaced at higher values of j. In reality, 

however, the experimental resolution of the setup means that it is not possible to resolve these 

as separate scattering rings. Instead if scattering into more than one D2 channel were present 

this would be present as a set of overlapped rings, which would in practise mean that the 

observed ring would be thicker than of only one product-pair channel was contributing to it. 

 

Fig. 4.13 A typical NH3 + D2 scattering image with a Newton diagram overlaid, which shows the 

relationship between the velocity vectors of the reagents in the laboratory frame (u) and the centre-of-

mass frame (v). Primes indicate the vector following scattering, with unprimed vectors being the 

initial velocity vectors of the colliders. k is the relative velocity vector between the two colliders and 

vcm the laboratory velocity of the centre-of-mass of the system. θ, the scattering angle, is the angle 

between the NH3 vectors before and after scattering. The three rings show the radii of scattering that 

would be expected for, from largest to smallest, the Δ𝑗𝐷2 = 0, 𝑗𝐷2 = 0 → 2 and 𝑗𝐷2 = 1 → 3 co-excitation 

channels. 

 

This is shown pictorially in Fig. 4.13. Here a Newton diagram has been superimposed over an 

image for the 30 final state of NH3. As for the image shown in Fig. 4.8 (Ar), the initial velocity 

vectors, scattering angle (θ), relative and centre-of-mass velocity vectors are marked. However, 

as secondary collider here is diatomic several possible scattering rings are shown. The 

outermost represents Δ𝑗𝐷2 
= 0, followed by 𝑗𝐷2 

= 0 → 2 and 𝑗𝐷2 
= 1 → 3 moving inwards. It 

can be seen that all three of these rings overlap with at least some of the experimental data, 

k 
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Experimental With Co-excitation Without Co-excitation 

a. b. c. 

suggesting that there are contributions to this image from more than one product pair channel. 

This can be depicted in another way in Fig. 4.14. This shows an experimental image (a.), and 

the fits achieved and assuming that the Δ𝑗𝐷2 
= 0, 𝑗𝐷2 

= 0 → 2 and 𝑗𝐷2 
= 1 → 3 

channelscontribute (b) or just the Δ𝑗𝐷2 = 0 channel contributes (c). It can be seen that the fit 

achieved using three product channels instead of one reflects much more closely the 

experimental image. 

 

 

Fig. 4.14 a. Example experimental image for the jk = 21 final state of NH3. To the right of these are the 
best fits to these carried out using the input parameters calculated as discussed in Section 4.3.1. This 

has been carried out in three different ways. In b. the Δ𝑗𝐷2 
= 0, 𝑗𝐷2 

= 0→2 and 𝑗𝐷2 
= 1→3 channels have 

been used in the fit. In c. it has been assumed that D2 is not excited by the collision. The predicted 

scattering radius in c. is clearly larger than that which is observed experimentally, and the angular 
distribution of the scattering intensity also has a less satisfactory agreement with the experimental 
data. 

The problem of extracting information about scattering into the different co-excitation 

channels from an image in which the resulting scattering rings are overlapped is dealt with by 

fitting to all of the contributing D2 channels simultaneously. The fitting routine achieves this 

by generating basis images for each of the different co-excitation channels and then fitting to 

these at once, as shown pictorially (Fig. 4.15). When carrying out the Monte Carlo simulation, 

the sizes of the basis images are calculated based on the amount of translational energy that 

would be available to the ammonia molecules being scattered into the jk state of interest. For 

the NH3 + Ar work this was dependent purely on the collision energy and the final state of the 

ammonia. Thus, if three basis images were required for the fitting three would be generated, 

each with an equal radius, but a different angular function, with these functions corresponding 

to the Legendre polynomials in cos(θ) with orders 0 to 2. For scattering of NH3 + D2 with three 

possible excitation outcomes for the D2, three sets of basis images are generated, with different 

size radii. These correspond to the different scattering velocities of the NH3 at the translational 

energies  corresponding  to  no  D2    excitation,  D2   excitation  from  𝑗𝐷2 =  0  →  2  and  from 

𝑗𝐷2 = 1 → 3.  The radii here correspond to the radii of the three rings shown in the Newton 
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diagram of Fig. 4.14. Each of these three possibilities is used to generate a set of three basis 

images, with these having angular functions spanning the 0th to 2nd Legendre polynomials. The 

three sets of basis images are then used simultaneously within the fitting procedure, with the 

raw images being translated into a linear combination of all 9 basis images. The weighting 

coefficients from this linear combination can then be used to extract DCSs for each of the sets 

of basis images and thus to extract 3 different DCSs, one for each co-excitation channel. 

 

 
Fig. 4.15 Example of the basis images that would be generated in order to fit three Legendre 

polynomials (Pλ(θ)) to an image to which three co-excitation channels were thought to have contributed. 

The fitting procedure generates a total of 9 basis images, in sets of three, with radii corresponding to 

each of the possible translational energies available to the NH3. For each of these sets the angular 

distributions span the range of orders of Legendre polynomials input into the program. All nine basis 

images would then be used simultaneously to fit to the image and the weighting coefficients for the 

images of each set used to extract a DCS for that particular co-excitation channel. In reality more than 

three Legendre polynomials would be required to capture the experimental angular distributions, 

however only three are shown here for simplicity. 

A slight complication to this method is the fact that it is not necessary to use the same number 

of basis images for each co-excitation channel. It is possible, and in fact often advantageous, 

to use different numbers of basis images to fit the Δ𝑗𝐷2 
= 0, 𝑗𝐷2 

= 0 → 2 and 𝑗𝐷2 
= 1 → 3 

channels. This advantage is two-fold. Firstly, the angular dependence of the scattering is 

likely to be different for different co-excitation channels and thus the number of basis images 

required to capture this naturally differs. Secondly it is found that if the same number of basis 

images are used to fit all of the three sets simultaneously this often leads to problems of 

‘cross-talk’ between the sets. This is when regions of even intensity are fit, not by regions of 

even intensity in each of the three basis images, but instead by a peak in intensity in one basis 

image and trough in intensity in another, with the ‘quality of the fit’ as judged by the χ2 

parameter, being dependent on the cancelling out of these two effects. This leads to DCSs 

with a large number of oscillations, with the oscillations for DCSs for different co-excitation 
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channels lining up so as to be exactly out of phase with each other. Using different number of 

basis images for each D2 channel prevents an efficient lining up of peaks with troughs and 

thus significantly reduces the amount of cross-talk between the DCSs produced. As with the 

NH3 + Ar data the exact number of basis images used varied for different jk states and was a 

best possible compromise between capturing the exact structure of the experimental data and 

avoiding unnatural oscillations and cross-talk. The same masking procedure was used for the 

D2 data as for the Ar data.  

4.4.3 Scattering of NH3 from D2: Trends within the Experimental DCSs 

The DCSs for each of the product-pair channels investigated are shown in Fig. 4.16, in the form 

of a jk grid. Three DCSs are presented per state, corresponding to scattering into the Δ𝑗𝐷2 = 0 

(black), 𝑗𝐷2 = 0 → 2 (red) and 𝑗𝐷2 = 1 → 3 (blue) channels. Experimental results have been 

normalised so that the total area under all three of the DCSs for that state when summed is 

equal to that of the QS data (presented in the Section 4.4.4). Normalisation was carried out in 

that manner as the units of the QS data have absolute meaning, whereas the experimental 

intensities for each state depend on day-to-day factors such as the number of shots contributing 

to the image and variations in the power of the laser. As a result of these it was not possible 

to obtain a quantitative value for the different proportions of particles scattering into each of 

the final jk states based on the number of ions contributing to each of the experimental 

images. It was, however, possible for a given final jk state to obtain numerical values for the 

proportions of collisions resulting in each of the D2 excitation channels, as these were 

obtained simultaneously from the same experimental image and were thus not affected by 

such variations. The shape of the angular distributions should also not be affected by such 

effects. As for the NH3 + Ar data, each of the DCSs shown is the average of several (2-5) 

experimental images, after normalisation, with the error bars representing one standard error 

of the mean. 
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Fig. 4.16 DCSs extracted from the NH3 + D2 scattering data, with 𝛥𝑗𝐷2 = 0 channel shown in black, 

𝑗𝐷2 = 0 → 2 in red and 𝑗𝐷2 = 1 → 3 in blue. Each experimental DCS is an average of 2-5 experimental 

images with error bars showing one standard error of the mean. Data is not shown for the 
experimental DCSs at θ ≤ 25° (with 25° being indicated by a dashed line) as this area was masked 
during the experimental fitting procedure (see Section 4.2.6). 25° has also been marked on the QS 
data to allow for clarity in comparing the two sets of data. 
 

 

When looking at the data a few trends become apparent. For most states the most populated 

common scattering channel is the one for Δ𝑗𝐷2 followed by that involving 𝑗𝐷2 = 0 → 2 

excitation, with the weakest channel being the 𝑗𝐷2 
= 1 → 3 channel. Indeed, for several states 

the 𝑗𝐷2 = 1 → 3 channel is not visible above the x axis. The notable exception to this trend is 

the 21, 31 and 32 final states of NH3 for which there is a particularly large contribution from the 

𝑗𝐷2 = 0 → 2 excitation channel. 

Another notable trend is that DCSs for channels not involving D2 co-excitation tend to be most 

strongly forward scattered, with 𝑗𝐷2 = 0 → 2 channels having a larger proportion of sideways 

scattering and 𝑗𝐷2 = 1 → 3 collisions often being predominantly backwards scattered. This 

relates to the nature of the collisions required to excite D2 as well as the ammonia. The energy 

levels in D2 are quite widely spaced and thus significant torque is required in order to 

generate co-excitation. This means that head-on collisions are more likely to result in D2 

excitation than more glancing blows. It is these low impact parameter collisions that are in 

general associated with scattering into larger angles. This effect is particularly pronounced for 

𝑗𝐷2 = 1 → 3 scattering as the energy gap between 𝑗𝐷2 = 1 and 𝑗𝐷2 = 3 is larger than that between 

𝑗𝐷2 = 0 and 𝑗𝐷2 = 2. It is worthy of mention, however, that there are no obvious trends in the 

DCSs when increasing either the j or k number of ammonia. 
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4.4.3 Scattering of NH3 from D2: Comparison with Theoretical Data 

QS calculations for the NH3 + D2 were carried out by J. Loreau using methods discussed in 

Section 4.2.7. The resulting theoretical DCSs are shown in Fig. 4.17 alongside the DCSs 

extracted from the experimental data shown in Fig. 4.15. As discussed above the experimental 

data have been area normalised so that the total area under all three DCSs for a given jk state 

of the experimental data was the same as for the theoretical data. This normalisation was only 

carried out at angles above the masking angle, shown by a dashed line in Fig. 4.16 (see Section 

4.2.5). As discussed in Section 4.2.6 the QS DCSs are each a weighted average of each of the 

possible parity combinations that could have contributed to the corresponding experimental 

image, with this weighting being based on the initial state populations of the jk
+/- and 𝑗𝐷 states 

of interest. 

 
 

 

Fig. 4.17 DCSs for the scattering of NH3 by D2, top left k = 1 states, top right k = 2 states, bottom k = 

0,3. In each panel the experimental results are shown on the left with the corresponding QS 

calculations on the right. The experimental DCSs do not measure the absolute values of the cross 

sections and they have therefore been area normalized to their QS counterparts, so that the total area 

under all three co-excitation channels is the same for the measurements and calculations for each final 

NH3 jk state. Each experimental DCS is an average of 2-5 experimental images with error bars 

showing one standard error of the mean. Data is not shown for the experimental DCSs at  ≤ 25° 

(with 25° being indicated by a dashed line) as this area was masked during the experimental fitting 

procedure (see Section 4.2.6). 25° has also been marked on the QS data to allow for clarity in 

comparing the two sets of data. 
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Fig. 4.17 shows that there is a striking difference between the experimentally obtained DCSs 

and those predicted based on theory. The QS calculations predict a much lower amount of co- 

excitation of the D2 than is observed experimentally. This is particularly true of scattering in 

the 𝑗𝐷2 
= 1 → 3 channels: for all of the jk states except for 21 the theoretical DCS for this channel 

is barely visible above the x axis due to the low contribution from this channel, whereas this is 

not the case for most of the experimental states, particularly at angles θ > 90°. The proportion 

of scattering into the 𝑗𝐷2 = 0 → 2 in the experimental DCSs was also often larger than predicted 

based on theory. 

Fig. 4.18 shows another way of representing this. It displays the total proportions of scattering 

into each 𝑗𝐷2 channel for each of the jk states studied, with the same colour scheme applied as 

for the DCSs shown above. The most noticeable differences are the proportion of scattering 

into the 𝑗𝐷2 = 1 → 3 channel of the 21 state and that of scattering into the 𝑗𝐷2 = 0 → 2 channel 

of 22. Both of these channels are significantly higher in the experimental data than in the 

theoretical data. 

 

 

Fig. 4.18 Proportions of scattering 

into the different D2 excitation 

channels for each final jk state of 

NH3, in energetic order. These are 

measured only for scattering at 
angles which have not been masked 
out in the experimental data (see 
Section 4.2.5). The figure was made 
by integration of the QS and 

experimental DCSs between 25° and 
180°. 
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This trend is particularly surprising as work was recently published by Gao et al. on the 

collisions of ND3 (jk
± = 11

+) + D2 showing excellent agreement between the experimental work 

and that predicted by QS calculations on the same PES as used in the current study.
7 This 

study involved the use of a Stark decelerator to introduce state selectivity with regards to initial 

state parity into the study (See Fig. 4.19). Collision energies of 750 cm-1 - 800 cm-1 were 

employed and it was possibly to experimentally resolve the different 𝑗𝐷2 channels for each final 

jk state of ND3. DCSs were resolved for the 𝑗𝐷2 = 0 → 2, the 𝑗𝐷2 = 2 → 0 and the Δ𝑗𝐷2= 0 

channels, the 𝑗𝐷2 = 1 → 3 was not found to contribute significantly. 

 

One possible cause for the differences between the experimental and theoretical data could be 

the use of incorrect parameters when carrying out the fitting procedures. For example, use of a 

velocity-to-pixel calibration factor that was too low, or beam speeds that were too high, would 

result in predicted scattering radii that were too high. This might mean that the wrong channel 

could line up best with the experimental data (Fig. 4.20). However, it has already been 

discussed (Section 4.3.1) that the method for obtaining the beam speeds involved fitting to a 

system that did not allow co-excitation, and these are therefore likely to be accurate. Indeed, 

tests altering the input parameters showed that in order for basis images for the Δ𝑗𝐷2 = 0 

channels to have the same radii as the bulk of the experimental scattering signal this required 

for some jk states that unrealistic beam speeds were used as input parameters, corresponding, 

for example, to nozzle temperatures <0 °C. The velocity-to-pixel calibration factor has been 

calculated independently, based on work on the photolysis of O2 (Section 2.2.6).
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Fig. 4.19 Top - Experimental images and those predicted based on QS calculations for the scattering 

of ND3 + D2 as taken by Gao et al. at a collision energy of 800 cm-1. Bottom - The DCSs extracted 

from these. These have been taken for individual inversion states. DCSs have been resolved for 𝑗𝐷2 = 

2 → 0, 𝑗𝐷2 = 0 → 2, and Δ 𝑗𝐷2 = 0 channels. In some of the experimental images separate rings for 

these channels can be seen by eye. There is excellent agreement between the experimental and 

theoretical results for all states. 
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Fig. 4.20 Newton diagrams overlaid over the same 21 image as in Fig. 4.13. a. With all parameters as 

used in this work. b. with a higher velocity-to-pixel calibration factor. This increase makes the 
predicted radii of all of the scattering rings smaller – whereas the most intense part of the scattering 

signal overlaps with the 𝑗𝐷2   = 0 → 2 (middle) ring in a. for b. this overlap is primarily with the 𝛥𝑗𝐷2  = 

0. This  is,  however,  unlikely,  as  the  velocity-to-pixel  calibration  factor  has  been  measured 
independently. 

 

Another factor that has not been taken account of in the discussion above is the possibility of 

scattering involving initially excited D2, with this undergoing de-excitation as a result of the 

collision. This was, observed by Gao et al. during the scattering of ND3 by D2 at a collision 

energy of 750-800 cm-1.
7 However, the addition of basis images with scattering velocities 

corresponding to interaction of NH3 with D2 undergoing de-excitation from 𝑗𝐷2 = 2 → 0 to the 

fitting procedure barely altered either the shape of the DCSs produced or the proportion of NH3 

scattered into the three D2 channels discussed above: the fits assigned negligible amounts of 

the scattering signal to this de-excitation channel (Fig.4.21). As the initial state population 

of 𝑗𝐷2 = 3 < 𝑗𝐷2 = 2 scattering from 𝑗𝐷2 = 3 → 1 would be expected to be weaker than that from 

𝑗𝐷2 = 2 → 0, and so this channel was not investigated. It also was not observed by Gao et al. It 

was thus concluded that there was no advantage to including D2 de-excitations channels in the 

fitting procedure and that this could not be the source of the experiment-theory discrepancies. 
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No 𝒋𝑫𝟐 
= 2 → 0 With 𝒋𝑫𝟐 = 2 → 0 𝚫𝒋𝑫𝟐 

= 0 only 

Fig. 4.21 Example experimental image for the jk = 21 final state of NH3, one of the states for 

which there were the largest discrepancies between the experimental and theoretical data. To 

the right of these are the best fits to these carried out using the input parameters calculated as 

discussed in Sections 2.2.6 and 4.3.1. This has been carried out in three different ways. In b. 

the Δ𝑗𝐷2 
= 0, 𝑗𝐷2 

= 0 → 2 and 𝑗𝐷2 
= 1→ 3 channels have been used in the fit, in c. 𝑗𝐷2 

= 2 → 0 

has also been included in addition to these. It can be seen that the fits produced for these two 

cases are virtually identical. In d. it has been shown for comparison the best fit that could be 

obtained with these input parameters but excluding the possibility of any D2 co-excitation. The 

predicted scattering radius in d. is clearly larger than that which is observed experimentally, 

and the angular distribution of the scattering intensity also matches the experimental data less 

closely. 

