
 

Real-space imaging of OH radicals scattering from liquid surfaces 

 

Maksymilian Jakub Roman 

Submitted for the degree of Doctor of Philosophy 

 

Heriot-Watt University 

School of Engineering and Physical Sciences 

April 2022 

 

 

 

 

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. 



ABSTRACT 

 

A novel technique for studying the dynamics of gas-liquid scattering was used to image 

the products of OH radical collisions with low-vapour-pressure liquids that served as 

proxies for the surfaces of atmospheric aerosol particles.  A pulsed molecular beam of 

OH was aimed at layers of squalane, squalene and perfluoropolyether either along the 

normal to the surface or at 45° to it.  The OH molecules were intercepted above the surface 

by pulsed laser light shaped into a sheet and probed by exciting laser-induced 

fluorescence.  The emitted photons were collected, intensified, and finally imaged 

creating images in which spatial distributions of the OH number density were recorded.  

Controlling the delay between the production and probing of the projectiles allowed for 

capturing the OH pre- and post-collision.  The experimental images were then used to 

reveal information about the dynamics of collisions between OH and organic liquid 

surfaces. 

The images allowed, for the first time ever in the field of gas-liquid interactions, the 

complete angular distribution of scattered products to be measured, including backward 

scattering, along or close to the incidence angles.  The measured scattered OH angular 

distributions were found to be dependent on the angle of incidence and peaked around 

subspecular or specular final angles.  The measured most-probable speeds of scattered 

OH were superthermal and correlated with the incident and final angles.  These, and other, 

observations were consistent with a predominantly impulsive mode of scattering from 

atomically rough surfaces.  



 

“The Road goes ever on and on 

Out from the door where it began. 

Now far ahead the Road has gone, 

Let others follow it who can! 

Let them a journey new begin, 

But I at last with weary feet 

Will turn towards the lighted inn, 

My evening-rest and sleep to meet.” 

 

 

- J.R.R. Tolkien 

“The Road goes ever on” 
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Chapter 1 - Introduction 

1.1 Objectives 

The interactions occurring at the interfaces of gases and liquids are key components of 

many common natural and anthropological processes.  They are found in the atmosphere 

[1], combustion [2], distillation [3], respiration [4], and multiphase catalysis [5].  

Particularly topically at the time of writing this thesis, the gas-liquid interface is crucial 

in the spread of pathogens in human population via exhaled droplets [6]. 

But despite their ubiquity and importance, the gas-liquid interfaces had been somewhat 

understudied, especially if compared to the relative wealth of interest in gas-phase and 

gas-solid interactions.  This relative lack of studies can be attributed to the inherent 

complications that the surfaces of liquids present.  Namely, that they are disordered, 

aperiodic, dynamically changing, and prone to thermal roughening [7,8]. 

Nonetheless, several key investigations into the gas-liquid interface have occurred since 

the 1990’s.  These studies focused on the dynamics of the interactions of gases and liquids 

and utilized several experimental methods, of which atomic and molecular scattering 

from surfaces of liquids using particle-beam techniques, like the one employed here, 

became one of the most commonly used [9,10].  These techniques seek to probe the 

interfacial dynamics by measuring the properties of impinging gas molecules before and 

after the collision with a liquid surface and inferring the mechanisms of scattering from 

the observed changes.  Particle-beam techniques combined with suitable methods of 

detection (typically mass spectrometry or  spectroscopy) had been successfully employed 

to measure such properties as internal state and translational energy distributions changes, 

as well as angular distributions of the scattered products.  

Successful scattering experiments, however, require vacuum environment to isolate the 

participating particles from perturbations caused by background gases.  This presents an 

additional set of obstacles, as creating liquid surfaces in a vacuum is a considerable 

technological difficulty.  Nevertheless, successful techniques, such as the coated rotating 

wheel technique employed in this work, had been developed to overcome these issues 

[11].  Scattering experiments have been supported by corresponding theoretical work, 
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including physical models [12] and computational simulations [13], which helped to shed 

the light on the dynamics of gas-liquid scattering. 

The goal of this work is to add to the growing field of gas-liquid scattering experiments 

and to demonstrate the capabilities of a novel imaging detection technique.  The technique 

was used here to study inelastic scattering of hydroxyl (OH) and deuterated hydroxyl 

(OD) radicals from surfaces of the reactive long-chain hydrocarbon liquids squalane and 

squalene, as well as the inert polymer perfluoropolyether (PFPE). The hydrocarbon 

liquids were chosen due to their relevance to atmospheric chemistry (see Section 1.2).  

Scattering processes in some of these systems have been studied previously within the 

McKendrick group, originally using photolytic sources of superthermal OH [14–16] and 

more recently the molecular beam technique [17].  The initial proof-of-concept results 

from the imaging detection technique have been published already in the thesis of Robert 

Bianchini [18] and the corresponding article [19].  This work presents a more detailed 

description of these experiments (Chapter 3) and describes the improvements to the 

experimental method that followed (Chapter 4) as well as the subsequent experiments 

exploiting them (Chapter 5). 

All the experiments within this thesis utilised a molecular beam source in which the OH 

radicals were created via an electric discharge of a precursor gas (water).  Rotating wheels 

were used to create laboratory-frame vertical liquid surfaces.  The detection involved 

exciting  laser-induced fluorescence (LIF) from the OH and imaging it in a temporally- 

and spatially-resolved manner using a combination of a physically extended probe laser 

beam and an imaging assembly.  This combination of techniques was used to study the 

changes in and correlations between the rotational population, speed distribution, and 

angular distribution of the pre- and post-collision radicals.  From these observations, the 

dynamics of the scattering processes were inferred with help of established theoretical 

models [12]. 

1.2 Motivation 

The main interest that drove the experiments presented in this work was to test the 

application of the imaging technique in gas-liquid scattering experiments and acquire 

information on the dynamics of scattering of OH from  liquid hydrocarbon surfaces .   
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Previous gas-liquid scattering experiments on organic surfaces have tended to operate 

using one of two broadly categorized methods of detection: mass spectrometry (MS) or 

laser spectroscopy.  MS has been used since the earliest experiments in the field in the 

groups of Nathanson [7,8,20–36] and Minton [37–39].  MS detection methods are well-

matched to measuring speed distributions via time-of-flight (TOF) of the scattered 

products and, if the detector can be moved relative to the source, their angular 

distributions.  However, they are inherently insensitive to the projectiles’ internal state 

distributions.  This, in contrast, can be achieved using spectroscopic methods of detection, 

such as LIF employed by McCaffrey [40–42] and McKendrick [14–17,19,43–51]; 

infrared (IR) absorption spectroscopy used by Nesbitt [52–63] and, most recently, Costen 

[64]; and resonance-enhanced multiphoton ionisation (REMPI) used by Nesbitt [65].  

However, spectroscopic techniques are normally unsuitable to measure the angular 

distributions of the scattered products without special geometric design of the apparatus.  

In recent years, the development of experimental approaches that could combine the 

advantages of both of the detection methods has become increasingly more desirable, as 

it would allow the correlation of scattered product characteristics with their angular 

distribution to be studied and hence gain insight into the scattering dynamics at a much 

deeper level. 

The first attempt at a solution to this problem was published by Nesbitt, whose group 

developed a technique that utilised point-wise detection of LIF emission of scattered NO 

[66].  The probe beam passed at a constant distance from the liquid surface and 

perpendicular to the surface normal and the detector (photo-multiplier tube, PMT) with a 

very small collection volume was translated along the direction of the probe beam.  

Measurements of the total fluorescence intensity were taken at selected points 

corresponding to the NO scattered at determined angles with respect to the point of impact 

of the molecular beam on the liquid surface.  Some of the results of this method 

successfully measured correlated angular and rotational level population distributions.  

However, the laborious process of translating the detector and limitations on where the 

detector could be placed prevents this technique from accessing the total angular 

distributions of the scattered products, limiting it to the several chosen scattering angles.  

Moreover, the lack of time resolution, at least as currently implemented, prevented any 

measurement of the speed distributions of the scattered molecules and finding their 

correlation with the other scattering characteristics. 
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Concurrently with the above, the experimental method presented in this thesis was being 

designed in the McKendrick group.  This technique merges the internal state resolution 

with spatially- and temporally-resolved detection of the ingoing and scattered products.  