Another possible source of discrepancies between experimental and theoretical data would be 

if the collision energies investigated were close to an energetic resonance. Resonances 

represent the formation of quasi-bound states and are produced at specific points on the PES, 

corresponding to very specific collision energies. This manifests itself as a specific structure in 

the energetic profile of the collision, that is it corresponds to a large change in the intensity of 

scattering into a particular channel over a small range of collision energies. This could affect 

the experimental data differently to the calculated data, as the QS calculations are carried out 

assuming that all molecules have the mean collision energy, whereas the molecular beams used 

in the experiments naturally have a spread of velocities. This means that some of the molecules 

in the experiment will collide with energies that differ from the mean collision energy.  If 

this energy happens to be at an energetic resonance this may mean that certain scattering 

channels would be preferred by molecules colliding with energies above or below the mean 

collision energy, which would in turn bias the observed scattering signal towards velocities 

higher or lower than those predicted by the fitting routine. Effectively the mean collision 

energy for that particular channel would be altered, and as a result the energy with which the 

NH3 scatters, and the size of the scattering rings, would be different from predicted. This 

hypothesis was, however, shown to be very unlikely, as scattering calculations were also 

carried out at 640 cm-1, one FWHM (full width at half maximum) below the mean collision 

energy (685 cm-1), with negligible differences to the results (Fig. 4.22). This suggests that 
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there is very little change in the scattering interactions over the range of collision energies 

studied, although more calculations would be needed to say this with a greater degree of 

certainty. 

 

 

 
Fig. 4.22 QS DCSs carried out at two different 

collision energies, corresponding to our mean 

collision energy (685 cm
-1

) and one FWHM below 

this (640 cm
-1

), for the k = 2 final states of NH3. In 

each case the DCSs shown are the sum of those 

calculated for the 11
+
→jk

-
 and 11

-
→jk

- 
channels, 

weighted by the relative proportions of 11
+ 

and 11
- 
in 

the incident beam. It can be seen that there is very 

little difference either the shape or relative intensities 

of the DCSs produced in both cases. 

 

Having ruled out incorrect fitting parameters and energetic resonances as possible sources of 

the experiment-theory discrepancies, another possibility is that the QS calculations carried out 

did not sufficiently describe the scattering process for this particular isotopologue pair. The 

calculations did not fully take into account the dynamic nature of the molecules when trying to 

model the collisions. It is assumed that both NH3 and D2 behave as rigid rotors throughout the 

scattering process. The umbrella mode of NH3 was treated as a linear combination of 

equilibrium states. Previous studies of the collisions of NH3 with rare gas atoms found that this 

method was in good agreement with an explicit treatment of the umbrella mode.
89 However, 

it is possible that a higher number of degrees of freedom are needed to fully describe the 

scattering of this system, perhaps as a result of the more complex nature of the collider. It could 

be the case that a higher level of theory may be needed to describe a particular aspect of the 

ammonia – hydrogen interaction for this particular isotopologue set, in order to explain why 

D2 co-excitation seems so much more favoured in this case. Such theory, however, requires a 

large amount of computational time, as this scales with the number of degrees of freedom 

included within the simulation. As such it is not currently possible to obtain QS 

calculationsthat include an explicit treatment of the NH3 or of changes in the D2 bond length 

during the collision process, however, it is hoped that as both computational and experimental 

techniques become more advanced, the source of this discrepancy may be solved in future 

work. 

4.4.4 Scattering of NH3 from D2: Comparison with Previous Analytical Methods 

The current analysis of the NH3 + D2 scattering work was a reanalysis of data taken by C. A. 
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Rusher. The DCSs presented here are extracted from the same experimental images, but by a 

different method to that presented in Rusher’s thesis.
36

 In the work shown here, DCSs were 

obtained via a Monte Carlo based simulation of basis images of a given angular function and 

subsequent fitting of linear combinations of these to the experimental images. In Rusher’s 

work, on the other hand, DCSs were extracted by integration of signal intensity at different 

angles around the scattering ‘ring’ at the radius of a given co-excitation channel. The current 

method has two clear advantages in assigning scattering intensity to a given product pair 

channel. Firstly it explicitly takes into account factors such as kinematic blurring, ion recoil 

and density-to-flux effects (see Section 4.2.2). Secondly Legendre polynomials were used to 

describe the angular dependence of the scattering, instead of the Gaussian functions used by 

Rusher. The use of Gaussian functions did not allow for the possibility that scattering signal 

for a given channel might not peak at 0°. In addition to this the infinite nature of Gaussian 

functions meant that a Gaussian distribution with a high enough standard deviation would 

correspond to a function that was broad enough to have intensity at angles > 180°. This meant 

that it was possible for a given Gaussian function to encompass the entire scattering ring and 

potentially contribute to a particular angular range more than once. The use of a set of 

complete and orthogonal basis functions over the angular range of interest, such as Legendre 

polynomials, avoids this problem.    

A comparison of the DCSs obtained by C. A. Rusher and by the author are shown in Figure 

4.23. It can be seen that there are notable differences in the DCSs extracted by the two 

different methods. In particular the proportion of scattering into channels involving D2 

excitation was found to be less in the current work for several jk states. This is particularly 

noticeable for the j = 2 channels of NH3; for these there is virtually no scattering into Δ𝑗𝐷2 
= 0 

in the results obtained by Rusher, whereas in the work presented here the contribution from 

this channel is significant. In addition to this, in Rusher’s work all of the product pair 

channels have a maximum intensity at 0°, due to the nature of the basis functions that were 

used. In the work presented here, on the other hand, the use of global basis functions allowed 

for the possibility that DCS for some channels could peak away from the extreme forward 

direction, and this was often found to be the case for 𝑗𝐷2 
= 0 → 2 and 𝑗𝐷2 

= 1 → 3 channels 

(see Section 4.4.3). Indeed, the total intensity at larger scattering angles was found to be 

greater in the current work. This is in keeping with the trends seen in the raw experimental 

images (Fig. 4.23), where significant scattering intensity is observed for all nearly states at 

angles >90°, which is seen in the DCSs obtained in the current work, but not in the previous 
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analysis.    

Fig. 4.23 Comparison of DCSs obtained by the author and by C. Rusher for the NH3 + D2 

scattering data at a collision energy of 685 cm
-1

.  The DCSs obtained by the author are as in 

Fig. 4.12, and those obtained by C. Rusher have been normalised so that the total area under 

all three co-excitation states for each jk state was the same as that for those of the author in 

Fig. 4.15. This normalisation was carried out at angles above the mask angle (25°), which has 

been marked as a dashed grey line for clarity. Each of the experimental DCSs is an average of 

2-5 experimental images with error bars showing one standard error of the mean.  
 

4.5 Scattering of NH3 from Small Hydrocarbons 

 
4.5.1 Previous Hydrocarbon Work 

Small hydrocarbons are present in significant quantities in the atmosphere of both the earth and 

other planets.
103–106 Methane is the most abundant of these, with a concentration of 1.7 ppm in 

the earth’s atmosphere.
107 Other commonly occurring hydrocarbons are ethane (72.2 ppb), 

propane (49.9 ppb), acetylene (42.8 ppb) and isopropane (41.2 ppb).
108 The reactions of these 

with atmospheric radicals are an important route in the formation of tropospheric pollution
109 

and inelastic collisions involving hydrocarbons also constitute an important route for energy 

transfer between molecules within the atmosphere. 

Aerosols often contain a significant small hydrocarbon component, but because of their large 

surface area to volume ratio, studies of the bulk reactivities of alkanes and alkenes cannot be 

assumed to accurately describe the dynamics of interactions involving aerosols. It would 

therefore be of great interest to study liquid surface scattering processes in the laboratory. 

However, the high vapour pressures of smaller hydrocarbons mean that it is not possible to 

study them using commonly employed techniques, such as the rotating wheel method, which 

has been used extensively to study longer chain hydrocarbons, in particular squalane
110–114 and 

squalene.
112,114 As such it important to investigate mimics for gas-liquid surface 

interactions.
115 One area of interest is the comparison of gas-liquid studies with those which 

are purely gas phase, in order to differentiate between behaviours which are caused by surface 
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interactions and those which are present in the bulk. In work carried out by Sacker et al. on the 

scattering of small molecules, including NH3 and CH4 from squalane, it was found that it was 

reasonably accurate to use a hard sphere model to represent these collider molecules with 

respect to the ‘softer’ liquid surfaces.
115 It is not known whether this approximation is also 

valid for the scattering of smaller molecules from larger molecules, such as neopentane in the 

gas phase, or whether longer distance interactions here are significantly different from those 

that may occur during a gas-liquid surface collision. 

There is already a significant bulk of research reporting on DCSs for hydrogen extraction 

processes involving small hydrocarbons. These reactions take place via a variety of 

mechanisms, with data obtained via VMI often being used in the elucidation of these. In 

contrast, less work has been carried out on inelastic scattering processes involving 

hydrocarbons, with this work tending to focus on the scattering of small alkanes, in particular 

methane
116,117 and ethane,

110 from monoatomic colliders. Detection methods used include 

infrared spectroscopy
116,118 and quadrupole mass spectrometry

110 in order to obtain total cross 

sections and angular information for the scattering processes being looked at. The work that 

forms the basis of this section is the first to employ VMI to obtain DCSs for the scattering of 

polyatomics from a closed shell hydrocarbon collision partner. Previously the only studies 

involving the use of VMI to observe the inelastic scattering of a hydrocarbon collision partner 

were those carried out using the compact cross molecular beams apparatus also used for this 

work involved the scattering of the methyl radical and its deuterated analogue from rare gas 

atoms. This section employs the same Monte-Carlo based fitting routine described in Section 

2.3 to analyse scattering data taken by C. A. Rusher on the collisions of NH3 from methane, 

ethane and neopentane. The difference in masses of these allow the investigation of whether 

increasing the size of gas phase molecules leads to a ‘softer’ potential, as is the case when 

looking at liquid surfaces. 

Each of the colliders was seeded in an inert carrier gas, in order to allow for more efficient 

rotational cooling during the supersonic expansion. The carrier gas of choice was helium. This 

was because the difference in masses between the hydrocarbons and helium was sufficient for 

all of the hydrocarbons studied to differentiate between the desired scattering signal and that 

generated by collision of NH3 from He (see Section 4.2.5). The collider:seed ratio was 

necessarily a compromise between greater rotational cooling (favoured by lower hydrocarbon 

concentrations) and greater signal intensity (at higher hydrocarbon concentrations). For each 

of the hydrocarbon samples 25% of the alkane in He was used, with the total gas pressure being 
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4 bar. 

4.5.2 Scattering of NH3+Neopentane 

The use of polyatomic collision partners as opposed to mono- or diatomic species presents its 

own set of challenges. Whilst rotational excitation of the co-collider is possible, larger 

molecules have more closely spaced energy levels, with the spacing of the rotational energy 

levels of the hydrocarbons studied in this work being of the order of magnitude of several tens 

of wavenumbers instead of several hundred, as is the case for D2.
116

 This both means that there 

is a larger number of energy levels populated before the collision and a higher number of 

accessible levels that can be reached by the secondary collider post-scattering. In an experiment 

with perfect resolution and no blurring effects this would result in a large number of concentric 

scattering rings, each separated by at most a pixel or two. Those that were separated by less 

than a pixel would be impossible to detect separately, as sub-pixel resolution is not possible 

for the detection method in use. In practice experimental limitations, such as imperfect velocity 

mapping conditions and blurring effects such as electron recoil and kinematic blurring (see 

Section 4.2.1) mean that it is impossible to try and attempt to assign signal to specific product 

pair channels. Instead fits were carried out using only basis images for the Δjhc = 0 channels, 

in order to get an indication of the angular distribution of NH3 being scattered with no co- 

excitation of the hydrocarbon collider. These fits could then be subtracted from the total 

experimental image to give an idea of what proportion of scattering for each alkane and each 

final level of NH3 did result from collisions that were inelastic with respect to the alkane. 

Experimental data was obtained for the scattering of NH3 by neopentane ( (CH3)4 ) at a collision 

energy of 604 cm
-1

, with this corresponding to beam speeds of 590 m s
-1

 for NH3 (3% in Ar) 

and 838 m s-1 for neopentane (25% in He). Both gases were used at a backing pressure of 4 

bar. As for the Ar and D2 it was only possible to obtain images for states between j = 2 and j = 

4 due to spectral congestion and poor signal-to-noise ratios for other states. The 

experimental images are shown in Fig. 4.25, with each of these consisting of 2-3 experimental 

images which have been normalised so as to have the same total intensity across the region of 

interest, before being summed. These are background-subtracted images (Section 2.2.1). This 

background subtraction was, however, imperfect, and a bright beam spot can still be seen in 

the extreme forward direction of the images, in many cases surrounded by a region of zero 

intensity. This is an artefact of the data acquisition procedure, as very high levels of signal 

simultaneously over an area of a few pixels can sometimes be counted as a single large hit in 

the pixel at the centre of this region, with the pixels immediately around this thus not being 
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assigned any intensity. Both of these factors are taken account by masking the experimental 

images prior to carrying out the fitting (Section 4.2.5). The secondary beam spot seen in some 

of the images, generated by the presence of traces of NH3 in the co-collider beam line, as well 

as signal from the scattering of NH3 from the He seed gas (present as a smaller ring in the 

forward direction) were also masked out during this process. Once this had been carried out 

DCS could be extracted from the experimental images using the same program and using the 

same methodology as for the Ar and D2 work described above. These DCSs are shown in Fig. 

4.26. 

 

 
 

Fig. 4.25 The background-subtracted experimental images for the scattering of NH3 with neopentane 

at a collision energy of 604 cm-1. The rows indicate increasing j level and the columns increasing k 

level. Each image consists of 2-3 individual images which have been normalised so the sum of the 

intensity across all the pixels was the same, before summing. These are difference images, generated by 

taking measurements with and without presence of the co-collider and subtracting the latter from the 

former. The colour intensity has for clarity been set with maximum intensity corresponding to the most 

intense part of the scattered signal. In the top left-hand corner, an example image is shown with a 

scale bar showing how pixel-space in the images shown related to velocities of the scattered ammonia 

molecules. The relative velocity vector is shown as an arrow, with the forward and backward 

directions marked on for clarity. 

The DCSs extracted from the experimental data are shown in Fig. 4.26. Fitting was carried out 

to individual images, with the results being area normalised and then averaged. The error bars 

represent one standard error of the mean. For many states the error bars are small, and thus 

comparable to the thickness of the curves. The area affected by the masking procedure (Section 
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4.2.5) was at angles <22° and this is indicated on the graphs. It can be seen that all of the DCSs 

are predominantly forward scattered, with very little signal intensity at angles above 90o. 

 

 

Fig. 4.27 shows examples of fits to the experimental data. Fits to individual images are shown, 

with one example being shown for each jk state. The left-hand column shows the experimental 

data with the fit immediately to the right of this. The experimental image and its fit are shown 

on the same colour scale. In the right-hand column is the residual image, representing the 

difference between the experimental image and the fit. Areas shown in red are those for which 

there is a higher intensity in the experimental image than the fit image, for areas in blue the 

opposite is true. In general, the experimental and fit images have the same radii, and the residual 

images do not show large amounts of experimental signal (red) in the centre of the image that 

was unaccounted for by fitting with purely the Δjhc = 0. This suggests that co-excitation of the 

neopentane does not play a large contribution to the scattering images. 
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Fig. 4.26 DCSs extracted from the experimental data (Fig. 4.25) for the scattering of NH3 by 

neopentane. Each of the DCSs shown is an average of 2-3 experimental images with error bars 

showing one standard error of the mean. Data below 22° was masked out during the fitting 

procedure, and as a result the DCSs shown at smaller angles than this are not reliable. 22° is 

marked on the graph as a vertical line. 
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Fig. 4.27 Images for the scattering of 

NH3 by neopentane, with the 

experimental data on the left and the 

corresponding fits directly to the right 

of these. For each state a single 

experimental image is shown. Parts 

of the images are masked out, as 

described in the Section 4.2.5. The 

right-hand column shows the result of 

subtracting the fit image from the 

experimental image, with red 

showing areas of higher intensity in 

the experimental image and blue 

areas of higher intensity in the fit. 

Normalisation was carried out so that 

the total sum of intensities across all 

of the pixels was the same for both 

the experimental and fit images. 
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4.5.3 Scattering of NH3 from Ethane 

Fig. 4.28 shows the summed experimental data for the collisions of NH3 with ethane. The beam 

speeds were 590 m s
-1

 for NH3 (3% in Ar) and 1181 m s
-1

 for ethane (25% in He) to a 

collision energy of 796 cm-1. The corresponding DCSs are shown in Fig. 4.29, as for the 

neopentane data these are the averages of those extracted from 2-3 individual images. 

 

 
Fig. 4.28 The background-subtracted experimental images for the scattering of NH3 with ethane at a 

collision energy of 796 cm-1. The rows indicate increasing j level and the columns increasing k level. 

Each image consists of 2-3 individual images which have been normalised so the sum of the intensity 

across all the pixels was the same, before summing. These are difference images, generated by taking 

measurements with and without presence of the co-collider and subtracting the latter from the former. 

The colour intensity has for clarity been set with maximum intensity corresponding to the most intense 

part of the scattered signal. In the top left-hand corner, an example image is shown with a scale bar 

showing how pixel-space in the images shown related to velocities of the scattered ammonia molecules. 

The relative velocity vector is shown as an arrow, with the forward and backward directions marked on 

for clarity. 
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Fig. 4.29 DCSs extracted from the experimental data (Fig. 4.28) for the scattering of NH3 by ethane. 
Each of the DCSs shown is an average of 2-3 experimental images with error bars showing one 

standard error of the mean. Data below 22° was masked out during the fitting procedure, and as a 

result the DCSs shown at smaller angles than this are not reliable. 22° is marked on the graph as a 
vertical line. 
 

 

 

 

These DCSs appear to be even more predominantly forward scattered than for the neopentane 

data, with no significant scattering intensity above 45° in any for any of the jk states. Again, 

there does not appear to be any obvious trends on increasing either the j or k number. 

Fig. 4.30 shows example fits for two individual experimental images. The residual images 

can again be used to investigate the differences between the fits, which were carried out 

assuming no co-excitation of the hydrocarbon. As for the neopentane data, the fits appear to 

represent the experimental data well and the residual images do not show large amounts of 

scattering inside the ring representing Δjhc = 0, which indicates that there is not a large 

amount of excitation of the ethane to high jhc levels during the collisions. 
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Fig. 4.30 Images for the scattering of NH3 by 

ethane with the experimental data on the left 

and the corresponding fits directly to the right 

of these. For each state a single experimental 

image is shown. Parts of the images are 

masked out, as described in the Section 4.2.5. 

The right-hand column shows the result of 

subtracting the fit image from the 

experimental image, with red showing areas 

of higher intensity in the experimental image 

and blue areas of higher intensity in the fit. 

Normalisation was carried out so that the 

total sum of intensities across all of the pixels 

was the same for both the experimental and 

fit images. 
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4.5.4 Scattering of NH3 from Methane 

Fig. 4.31 shows the summed experimental data for the collisions of NH3 with methane. The 

beam speeds were 590 m s
-1

 for NH3 (3% in Ar) and 1450 m s
-1

 for methane (25% in He), 

leading to a collision energy of 846 cm-1. 

 

 

 

Fig. 4.31 The background-subtracted experimental images for the scattering of NH3 with methane at a 

collision energy of 846 cm-1. The rows indicate increasing j level and the columns increasing k level. 

Each image consists of 2-3 individual images which have been normalised so the sum of the intensity 

across all the pixels was the same, before summing. These are difference images, generated by taking 

measurements with and without presence of the co-collider and subtracting the latter from the former. 

The colour intensity has for clarity been set with maximum intensity corresponding to the most 

intense part of the scattered signal. In the top left-hand corner, an example image is shown with a 

scale bar showing how pixel-space in the images shown related to velocities of the scattered ammonia 

molecules. The relative velocity vector is shown as an arrow, with the forward and backward 

directions marked on for clarity. 
 

Fig. 4.32 shows examples of the fits to some of the individual experimental images. As for the 

work on the other hydrocarbons described in Sections 4.5.3 and 4.5.4, these fits were carried 

out using only basis images corresponding to Δjhc = 0. For these fits, however, it does not 

appear that these provide a good match to the experimental data. The experimental images are 

seen in the majority of states to have a smaller radius than the fit images. This can be seen both 

by looking at these images themselves, and by looking at the residual images, in the right-hand 
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column of Fig. 4.32. For most states these appear as a ring of negative intensity (blue) with a 

ring of positive intensity inside this (red). A particularly clear example of this can be seen for 

jk = 43 This inner ring represents areas of high scattering intensity in the experimental image 

corresponding to NH3 molecules with a lower velocity (and thus translational energy) than 

would be predicted in the absence of co-excitation of the methane: they are the result of NH3 

that has scattered Δjhc = 0. As some of the scattering energy has been transferred to the internal 

modes of the methane there is less available for translational energy of the scattered ammonia, 

and thus the post-collision velocity of the NH3 is less. The fact that these rings are clearly 

visible as having a lower radius than the predicted Δjhc = 0 rings for this work means that there 

is a significant amount of scattering into levels that are inelastic with respect to CH4. This is a 

particularly interesting result as this was not the case for the neopentane or ethane work 

(Sections 4.5.2 and 4.5.3), but it was for the D2 work (Section 4.4), suggesting that co- 

excitation is more likely when the secondary collider is a smaller molecule. 

The poor agreement between the experimental and fit images means that any DCSs extracted 

by this fitting method are likely to be highly inaccurate, and as such these are not presented in 

this work. However, based on visual inspection of the images a few trends can be seen. As for 

all of the experimental images in this thesis, the radii of the scattering images are smaller for 

states corresponding to a greater degree of rotational excitation, as a result of there being less 

energy available for translation. There appears to be a greater proportion of sideways and 

backwards scattering in the methane images than for either the ethane or neopentane images, 

with significant scattering intensity appearing at angles >45°. If, as proposed above, there is a 

greater amount of co-collider excitation when using methane as a collision partner this could 

indicate that co-excitation of hydrocarbons is associated with scattering into higher angles, an 

effect that was also seen when comparing collisions of NH3 + D2 that were elastic or inelastic 

with respect to the D2 (see Section 4.4). However, higher resolution experiments or QS 

calculations in order to investigate more quantitatively the proportion of NH3 + CH4 

scattering that involves secondary collider excitation, and to see how the angular distribution 

of this scattering is affected by the degree of co-excitation. 



Chapter 4: Reanalysis of NH3 Scattering Experiments 

146 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.32 Images for the scattering of NH3 from methane 

for the k =3 final states of NH3, with the experimental data 

on the left and the corresponding fits directly to the right of 

these. For each state a single experimental image is shown. 

Parts of the images are masked out, as described in the 

Section 4.2.6. The right-hand column shows the result of 

subtracting the fit image from the experimental image, 

with red showing areas of higher intensity in the 

experimental image and blue areas of higher intensity in 

the fit. Normalisation was carried out so that the total sum 

of intensities across all of the pixels was the same for both 

the experimental and fit images. 
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4.6 Summary 

 

A Monte-Carlo based fitting program used for extracting DCSs from experimental scattering 

data was adapted for use with images taken by C. A. Rusher using the compact cross molecular 

beams setup described in Section 2.1. This was then used to reanalyse data for the scattering 

of NH3 with Ar, D2 and a series of hydrocarbons. 

The scattering of NH3 from Ar was used as a test system in order to obtain beam velocities 

used in later fitting work. Analysis of this data found that higher j values were associated with 

scattering at larger angles, an observation that had been found previously on work by other 

groups on a range of scattering systems. No obvious trends were found on increasing k values. 

Good agreement was found between the experimental data and theoretical DCSs calculated by 

J. Loreau. This was seen as evidence that both the fitting procedure and the experimental 

parameters used as an input for this were robust. 

Analysis was carried out on the scattering of NH3 by D2 with scattering channels Δ𝑗𝐷2 = 0, 𝑗𝐷2 = 

0 → 2 and 𝑗𝐷2 = 1 → 3 being resolved. For each final state of NH3 DCSs were obtained for 

each of these co-excitation channels, and it was found that larger amounts of D2 excitation were 

linked to a greater degree of scattering into higher angles. The experimental DCSs were 

compared to those theoretical values calculated by J. Loreau and it was found that a much 

greater degree of scattering into channels involving D2 excitation was observed in the 

experimental data than was predicted by the theory, a surprising result as the PES and QS 

methods had been shown to successful in predicting DCSs for isotopologues of this system. 

Potential causes of this disagreement were assessed, but the root cause was not discovered, and 

it was proposed that QS calculations involving a greater number of degrees of freedom might 

be used in future to investigate these discrepancies further. 

Scattering images for the collisions of NH3 with methane, ethane and neopentane were 

investigated. All showed scattering that was primarily in the forward direction. There was, 

however, a greater proportion of scattering into larger angles for the methane work than for the 

other two hydrocarbons. In addition to this, for the collisions of NH3 + CH4 a much greater 

proportion of scattering into channels involving hydrocarbon co-excitation was observed, 

compared to using the other two alkanes. Comparison of this work with that on the scattering 

of NH3 supports the conclusion that greater proportions of scattering into channels involving 
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larger amounts of co-collider excitation are linked to a greater degree of sideways and 

backwards scattering than for channels that are elastic with respect to the secondary collider. 

The work in this chapter focusses on adapting a piece of analysis code in order to investigate 

the scattering of NH3 from increasingly complex molecules. Ammonia is a molecule of known 

astrochemical relevance, with a knowledge of the processes involving its collision-induced 

rotational excitation being important in the measurement of the temperature of interstellar dust 

clouds, and experiment-theory discrepancies for the work on the collisions of NH3 + D2 could 

potentially be significant in obtaining the parameters needed to model such processes. In 

addition to this the work on NH3 + hydrocarbon systems represents one of very few scattering 

studies involving two polyatomic colliders. As such it offers an insight into how techniques 

for studying collisions involving fewer degrees of freedom can be adapted to look at larger 

colliders, shedding light onto the current strengths and limitations of information that can be 

obtained from studying these complex systems. 
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Chapter 5: Molecular Dynamics Simulations of Liquid Surfaces 

 

5.1 Background: The Gas-Liquid Interface 

 
Interfaces between gases and liquids are found everywhere, in the natural world, in living 

organisms and within industrial settings. Gaseous molecules move around rapidly, and as such 

collide frequently with the surface of a liquid which they are in close proximity to. This 

allows for the rapid transfer of energy and material between the phases, as well as, depending 

on the nature of the substances involved, the occurrence of chemical reactions between the 

gaseous and liquid species. The processes that occur at the gas-liquid interface are of critical 

importance to many areas of chemistry: biochemistry, atmospheric chemistry and catalysis to 

name a few. Modelling the large number of atoms involved in a surface, however, poses 

different challenges to those when investigating the collisions of single gaseous molecules, as 

these surfaces are too large for simulation using full quantum mechanical treatments. In 

addition to this the structures of liquid surfaces are in themselves very complex. Liquids are 

by nature more disordered than solids and the particles that make them up are in continual 

motion past each other, making liquid surfaces challenging to characterise and simulate. In 

general, there has been a lot less work carried out on collisions occurring at the gas-liquid 

interface than at either the gas-solid interface or within bulk phases. 

One question which is of particular interest to interface chemists is which functional groups 

within a sample will be present in highest concentration at the surface. Often the structure of 

the surface differs from that of the bulk, with particular species or functional groups being 

preferentially present at or close to the interface itself, whilst others tend to be found in lower 

concentrations there than in the bulk. In some cases, a more ordered structure can form at the 

surface, when the preference of particular groups for the surface leads to a preferential 

orientation of molecules, which in turn can influence the positioning of the molecules several 

layers away from the interface itself. Some of the most extreme examples of this are ionic 

liquids.
113,119,120 For these the long alkyl chains have been shown to preferentially be found at 

the surface, with the charged headgroups just below this. Coulombic interactions between the 

oppositely charged ions mean this results in a higher degree of ordering throughout the sample 

than in a standard liquid. 

The structure of liquid surfaces can be studied experimentally via a range of techniques. These 

can be broadly split into two categories: spectroscopic techniques and scattering studies. 
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Spectroscopic techniques, such as sum-frequency generation (SFG)
121–123 and reflection 

absorption infra-red spectroscopy (RAIRS),
124 generally take advantage of the breaking of 

symmetry that the presence of an interface introduces to a system, in order to differentiate 

between signal from the surface and the bulk (or in some cases obtain signal exclusively from 

the former). Scattering techniques, on the other hand, probe the change in the nature of the 

species involved in order to deduce information about their interactions with the interface and 

thus about the nature of that interface. The wetted wheel technique in particular has been used 

to probe the surfaces of low vapour pressure liquids under high vacuum.
125,126 This reduced 

pressure allows for a more straightforward analysis of the distributions of the scattered 

products, based on their interaction with the liquid surface only: it is assumed that the gas 

pressure surrounding the liquid is low enough that secondary collisions between gaseous 

particles prior to detection can safely be ignored. 

In the wetted wheel method squalane and squalene (Fig. 5.1) are often used as the liquid surface 

of choice when investigating alkanes and alkenes respectively.
111,114127–129

 This is because their 

low vapour pressures mean that they can be used under high vacuum conditions. Squalane and 

squalene are often used as proxies to model those hydrocarbons found on the surface of 

atmospheric aerosols, which have themselves attracted a lot of attention in recent years due to 

the role that they play in tropospheric pollution cycles and cloud seeding.
130 It has been found 

that alkene groups present on these surfaces are particularly important as their reactions with 

oxidising radicals present in the atmosphere, such as OH and Cl, form long-chain enols and 

enones, which are important secondary aerosol producers. Reactions of C=C double bonds with 

radicals have also recently been reported to trigger chain reactions leading to the formation of 

aldehydes and secondary ozonides.
131 The C=C bonds in unsaturated fatty acids present on the 

surface of aerosols, such as oleic acid,
132

 can also play a role in such processes. It is therefore 

important to know, for species such as those found on these aerosol surfaces, what the 

concentration of each of the functional groups at the interface is, as this is the main site of 

contact with such gaseous radicals, and also how this concentration compares to that in the 

bulk. 

 

 

 

Fig. 5.1 The structures of squalane and squalene, two low vapour pressure hydrocarbons that are often 

used in high vacuum scattering experiments. 
 