The heart of the detection system is a combination of a laser probe beam extended into a 

sheet with a rectangular cross-section and an imaging apparatus positioned directly above 

it, in vacuum.  Due to the shape of the probe beam, this spectroscopic method is called 

planar laser-induced fluorescence (pLIF).  This technique has been first introduced by 

Dyer and Crosley [67] and by Kychakoff et al. [68] for visualization of combustion 

species in flames.  Since then, it has been used in wide range of experiments studying 

combustion [69], plasmas [70,71], and dynamical processes [72], among other 

applications.  Recently, it has also been applied to imaging low number density species 

in studies of the spatial distribution of CO2 found above the active surface of solid-state 

catalysts during heterogenous oxidation of CO [73].  The geometry of the experiment 

allows LIF to be excited within a selected volume above the liquid surface.  The imaging 

apparatus was used to collect the spatial- and temporal distributions of the emitted LIF 

photons, amplify the signals, and move them into the visible where they could be captured 

onto a two-dimensional image by a normal, relatively inexpensive camera.  The temporal 

resolution was achieved by changing the delay between the creation and detection of the 

molecules, so that they were captured in sequences of images.  The angular distributions 

of the scattered molecules could be measured from the distribution of pixel intensities 

across the images and the speed distributions from the evolution of the pixel intensities 

between each image in a sequence.  The internal state distribution was measured, as usual, 

by tuning the wavelength of the probe laser sheet to be resonant with a given transition in 

the studied gas.  The novel design of the apparatus allowed correlation of all these 

characteristics for the first time in a single experiment.  Alongside giving new information 

specifically on the dynamics of scattering OH from liquid organic surfaces, the 

experiments presented in this work also serve more generally as a demonstration of the 

capabilities of this technique and its applicability in the field of gas-liquid scattering and 

beyond. 

The combination of the chosen projectile molecules and the liquids studied in this work 

was based on the role of OH as the daytime oxidising agent of the Primary Organic 

Aerosols (POAs) in the atmosphere [74].  These aerosols have been proposed to have the 

structure of an “inverted micelle” (see Figure 1.1), in which a hydrophilic, salty aqueous 

core is enclosed in a thin film of organic material [75].  The sources of these organic 
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components are varied and include natural (wax emission from vegetation, sea spray) and 

anthropomorphic processes (combustion, emission of volatile organic compounds, 

VOCs) [76].  The chemical structures of these organic layers are varied, both due to the 

nature of the source and subsequent oxidative aging in the atmosphere, but typically 

contain a range of functional groups such as alkyl, vinyl or aromatic groups [77].   

The experimental liquids here, squalane and squalene, were chosen as appropriate proxies 

for the organic layers of atmospheric aerosols, as they contain some of these 

functionalities (namely: primary alkyl sites in squalane; secondary and tertiary alkyl sites 

in both; and vinyl and allylic sites in squalene).  Reaction of oxidising agents (such as the 

OH studied here, but also O3 and NO3) with the organic outer layers results in changes to 

the aerosol particles size, composition, and properties in a process commonly referred to 

as “aging” [78,79].  Figure 1.1 illustrates the structure of a typical atmospheric aerosol 

particle and the aging process.  These aged aerosols are known as Secondary Organic 

Aerosols (SOAs) and are characterized by an oxidised, polarised surface which is more 

hydrophilic than the POA’s, changing the cloud formation properties of the aerosol 

[75,80].  The surface reactions also lead to changes in how the aerosols interact with the 

incoming solar radiation, altering their influence on the climate’s radiative forcing (i.e. 

the effect of natural and anthropogenic factors on the difference in energy flux entering 

and leaving the atmosphere) [81]. 

Experiments studying the collision dynamics of the oxidising radicals with surfaces of 

“proxy” liquids provide fundamental information that can be used in modelling the 

interactions and rationalising reactive pathways between attacking oxidant particles and 

the organic surfaces of atmospheric aerosols.  The scattering experiments of OH on 

squalane and squalene surfaces studied in the McKendrick group, including the ones 

found in this work, are therefore useful to a wide community of atmospheric chemists 

[78]. Moreover, their relevance in other fields can be seen in the recent studies on the role 

of OH as an oxidising agent in the epithelial lining fluids that coat most of the human 

respiratory tract [82]. 
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Figure 1.1: A schematic illustration of the proposed “inverted micelle” structure of 

atmospheric aerosols and the aging of a POA (left) into an SOA (right) due to oxidation.  

Figure adapted from reference [77]. 

1.3 Dynamical studies of gas-liquid interfaces 

As mentioned in Section 1.1, over the past 30 years there has been a concerted effort in 

developing experimental and computational methods of studying the dynamics of the 

collisions between gas particles and liquid surfaces.  This section will focus on presenting 

the results of the research conducted so far, starting with a description of basic concepts 

and common features found across these studies (Section 1.3.1).  The discussion of 

specific experiments will be split into inelastic gas-liquid scattering (Section 1.3.2) and 

reactive gas-liquid scattering (Section 1.3.3).  This will be followed by a section on a 

particular application of gas scattering experiments in studying the structure and 

composition of liquid surfaces (Section 1.3.4).  The introduction will be rounded off with 

a discussion of the previous experiments examining the inelastic scattering of OH radicals 

from surfaces of organic liquids specifically, of which the work in this thesis is an 

extension (Section 1.3.5).  Although not technically liquid in nature, studies on collisions 

of gases with surfaces of self-assembled monolayers (SAMs) are also included whenever 

they are relevant to the discussion.  Finally, the body of theoretical work that has been 

developed in support of the practical experiments is also included when appropriate. 

1.3.1 Core concepts and experimental approaches 

The existing experiments studying the dynamics at the gas-liquid interfaces have a few 

common design elements: a clean and constantly refreshed liquid surface, a source of the 
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impacting gas molecules, and a method of detection of the scattered products (and 

sometimes ingoing molecules).  Although these general features are shared between all 

scattering experiments, the individual approaches to achieving each one are constrained 

by the chemical systems studied and the dynamical information the experiments aim to 

provide.  Therefore, several of the most common experimental methods will be presented 

here. 

Regardless of any other design requirements, a fundamental requirement of the scattering 

experiments is that they be performed under vacuum.  To reliably measure the internal 

and translational energies of a particle after its collision with a surface, it is crucial that 

its nascent dynamical information is retained until detection. As such, it cannot undergo 

any subsequently interactions with background molecules.  Similarly, the ingoing 

particles cannot undergo any gas-phase interactions either if the outcome of the collision 

is to be correlated with the initial internal or translational energy, or its direction.  This 

necessity requires that scattering experiments are carried out under  evacuated conditions, 

typically in a vacuum chamber.  The mean-free path, λ, is a parameter used to quantify 

the average distance a moving particle can travel without encountering another particle 

and changing its direction and/or translational or internal energies.  For an ideal, 

thermalised gas, λthermal is defined as: 

𝜆𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
𝑘𝐵𝑇

√2𝜋𝑑2𝑃
 

(Equation 1.1) 

where kB is the Boltzmann constant, T is the temperature, d is the kinetic diameter, and P 

is the pressure.  As an example, for a typical operating pressure of ~2 × 10-5 mbar inside 

the scattering chamber of the experiments found in Chapters 3 and 5 and assuming a 

typical kinetic diameter of a diatomic molecule of 3 Å, this gives a value λthermal ≈ 5 m, 

considerably larger than the diameter of the chamber used.  However, for non-thermal 

gases, like the molecular beam in this work, the mean free path can be expressed in terms 

of the number density of background gases, n, and the effective cross-section of the 

collisions with background gases, σ. Assuming that the relative velocity between the 

considerably faster beam molecules and relatively slow background gas molecules is 

dominated by the former term, the non-thermal mean free path can be defined as: 
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𝜆𝑛𝑜𝑛−𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
1

𝑛𝜎
 

(Equation 1.2) 

Assessing the transient number densities in the vicinity of the surface at the time when 

the ingoing beam molecules pass through is difficult, but it is more relevant to ensuring 

no background collision occur than the mean free path of the thermalised background gas.  