Squalane 

Squalene 
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Aside from the study of aqueous solutions, experimental research into the structure of liquid 

surfaces is currently largely confined to low vapour pressure liquids, including long chain 

hydrocarbons,
114,133126,134 ionic liquids

113,119,120
 and self-assembled monolayers (SAMs),

135
 due 

to the need for setups involving vacuum conditions. It would therefore be of interest to develop 

theoretical methods for simulating the structures of those surfaces that we are not able to probe 

experimentally. Simulating those systems we are currently able to study experimentally, on 

the other hand, allows the accuracy of such models to be investigated and can also supplement 

experimental studies. This chapter focusses on using molecular dynamics (MD) methods to 

simulate a number of liquid surfaces, with a discussion of the distributions of different 

molecules and functional groups with relation to this surface. The structure of the chapter is as 

follows. Section 5.2 gives an overview of molecular dynamics in general and the techniques 

employed in this work in particular. Section 5.3 then presents the simulations of surfaces of 

four members of the oleic acid family, with an emphasis on the affinities of the carboxylic acid 

and alkene groups, as compared to the saturated groups, for the interface. Section 5.4 focusses 

on simulations of liquid-vacuum interfaces for mixtures of squalane and squalene in different 

compositions. The relative affinities of the two species for the surface, as well as the different 

functional groups within each of these, are discussed. 

5.2 Computational Methods 

 
5.2.1 Molecular Dynamics Simulations: Selecting the Force Field 

Experimental work that has been carried out in order to gain insight into the structure of liquids 

can be supplemented by computational studies. These allow for insights to be gained into 

liquids that may have a higher vapour pressure than those which are typically able to be studied 

in the high vacuum setups described above, and also allows for the structure of surfaces to be 

viewed directly using visualisation software, instead of deduced by analytical methods. 

In order to simulate the structure of an interface one needs to carry out calculations involving, 

at the very least, several hundred molecules, as these must be able to form a bulk region and a 

surface which is distinct from this. In all computational methods computational cost is related 

to the number of atoms in the system and as such ab initio methods are not possible for use 

with systems containing such large numbers of atoms. Instead a popular simulation technique, 

based purely on classical physics is commonly applied for studying large sample of liquid or 

gaseous molecules. MD simulations are based on Newton’s laws of motion. Atoms are treated 

as spheres of a given mass and all interactions between them (intra- and intermolecular) are 
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effectively springs with the appropriate force constants and interaction potentials. These 

potentials would in reality be unique for each interaction within a particular molecule, however, 

in order to allow calculations to be simplified it is assumed that the same types of atom in 

similar environments (for example the interaction between a carbon and a hydrogen bonded to 

it in saturated non-polar group) will always have the same interaction potential, involving the 

same force constants. A collection of these force constants for a selection of different 

interactions is known as a force field. There are different ways of calculating the parameters of 

a force field and in general force fields have different levels of success for different types of 

system.  One selects a force field based on the type of system of interest and, where possible, 

the performance of this force field in the simulation of similar systems. 

Force fields can be broadly split into two categories – all-atom (AA) and united atom (UA) 

force fields. In AA force fields, the intramolecular interactions between all the atoms within 

the molecules of interest are treated explicitly, that is to say the bond lengths and the angles 

between all atoms within all functional groups are allowed to vary based on the force constants 

used to describe these interactions. In UA force fields, certain common functional groups, 

such as the -CH3 group, are treated as a single unit, with the bond lengths and angles between 

atoms within this group being fixed at their equilibrium values. It is thus only the interactions 

between groups that are explicitly accounted for as the simulation is run. In general, UA 

calculations require a lower computational cost but produce less accurate results than AA 

calculations.
136

 

The MD studies described in this thesis were carried out using the GROMACS suite of 

programs (version 2018.2),
137 which includes algorithms for both carrying out simulations and 

analysing the results of these. The work in this chapter focuses on two areas: simulations of 

liquid surfaces of pure samples of the oleic acid family of fatty acids (oleic, linoleic, linolenic 

and stearidonic acid) and simulations of surfaces of liquid samples containing mixtures of the 

hydrocarbons squalane and squalene in different proportions. In order to investigate such 

surfaces, it was necessary to select a force field that would do the best possible job at simulating 

the interactions between these molecules at the temperatures of interest. The first stage in the 

study was therefore the comparison of the effectiveness of a number of commonly used force 

fields in simulating the bulk properties of the liquids of interest. 

When looking at the accuracy of different force fields in modelling the molecules being studied 

in this thesis, five commonly used force fields were initially selected as potentially being of 

interest. These were the OPLS-AA,
138 L-OPLS-AA,

139,140 CHARMM,
141 GAFF

142 and 
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Gromos54a7
143 force fields. These have been used in previous studies to successfully simulate 

the properties of amino acids and other biological molecules. However, on closer inspection, it 

was discovered that three of these force fields, OPLS, L-OPLS and CHARMM, did not have 

all of the necessary parameters required to describe the dihedral interactions within our 

molecules. Dihedral interactions are used to measure the angular dependence of the interactions 

between atoms that are three bonds away from each other within a molecule and, as with all 

interactions that are modelled within MD calculations, these are simulated as oscillators, using 

force constants to describe particular types of atoms involved. Each given force field consists 

of a list of these constants for all of the types of atom and environment that the force field has 

been designed to deal with. However, MD simulations have previously been focussed 

primarily on small amino-acid based molecules, and therefore many force fields have not been 

developed so as to have the correct parameters to describe long chain unsaturated hydrocarbon 

chains. For example, the OPLS-force field does not contain the parameters to describe the 

interactions involving a C=C double bond and two hydrocarbon groups next to it (-C=C-C-C- 

and -C=C-C-H). As a result, it would not be able to be used to simulate any of our molecules 

that contain carbon-carbon double bonds, only squalane could be modelled using this force 

field. The L-OPLS and CHARMM force fields are able to describe the interactions within 

hydrocarbons that have only one double bond, however they fail when two or more double 

bonds are present in close proximity to each other within a molecule, as they are not able to 

describe a -C=C-C-C= interaction. As such neither of these force fields could be used to 

successfully model linoleic, linolenic or stearidonic acid. This left only two of the original five 

force fields which contain all of the necessary parameters required to study all of the molecules 

of interest. 

Simulations of the bulk properties of all of squalane, squalene and the oleic acids were thus 

carried out as described in Section 5.2.2. Analysis software built into the GROMACS program 

was used to obtain the predicted densities of each of these molecules, and these were compared 

to literature values. In each case the simulations were run at the same temperature as in the 

literature. The dielectric constants and dipole moments were also calculated using gmx_current 

and gmx_dipoles algorithms of GROMACSs respectively.
144 These were compared to 

literature data, where available. Table 5.1 shows a summary of the results of this analysis. The 

columns show the calculated values for each property alongside the measured experimental 

values for the same species and at the same temperature. The differences between the calculated 

and literature values are also shown, as a percentage for clarity. 
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GAFF Dielectric Constant 
 Experimental Simulated Δvalue/ % 
  Gromos54a7 GAFF Gromos54a7 GAFF 

Oleic Acid (293 

K)
145

 

2.34 5.82(41) 1.65(05) 148.9 -29.5 

Oleic Acid  

(298 K)
146

 

2.03 5.51(88) 1.69(132) 171.9 -16.7 

Squalane (373 K)
145

 1.91 1.00(2876) 1.26(2) -47.5 -33.9 

 Dipole Moments/D 

Oleic Acid 

(293 K)
145

 

2.47 5.05(6) 1.65(05) 104.7 -33.2 

Squalene (298 K)
145

 0.68 1.45(25) 0.55(39) 113.6 -18.5 

 Density/g mL-1
 

Oleic Acid 

(298 K)
147

 

0.89 0.912(9974) 0.86(7123658) 2.6 -2.6 

Linoleic Acid 

(293 K)
148

 
0.90 0.92(572) 0.88(236) 2.9 -2.0 

Linolenic Acid 

(293 K)
149

 

0.92 0.953(51) 0.90(578) 3.6 -1.5 

Squalane 
(298 K)

150
 

0.81 0.82(89352) 0.80(4723) 2.3 -0.7 

Squalene (298 K)
151

 0.86 0.90(47189) 0.83(31386) 5.2 -3.1 

Table 5.1 Comparison of selected physical properties of the species studied with those calculated 

based on MD simulations employing two different force fields. In the left-hand columns of the table 

the raw values are shown. The right-hand columns show the deviation, of the calculated values from 

the experimental ones (Δvalue =
Simulated Value−Experimental Value

Experimental Value
x100).These deviations are 

expressed as a percentage. For each property measured the 𝛥𝑣𝑎𝑙𝑢𝑒 corresponding to the smallest 

difference between the experimental and simulated values is highlighted. 

 

It can be seen from the table that the calculated values from the GAFF force field clearly show 

closer agreement to the experimentally measured properties. Whilst the Gromos54a7 force 

field often yields parameters that disagree with the observed values by >50% the GAFF force 

field provides a much closer fit, with typical agreements at <30% error. As such the GAFF 

force field was selected to be force field of choice for studying the surface properties of the 

molecules described above. 
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5.2.2 Generation and Equilibration of the Bulk Samples of the Acids 

Prior to the formation of any surfaces a bulk sample must be obtained and equilibrated. Bulk 

samples were also needed when choosing the best force field to use for the main work, as it is 

bulk properties that are more widely available experimentally and these needed to be compared 

to the corresponding values from simulations involving each of the force fields. 

Generation of a bulk sample proceeded as follows. A molecular structure file (.pdb file) was 

obtained from the Automated Topology Builder database.162 This contains information about 

the coordinates and types of all of the different atoms within the equilibrated structure of a 

molecule of interest. When looking at the Gromos54a7 force field this was converted directly 

into the topology and coordinate files needed as inputs for the next stages by using the gmx 

pdb2gmx command and force field parameter files available online.
152 For the work involving 

the AmberGAFF force field, the .pdb file needed to be converted to topology and coordinate 

files of the correct type by using the antechamber, tleap and parmed programmes, which are 

integrated into the AmberTools2018 software package.
153 This topology file detailed all of the 

interactions between atoms within the molecule, including the bonding, angular and dihedral 

interactions. Force constants and equilibrium bond lengths and angles were stored. It also 

contained information about the masses and charges of all of the atoms. 

A rectangular box of initial dimensions 6.5 by 6.5 by 15.0 nm was created and a total of 600 

molecules of the acid of interest were inserted into this in a random manner. GROMACS 

employs periodic boundary conditions to simulation boxes, so that these represent repeat units, 

with such boxes extending infinitely in all directions. These boxes and the molecules in them 

are all identical, meaning that when a molecule or part of a molecules leaves the left-hand side 

of the box in view an identical molecule enters from the right-hand side, with the same velocity. 

After generation of the box this then underwent an energy minimisation process, in order to 

allow for the arrangement of molecules within the box to reach its lowest energy configuration. 

In order to achieve this a steepest-decent algorithm was used. 100-200 cycles of this 

minimisation were needed, with minimisation being carried out until the energy of the system 

had converged so that the force on each atom was less than 500 kJ mol-1 nm-1. 

The resulting system then underwent several stages of equilibration. The first stage was carried 

out under NVT conditions, that is the Number of particles and Volume were constrained and 

Temperature coupling used in order to bring the simulation to the desired temperature and to 

allow the molecules to arrange themselves in a way corresponding to their equilibrium 
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positions at this temperature. The Nosé-Hoover temperature coupling algorithm
154 was 

applied – this mimics the addition of a thermal reservoir to the system. Energy exchange 

between this reservoir and the system allows the temperature to fluctuate only slightly around 

the desired value for the course of the equilibration step. This mean that the system can be 

held at the temperature of interest for long enough for the equilibrium positions of the 

molecules to be found at this temperature. During this process the molecules within the box 

tend to clump together in order to maximise the favourable interactions between them. 

During temperature equilibration processes under NVT conditions, the pressure is, however, 

allowed to vary freely. This does not mimic the natural conditions under which such a system 

would be found, and therefore does not allow for the density and other properties of the system 

to reliably reach their experimental values. Further equilibration steps are therefore needed, 

this time under NPT, conditions, that is using a fixed Number of molecules, constant Pressure 

and Temperature. 

Pressure coupling was applied in two stages, with different thermostats being applied at each 

stage. The first NPT stage was carried out directly after the NVT equilibration process and 

lasted for 2 ns, with a 1 fs time step. This stage employed the Berendsen pressure coupling 

algorithm,
155 which holds the system’s average pressure at the desired value by rescaling the 

box vectors and the coordinates of each of the particles, so that the pressure (P) varies 

according to the equation 

𝑑𝑃

𝑑𝑡
= 

𝑃𝑜− 𝑃

𝜏𝑝
                                                                                                               (5.1) 

 
 

with P0 being the desired pressure and τP the temperature constant; one of the input parameters 

(0.1 ps in the work discussed in this thesis). Whilst the size of the box remains unchanged 

during the NVT equilibrium process, in the NPT stages the box dimensions are altered so as to 

allow the simulation to reach the required pressure. During this procedure the ratio of the x, y 

and z dimensions, however, remains unchanged. 

The Berendsen thermostat allows the temperature to reach the desired value rapidly under NPT 

conditions and still works effectively on systems at densities which are far from their 

equilibrium values, which is why it is often the first step in carrying out an NPT equilibration 

process, as other algorithms often cause simulations to crash if they are far from equilibrium. 

It does not, however, generate a ‘proper’ canonical ensemble, meaning that some of the 
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calculated bulk properties would be incorrect if one were to proceed with this thermostat for 

the entire equilibration process. As a result after the system has reached a stable density value 

under the Berendsen thermostat, the coupling is switched to a Martyna-Tuckerman-Tobias- 

Klein (MTTK) algorithm,
156 which allows for pressure coupling by applying equations of 

motions to the box and then coupling the equations of motions of the atoms to this, instead of 

carrying out an instantaneous scaling process. This generates the correct ensemble and thus 

allows for the properties of the system to be obtained with a higher degree of accuracy than 

when using the Berendsen coupling. It can, however, lead to very large pressure oscillations if 

the initial pressure varies significantly from the desired pressure, which means that the run 

could crash if it was employed prior to density stabilisation using the Berendsen thermostat. 

The MTTK algorithm was allowed to run for approximately 5 ns, until the density had once 

again stabilised. As with the previous equilibration stages a timestep of 1 fs was applied. 

5.2.3 Generation and Equilibration of the Bulk Sample of the Mixtures 

When generating simulation boxes of a mixture of molecules it is important to insert these 

molecules in a random fashion, in order to avoid introducing bias in the positioning of the 

molecules at the very start of the simulation process. It was thought, for example that if all 

molecules of a given species were introduced to the system first, followed by all of the 

molecules of the other species, this created the risk that the first species could clump together 

to form pockets that were rich in that particular molecule type, and that this bias may be difficult 

to erase completely during the equilibration and annealing steps. As a result, it was decided 

that molecules should be introduced in small numbers, alternating between the two species 

during this process. 

The mixtures were generated using a script written by S. J. Greaves, which operated as follows. 

The relative percentages of squalane and squalene desired in the final mixture were given as 

input parameters. These were divided by a factor of ten. Molecules were then added in batches 

of ten, first the appropriate number of squalane molecules, followed by the appropriate number 

of squalene molecules, with this process being repeated until the total number of molecules 

(squalane+squalene) within the box was 600. Due to the larger sizes of squalane and squalene 

as compared to the oleic acids, boxes with initial dimensions of 8.2 nm × 8.2 nm × 16.4 nm 

were used. The resulting samples underwent energy minimisation and equilibration as 

described above (Section 5.2.2).
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5.2.4 Formation and Equilibration of Interfaces 

The simulation steps described above generated the repeat unit of a system, which extended 

indefinitely in all directions and could be used to investigate the properties of a bulk system of 

the liquid. In order, however, to investigate the structure of the surface of the liquid when it 

occurs at a phase boundary, the simulation needed to be extended in order to create a multi- 

phase system. The second phase in this study was vacuum, as this is both less complex to 

simulate than air and would allow for direct comparison with results from gas-liquid scattering 

experiments, which are carried out under high vacuum conditions. Interfaces were introduced 

to the samples by extending one of the dimensions of the simulation box (the z dimension) by 

a factor of 3, whilst holding the other dimensions constant. This generated an area of vacuum 

above and below the liquid sample, and thus created a ‘slab’ of sample with liquid-vacuum 

interfaces at the top and bottom of this. Each of the areas of vacuum had the same dimensions 

as the sample itself. 