However, taking the operating pressure mentioned above and a reasonable collisional 

cross-section of 50 Å2 [83], the value of λnon-thermal becomes roughly 4 m, still considerably 

larger than the size of the vacuum chamber. 

The need for the vacuum environment is one of the reasons why studies of the gas-liquid 

scattering had been lagging behind the corresponding gas-solid and gas-phase scattering 

experiments.  Only liquids with suitably low vapour pressures can be used to avoid 

evaporation on the timescale of the experiment.  Therefore, studies have been generally 

limited, subject to a few exceptions to be considered below, to liquids made of large 

organic molecules like long-chained hydrocarbons (e.g., squalane [29] or squalene [15]) 

or polymers (e.g., PFPE [84]), concentrated acids (e.g., sulfuric acid [85]), room 

temperature ionic liquids (RTILs) [86], and liquid crystals [87].  To form a surface 

exposed to incoming gas projectiles, these liquids are typically used with the rotating 

wheel technique originally developed by Lednovich and Fenn [88] to measure 

evaporation coefficients of liquids.  In this technique, the liquid fills a reservoir and a 

wheel made of suitable material is submerged in the bath.  The wheel is mounted onto an 

axle whose rotation is driven by a motor.  The surface of the rotated wheel then gets 

coated with a thin layer of the liquid, which is exposed to the gas projectiles.  The constant 

rotation of the wheel in the liquid also continuously refreshes the exposed surface 

molecules, preventing depletion due to possible reactions with the incoming particles. 

Even then, prolonged exposure could lead to accumulation of impurities, therefore 

periodical replenishment of the liquid is advised.  Sometimes, a thin metal “scraper” is 

added to even out the surface. The whole assembly can be enclosed in a protective box 

with only a small window for access.  Figure 1.2 shows a typical rotating wheel assembly.  

As this is the most common method of liquid surface creation in the field, specific 

experiments and their results will be discussed in more detail in the sections following 

this one. 
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Figure 1.2: A schematic illustration of a typical rotating wheel assembly used in a gas-

liquid scattering experiment.  Adapted from Reference [9]. 

Another achievable, but more demanding method of creating liquid surfaces for use in 

scattering experiments was the liquid microjet introduced by Faubel [89]. This technique 

admits the liquids into the vacuum chamber through a small nozzle that forms them into 

jets with diameters smaller than the characteristic gas-phase mean-free paths, i.e., 

typically no bigger than a few m.  This meant that they allow the study of  liquids of 

higher vapour pressures than other techniques, however careful consideration has to be 

given whether gas-phase collisions above surfaces of such liquid can truly be eliminated 

completely.  These jets were first used in studies of evaporation of liquids [89,90], but 

recently this technique has been employed by Nathanson to study collisional dynamics of 

inelastic scattering of noble gases with organic surfaces [25].  The experiments showed 

that the scattering behaviour was similar to that of atoms aimed at a “flat” liquid surface 

created with a rotated wheel.  This has been expanded on to include studies of collisions 

of HCl/DCl [91] and organic acids and bases [92] with salty water microjets.  Scattering 
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from liquid metals has been achieved using static crucibles by Olander et al. [93–96] and 

later by Nesbitt et al. [97,98]. However, these fall outside the focus of this work and are 

mentioned to illustrate the developing interest in the gas-liquid interactions over the last 

30 years. 

Another solution to the issue of forming liquid-like surfaces in vacuo is to not use a liquid 

at all.  Thin films of SAMs have been used extensively as targets for gas collisions since 

the pioneering experiments by Sagiv et al., in which the scattering of He [99] and NO 

[100] from regular and fluorinated long-chain hydrocarbons was studied.  SAMs are 

usually prepared using aliphatic hydrocarbon chains which contain a terminal group that 

allows for bonding with a flat surface of a chosen substrate.  The chain then protrudes 

from the surface into the vacuum.  This repeats across the whole surface of the substrate 

creating a monolayer of ordered protrusions.  The other terminus, exposed on the surface, 

can then be designed to study interactions with specific functional groups.  The 

orientation of the molecules can also be changed by utilising intermolecular interactions 

between the neighbouring chains.  Herein lies the advantage of SAMs, the researcher can 

design the molecules to suit their desired experimental goal.  The final surface shares 

several characteristics with true liquid surfaces in that it can be designed to possess the 

microscopic roughness typical of liquid surfaces and the lack of intermolecular bonding 

makes it more accepting of the impinging particles’ energy, compared to a solid surface.  

In a way, SAMs can be thought of as a “bridge” between liquids and solids.  As such, 

SAMs have been used in a number of gas scattering experiments by Sibener [101–103], 

Morris [104–107], McKendrick [108,109], and Nesbitt [65,110].  SAMs also offer a much 

easier target for computational simulation studies, which will be discussed later in this 

section. 

The gas projectiles in gas-liquid scattering experiments have predominantly been created 

using particle-beam techniques, which have been a convenient and well-established 

method of studying collisional dynamics in other applications such as gas-phase and gas-

solid scattering.  The gas is admitted from a high pressure environment into a low pressure 

container through a nozzle of small diameter to generate beams of atoms or molecules 

with controlled translational energies and fluxes.  Upon exiting the nozzle, gas-phase 

collisions cool the internal state distributions of the particles and the random thermal 

motions are converted into directed motion in what is known as a supersonic expansion.  

By using a pulsed source, this produces discrete packets of particles which travel 
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approximately unidirectionally and with a narrow distribution of speeds.  Additionally, 

skimmers and collimators can be used to sample only the core particles and to discard any 

travelling off-centre.  The temporal resolution of the created beam nominally depends on 

the characteristics of the gas (or gas mixture) that is admitted, however greater control 

can be achieved with a use of a chopper or different designs of the gas valves [111] (see 

Chapter 6 for an example of a piezoelectric valve used in a newly designed chamber). 

This technique allows admittance of neutral species (atomic and molecular) into the 

chamber, which are commonly “seeded” in a carrier gas – typically noble gases are used.  

Transient species, like radicals, need to be prepared in situ, typically via chemical 

reaction, photolysis, or radiofrequency and direct current discharges [112].  The ability to 

select the ingoing translational and internal state energy distributions allows their changes 

upon encountering the surface to be investigated and hence infer information about the 

dynamics of the collisions.  Additionally, the design of the experimental chamber could 

allow the beam apparatus to be placed at a particular angle with respect to the surface to 

study the influence of the angle of incidence, θi, on the scattering dynamics.  The first use 

of particle beams in the current context was in experiments of Hurlbut and Beck, who 

measured the angular distribution of noble gases scattering from liquid metals [113,114]. 

This was then expanded on by Sinha and Fenn who recorded the angular distributions of 

rare gases scattering from the surface of glycerol [114,115].  Since then, the technique 

has been widely used in the gas-liquid scattering field and forms one of the key methods 

of creating gas projectiles. 

An alternative method of creating the impinging radical projectiles had been successfully 

used in the McKendrick group [14–16,43,44,46–51].  The method, termed “bulk 

photolysis”, involved introducing a bulk pressure of precursor molecules into the chamber 

through a leak valve and photolyzing them with a short laser pulse  of suitable energy and 

wavelength.  The laser beam travelled just above the liquid surface creating a cloud of 

superthermal radical species, some of which travelled toward the surface with relatively 

broad distributions of internal and translational energy.  A counter-propagating probe 

laser was fired at a chosen delay after the photolysis pulse, exciting LIF from the scattered 

molecules that reached the probe region. The resultant fluorescence photons were 

detected with a PMT.  Compared to the particle-beam techniques, bulk photolysis allowed 

the study of radicals in higher energy internal states with much higher collision energies.  

On the other hand, the relatively broad internal state population distributions can make 
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the dynamical investigation more difficult.  This method was used effectively to study the 

collisional dynamics of superthermal O(3P), O(1D), and OH scattering from surfaces of 

long-chain hydrocarbons [14,16,43,45–51]; superthermal O(3P) scattering from short- 

and long-chain hydrocarbon SAMs [108,109]; and a range of experiments using reactive-

atomic scattering (RAS) technique (see below) with superthermal O(3P) atoms probing 

the composition of the surface of neat and mixed RTILs [86,108,116–118]. 

The experimental work on gas-liquid scattering has been supported by theoretical studies 

utilising several computational simulation techniques.  This theoretical work allowed the 

scattering mechanisms to be examined in ways that cannot be directly done in the 

experiments.  Models of liquid surfaces have been created using molecular dynamic (MD) 

simulations, in order to study inelastic gas-liquid scattering.  Scattering from squalane 

has been studied by Lipkin et al. for Xe projectiles [119], and Ne projectiles were studied 

by Hase et al. [120].  Scattering of water [121] and HCl [122] from surfaces of glycerol 

was studied by Benjamin et al.  These molecular mechanics (MM) techniques seek to 

solve classical equations of motion numerically for defined masses within applied 

interatomic potentials or force fields.  These methods also inferred the ways in which the 

collisional energy transferred to the impacted surfaces was dissipated, which cannot be 

observed directly with the current experimental techniques.  The MD simulations have 

also been used to predict the surface structure and reveal which atoms of the liquid 

molecules were exposed to incoming projectiles for ionic liquid surfaces [118] and 

squalane [123].  The computational costs of the simulations required the initial attempts 

to use simple approximations of liquid molecules [119,121], but later simulations 

achieved realistic, all-atom models of a surface of squalane [120,123].  A very recent 

example of a simulated liquid-vacuum interface can be seen in Figure 1.3, which shows 

a simulated slab of squalane molecules (one of the experimental liquids used in this work) 

which was created with periodical boundary conditions in two dimensions and the gas-

liquid interface was formed by extending the third. 

More computationally affordable techniques were also used, in which scattering from 

SAM monolayers were studied.  SAMs, as mentioned before, serve as a reliable proxy 

for liquid surfaces but their ordered structure simplifies the simulation.  A large range of 

collisional partners have been studied.  Hase et al. conducted a series of simulations of 

Ne atoms scattering from H-SAMs (where “H-“ referred to hydrocarbon termini exposed 

on the surface of the aliphatic chains making up the SAM) [101,124–126], CO2 scattering 
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from F-SAMs (where “F-“ referred to fluorocarbon termini exposed on the surface of the 

aliphatic chains making up the SAM) [110,127,128], as well as O(3P) scattering from H-

SAMs [129].  Morris and Day simulated Ar scattering from H-SAMs while Troya et al. 

studied O(3P) scattering from H-SAMs [130], F scattering from H-SAMs [131], and (most 

relevant to the work int his thesis) OH scattering from F-SAMs [132].  United atom (UA) 

models have been used, in which each CHx group was modelled as a single atom [124], 

as well as explicit atoms, where each atom was modelled individually [110].  The 

accuracy of the scattering trajectories has also been improved by fitting the force fields’ 

parameters to high level quantum calculations [127]. 

 

Figure 1.3: MD simulation of an equilibrated 600-molecule slab of squalane shown 

from the side (a) and from the top (b).  The dimensions were 𝑥 = 𝑦 = 6.3 nm and 𝑧 = 

12.6 nm.  The boundary conditions are set (boundaries denoted by blue lines) so that the 

slab is periodic in x and y.  The surfaces can then be found in z.  The atoms are colour-

coded by their identity: turquoise = carbon, and white = hydrogen. The simulation was 

performed using the GROMACS package by Dr. Stuart Greaves.  Received by private 

communication. 

Simulating reactive gas-liquid scattering interactions presented an additional problem.  

For a realistic representation, quantum mechanics (QM) have to be applied to account for 

events occurring during the reaction, such as bond breaking and formation or electron 

transfer.  However, computational costs of full-blown quantum mechanical treatment 
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remain too high, even for the simpler-to-simulate SAM surfaces.  One method of 

overcoming this obstacle was to approximate the surface to a cluster of molecules, as was 

done by Schatz et al. for collisions of Na atoms with glycerol [133].  Another so-called 

“QM/MM” method designates different parts of the surface as either treated classically 

(MM) or quantum mechanically (QM), depending on their chance of participating in a 

reactive event.  It was possible to assign all prospective surface atoms which were within 

a chosen distance from an incoming projectile “on the fly” leading to very sophisticated 

models of scattering O(3P) [134] and F2 [135] projectiles from squalane and for O(3P) 

collisions with aliphatic SAMs [130,134] by Schatz et al.  Semi-empirical Hamiltonians 

were applied to the QM-designated atoms to reduce the computational costs. 

Although any more-detailed description of these methods lays beyond the scope of this 

thesis, these computational studies are presented in further sections whenever relevant in 

order to support the discussed experiments and provide further information that has been 

gained from the combination of the two methods. 

1.3.2 Inelastic gas-liquid scattering experiments 

In 1991, Nathanson published the first seminal work in the gas-liquid scattering field [29].  

Although some work preceded it [93–96,113,115], Nathanson’s experiment delved more 

deeply into the dynamics of interactions at the gas-liquid interface and their dependence 

on experimental factors.  The initial experiments were focused on inelastic scattering of 

particle beams of noble gases (Ne, Xe) and sulphur hexafluoride (SF6) from surfaces of 

squalane and PFPE.  The scattered products were detected with a time-of-flight-mass 

spectrometry (TOF-MS) apparatus positioned at a particular final angle, θf.   

The measured TOF profiles of scattered particles were examined to show that their arrival 

times were roughly separated into two distributions.  The first was a sharp, narrow peak 

at the earliest arrival times, the second was a broad peak at later times.  Figure 1.4 shows 

four illustrative profiles from this study, one each for Ne and Xe scattered from squalane, 

and one each for Ne and Xe scattered from PFPE.  The fastest scattered atoms retained 

most of their ingoing speeds and hence must have undergone a limited number of 

collisions with the surface.  On the other hand, the later distribution consisted of atoms 

that imparted much more energy into the liquid surface, presumably following a large 

number of collisions.  This efficient transfer of translational energy causes a momentary 

“trapping” of the projectile on the surface that, in the limiting case, leads to thermalization 
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followed by desorption.  These two interaction channels were referred to as “nonthermal” 

or “impulsive scattering” (IS) and “thermal” or “trapping-desorption” (TD), respectively, 

borrowing the terminology from gas-solid scattering where these mechanisms are well-

characterised [136]. 

 

Figure 1.4:  TOF profiles of arrival of Ne atoms scattered from PFPE (a) and squalane 

(b), and Xe atoms scattered from PFPE (c) and squalane (d).  The collision energies 

were 25 kJ mol-1 for Ne and 220 kJ mol-1 for Xe.  The atomic beam approached the 

surfaces at θi = 45° and the mass spectrometer was position at the specular angle θf = 

+45° (“+” denoting scattering to the opposite side of the surface normal than the ingoing 

beam).  The IS and TD scattered distributions are identified as parts of the total profiles 

(see text).  Image reprinted from [29]. 

As can be seen from Figure 1.4, the partitioning of scattered products between the two 

channels depended heavily on the identity and impinging energy of the colliding particles 

and the liquid.  This was interpreted by Nathanson et al. in terms of “ballistic-style” 

collisions, in which the energy transfer into the surface depends on the ratio of the mass 

of the impacting particle, mg, to the effective mass of the surface, ms.  The ms was defined 
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as a collection of surface atoms (belonging to a single or multiple surface molecules, 

depending on their arrangement at the moment of the collision) that respond to the 

collision as a single entity.  The results of the experiment showed that heavier projectiles 

(here, Xe) impart more of their translational energy into surface molecules than lighter 

atoms (here, Ne).  The structure of the surface molecules was also important, as an overall 

lighter squalane accepted the energy more efficiently than relatively denser PFPE, which 

can be seen by the relatively higher population assigned to the TD interaction channel in 

Figure 1.4.  Thus, the magnitude of ms was tied to the nature of the molecules forming 

the liquid surface via a trait called “stiffness”. The liquids were than divided into “hard” 

and “soft” liquids, for high and low values of ms, respectively.  The energy received by 

the surface molecules was predicted to be dissipated into the torsional, vibrational, and 

translational motions of the impacted liquid molecules.  This study showed that the 

translational energy transfer between an impacting gas projectile and a liquid surface 

depends on the number of collisions before exiting back into the gas-phase and the nature 

of the colliders. 