Once the slab had been created, it was equilibrated under NVT conditions, to allow the 

molecules to rearrange themselves from their equilibrium bulk positions, in order to take 

account for any energetic preferences caused by the positioning of different molecules and 

groups with relation to the interface. A pressure-coupled equilibration process was not carried 

out, as the scaling of the box during this process would have destroyed the areas of vacuum 

either side of the slab and thus eliminating the interface. 

Equilibration of the slab was carried out as follows. Slabs underwent cycles of equilibration 

and annealing. Equilibration was carried out at the temperature of interest. The same procedure 

was followed as for the previous NVT-equilibration process, with a velocity Verlet algorithm 

being employed. Each equilibration process was carried out for 5 ns with a time step of 1 fs. 

Several 5 ns steps were run until the distributions of the functional groups within the slab were 

found to be the same for two consecutive steps. Typically, a total of 15 ns was required for this 

to be the case. The slab then underwent an annealing step in order to destroy any preferential 

positioning of the molecules in relation to either each other or the interface. This annealing was 

achieved by carrying out a temperature equilibration step at an increased temperature for a 

short period of time. The exact temperature and length of the annealing step varied from slab 

to slab and were decided based on examination of the results of each annealing process, 

however, temperatures around 650-700 K and time lengths of around 20 ps were typically 

needed. Temperature and length of time had to be chosen carefully as longer times and higher 

temperatures had a greater effect in removing the internal structure of the slab, but could also 
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lead to molecules or groups of molecules to evaporating from the surface, or in some cases to 

the slab dividing into two (Section 5.2.6). Both these scenarios could lead to the simulation 

ending prematurely. It was found that using a leapfrog algorithm,
157 instead of a velocity Verlet 

algorithm,
158 in order to carry out the annealing step reduced the likelihood of the slab 

separating, and as a result this coupling type was used in all of the annealing processes 

described in this thesis. In general, the leapfrog algorithm has a less accurate temperature 

selection than the velocity Verlet algorithm, which is why the latter was applied when running 

the main equilibration and production runs, however, during the annealing steps it was not the 

exact temperature that was important, only that this was high enough to destroy the internal 

structure of the slab, and thus the algorithm that was more stable at higher temperatures was 

applied. In a successful annealing step, the slab expanded partially into the rest of the box, thus 

allowing molecules to separate and intermolecular interactions to be weakened sufficiently for 

the particles to rearrange with relation to each other. This could be viewed using the Visual 

Molecular Dynamics (VMD)
159 software (Fig. 5.2). 

 

 

 

 

 

 

Fig. 5.2 Side-on views of a slab of oleic acid before (left), during (centre) and after (right) an annealing 

step (z axis is vertical). The periodic boundary conditions of the simulation boxes are shown in bright 

blue for clarity. It can be seen that on heating the molecules become less densely packed, allowing 

them to move relative to each other. This allows them to rearrange, ensuring that the equilibrium 

distribution of functional groups throughout the slab is achieved. 
 

 

Following a successful annealing step, the simulation was cooled back down to the temperature 

of interest and re-equilibrated as described above. This annealing and equilibration process was 

repeated until two consecutive equilibration steps gave the same distribution of molecules 

throughout the slab. It was then assumed that positions and orientations of the molecules within 

the slab were such that the energy of the slab had reached a global minimum. Once this was 

298 K 

20 000 ps 

298 K 

20 000 ps 

600 K 

20 ps 
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the case production runs were carried out, and it is the results of these on which the analysis 

was carried out that forms the basis of the remainder of this chapter. The velocity Verlet 

algorithm was used, as for the equilibration steps, with a time step of 1 fs. For each slab two 

production runs were carried out, each 20 ns in length and separated by a further annealing 

step, carried out described above. 

5.2.5 Analytical Methods: Partial Density Analysis 

During the equilibration and annealing stages, the point of completion of each step was 

determined based on the distributions of different molecules and groups throughout the slab. 

For the mixtures, it was the relative distributions of the squalane and squalene that were of 

interest; for the pure liquids, it was the distributions of different functional groups that were 

measured. In order to carry out this analysis, a tool integrated into the GROMACS software 

program, the gmx_density function,
144 was used. This divides the slab into a user-defined 

number of slices along the z direction and counts the densities of selected atoms with a given 

atom name within these sections. An index file is then used to convert these counts to 

concentrations of a given molecule or functional group within that slice. As such a plot of 

functional group concentration against distance from the centre of the slab (z = 0) can be 

plotted. In the work in this chapter, the slabs were split into 100 slices during density 

analysis. This number was a compromise, as smaller slices meant a greater resolution in 

terms of defining the position of atoms along the z direction, however, if the size of the slices 

became of the order of just a couple of atoms small fluctuations in atom position could give 

large relative changes in density. It was found based on tests that increasing the number of 

slices above 100 did not give significantly more information on group distributions and thus 

this is the number of slices used throughout this work. 

Another way of making trends between the surface and the bulk clearer was to carry out 

symmetry averaging across the positive and negative z directions of the slab. This was a valid 

as the upper and lower interfaces were generated in an identical manner and are equal distances 

from z = 0 and all energetic factors involving the presence of the surface will be therefore the 

same in either direction for the same absolute value of x. As such averaging across the +z and 

-z directions gives a truer picture of which aspects of the distributions of the molecules are 

actually a result of the distance from the interface, and which are a result of chance. This is of 

course further enhanced by averaging across two production runs for each slab. This averaging 

was only carried out for times >2.5 ns, in order to ensure that molecules had relaxed to their 

equilibrium positions at the temperature of interest prior to analysis. 
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   333 K     600 K     333 K  

5.2.6 Evaluation of the Annealing Process 

The aim of the annealing process is to completely destroy any internal structure or preferential 

orientation of groups that may have occurred during the equilibration stages, in order to see if 

the same structures reappear in consecutive equilibration stages. If this is the case, this provides 

strong evidence that such orientations are energetically favourable and are not merely a result 

of random chance. Annealing is carried out by heating the slabs up in order to allow them to 

expand sufficiently so as to break any interactions between molecules and allow for the 

rearrangement of molecules with respect to one another (Fig 5.3). This heating must not, 

however, be so vigorous as to cause the slab to divide in two, or for molecules to evaporate 

from the surface of the slab (Fig.5.4). 

 

 

Fig. 5.3 Partial density plots for a sample of oleic acid before (left), during (centre) and after (right) a 

successful annealing step, showing the distributions of three of the functional groups throughout the 

slab at different times in the annealing process. The sharp peaks for these groups at specific distances 

from the centre of the slab seen before annealing disappear when the slab is heated to 600 K, showing 

that the preferential distribution of the functional groups is destroyed by the annealing process, with 

this reappearing when the slab is cooled back to 333 K. Note also that the total width of the slab is 

higher at 600 K, as heating decreases the density of the acid, as seen also in Fig. 5.2. 

 

The gmx density function (Section 5.2.5) was used in order to evaluate the success of the 

annealing step. A successful annealing step yielded partial densities for all groups that were 

uniform across the slab, with no peaks or troughs indicating preferential positioning of groups 

with relation to either the interface or each other. Annealing steps which have been run for too 

long, however, or at too high a temperature, show evidence that the slab is beginning to divide 

in two. This is indicated by an area of lower density for all groups at around z = 0, with peaks 

either side of this (Fig. 5.4). At this stage the slab is unstable, the annealing stage needs to be 

terminated and run again at a lower temperature or for a shorter length of time. 
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Fig. 5.4 Partial density plot for an annealing step that has been carried out a too high a temperature. It 

can be seen that the partial density values for all the components are lower at z = 0, with peaks either 

side of this, showing that the slab is starting to divide. 
 
 

5.2.7 Analytical Methods: Solvent Accessible Surface Area (SASA) Analysis 

The solvent accessible surface area (SASA) function is an analytical program integrated into 

the GROMACS software and runs using an algorithm invented by Eisenhaber et al.
122 It 

measures the effective surface area of a sample that would be accessible to a solvent molecule 

of a given size. It does this by simulating the solvent molecule as a hard sphere of a known 

radius. This is then allowed to move across the surface in a random manner, sampling the area 

which is accessible to it. The surface is also assumed during this process to be made up of 

atoms that are effectively hard spheres with radii corresponding to the van der Waals radius of 

the element in question. The solvent accessible surface is then defined as those parts of the van 

der Waals surfaces of the atoms with which the probe sphere can come into contact, without 

any of its radius simultaneously overlapping with that of a third atom.
160,161

 

During the SASA analysis a record is made of which atoms the probe molecule comes into 

contact with during this sampling process and the total surface area of the contact between 

the probe sphere and the atoms of interest on the surface, and uses it this information to 

calculate the total surface area which the probe samples. This can be used to extract 

information about the functional groups present at the surface, via the use of an index file. 

The index file is used to reference which atoms are part of each functional group, and as such 

every time the probe molecule comes into contact with an atoms that is part of a given 

functional group, it adds a count to the number of those functional groups that it has 

encountered at the surface. This analysis is carried out on the trajectory file for the whole 

simulation, and surface area information is output as a function of time. In our simulations 

probe molecules of radius 0.175 nm were used. This corresponds to the van der Waals radius 
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of a Cl radical, one of the radicals which readily react with molecules on the surfaces of 

aerosols (see Section 5.1). 

Scripts written by S. M. Purcell were used in order to adapt this analysis, so as to ensure that 

the functional group counts at the surface were recorded as a function of time throughout the 

simulation. A thresholding parameter was also introduced. This set the minimum surface area 

contact between the probe and the ‘surface’ atoms required in order to count the atom in 

question as being at the surface. If the surface area contact was above this threshold value the 

atom was counted as a hit, if not it was disregarded. Thresholding was required as even in a 

bulk there will be a certain number of pores that may be accessible to a small probe. The probe 

can have a very glancing touch with atoms that are present within these pores and will count 

these as being present at the surface, when in fact this is not truly the case. Introducing a 

threshold value ensures that atoms counted that are present at the surface. 

A threshold value naturally needs to be chosen in order to separate effectively the true interface 

from spurious signals in the bulk. A threshold value approaching zero will not differentiate 

between the surface and pores within the bulk of the system, whereas a threshold value that is 

too large will mean that all atom-probe contacts are disregarded, regardless of whether they 

occur at the interface or not. In order to select a suitable threshold tests were carried out varying 

the threshold value and seeing how the total number of atom hits counted across all atom types 

varied with this changing threshold value. This analysis was carried out both on the slabs and 

on the corresponding bulk samples from which these were generated (Section 5.2.5). 

Fig. 5.5 shows an example of one of these tests. The results for the bulk are shown to the left 

and those for the slab on the right. It can be seen that the total number of atoms accessible is 

much lower for the bulk sample. This is because for the bulk sample it is only the pores that 

contain atoms accessible to the probe, whereas for the slab it is the surface and the pores which 

can contribute, with the surface having a much higher total area than the pores. For the slab the 

number of atoms accessible to the probe decreases gradually and smoothly with increasing 

threshold. This reflects the fact that different atoms at the surface will be exposed to different 

extents, with some sticking out of the surface and some almost completely embedded and thus 

only able to offer a small surface area for potential contact with the probe. As the threshold is 

decreased these more deeply embedded atoms become disregarded from the total count. Thus, 

increasing the threshold for the slab corresponds to a gradual decrease in the total atom count 

included in the SASA analysis, with this reaching zero at thresholds of approximately 0.30 nm2. 

For the bulk sample, on the other hand, the threshold related is related solely to the accessibility 
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of atoms within the pores. Thus at very small threshold values atoms within all of the pores are 

accessible to the probe molecule, however as this threshold parameter is increased the number 

of atoms that could come into contact with the probe within the pores dropped quickly, reaching 

a critical value at around 0.10 nm2 where atoms within the pores were no longer accessible to 

the probe. Choosing a threshold value above this cutoff for use in analysing the slabs meant 

one could be sure that none of the atoms counted during the analysis of the slab came from 

within the bulk and that only those present at the surface itself were counted. It is desirable, 

however, to ensure that as large a number of atoms present at this surface as possible where 

included in the count, not just those that were sticking almost completely out of this. Therefore, 

a threshold value of 0.15 nm2 was used in the analysis of the slabs, with this being deemed 

large enough to exclude bulk signals whilst including almost all of the signals from the 

interface. Threshold tests were carried out for each of the pure liquids at room temperature, 

with 0.15 nm2 found to be an appropriate threshold value for use with all of these. 

 

 

 

 

Fig. 5.5 Plots showing how changing the threshold values alters the total area of all functional groups 

present the surface, as obtained by SASA analysis for oleic acid at 298 K, for the slab (left) and the 

bulk sample prior being converted into a slab (right). Note the difference in scale: the surface area 

accessible to the probe at any threshold value is much smaller for the bulk sample compared to the 

slab. The surface area recorded by the bulk sample goes to zero at much smaller thresholds than in the 

slab. The blue dotted lines represent the threshold value chosen for the analysis described in Sections 

5.3 and 5.4. At this threshold value the bulk surface area value is zero. Consequently, it can be 

assumed that internal pores do not contribute to the slab surface area values at this threshold values. 

Similar plots could be drawn for the other acids, squalane and squalene at 298 K. 
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5.2.8 Evaluation of the Thickness of Slabs 

The main aim of carrying out the simulations described in this chapter was to investigate the 

difference between the distributions of molecules at and close to the surface of a liquid, as 

compared to in the main bulk of the sample. In order, however, for any conclusions drawn from 

such a study to be valid, it is necessary to ensure that a distinction can be made between the 

interface and the bulk of the liquid of interest. For this to be the case the sample needs to be 

large enough that there are some molecules present at the surfaces, with a corresponding 

orientation and position relative to this, with further molecules being far enough away from the 

surface that they do not directly feel the effects of the presence of the phase boundary. If the 

sample were too thin, that is to say if the distance between the interfaces at the top and bottom 

of the slab were too close together, all molecules would feel the influence of at least one of the 

surfaces, and therefore there would be no ‘bulk’ region of the sample to which comparisons 

could be made when discussing the properties of the surface. 

As such it was important in carrying out simulations, that the slabs generated were of sufficient 

thickness in order to see a distinct difference in structure between the volumes closest to the 

surface and those further away. There is, however, a significant increase in computational cost 

associated with increasing the number of molecules within a simulation. It was therefore 

important to strike a compromise between these two factors when choosing the size of the slab 

to be simulated. 

Tests were carried out in order to select the number of molecules involved in the simulation. 

Previous work in determining the force field to use had been carried out using a sample of 300 

molecules. In the xy planes the slab is part of a repeating unit that extends indefinitely. It was 

necessary to have sufficient x and y dimensions to make sure that that the surface coverage was 

representative, ensuring that surface of the repeat unit was not made of only a couple of 

individual molecules, as this would have made any as this would have made it difficult to 

distinguish between genuine surface preferences for particular groups and those that were 

purely a result of chance. In addition to this the x and y dimensions needed to be great 

enough so that there is no interaction between the same molecules within neighbouring 

boxes: if this is the case the simulation will crash. 

Consequently, when carrying out tests on slabs of different thicknesses, the x and y dimensions 

of the box were held constant whilst increasing the total number of molecules and the z 

dimension in proportion to each other (Table 5.2). The resulting slabs underwent equilibration, 
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as described above, before the distributions of the functional groups throughout the slabs was 

evaluated. 

 

 x/nm y/nm z/nm 

300 6.5 6.5 6.5 

450 6.5 6.5 9.75 

600 6.5 6.5 15.0 

750 6.5 6.5 16.25 

1000 6.5 6.5 21.67 

Table 5.2 Dimensions of the boxes used in the tests used to ascertain the thickness of the slabs to be 

used in the main simulations. These dimensions were chosen so that on converting to a slab the surface 

area of the repeating unit (defined by the x and y dimensions) would be the same in each case, and only 

the slab thickness (z dimension) be altered. 