These initial experiments were soon followed by other ones from Nathanson’s group 

seeking to develop further understanding of the collisional dynamics.  Experiments were 

done on protic and aprotic gases (Ne, CH4, NH3, and D2O) scattering from surfaces of 

liquid glycerol and squalane that showed that the presence of attractive forces between 

colliders favours the TD scattering mechanism, at least at low collisional energies [30].  

Noble gases were scattered from surfaces of PFPE and squalane at various combinations 

of incident and scattered angles to measure the angular distributions of scattered products 

and their angle-correlated translational energies [31].  These experiments showed that the 

scattered projectiles’ translational energies and directions depended on the deflection 

angle, χ, defined as: 

𝜒 = 180° − (𝜃𝑖 + 𝜃𝑓) (Equation 1.3) 

rather than on individual combinations of θi and θf.  Scattering at smaller χ, (i.e., more 

“grazing” angles) was associated with singular ballistic collisions and minimised the 

energy transfer into the surface.  On the contrary, “head-on” collisions leading to χ = 180° 

promoted trapping mechanisms and loss of more ingoing kinetic energy on the collision.  

The measured angular distributions were broad and relatively symmetric for beams 
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approaching the surface at θi = 45°.  For θi = 60° a clear preference for scattering at θf ≈ 

60° was observed, but the distributions were still broad.  These wide ranges of scattered 

directions were attributed to the inherent atomic-level “roughness” of liquid surfaces.  

Further studies showed that increasing the temperature of the liquid surface led to 

increased surface roughness, as inferred from broader angular distributions and 

promotion of trapping mechanisms [7,8].  Other experiments showed that the scattering 

dynamics are largely independent, on the short time-scale of up to a few collisions, of 

macroscopic physical properties of the liquid such as surface tension or compressibility 

[32].  These studies have been supported by MD scattering simulations of Xe on model 

squalane [119], which showed that the products were scattered in a combination of TD 

and IS mechanisms. It was also shown that the surfaces were inherently rough, which lead 

to broad angular distributions of scattered products.  The discussed experiments have 

been collected in two reviews [137,138]. 

The results of these experiments provided the foundation on which Nathanson developed 

the first model of energy exchange during gas-surface collisions.  The model was based 

on a “hard-sphere” collisional model developed for gas-solid scattering [139] which 

treated the collider as distinct spheres with masses mg for the gas projectile and ms for the 

surface atoms.  As mentioned before, ms was not the actual mass of a single molecule of 

the liquid.  It represented the mass of the atoms that react in a concerted way to  the 

impinging projectile, that could form a part of a single liquid molecule or be spread out 

between multiple molecules.  The energy transferred to the surface, defined as the 

difference between the scattered (Ef) and ingoing (Ei) translational energies of the gas 

projectile, ∆𝐸 = 𝐸𝑓 − 𝐸𝑖, is dependent on the ratio of the two masses (𝜇 =
𝑚𝑔

𝑚𝑠
), as well 

as the deflection angle, χ, defined in Equation 1.3.  The transferred energy then follows 

directly from momentum and energy conservation as: 

(
∆𝐸

𝐸𝑖

)
𝐻𝑆

≈
2𝜇

(1 + 𝜇2)
[1 + 𝜇(sin 𝜒)2 − cos 𝜒√1 − 𝜇2(sin 𝜒)2] [1 +

𝑉 − 2𝑅𝑇𝑙𝑖𝑞

𝐸𝑖

] 
(Equation 1.4) 

where V is the well-depth of the gas-surface interaction potential, and Tliq is the 

temperature of the liquid surface.  This equation predicted, by construction, the observed 

increase in energy transfer for more head-on collisions (χ ~ 180°) and corresponding 

decrease for grazing collisions (χ ~ 0°) as well as an increase in energy transfer for lower 

ms or higher mg.  However, ms is not a parameter that can be directly controlled in a normal 
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beam-surface experiment, as the value of ms itself is dependent on such factors as the mg 

or the incident angle and velocity of the impinging projectile. 

This model was found to appropriately reproduce the observed energy exchange for 

scattering with heavy atoms or molecules.  However, a study of inelastically scattered 

hyperthermal O(3P) atoms from surfaces of squalane [140] and later hyperthermal Ar and 

O(3P) scattering from surfaces of squalane, PFPE, H-SAMs, and F-SAMs [12] by Minton 

et al showed that the model was inadequate to predict the energy transfer in those 

collisions.  The hard-sphere model was therefore adjusted to account for the energy 

transferred into the internal state excitation of the liquid molecules (or, in principle, 

internal motions of the scattered projectiles) (Eint).  The new model was called “soft-

sphere” to reflect this addition, and it predicts the projectile energy lost upon collision as: 

(
∆𝐸
𝐸𝑖

)
𝑆𝑆

≈
2𝜇

(1 + 𝜇2)
[1 + 𝜇(sin 𝜒)2 +

𝐸𝑖𝑛𝑡

𝐸𝑖
(

𝜇 + 1
2𝜇

)

− cos 𝜒√1 − 𝜇2(sin 𝜒)2 −
𝐸𝑖𝑛𝑡

𝐸𝑖
(𝜇 + 1)] 

(Equation 1.5) 

The soft-sphere model was used to successfully reproduce the energy transfer of an 

incoming O(3P) projectile to the surfaces of squalane depending on the deflection angle, 

χ [141].  In general, the studies of inelastic scattering by Nathanson and Minton have 

provided the foundational basis for much of the subsequent analysis of the dynamics of 

gas-liquid scattering.  The most pervasive idea was the empirical division of the scattered 

products on the basis of two limiting mechanisms: IS and TD. 

The relatively small amount of energy lost to the surface meant that impulsively scattered 

particles retained a large portion of their kinetic energy.  According to the models above, 

the actual amount preserved depended on several factors, but the chief among them were 

the deflection angle and stiffness of the surface.  The angular distribution of the 

impulsively scattered molecules depended largely on the angle of incidence and the 

roughness of the surface.  The specular scattering predicted for a flat surface occurred 

only for high energy projectiles scattering at grazing angles (θi > 60°), otherwise the 

distributions were rather broad and relatively symmetric about the normal to the surface.   

Within the TD regime, the molecules are eventually launched back into the gas-phase 

with Maxwellian speed distribution dependent on the temperature of the liquid: 
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𝑃(𝐸𝑓) =
𝐸𝑓

(𝑘𝐵𝑇𝑙𝑖𝑞)
2 𝑒

−
𝐸𝑓

𝑘𝐵𝑇𝑙 
(Equation 1.6) 

where P(Ef) is the probability of scattering with translational energy Ef and Tliq is the 

temperature of the liquid.  The flux of the desorbed particles is proportional to cosθf. 

𝐹(𝜃, 𝜑) =
𝑁𝑔

4𝜋
√

8𝑘𝐵𝑇𝑙𝑖𝑞

𝜋𝑚𝑔
cos 𝜃𝑓 

(Equation 1.7) 

where Ng is the number density of desorbed gas particles, and θ and  are the polar and 

(cylindrically symmetric) azimuthal angles, respectively.  The cosθf distributions were 

observed for the thermal component of HCl produced from Cl collisions with squalane 

[38] and for the thermal products of O-atoms scattering from squalane [39], which were 

all rationalized to emerge from TD-type mechanisms on the surfaces (see Section 1.3.3). 

The simple theoretical models presented in Equations 1.4 and 1.5 reproduced the main 

features of the measured scattering data well, but to gain deeper insight into the inelastic 

gas-liquid scattering, suitable computational simulations of the process were necessary.  

The MD simulations done on collisions of Ne with H-SAMs by Hase et al. [124–126,142] 

and later on of Ne scattering from simulated squalane surface [120], as well as those done 

on Ar scattering from H-SAMs done by Sibener et al. [102] and Morris et al. [106,143], 

and O(3P) collisions with H-SAM done by Hase et al. [129]  largely confirmed the 

experimental observations of Nathanson and Minton about the characteristics of the 

inelastic scattering.  They reproduced bimodal product velocity distributions that could 

be  separated post hoc into two channels associated with IS and TD characteristics. 

However, they also showed that interpreting the components of this binary division  as 

arising from exclusively either IS or TD mechanisms, should be approached cautiously. 

It was shown that the slow scattered components (normally associated with TD) were not 

always well-fitted to the surface temperature and that the fast components (normally 

associated with IS) could be sometimes fitted with a sum of Maxwellian distributions, 

suggesting some thermalization on the surface.  The sharp delineation of scattered 

products between IS and TD is a convenient way of characterising the information about 
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the collisional dynamics on the gas-liquid interface, but the two channels should be rather 

thought of as extremes on a spectrum of possible interactions. 

Nathanson’s and Minton’s experiments based on MS detection allowed for successful 

measurement of product angular and speed distributions, and to correlate them with the 

experimental variables, such as colliders identities, χ, or Ei.  However, this technique did 

not allow the study of collision-induced changes in internal energies of the ingoing gas 

molecule.  As alluded to in Section 1.2, measuring changes in internal state required a 

spectroscopic method of detection. 

The earliest relevant spectroscopic experiments were performed by Cohen et al. on 

inelastic scattering of NO from surfaces of H- and F-SAMs [100,144].  The molecular 

beam technique allowed for rotational cooling of the ingoing molecules, which resulted 

in population of only a few of the lowest rotational states (J).  The use of a supersonic 

beam also allowed a narrow distribution of ingoing kinetic energies, allowing surface-

collision-induced translation-to-rotational energy transfer (TRET) to be investigated.  The 

scattered products were detected by REMPI.  Cohen observed that the impulsively 

scattered NO was rotationally excited as a result of direct TRET upon collision with a 

“hard” surface.  They also found that increasing the Ei of NO resulted in greater excitation, 

with at least a part of it proposed to stem from energy transfer from high frequency surface 

modes.  On the other hand, thermally desorbed products were found to be generally 

rotationally hotter than the incident molecules and fit a temperature of ~300 K, consistent 

with thermalization.  F-SAM surfaces were found to impulsively scatter NO more readily 

than H-SAM surfaces, which was attributed to the higher stiffness of the fluorocarbon 

surface.  However, it was also shown that increasing the Ei of NO past ~29 kJ mol-1 for 

scattering from H-SAMs made the dynamics virtually indistinguishable from those for 

scattering from F-SAMs, showing that the stiffness of the surface is a function of both ms 

and the Ei.  Several years later, McCaffrey et al. conducted a series of experiments on I2 

scattering from squalane, PFPE, and perfluordimethylsioxane with LIF as the detection 

method [40–42].  The observed scattering dynamics supported the findings of Cohen et 

al. 

Spectroscopic studies of inelastic gas-surface scattering were continued by Nesbitt et al. 

with a series of experiments in which molecular beams of CO2 were scattered from 

surfaces of squalane, PFPE, and glycerol and detected using IR absorption 

[56,57,59,61,63,84,145,146].  Apart for varying the surface structure, Nesbitt’s group 
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also probed different Ei, θi, and Tliq, to measure their influence over the scattered products’ 

rotational distributions.  The experiments were also Doppler-resolved, which allowed  

final-state-dependent distributions of the transverse components of the product speeds to 

be measured.  The observations were consistent with those made by Cohen and 

McCaffrey above - the scattered products were rotationally hotter than the incident 

molecules, suggesting the presence of TRET.  They did not, however, observe any 

efficient translational-to-vibrational energy transfer (TVET), which was assumed to result 

from the very short contact times between the impinging gas projectile and the liquid 

surface.  The measured transverse temperatures, Ttrans, and rotational temperatures, Trot, 

were fitted to two-temperature Boltzmann distributions in which the lower temperature 

was associated with the TD channel, and higher temperature with the IS channel.  It was 

found that Ttrans and Trot of the IS channel matched and that the TD temperatures matched 

the Tliq, consistent with thermalization in that channel.   However, the measured fractions 

of the TD component differed between the two measurements, indicating breaking of the 

simple binary division of products into IS- or TD-scattered.  These experiments also 

included a study using polarization-modulated IR spectroscopy that probed the alignment 

(positioning of the molecular axis along a given line in space independent of the positions 

of the constituent atoms) and orientation (positioning of the molecular axis along a given 

line in space with specific position of the constituent atoms) of the scattered CO2 

molecules.  The results suggested that scattering from a hard, corrugated surface of PFPE 

induced an impulsive torque on the colliding molecule, resulting in end-over-end 

tumbling rotation [62]. 

The work of Nesbitt’s group was supported by MD simulations done by Hase et al. 

[110,127,128] and Perkins et al. [146] on CO2 scattering from F-SAMs.  The simulation 

explained the lack of vibrational excitation by finding that a typical vibrational 

accommodation on the surface happened on a timescale of ~50 ps, whereas the impulsive 

collisional contact was limited to less than 10 ps [127].  Notably, the simulations 

identified three distinct types of trajectories of the colliding gas particles: direct scattering 

(associated with IS mechanism), penetration into the SAM structure, and physisorption 

(the latter two associated with TD-like mechanisms).  Analysis of the rotational 

populations of molecules following each type of the trajectories showed the inadequacy 

of a strict IS/TD binary division of scattered products.  The exiting ‘physisorption’ 

trajectories were shown to be superthermal for high Ei despite the assumed thermalization 

mechanism.  Similarly, the total fraction of physisorption and penetration trajectories did 
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not always match the TD fraction of rotational populations found from the two-

temperature fits in the scattering experiments of Nesbitt. 

More recently, Nesbitt also used a REMPI velocity-map imaging (REMPI-VMI) 

technique to study collisions of HCl with H-SAMs [65]. VMI is a very common technique 

for investigating gas-phase collisions [147], and is particularly useful as it accurately 

measures the speeds of the scattered products.  Nesbitt observed that the scattered HCl 

speeds could also be divided between IS and TD scattering channels. 

Inelastic gas-liquid scattering was also studied in McKendrick’s group with collisions of 

OH radical with surfaces of squalane, squalene, oleic acid, and PFPE [14–17], including 

the most recent published studies covering the studies found here in Chapter 3 [19].  These 

experiments are most relevant to the work contained in this thesis and will be discussed 

at the end of this chapter in Section 1.3.5. 

1.3.3 Reactive gas-liquid scattering experiments 

The studies of inelastic gas-liquid scattering dynamics presented in Section 1.3.2 gave a 

strong foundation for investigating reactive scattering dynamics.  This aspect of the field 

is younger though and only limited projectile-surface combinations have been studied so 

far. 

 Two groups have studied reactive scattering of oxygen atoms (mainly O(3P), but also 

O(1D)) with squalane in parallel.  Minton’s group used an atomic beam in which the 

oxygen atoms were formed by radiofrequency discharge with most probable Ei = 47 (He) 

or 21 (Ne) kJ mol-1 depending on the carrier gas [37,38] or laser detonation methods 

which produced oxygen atoms with chopper-selected Ei = 297 or 504 kJ mol-1 [39,140] 

in conjunction with MS detection of scattered products (both inelastically scattered O(3P) 

and the reactive products OH and H2O).  Complementary to that, McKendrick’s group 

used photolysis of bulk NO2 to create oxygen atoms, and the OH reactive scattering 

products were detected with LIF [43,45,47–51].  In all cases, the major product of the 

reactive collisions was the OH radical, formed by O(3P) abstracting a hydrogen from a 

surface molecule of squalane (H-abstraction), analogously to the related reactions in the 

gas-phase [148].  In Minton’s experiments, H2O was also observed as a minor product.  

This was invisible in the LIF experiments due to the nature of the detection method. 
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Minton observed that following collisions of the relatively low energy O(3P) created via 

the radiofrequency discharge method, the scattered OH was produced in two 

distributions, a hyperthermal and a thermal one [37,38].  The hyperthermal OH was 

interpreted as most probably formed in a direct collision event in a mechanism similar to 

the Eley-Rideal reactions on solid surfaces [149]; as such, this channel was associated 

with impulsive scattering.  The thermal distribution was thought to most likely be a result 

of initially directly formed OH being trapped on the surface and then desorbing, following 

a TD-like mechanism.  The H2O products, which were formed following a secondary 

reaction of nascent OH with the hydrocarbon chain, was also found distributed between 

hyperthermal and thermal channels.  The thermal channel, similarly to OH, was presumed 

to follow from trapping of the nascent H2O after reaction.  It dominated the scattered flux.  