The results of these tests are shown in Fig. 5.6. As can be seen, at 300 molecules, there is no 

sharp separation between the distribution of functional groups close to the interface, as 

compared to the centre of the slab: the interface merges gradually into the bulk. This indicated 

that the slab thickness chosen is not great enough. Increasing the thickness of the slab lead to 

a greater distinction between the surface structure and the bulk. After 600 molecules increasing 

the number of molecules did not further increase the difference between the structures at the 

surface and in the rest of the sample: at this point it was assumed that there were enough 

molecules in the sample to allow the two interfaces to be independent of each other and the 

bulk. All of the simulations discussed in this chapter involved samples of 600 molecules, with 

simulation boxes of dimensions z = 2x = 2y. This number of molecules represented the optimal 

balance between accuracy and computational cost. 
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Fig. 5.6 z density plots for slabs containing different 

numbers of oleic acid molecules. In each case the x and y 

dimensions of the slab are the same, with the z dimension 

proportional to the number of molecules in the slab. Density 

plots are averages over a 5 ns production run, after 

equilibration had been carried out. The runs were carried out 

at 298 K. 

-COOH 

Me -

HC=CH- 
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5.3 Molecular Dynamics Simulations of Surfaces of Oleic Acids 

 
5.3.1 The Oleic Acid Family 

Oleic acid is a naturally occurring fatty acid, found in animal and plant fats and oils, but is also 

notably found on the surface of atmospheric aerosols.
162,163 Oleic acid is an 18-carbon acid 

containing a single alkene functionality, it is this that has been shown to be of particular 

importance in its role in the formation of secondary pollutants in the atmosphere.
109 Because 

of its atmospheric relevance, it has also been used in gas-liquid experiments, where its low 

vapour pressure and high availability make it a good choice as a proxy for studying the 

properties of surfaces of the fatty acids.
114

 

This section focusses on slabs of oleic acid and three other naturally occurring fatty acids, 

linoleic acid, α-linolenic acid (from here on simply referred to as linolenic acid) and stearidonic 

acid. As shown in Fig. 5.7, these are all 18-carbon acids, differing only by the number of double 

bonds present. Within nature each of these molecules is found with all double bonds in the cis- 

configuration, and the increasing degree of unsaturation on moving from oleic acid to 

stearidonic acid also conveys a larger degree of rigidity to the molecule. Bulk samples of each 

of these acids were generated and equilibrated at 273 K, 298 K and 333 K (Section 5.2.2). 

These temperatures were chosen so as to ensure that each of the acids would have been a liquid 

under low pressures throughout this temperature range (see Table 5.3 for a list of the boiling 

points of the acids used at sub-atmospheric pressures). As discussed in Section 5.2.1, the 

force field of choice for this work was the GAFF, as this gave bulk properties for the samples 

that were closest to those previously reported based on experimental measurements (see Table 

5.1). The equilibrated bulk samples were converted to slabs with liquid-vacuum interfaces on 

either side (Section 5.2.4). Each slab underwent a further equilibration process under NVT 

conditions before two production runs were carried out, each 20 ns in length, and separated 

by an annealing step, to ensure that equilibrium geometries had been reached (Section 5.2.4). 

The structures of these slabs, and in particular the distributions of functional groups with 

relation to the surfaces, are discussed below.
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Fig. 5.7 The structures of the four all-cis fatty acids investigated within this study. These are all C18 

acids and members of the oleic acid family, differing only by the number of C=C double bonds present. 

As the degree of unsaturation of these acids increases so does the rigidity of the structure. 

 
 

Species Boiling Point/K (Pressure/mmHg) 

Oleic Acid 467-468 (1.2) 

Linoleic Acid 503-505 (1) 

Linolenic Acid 502-503 (16) 

Stearidonic Acid 382 (760) – predicted 

 

Table 5.3 Literature values for the boiling points of each of the acids used. With the exception of 

stearidonic acid, these were experimentally measured values, obtained from the data sheets available 

from Sigma Aldrich. For stearidonic acid, experimental values were not available, and a predicted 

value had to be used.
148,150,151,164,165 

5.3.2 Visualisation and Analysis of the Surfaces of the Slabs 

One way of investigating the structure of the surfaces is the viewing of these using visualisation 

software. The slab can be viewed at one time in the simulation, or the entire progression of the 

simulation can be viewed, allowing for the movement of molecules with relation to each other 

or for the development of the structure of the slab as a whole to be observed. When using the 

visualisation software atoms or functional groups can be highlighted in a chosen colour, in 

order to more easily observe the distributions of these and to see if any patterns occur. 

Fig. 5.8 shows a top-down view of the surfaces of the four slabs at room temperature, with 

atoms shown as spheres with radii corresponding to the van der Waals radii of the element of 

interest. Four functional groups have been highlighted: the carboxylic acid groups are in blue, 

the alkene groups in black, the methyl groups in red and the remaining -CH2-groups in green. 

It can be seen that the surface concentration of carboxylic acid groups (blue) is not very high 

in any of these slabs. Comparisons of the -HC=CH- and -CH2-distributions across the 

different species is, however, made more complicated, as on moving from oleic acid to 

stearidonic acid the degree of unsaturation, and thus the ratio of alkene groups to -CH2-

groups, increases. Thus the surface of oleic acid seems dominated by -CH2-groups (green) 

Oleic Acid 

Linoleic Acid 

Linolenic Acid 

Stearidonic Acid 
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and that of stearidonic acidby -HC=CH- groups (black), but it is not clear from visual 

inspection whether this is purely based on a statistical distribution of these differing numbers 

of groups, or if there is an underlying preference for a particular moiety to be found at the 

interface.  

 

 

 

 

Fig. 5.8 Top-down view of the surfaces of 

slabs of each of the fatty acids studied, at 

298 K. Different functional groups are 

colour-coded, with methyl groups in red, -

CH2-groups in green, alkene groups in 

black and carboxylic acid groups in blue. 

The same colouring scheme will be used 

throughout this section. The images taken 

here were made for each of the slabs at 

the end of the second of two 20 ns 

production runs (see main text for 

details). 

 

The surface area coverage of groups can be measured quantitively using the solvent accessible 

surface area (SASA) function in GROMACS. SASA analysis was used here to investigate the 

average surface area coverage by each of the functional groups highlighted above. The results 

of this analysis are shown in Fig. 5.9. This shows the surface area coverage of the atoms 

belonging each of the functional groups of interest as a fraction of the total surface area. This 

was calculated as described in Section 5.2.7, with a threshold value of 0.15 nm2 being chosen. 

This represented the minimum surface area contact required between the probe and the sample 

atom in order for that atom to be recorded as being at the surface. The data shown here is the 

average surface area coverage of the functional groups over the course of two 20 ns production 

runs. These were separated by an annealing step, as described in Section 5.2.5, in order to 

ensure that the molecules within each of the slabs were at their equilibrium positions. For each 

of the production runs SASA analysis was carried out every 100 ps between 2.5 ns and 20 ns 

and the results averaged. These averages were then themselves averaged across the two 

production runs. Times <2.5 ns were not used in the analysis, in order to ensure that the 

molecules had had time to reach their equilibrium positions after the previous step. This was 

particularly important for the second production run for each slab, as the sample required a 
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finite time to cool from the annealing temperature back down to the temperature of interest and 

the molecules to rearrange to their optimal positions for this temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.9 SASA results showing the 

fractional surface area coverage of each 

of the functional groups studied for the 

fatty acid samples at each of the simulated 

temperatures. Each bar represents the 

average of results from two consecutive 

20 ns production runs, separated by an 

annealing step. Within each run data from 

times >2.5 ns was used. 
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Fig. 5.9 shows the coverage of each of the functional groups of the acids studied, shown as a 

fraction of the total surface area of each slab that would be accessible to a hard sphere of radius 

0.175 nm. On moving from oleic acid to stearidonic acid the degree of unsaturation in the 

molecule increases, and hence the C=C surface coverage increases. This is in turn mirrored by 

a decrease in the -CH2-coverage, as there are fewer saturated groups. 

It can be seen from Fig. 5.9 that there is, for each of the slabs, a relatively low presence of -

COOH groups (blue) at the surface. This can also be seen for the visualisations of the room 

temperature slabs shown in Fig.5.8. This is particularly true of linolenic and stearidonic acid, 

with these percentages barely visible in the plots shown. The methyl groups (red), on the other 

hand, make up a significant proportion (≈40%) of the surface area coverage for each of the 

slabs. This is unexpected, as each slab contains the same number of methyl and carboxylic acid 

groups (one), so it would be expected that a similar number of each of these would be present 

at the surface if the distributions there were the same as those in the main bulk of the sample. 

Indeed, the larger size of the oxygen atoms within -COOH as compared to the hydrogen 

atoms in -CH3 would lead one to imagine that the surface area coverage of the former would be 

greater, all other things being equal. 

The difference between the coverage observed and that which would be predicted based on 

statistical analysis of the number of groups present within each of the molecules can be 

investigated by weighting the SASA results for each group according to their presence within 

the acid molecules. This is shown in Fig. 5.10. Here SASA analysis has been carried out so as 

to count the number of atoms of each functional group present at the surface, instead of their 

total area coverage. The resulting atoms counts for each of the functional groups have been 

divided by the number of atoms of that group present within one molecule of the acid under 

investigation, before normalising the results so that the sum over all functional groups was 

unity. 

If the distribution of functional groups at the surface were based purely on statistics one would 

expect to see, after this normalisation, the graph for each of the slabs to be divided into sections 

of equal size for each functional group. From Fig. 5.11 this is clearly not the case. The results 

of the normalisation process are graphs that show an overwhelming preference for methyl 

groups to be found at the surface. This is the case for all slabs at all temperatures. It can be 

seen, as before, that oleic and linoleic acids have a higher proportion of -COOH groups at the 

surface than their more saturated counterparts, but this is still less that the 25% that would be 
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expected based on a statistical distribution. The surface coverage of -HC=CH- for these acids 

is also very low compared to a statistical distribution. However, for linolenic and stearidonic 

acids this is not the case. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 5.10 SASA results by atom count for each of 

the functional groups studied for the slabs 

simulated. Each plot represents the number of 

atoms of that functional group present at the 

surface, divided by the number of atoms of that 

functional group in the sample as a whole. The 

total of these for each slab have been normalised 

to 1. Each bar represents the average of results 

from two consecutive 20 ns production runs, 

separated by an annealing step. Within each run 

data from times >2.5 ns was used. 
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5.3.3 Distributions of Acid Functional Groups Throughout the Slab 

As well as investigating which atoms are present directly at the surface it is interesting to 

investigate how molecules are spread throughout and orientated within the rest of the slab in 

general. This can give a more complete picture of how the presence of the interface and the 

orientation of the molecules, as a result of this, affects the longer distance structure of the slab. 

The gmx density function of GROMACS is used for this, as it calculates the partial densities 

of given functional groups as a function of distance from the centre of the slab (Section 5.2.5). 

The results of such density plots for each of the acids studied is shown in Fig. 5.12. The results 

are presented in the form of a grid, with each column representing a different acid, in order of 

increasing number of double bonds and rows showing increasing temperature. The plots for 

the different functional groups are colour-coded in the same manner as for the SASA plots. 

Each plot shown is the average across the two 20 ns production runs, with the error bars 

representing one standard error of the mean. These plots have also been averaged over the 

positive and negative z directions, as explained in Section 5.2.5. 
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Information about the orientations of the molecules with respect to the interface can be deduced 

by studying the plots as follows. One starts by looking at the regions of the plot which occur 

furthest from the centre of the slab (i.e. furthest from z = 0). The edges of the slab are 

represented by the point at which the concentrations of all of the groups becomes zero. Moving 

inwards from this point, for each of the graphs we see that the first plots to rise and peak are 

those for the -CH3 and -CH2-groups. Slightly further towards the centre of the slabs a peak for 

the C=C graphs is observed, with the carboxylic acid group plots peaking yet further inwards. 

After this point we observe in general a plateauing off for all groups, representing a return to 

bulk behaviour. This can be explained by assuming that the non-polar -CH3 and -CH2-groups 

are orientated so that they point outwards and are present at the surface of the slab. The -

COOH groups are pointed inwards and thus the peak of the intensities of the concentrations of 

these is found closer to the z = 0 than for the other groups. This means that the -COOH 

groups are not present in very high concentrations at the interface itself, a theory that is 

supported by the visualisation images and the SASA analysis discussed earlier (Section 5.5.2). 

That there is only a single, sharp, signal peak seen for each of the groups, with concentrations 

quickly reaching their bulk values as one proceeds away from the surface suggests that it is 

only the layer of molecules closest to the surface that are preferentially orientated with 

respect to this – larger scale ordering of molecules is not observed. 

 

This preferential orientation of the fatty acid molecules so as to have their non-polar groups 

pointing outwards and the more polar –COOH groups inwards would be expected based on 

energetic considerations. Positioning non-polar groups at the interface, with the polar acid 

groups directed towards the bulk increases the strength of the intermolecular interactions 

within the sample as a whole. Polar groups, such as –COOH groups, can form stronger 

intermolecular interactions with both each other and other non-polar molecules via induction 

effects. Orienting these -COOH groups so that they are pointing outwards towards the 

vacuum would mean that these could be involved in fewer interactions with other molecules. 

It is thus energetically favourable to have the –CH3 groups at the interface, with a 

corresponding below-statistical presence the other groups at the surface.  

Effects of ordering as a result of the presence of the surface seem to be less pronounced in oleic 

acid than in the other acids, with peaks being less sharp and less intense. This is possibly a 

result of the greater flexibility of the oleic acid molecules, due to the lower degree of 
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unsaturation within these. The same trends were found to be present for each of the three 

temperatures simulated. 

5.3.4 MD Simulations of Fatty Acids: Summary 

MD simulations have been carried out of the liquid-vacuum interfaces of four members of the 

oleic acid family with an increasing degree of unsaturation. These calculations were carried 

out using GROMACS and the GAFF force field, with samples at 273 K, 298 K and 333 K 

investigated. Calculations have been carried out within the GROMACS suite of programs, in 

order to simulate the liquid-vacuum interfaces of four members of the oleic acid family, with 

increasing degrees of saturation. At the interfaces there was found to be a non-statistical 

coverage of functional groups, with a much higher proportion of methyl groups and a much 

lower proportion of -COOH groups than in the bulk sample. This was attributed to the 

energetic advantage of orientating molecules with their more strongly interacting polar 

groups directed towards the bulk. 

For the less unsaturated acids only (oleic and linoleic acid) there was a reduced presence 

of -HC=CH- groups at the surface, as compared to the bulk. This may have implications for 

the modelling of the generation of atmospheric pollution, as the conversion of primary 

aerosols to secondary ones has been largely attributed to reactions of -HC=CH- on the surface 

of aerosols with radicals such as Cl and OH. The greater affinity of less reactive methyl 

groups for the surface could lead to slower rates of reaction for these processes than would be 

calculated using models which assume that the surface functional group concentrations are 

the same as in the bulk. 
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5.4. Molecular Dynamics Simulations of Surfaces of Mixtures of Squalane and Squalene 

 

5.4.1 Molecular Dynamics Simulations of Hydrocarbons: Previous Studies 

Squalane and squalene (Fig. 5.13) are commonly used as mimics of alkanes and alkenes found 

on the surface of atmospheric aerosols: their low vapour pressures make them ideal for 

dynamics studies in vacuo. Commonly dynamics studies of liquid interfaces involve scattering 

an atom or molecule off a surface coated with one of these liquids and observing distributions 

of the scattered products, either spectroscopically or by mass spectrometry.
126 When rare gas 

atoms are used
115,166–170

 as the colliding particle it is typically only the scattering angle 

distributions and velocities of the products that can be investigated. This provides 

information about the interactions involved in the scattering process, telling for example, 

whether the species scattered directly off the surface or whether it spent some time adsorbed 

onto the surface before being released. When molecules are used, internal excitation of the 

scattered products can also be measured.136 For reactive species, in particular radicals, such as 

OH,
112,114 the survival probabilities on collisions with different surfaces can also be studied. 