It was concluded that the hyperthermal H2O must have been formed from a rare double 

Eley-Rideal reaction, hence its relatively low yield.  Minton’s group also observed similar 

reaction dynamics from collisions of Cl radicals with squalane surfaces [38], although 

there TD products were also attributed to reactions of trapped Cl with the surface.   

The significantly higher-energy O(3P) created via laser detonation reacted in a 

qualitatively similar manner to the low energy one described before.  The scattered 

products (O, OH, and H2O) were all detected with hyperthermal and thermal velocity 

distributions.  The increased Ei resulted in the dominance of the hyperthermal channel for 

all products.  Additionally, a reactive channel was observed in which the collision of 

hyperthermal O(3P) lead to cleavage of C-C bonds in the surface squalane molecules, 

forming OCH3.  The complementary H-atom elimination, that was predicted by 

theoretical models [130,134], was not observed, most likely due to lack of detection 

sensitivity. 

In the McKendrick experiments, NO2 was admitted at low pressure in the scattering 

chamber and a  photolysis laser beam at 355 nm passed a short distance above the liquid 

surface [43,45,47–51].  This created mildly superthermal (average laboratory-frame 

collision energy of 16 kJ mol-1, with full width at half maximum of 26 kJ mol-1) O(3P).  

The counter-propagating probe beam was fired through the same region with its 

wavelength tuned to detection of scattered OH product via LIF.  The emitted photons 

were collected using a liquid guide and a PMT positioned above the probe region.  This  

measured state-specific product yields and hence provided information about the 

scattered products’ internal state distributions, complementary to the results of Minton’s 
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experiments.  Additionally, the delay between the probe and photolysis pulses was varied 

to measure TOF profiles and hence probe the scattered translational energy distributions.  

These were fitted using a Monte Carlo (MC) simulation [48] which revealed that they 

could be separated into two components, an earlier arriving nonthermal one and a later 

thermal one.  These were likened to the familiar IS and TD mechanism channels.  The 

rotational distribution of scattered OH was fit to a single-temperature Boltzmann 

distribution to reveal that the OH was overall rotationally superthermal.  This could have 

indicated that OH was created solely via impulsive reactive scattering, however the 

rotational temperature was found to be lower than that found in comparable gas-phase 

scattering processes of O(3P) with small hydrocarbons [150].  As such, it was believed 

that at least a portion of the outgoing flux of OH was formed via a TD mechanism.  To 

confirm that, McKendrick et al. probed the rotational distributions at different photolysis-

probe delays,  finding that the OH probed at earlier delays was superthermal, whereas that 

probed at later delays was more thermal.  This also fit with the previous observations in 

the field, but extended them to show that there was a correlation between the product 

rotational and kinetic energies. 

Another new observation made was the presence of vibrationally excited OH (v′ = 1) in 

the scattered flux of products; the ratio of the (v′ = 1) to ground state (v′ = 0) OH was 

measured to be 0.07 ± 0.02 [50].  The vibrationally excited molecules were identified to 

arise from reactions of O(3P) with secondary and tertiary C-H bonds of the squalane 

surface, akin to what happens in equivalent gas-phase reactions [148].  The MD 

simulations of the squalane surface revealed that, in spite of the slight non-statistical 

tendency for primary carbons to occupy the surface, secondary and tertiary carbons are 

still exposed to the incoming O(3P) [123].  This vibrationally excited OH was found to 

have largely thermal translational energies compared to the predominantly superthermal 

energies of ground state OH.  This suggested that the OH (v′ = 1) was generally created 

in the TD channel.  Furthermore, experiments in which the liquid surface temperature 

was changed showed that the yield of the OH (v′ = 0) was found to be independent of 

temperature, further cementing its origin in direct reactive collisions.  On the other hand, 

the yield of OH (v′ = 1) increased with increasing Tliq.  MD simulations showed a modest 

“opening” of the surface squalane chains, revealing more of the non-primary hydrogens 

at the interface, which could explain the observed increase in production of vibrationally 

excited OH [51].  A comprehensive visual summary of the processes occurring at the gas-

liquid interface of squalane and O(3P) can be found in Figure 1.5. 
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Figure 1.5: A schematic illustration of the proposed processes an incoming O(3P) atom 

can undergo upon colliding with a surface of squalane.  The processes happening on the 

surface are marked in black, and the release of the products into gas-phase are marked 

in red.  The progression of the processes is marked with numbers.  The “g” and “v” 

subscripts indicate secondary surface processes in which ground state and vibrationally 

excited OH were involved, respectively.  Reprinted from reference [51]. 

The studies of the scattered OH product from reactions of hyperthermal O(3P) colliding 

with hydrocarbon liquid surfaces discussed above revealed that the dynamics of the 

scattering are governed primarily by the same factors that governed the inelastic 

scattering presented in Section 1.3.2., namely Ei, χ, and the characteristics and identity of 

the colliders, among others. 

Nesbitt et al. studied reactive scattering of low-energy (Ei ~ 3 kJ mol-1) F colliding with 

a squalane surface by detecting the outgoing HF via IR absorption spectroscopy [53,60].  

The H-abstraction by an F atom is highly exothermic, the energy released being much 

larger than Ei, which presented a different set of conditions to the O(3P) + squalane 
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reactions.  The scattered HF products were highly vibrationally excited, with measured 

populations in v′ ≤ 3.  The v′ = 1 and 2 states were most populated, followed by the v′ = 0 

and finally v′ = 3.  The products displayed state-dependent collisional dynamics.  The HF 

(v′ = 0 and 3) showed rotational distributions that were well-fitted with single Boltzmann 

temperatures; HF (v′ = 0) had a thermal rotational temperature suggesting a TD origin, 

and HF (v′ = 3) was slightly superthermal.  On the other hand, branching into rotationally 

hyperthermal and rotationally thermal product distributions was observed for HF (v′ = 1 

and 2).  The thermal products comprised a significant portion (70 - 80%) of the total HF 

(v′ = 1 and 2) population, indicating their ejection from the surface after rotational 

relaxation but before vibrational relaxation, which is consisted with the relative 

timescales of these events.  The nonthermal channel was assumed to produce excited HF 

via the IS mechanism.  These conclusions were supported by QM/MM simulations of F 

scattering from H-SAMs carried out  by Troya et al. [131] and F scattering from squalane 

by Schatz et al. [135]. 

Exothermic scattering reactions were also studied by McKendrick et al. in experiments 

of O(3P) with liquid long-chain hydrocarbon squalene [45], the unsaturated analogue of 

squalane.  H-abstraction from allylic C=C-H bonds is considerably exothermic in 

comparison to H-abstraction from aliphatic C-H bonds, therefore its influence on the 

collisional dynamics could be studied by comparison to the well-established scattering 

from squalane (see above).  The energetically more-favourable H-abstraction reaction 

channel producing OH is in competition with the addition of O(3P) to the unsaturated 

sites.  The ratio of OH coming off surfaces of squalene and squalane was found to be 0.29 

± 0.03, indicating dominance of the addition reaction and suggesting that the double 

bonds are extensively exposed on the surface to the incoming oxygen atom.  The detected 

OH scattered from squalene was observed to be rotationally and vibrationally hotter than 

from squalane, but translationally colder.  The less energy partitioned into translation was 

a result of higher energy requirement for the geometric rearrangement on formation of 

the allylic radical, compared to formation of the alkyl radical in squalane.  The rotational 

distribution of OH scattered from squalene was shown to be bimodal with a thermal 

component resulting most likely from secondary accommodation of OH on the surface 

and nonthermal component that escaped the surface without trapping. 