Work on the collisions of OH with squalane and squalene have found lower survival 

probabilities of OH than on collisions with the inert fully fluorinated PTFE. Conversion of OH 

to H2O via hydrogen abstraction on collision with squalane led to lower scattered OH signal as 

compared to the inert reference material. With squalene a second mechanism was also found 

to be important – addition across the double bonds meant that survival probabilities for OH 

colliding with squalene were much lower again than with squalane. Scattering of other 

radicals, in particular O,
171–174

 Cl
171 and F,

175,176 off squalane surfaces also showed hydrogen 

extraction to be significant in the scattering process, with this taking place either directly, or 

after the adsorption of the radical onto the surface. OH produced from hydrogen extraction by 

O was also found in some cases to undergo a second hydrogen extraction, releasing H2O 

being then desorbed from the surface. 

 

Fig. 5.12 The structures of the two hydrocarbons discussed in this study. 
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Whilst neat samples of squalane and squalene have been popular candidates for both 

experimental and computational studies of surface structures, there have to date been no studies 

of mixtures of these two species. In real world systems such as on the surfaces, however, 

chemicals are rarely present as pure substances, but rather as a complex mixture of different 

components. It is therefore of interest to investigate the structures of mixtures of species, 

containing different key functional groups, with a view to investigating which species, and 

which functional groups within these, are preferentially found at interfaces. As discussed in 

Section 5.1 the presence of C=C at the interface between aerosols and the surrounding 

atmosphere is key to reactions that occur at these surfaces and thus to the formation of 

secondary pollutants. As such the question of whether it is the saturated or unsaturated 

components within these aerosols that will be found in greater concentrations at the surface has 

a great relevance in modelling the rates of reactions generating pollution within the 

troposphere. The rest of this chapter seeks to work towards answering that question, by 

presenting the results of MD simulations of the liquid-vacuum interfaces of a series of mixtures 

of different compositions of squalane and squalene, with a discussion of those groups and 

species that are found preferentially at these interfaces. 

5.4.2 Results: Distributions of Squalane and Squalene Molecules Throughout the Slabs 

Mixtures of squalane and squalene were studied at three different temperatures, 273 K, 298 K 

and 353 K. These temperatures were chosen so as to ensure that both squalane and squalene 

would be present as liquids (see Table 5.4 for the boiling points of squalane and squalene). A 

range of different compositions of mixtures were studied at each of these temperatures, with 

ratios of squalane:squalene at 9:1, 7:3, 5:5, 3:7, and 1:9. Pure samples of squalane and squalene 

were also simulated at the same temperatures for comparison. 

 

Species Boiling Point/K (Pressure/mmHg) 

Squalane 449 (0.05) 

Squalene 558 (25) 

Table 5.4 Literature values for the boiling points of squalane and squalene. These have been obtained 

from the data sheets available on Sigma Aldrich, with the pressures at which they were measured given 

in parentheses. 

The first question to be answered when looking at slabs containing a mixture of squalane and 

squalene is which of these species, if either, prefers to be found at the surface. Fig. 5.13 shows 

this for the surface of a slab containing 50% squalane and 50% squalene at 298 K. Squalane 

molecules are shown in blue and squalene molecules in red. Such visualisation methods are, 

however, not particularly useful in looking at slabs containing a much higher content of one 

type of molecule as compared to the other. For these it is generally not possible to see whether 
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the higher coverage one species is merely a result of its much higher concentration within the 

sample as a whole, or whether there is some surface preference for one of the compounds that 

is above that which would be expected based on statistics. 

 

 
 

 

 

 

 

 

 

 

Fig. 5.13 Top-down view of the slab containing equal 

numbers of squalane and squalene molecules, at 298 K. 

Squalane is shown in blue and squalene in red. The 

images taken here were made for each of the slabs at 

the end of the second of two 20 ns production runs (see 

main text for details). 
 

 

This can, however, be obtained, via a SASA analysis (Section 5.2.7). When this is carried out 

by counting the number of atoms of a given molecule encountered by the probe and then 

divided by the total number of atoms of that molecule within the sample, it can be seen whether 

there is a specific surface preference for one over the other. The results of this analysis are 

shown in Fig. 5.14. The surface counts for the squalane molecules are shown in blue and those 

for squalene in red. Dividing by the number of atoms of each molecule within each of the 

samples allows for direct comparison of slabs of different compositions. Statistical preferences 

have been accounted for: if a purely statistical distribution of molecules at the surface were the 

case, each slab would be divided into equal regions of blue and red. This is not the case, it can 

be seen that there is an enhanced chance of finding squalene molecules at the surface, above 

that based on the mixture stoichiometry. 
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Fig. 5.14 SASA results showing the 

normalised surface count for squalane 

and squalene molecules within each of 

the slabs simulated. Each bar 

represents the average of results from 

two consecutive 20 ns production runs, 

separated by an annealing step. Within 

each run data from times >2.5 ns was 

used. Atom counts have been divided 

by the total number of atoms of that 

type within the slab as a whole, thus 

allowing for a fair comparison of slabs 

of different compositions: a purely 

statistical distribution of molecules at 

the surface would yield bars that were 

half blue and half red. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Information about the distributions of molecules can also be obtained from density plots, 

generated as described in Section 5.2.5. Fig. 5.15 shows the distributions of squalane and 

squalene throughout the slab for all of the samples studied. Unlike the figures shown in Section 

5.3 this plot describes the distributions of the molecules as a whole, instead of individual 

functional groups. The plots are ordered so that the temperature increases with increases on 

going down the column. Moving across the rows in squalene content increases: the ratios 
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shown in the titles of the individual plots relate to the ratio squalane:squalene, for example 9:1 

is a mixture containing 90% squalane and 10% squalene. Each plot is an average of two 20 ns 

production runs which were separated by an annealing step, which destroyed any preferential 

orientation of the molecules within the slab. Error bars represent one standard error of the mean. 

Each of the slabs consisted of a total of 600 molecules, with tests of the ideal slab thickness 

having been carried out in choosing this number, as described in Section 5.2.9. The plots shown 

are averages over the positive and negative z directions, reflecting the expected symmetry of 

the interfaces at the top and bottom of the slabs. 

The plots have been normalised for an easier comparison of the behaviour of the squalane 

and squalene molecules at different compositions. This has been done, as for the SASA 

analysis, by dividing the raw data by the number of atoms of that molecule given in a given 

mixture. This allows one to see for all compositions that do not have equal numbers of 

squalane and squalene whether a higher number of one particular species close to the surface 

is due an energetic preference or if it is purely a statistical distribution. This normalisation 

does, however, mean that for some of the compositions containing only a small amount of one 

of the species small oscillations corresponding to areas of the slab in which there are a higher 

number of that species, may be exaggerated, as multiplying the values of the raw data by a 

larger number will naturally increase the amplitude of these oscillations. The error bars for 

species which were in lower concentrations in the sample of interest are also generally larger 

than those that were not. 
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From looking at the plots one can see a slight preference of squalene (red) for the surface. This 

is less obvious than the preferences described in the acid work (Section 5.3). However, it can 

be seen on moving from the highest values of z down to lower ones that the squalene plots 

start to increase in density at slightly higher values of z than squalane for most graphs. This 

effect may only appear slight on the partial density plots, however, as it affects the very 

outmost region of the slab it could have a significant effect on the reactivity of the slab and 

will also show up in the SASA analysis. In general, no changes from this surface preference 

are seen on varying either the compositions of the mixtures or changing the temperatures 

across the range studied. 

5.4.3 Results: Relative Presences of Squalene Functional Groups at the Interface 

As discussed in Section 5.1.1, it is the presence of carbon-carbon double bonds at the surface 

of aerosols that is primarily responsible for the reactivity of these. It is therefore important 

when investigating surface preferences within mixtures containing alkenes to establish not only 

whether the alkene molecules as a whole have an increased likelihood of being found at the 

interface, but also amongst those found at the surface whether these have C=C groups that are 

exposed, or whether these are buried below the surface and it is actually the less reactive 

saturated groups that are found at the interface. This section thus describes the analysis that has 

been carried out on the squalene molecules only within each of the mixtures, with an emphasis 

on the relative positioning of the alkene, methyl and -CH2- groups (Fig. 5.16). 

 

 

Fig. 5.16 The structure of squalene, showing the locations of each of the functional groups discussed 

in this section. 
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Fig. 5.17 Top-down view of the slab containing equal 

numbers of squalane and squalene molecules, at 298 K, 

with the functional groups of the squalene molecules 

highlighted. Atoms belonging to the squalane 

molecules are shown as smaller grey spheres for 

clarity. 
 

 

Fig. 5.17 shows a top-down view of the surface of the same slab shown in Section 5.4.2 (Fig. 

5.14). This is a slab containing 300 molecules of squalane and 300 molecules of squalene, at 

the end of two 20 ns runs carried out at 298 K. This figure highlights the locations of the 

different functional groups of the squalene molecules at this interface, with the squalane atoms 

shown as white spheres of a reduced radius in order to make the squalene molecules more 

easily visible. Within these squalene molecules the terminal methyl groups are labelled shown 

as red, the branching methyl groups in blue, -HC=C- groups in black and -CH2- groups in 

green. 

The corresponding SASA analysis is shown in Fig. 5.18. This shows the total surface area 

coverage of each of the squalene functional groups, as a total of the percentage of the surface 

that is covered by these groups. Each of these plots is the average of SASA analysis performed 

over two 20 ns production runs, each consisting of an NVT equilibration step, carried out using 

the velocity Verlet algorithm. The production runs were separated by an annealing step 

(Section 5.2.3) to ensure that the atomic positions were at their true equilibrium values. 
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Fig. 5.18 SASA results showing the fractional 

surface area coverage of each of the squalene 

functional groups studied for the hydrocarbon 

slabs simulated. Each bar represents the average 

of results from two consecutive 20 ns production 

runs, separated by an annealing step. Within each 

run data from times 

>2.5 ns was used. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

It can be seen that the surface area coverage of the squalene groups is overwhelmingly (< 75%) 

made up of methyl groups, with only a very small fraction consisting of the more reactive 
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-HC=C- groups. Amongst those methyl groups present at the surface, more than half are 

terminal methyl groups. Whilst they make up a larger proportion of the surface area than the 

alkene groups, there is still a much lower surface coverage of -CH2- groups than either of the 

types of methyl group. 

This heightened preference of the methyl groups to be found at the surface can be investigated 

more clearly by normalising the outputs of the SASA analysis to take into account the different 

numbers of each of the functional groups present within the molecules of squalene. Fig. 5.19 

shows the results of such a process. This time the SASA analysis has be carried out so as to 

count the number of atoms of each of the different functional group types present at the surface, 

rather than the surface area covered by these. This count has then been divided by a weighting 

factor based on the number of atoms belonging to that functional group within the sample as a 

whole (see Table 5.5). The statistical weighing factor for a given function group (WF.G.) is 

given by the equation 

WF.G.  = nF.G. × nSQEN                                                                                                                                   (5.2) 

 
with nF.G. being the number of atoms of that functional group within one molecule of squalene 

and nSQEN being the fraction of squalene present in the mixture as a whole. Dividing the SASA 

atom counts removes any statistical preferences caused by there being different numbers of 

each group within squalene, as well as different numbers of squalene molecules within each of 

the different compositions of mixtures. Following this weighting the results were normalised 

so the sum across all the functional groups in a given slab was one. 

 

Functional Group Number of Atoms of that Group per Squalene 

Molecule (n) 
Terminal -CH3 16 

Branching -CH3 16 

-HC=C- 18 
-CH2- 30 

Table 5.5 The numbers of atoms of each of the functional groups studied within a single molecule of 

squalene. 
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Fraction of 

Squalene in 

mixture 

(fSQEN) 

Weighting 

factor for 

Terminal CH3 

(nCH3term x 

nSQEN) 

Weighting 

factor for 

Branching 

CH3 

(nCH3branch x 

nSQEN) 

Weighting factor 

for 

HC=C(nHC=C x 

nSQEN) 

Weighting 

factor for 

CH2 (nCH2 x 

nSQEN) 

0.1 1.6 1.6 1.8 5.0 

0.3 4.8 4.8 5.4 9.0 

0.5 8.0 8.0 9.0 15.0 

0.7 11.2 11.2 12.6 21.0 

0.9 14.4 14.4 16.2 27.0 

1 16.0 16.0 18.0 30.0 
Table 5.6 The weighting factors applied to each of the functional groups of squalene for each of 

the compositions studied. Weighting factors take into account both the number of atoms of that 

functional group present within a single molecule of squalene (Table 5.5) and the total 

proportion of squalene molecules within the sample as a whole (see main text for details). 

 

As for all of the SASA analysis discussed within this chapter only atoms that had a 

surface area contact with the probe of ≥ 0.15 nm2 were included, in order to avoid the 

inclusion of signals from the bulk. 

Dividing the SASA atom count outputs by the weighting factors above and then 

normalising the total values across all of the squalene functional groups within each slab 

to unity, gives the following results (Fig. 5.19). Again it can be seen that there is an 

overwhelming preference for terminal methyl groups to be found at the surface, with the 

number of atoms belonging to these groups having been found to be much larger than 

that which would be expected based purely on statistical calculations. This could be 

explained, however, by the sterics of the molecules – as the methyl groups protrude 

from both the sides and ends of the molecule it is likely that if a molecule of squalene is 

found close to the surface it will be these groups that will be directed outwards from the 

interface. The alkene groups, on the other hand, are buried within the molecule, so in 

order for these to be found at the interface a larger proportion of the molecule as a whole 

must be present at the interface. This, however, would also expose the methyl groups at 

the surface. It would be difficult to envisage a situation in which a molecule of squalene 

could include -HC=C- groups that were included in the surface atom count, without 

simultaneously having exposed methyl groups. This would require that the molecule 

take up a very specific conformation, which is unlikely to be possible, as the 

double bonds within 
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squalene lend this a high degree of rigidity. On the other hand, it is quite likely that significant 

numbers of squalene molecules could have -CH3 located at the interface with the other groups 

within that molecule being buried below the surface of the slab. 

Within the methyl groups it is likely to be easiest for terminal methyl groups to protrude from 

the surface of the slab without the need for other groups to be at the interface. As these are the 

very ends of the chain only a small amount of the chain needs to be close to the surface in order 

for this to happen. For branching methyl groups to be at the surface, on the other hand the 

molecule needs to be aligned along the surface of the slab, with this in turn resulting in a greater 

proximity of the other groups to the interface. 

The heightened preferences of methyl groups for the surface can be explained by steric factors, 

as described above. Such an affinity is, however, also observed in work on the oleic acid 

family described in Section 5.3. These molecules are, especially in the case of oleic acid, more 

flexible than squalene, and it would thus be expected that steric factors would play less of a 

role. In addition to this there is a definite preference for the methyl end of each of the acids to 

be found at the surface, as opposed to the carboxylic acid end, even though these are both 

termini. It is therefore likely that the affinity of the methyl groups within these acids for the 

surface is based on energetic factors and not merely conformational ones. It would seem 

reasonable to assume that such energetic factors could also contribute to the positioning of 

groups within the hydrocarbon slabs, as well as the steric factors discussed above. In either 

case the lower than expected coverage of alkene groups at the interface could have 

implications for the reactivities of surfaces containing alkenes: a below-statistical presence of 

these would suggest that the interface would be less reactive towards impacting radicals than 

would be predicted based on the bulk concentrations of alkene groups within the sample. This 

could be significant in modelling the reactivity of atmospheric aerosols towards radicals, as 

discussed in Section 5.1.1. 
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Fig. 5.19 SASA results by atoms count for 

each of the squalene functional groups studied 

for the slabs simulated. Each plot represents 

the number of atoms of that functional group 

present at the surface, divided by the 

number of atoms of that functional group 

in the sample as a whole. The total of these 

for each slab have been normalised to 1. Each 

bar represents the average of results from 

two consecutive 20 ns production runs, 

separated by an annealing step. Within 

each run data from times >2.5 ns was used. 
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5.4.4 Results: Relative Presences of Squalane Functional Groups at the Interface 

The distribution of different groups within the squalane molecules in each of the mixtures 

studied has been investigated in an analogous manner to those of squalene. Fig. 5.20 shows the 

surface view of the same slab as in Fig. 5.13 and Fig. 5.17. However, this time it is the 

squalene molecules that have been shown as small white spheres and the squalane functional 

groups that have been highlighted for clarity. Within the squalane molecules the functional 

groups are colour-coded in a similar fashion to in the previous section – terminal methyl 

groups are shown in red, branching methyl groups in blue, -CH-groups in pink and -CH2-

groups in green. 

 

 

  

 

 

 
Fig. 5.20 Top-down view of the slab containing equal 

numbers of squalane and squalene molecules, at 298 K, with 

an emphasis placed on the positions of different functional 

groups of squalane present at the surface. Within these 

squalane molecules terminal methyl groups are shown in red, 

branching methyl groups in blue, -CH-groups in pink 

and -CH2- groups in green. The squalene molecules have been 

shown in white with atoms of a reduced radius for clarity. 
 

 
 

 

 

Fig. 5.21 The structure of squalane, showing the locations of each of the functional groups discussed 

in this section. 
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The areas covered by each of these functional groups at the surface can be found numerically 

using the SASA approach, as described in Section 5.2.7. Measuring the surface area coverage 

by atoms in each of the functional groups described above and normalising the sum across all 

the functional groups within a given slab yields Fig. 5.22. As before the threshold value for 

minimum surface area contact with the probe for atoms to be included in the SASA count was 

set to 0.15 nm2. 

 

  
 

 

 

 

 
Fig. 5.22 SASA results showing the fractional 

surface area coverage of each of the squalene 

functional groups studied for the hydrocarbon slabs 

simulated. Each bar represents the average of 

results from two consecutive 20 ns production runs, 

separated by an annealing step. Within each run 

data from times >2.5 ns was used. 
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It can be seen that the majority of the surface area coverage by squalane is from terminal methyl 

groups, followed by the branching methyl groups, with a relatively small proportion of the 

surface area being taken up by -CH2-and -CH-groups. This surface preference for terminal 

methyl groups was also found in simulations of the acids described in Section 5.3 and of 

squalene (Section 5.4.4). The preference of the methyl groups for the surface can be seen more 

starkly if one looks at the weighted SASA plots, with these taken, as for squalene (Section 

5.4.4) by counting the number of atoms of each functional group present at the surface and 

dividing the results by the total number of atoms of that functional group present in the mixture. 

The resulting plot is shown in Fig. 5.23. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.23 SASA results by atoms count for each of the 

functional groups studied for the slabs simulated. Each 

plot represents the number of atoms of that functional 

group present at the surface, divided by the number of 

atoms of that functional group in the sample as a 

whole. The total of these for each slab have been 

normalised to 1. Each bar represents the average of 

results from two consecutive 20 ns production runs, 

separated by an annealing step. Within each run data 

from times >2.5 ns was used. 



192 

Chapter 5: Molecular Dynamics Simulations of the Liquid-Vacuum Interface  

 

This highlights the very strong preference for terminal methyl groups to be found at the surface, 

with this preference clearly being well above that which would be predicted based purely on a 

statistical analysis of the number of atoms of each group present. As for the squalene samples 

this effect can be attributed back to either steric or energetic factors, or likely a combination of 

the two. The -CH2-and -CH-groups tend to be buried in the centre of the molecule and are 

thus not exposed at the interface. 

5.5 Summary 

 
Molecular dynamics simulations have been used to investigate the surface preferences of 

different groups and species with respect to a vacuum-liquid interface. This has been carried 

out by first generating and equilibrating a bulk sample of the species of interest, before adding 

areas of vacuum above and below this sample, and then allowing the resulting slab to undergo 

further equilibration. The slabs were analysed, with both the surface area coverage by different 

groups and species, and the distributions of these throughout the slab as whole, being discussed. 

The first half of the chapter focussed on slabs of pure samples of four different members of the 

oleic acid family, with increasing degrees of unsaturation. Each of the acids was simulated at 

three different temperatures, 273 K, 298 K and 333 K. The distributions of four functional 

groups within these, the -COOH, CH3, -HC=CH- and -CH2- groups, were investigated. The 

methyl groups were found to exhibit a much stronger surface preference than any other the 

other groups. This affinity was related back to the stronger interactions of polar groups with 

both each other and non-polar groups, which would make it energetically favourable to have 

these orientated inwards, away from the surface, to maximise the number of interactions that 

these can take part in. No significant variations in the distributions of functional groups were 

found on changing the temperature across the range studied. 

The second part of the chapter looked at the distributions of squalane and squalene molecules, 

and the functional groups within these, throughout slabs consisting of mixtures of different 

compositions of these two constituents. Five different mixture compositions were studied, 

along with slabs of pure squalane and pure squalene, for comparison. For each of the slabs, 

three temperatures were investigated; 273 K, 298 K and 353 K. It was found that there was a 

slight preference for squalene to be found at the surface, as compared to squalane. Amongst 

those squalene molecules that were found at the surface, there was an overwhelming preference 

for it to be the methyl groups that were located directly at the interface, with only a small 
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number of alkene groups exposed. Terminal methyl groups had a greater surface affinity than 

branching methyl groups. The squalane molecules also showed a preference towards having 

their methyl groups, and in particular their terminal methyl groups located at the surface. Whilst 

the methyl groups may have an energetic affinity for being found at the surface, as was found 

to be the case in the study of the oleic acids, the shape and rigidity of the molecules would have 

also been important in determining which groups had the largest coverage at the surface. 

The work carried out in this chapter is believed to be amongst the first to use MD simulations 

in order to investigate the surface preference of functional groups and to compare this to that 

expected based on a purely statistical distribution. In addition, the work in Section 5.4 it is the 

first to study mixtures of species containing different functional groups. Such simulations are 

important as real-world systems, often contain a mixture of species and, as interfaces are 

particularly reactive sites, it is important to know which species will be found preferably there. 

For all of the systems investigated, it was found that the methyl groups were much more likely 

to be found at the surface than any of the other types of group. As it is C=C bonds on the 

surfaces of aerosols that are believed to be largely responsible for their reactivity with 

atmospheric radicals, the lower concentrations of these at the surface could lead to lower rates 

of reaction at these surfaces. This work thus suggests that models of atmospheric pollution 

cycles that assume that the surface concentration of groups is as in the bulk could overestimate 

the reactivity of aerosols towards radicals and therefore need to be adjusted in order to take 

into account enhanced coverage of certain species and moieties at the interface. 
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Chapter 6: Summary and Outlook 

 
6.1 Summary 

 
This thesis presents the results of scattering experiments and MD simulations and looks at how 

information about the interactions between molecules can be obtained for increasingly complex 

systems. Experimental work focussed on measurements of the collisions of initially aligned 

NO(A) from Ne using a CMB-VMI setup, and on the reanalysis of scattering data for the 

collisions of NH3 with a series of increasingly complex colliders, carried out using a separate 

CMB-VMI apparatus. The MD simulations focussed on the simulation of liquid surfaces, 

firstly of a set of increasingly unsaturated fatty acids, and then on mixtures of squalane and 

squalene, used as proxies for alkanes and alkenes present at the surface of atmospheric aerosols. 

Chapter 3 presents the first known measurement of a k-j-k' vector correlation in the study of a 

rotationally inelastic collision system. In the work described there, NO(X) is first excited to 

NO(A, v = 0, N = 4, j = 3.5), before colliding with Ne and the resulting scattered NO(A) 

being detected and recorded using VMI. As such it is also the first CMB measurement for 

scattering from molecules that are initially in a moderately excited rotational state. Electronic 

excitation was carried out by either H- or V- polarised laser light, generating aligned NO(A). 

simultaneous fitting to H-/V- pairs of these images allowing for the extraction of not only 

DCSs but 𝑇0
2 and 𝑇2+ 

2 PDDCSs. These were compared to QS PDDCSs calculated by M. L. 

Costen, using HIBRIDON and a PES reported by Cybulski et al.
19

 

States N′ = 1-3, 5-9 and 11 were imaged, with N′ = 1-3 representing scattering involving 

NO(A) rotational de-excitation. This allowed for how both the total change in angular 

momentum during the collision and the sign of this change affected the cross sections 

associated with this scattering channel. It was found that scattering involving larger changes in 

angular momentum led to DCSs that peaked at higher angles, with this trend seemingly 

dependent on the magnitude of the change in angular momentum and not its sign. In general, 

there was excellent agreement between the experimental and theoretical DCSs, especially for 

angles > 20°. In the extreme forward direction there was often a greater degree of scattering 

in the experimental results than predicted by the QS calculations. Such a discrepancy had 

also been observed in the scattering of NO(A, v = 0, N = 0, j = 0.5) from Ne,
38 with this 

being attributed to the presence of stronger attractive forces at the N- end of the NO molecule 

than were accounted for the in the modelled PES. The current results were seen as further 
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0 

evidence of this. 

When looking at the 𝑇0
2 and 𝑇2+

2  PDDCSs, the trends were more complex, with these 

showinga large number of oscillations and often only qualitative agreement between the 

experimental and theoretical data. For N′ = 1-3, the 𝑇0
2 PDDCSs were positive at lower 

scattering angles, becoming negative as θ increased. For N′ = 8, 9 and 11, the opposite trend 

was observed. For intermediate N′ states, the 𝑇0
2 PDDCSs oscillate around 0 at all angles. 

When looking at the 𝑇2+
2  PDDCSs these were primarily negative for N′ = 1-3 and oscillated 

around 0 for all N′ ≥ 5. 

 
Chapter 4 focussed on the adaptation and use of a fitting code in order to reanalyse scattering 

data taken by C. A. Rusher. This data resulted from the crossed beam the scattering of NH3 

with Ar, D2 and a series of hydrocarbons. The modifications to the fitting routine were designed 

to take into account both the differences in the experimental setups for the apparatus on which 

the experiments were run compared to that which the code was designed to simulate (Chapter 

2) and the fact that the use of di- and polyatomic colliders meant that channels that were 

inelastic with respect to the co-collider could also contribute to the scattering images obtained. 

Collisions of NH3+Ar were used as a test system, as the use of a monoatomic co-collider meant 

that there were possible fewer scattering channels, and thus the data should be more 

straightforward to unambiguously analyse. This work was used in order to ensure that the 

fitting code was robust and that the correct parameters were being used as inputs to this. After 

having obtained good agreement between experimental and fit images and between the DCSs 

extracted from the data and those obtained from QS calculations by J. Loreau, the same routine 

was used in order to extract DCSs from NH3+D2 scattering work. DCSs were obtained for NH3 

rotational levels j = 2-4 and for each of these co-excitation channels Δ𝑗𝐷2 
= 0, 𝑗𝐷2 

= 0  → 2  

and 𝑗𝐷2 = 1 → 3 were resolved. Rotational de-excitation of D2 was found not to contribute 

significantly. It was observed that channels involving greater amounts of D2 excitation were 

associated with a larger amount of scattering into higher angles, a result that was thought to 

indicate that more head-on collisions were needed in order to generate sufficient torque to 

excite D2. Surprisingly, the agreement between the experimental data and theoretical data from 

J. Loreau showed poor agreement for this system, with much greater amounts of D2 excitation 

observed in the experiments than predicted by the calculations. Several tests were carried out 

in order to investigate the reason for this, however, the source of the discrepancies was not 

found and it was concluded that further work would be needed in order to resolve this. 
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The same fitting routine was used in order to analyse scattering data for the collisions of NH3 

from methane, ethane and neopentane. This represented one of the first ever studies of 

collisions involving two polyatomics. All of the scattering was primarily in the forward 

direction for all hydrocarbons and for all measured final states of NH3 (j = 2-4). DCSs were 

extracted from both the neopentane data and the ethane data, and it was found that the ethane 

data was even more forward scattered than the neopentane data. These fits were carried out 

assuming that most of the scattering took place into channels that did not have a large degree 

of hydrocarbon co-excitation. Whilst this was satisfactory for the ethane and neopentane work, 

the fits obtained for methane using this method failed to give good agreement to the 

experimental data, and thus DCSs were not obtained for this work. This suggests that there is 

a greater degree of rotational excitation of methane on collision with ammonia than of the other, 

larger, hydrocarbons. 

Chapter 5 focussed on MD simulations of liquid-vacuum interfaces, with the liquids chosen 

having both atmospheric relevance and having been used before in surface scattering 

experiments. Studies were carried out on two types of long-chain molecules. The first focussed 

on the simulation of samples of pure fatty acids. These were all members of the oleic acid 

family, with the same number of carbon atoms (18) and differing only by an increasing number 

of C=C bonds on moving to higher members of the group. The second study involved mixtures 

of different proportions of squalane and squalene, two low vapour pressure molecules that are 

important in wetted wheel gas-liquid scattering studies. Both of these studies focussed on 

generating and equilibrating liquid surfaces and then investigating the proportions of different 

types of functional groups at the surface as compared to in the bulk. For both pieces of work, 

it was found that methyl groups had a much greater than statistical preference for the surface, 

with more reactive groups (-HC=CH-, -COOH) often buried below the surface. This could be 

significant in the modelling of the surface of atmospheric aerosols as a lower than previously 

assumed concentration of double bonds at the surface of these might slow down the rates of 

reactions taking place on these surfaces, with such reactions playing an important role in 

pollution cycles. Within the hydrocarbons it was found that terminal methyl groups had a 

greater affinity for the surface than non-terminal ones. 
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6.2 Outlook 

 
The work described in Chapter 3 represents the first measurement of a k-j-k' correlation, and 

the first CMB study of a system that has moderate initial excitation. As such, this work could 

be expanded on both experimentally and theoretically. The current collision system could be 

looked at in further detail, with scattering from a different initial state or at a different collision 

energy being investigated. In addition to this, it would be interesting to make similar 

measurements for other members of the rare gas family, in order to see if the trends observed 

were the same on moving to larger or smaller co-colliders. It would also be interesting to make 

further theoretical measurements, in particular carrying out classical calculations would allow 

it to be seen whether the trends and oscillations observe in the PDDCSs were quantum in origin, 

or whether they would also be observed when treating the systems from a purely classical point 

of view. Modifications to the current PES could also be attempted, in order to see if the 

experiment-theory discrepancies in the forward direction of the DCSs could be resolved. 

Whilst the work described in Chapter 4 showed satisfactory experiment-theory agreement for 

the collisions of NH3 from Ar, when D2 was used significant discrepancies were observed, with 

the root cause of these unable to be found. More experimental and theoretical work would 

probably be needed in order to discover this. Carrying out QS calculations in which the 

umbrella inversion of NH3 were taken explicitly into account would show whether this 

treatment significantly affected the shapes and relative intensities of the DCSs obtained. In 

addition to this carrying out QS calculations at a larger number of different collision energies 

would help to further rule out the possibility that these discrepancies were the result of an 

energetic resonance. It would be also interesting to carry out experiments of different 

isotopologue pairs on the same experimental setup and at the same collision energy in order to 

better compare the similarities and differences between such systems. 

In the studies of the scattering of NH3 + hydrocarbons, the systems were too big to be modelled 

by the current QS techniques used for the work on the scattering with Ar or D2 as a collision 

partner. It is hoped that in future either new techniques or an improvement in the efficiency 

of the computational resources available will make theoretical data for such systems 

accessible, and able to be compared to the experimental data. It would also be useful to carry 

out fitting in which co-excitation is explicitly taken into account, although this is likely to 

produce sets of DCSs for sets of co-excitation channels, as in the work on the scattering 

of NO(A)+N2 by
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Costen and co-workers, instead of being able to resolve individual channels. This would allow 

for the extraction of DCSs from the NH3 + methane data, as well as a more accurate analysis 

of the data for the other hydrocarbons, and to see whether the same trends are present as in the 

D2 work, when looking at channels with increasing amounts of co-excitation. 

The MD simulations carried out in Chapter 5 looked at a small number of species that could be 

relevant in the modelling of atmospheric aerosols. Such studies could of course be extended in 

order to look at a larger number of potentially relevant molecules and mixtures, for example 

taking into account the possibility of cis- and trans- isomers when looking at alkenes, or 

investigating mixtures involving both acids and hydrocarbons. Further simulations could be 

used in order to investigate the kinds of reactions that might occur when atmospherically 

relevant gaseous molecules come into contact with these molecules, or to simulate surfaces at 

a wider range of temperatures. In addition to this the force field used to carry out these 

simulations was one of only a small number that contained all of the parameters required to 

simulate long chain unsaturated hydrocarbons. Work is already underway within the group in 

order to add the correct parameters to the OPLS force field,
139,177 which showed a lot of promise 

in modelling bulk samples of oleic acid, in order to be able to use this to simulate systems 

containing a larger number of double bonds. 
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