Ground vibrational state OH was also studied as a scattered product of collisions of 

photolytically created hyperthermal (average laboratory-frame collision energy of 109 kJ 
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mol-1, with full width at half maximum of 50 kJ mol-1) O(1D) with squalane by 

McKendrick et al [46].  The rotational distribution of product OH(v′ = 0) was bimodal, 

with about 30% thermal and the rest hyperthermal.  The non-equilibrated rotational 

fraction was also correlated with hyperthermal translational energies, indicating a direct 

IS origin.  A large part of the rotationally thermal fraction also showed superthermal 

speeds, which dismissed their possible origin from TD mechanisms.  By comparison to 

the equivalent gas-phase reactions with smaller hydrocarbons, McKendrick et al. 

suggested that the rotationally and translationally hot products formed via nonstatistical 

insertion mechanisms, while the rotationally cold and translationally hot products formed 

via direct abstraction of hydrogen. The remaining small rotationally and translationally 

cold fraction was concluded to be the result of a TD mechanism. 

A series of reactive scattering experiments and MD simulations of protic acids (HCl, DCl, 

HBr and HCOOH) with pure and salty glycerol [20–22,26,33–36,122] and salty water 

[23,91,151–153] were performed by Nathanson et al.. These experiments sought to 

understand proton-exchange reactions happening on the liquid surfaces and used 

deuterium labelling to distinguish between the different types of proton-exchange events.  

Although the details of these experiments are beyond the scope of this review, some 

interesting dynamical details are worth presenting.  A significant fraction of the scattered 

products were inferred to result from TD-type interactions with glycerol.  Salty glycerol, 

with salt particles occupying sites on the surface, decreased the TD-formed product 

fraction by amounts depending on the identity of the salts included [20–22,35,36].  It also 

enhanced the interfacial proton exchange.  Whereas using salty water resulted in increased 

solvation of the incoming molecules and depleted the proton exchange channel [151]. 

1.3.4 Gas-liquid scattering as a probe of surface structure 

The surface of a liquid is a very dynamic environment.  The molecules lack long-range 

ordering and are in constant motion which can change their orientation or even transport 

to and from bulk on a sub-nanosecond timescale.  The properties of the surface also differ 

from those of the bulk due to breaking of the isotropic symmetry at the interface.  All of 

these factors make liquid surfaces difficult to characterise both experimentally and 

theoretically.  The theoretical methods have mostly involved MD simulations, as 

discussed extensively before.  Conventional experimental methods of studying the 

composition and structure of liquid surfaces include (but are not limited to) such surface-
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specific techniques as sum-frequency generation [154], transient grating [155], particle-

scattering methods (e.g., neutron [156], electron [157], and X-ray [158]), angle-resolved 

photoelectron spectroscopy [159], and direct recoil spectrometry [160].  However, as has 

been alluded to throughout this chapter, gas-liquid scattering experiments can also reveal 

information about the surface. 

The structure and composition of the liquid surface is one of the key factors controlling 

the dynamics of gas-liquid scattering.  As was shown in the experiments in Sections 1.3.2 

and 1.3.3, increasing the microscopic roughness of the surface by changing the 

constituent surface molecules or by raising the temperature of the liquid reduced the 

proportion of direct, inelastically scattered products [7,48].  Therefore, measuring the 

extent of thermal products, while accounting for other factors leading to thermalisation 

on the surface, could provide information about the surface roughness.  Reactive 

scattering studies had also provided more in-depth information about the surface 

structure, particularly the location of the reactive sites of the surface molecules.  The 

double bonds in the unsaturated long-chain hydrocarbon squalene were shown to be 

exposed to the incoming O(3P) projectiles [45] and secondary and tertiary carbons of the 

squalane molecules were shown to also be accessible on the surface despite the predicted 

over-representation of methyl groups occupying the outermost layers of the interface [50].  

The scattering experiments in which the liquid glycerol had been doped with salts showed 

that they congregated on the surface, effectively blocking access for the incoming gas 

projectiles [36].  These observations suggested that once the typical gas-liquid scattering 

dynamics had been characterised and understood, these same methods could, in principle, 

be developed specifically to probe the microscopic structure of unknown liquid surfaces.   

Donaldson et al. performed the first scattering interrogation of liquid surfaces by 

inelastically scattering  I2 molecules from a surface of the liquid crystal 4-cyano-4′-

pentylbiphenyl (5CB) [161].  This thermotropic liquid crystal changes phases from 

nematic to isotropic at temperatures of 35°C. The scattering from both phases were 

probed using LIF of I2.  Donaldson observed that the component of the scattered I2 

detected early had a low degree of internal excitation and was consistent with molecules 

scattered following only a few  collisions with the surface.  In contrast,  the later detected 

component showed a high degree of internal excitation which was dependent on the phase 

of the LC.  The isotropic structure scattered the I2 with internal state distributions similar 

to those observed by McCaffrey for I2 scattered from surfaces of PDMS [40–42], 
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implying similarity in structure.  The nematic phase however scattered the I2 with higher 

internal energies and their accommodation on the surface was highly dependent on the θi, 

suggesting microscopic roughness of the nematic phase surface. 

An extension of McKendrick’s O(3P) scattering from squalane experiments involved 

comparing collisional dynamics with other long-chained branched hydrocarbons 

(squalane, pristane) and long-chain linear hydrocarbons (n-docosane, n-tetracosane, n-

octacosane) [43]. The scattered product OH was detected by LIF.  The yield of OH was 

higher for the branched hydrocarbons than the linear ones, which was consistent with the 

number of available more-reactive secondary and tertiary carbon sites.  The yield across 

the linear chains decreased with the decreasing length of the chain; which was proposed 

to be explained by the molecules forming supramolecular structures with the chains 

oriented perpendicular to the surface.  This resulted in greater exposure of the primary 

carbons to the incoming O(3P) projectiles, which in turn increased for the shorter chains.  

This effect was similar to the “surface freezing”, in which an ordered layer forms at the 

surface of a liquid at temperatures slightly above its bulk freezing point, which in the 

scattering experiments was necessary to maintain a sufficiently low vapour pressure, 

established in independent studies [162]. 

The liquid surfaces whose structures have been perhaps the most extensively researched 

using both inelastic and reactive scattering techniques are those of room temperature ionic 

liquids (RTILs).  These liquids have seen important industrial applications and been the 

subjects of great scientific interest ever since their discovery by Paul Walden in 1914, as 

reviewed by Plechkova and Seddon [163].  RTILs are made of a typically large organic 

cation and an inorganic anion.  A characteristic of RTILs is that the component ions can 

be custom selected depending on the desired application.  Due to this freedom of design, 

studying the composition and structure of their surfaces is a field of growing interest, and 

multiple techniques have been employed so far [154,156,158–160]. In recent years, 

inelastic and reactive scattering techniques have also been used to study surfaces of RTILs 

and the results will be discussed here. 

Nesbitt et al. studied the inelastic scattering of NO and CO2 [164] and NO [165,166] from 

surfaces of 1-butyl-3-methylimaidazolum cation ([C4mim]+) based RTILs with different 

counter anions.  These experiments reported that the extent of the TD fraction of scattered 

products was dependent on the identity of the anion, indirectly connected to their 

occupancy on the surface. Further studies which involved CO2 [167] and NO [168] 
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scattering from methylimidazolium cation based RTILs that included a range of alkyl 

chain lengths ([Cnmim]+) showed that the assigned TD fraction was directly proportional 

to the length of the alkyl chain. 

However, this dependency was studied much more incisively by McKendrick et al. using 

photolytically formed O(3P) and LIF detection of scattered OH products [44,86,169] and 

Minton et al. using laser-detonation-formed beams of O(3P) and MS detection of the 

scattered OH reactive products [170].  These techniques have been named RAS-LIF and 

RAS-MS, where “RAS” stands for “reactive atom scattering”.  The two studies were 

complementary to each other, the photolytically created O(3P) having collision energies 

that made tertiary and secondary carbons preferentially susceptible to H-abstraction, 

whereas the higher energy O(3P) could reasonably be assumed to react with all C-H sites 

equally.  The studies showed that the alkyl chains tend to occupy the surface, but not 

saturate it completely even for the longest studied C12 chains.  Further studies performed 

by the two groups together showed that using anions of different sizes resulted in different 

surface packing, with bulkier anions reducing the alkyl chain coverage more than smaller 

ones [118].  In other joint studies, the lengths of the alkyl chains and the nature of the 

anion was kept constant, but two differently sized cation “heads” were used [117].  It was 

observed that the size of the cation head had effectively no bearing on the yields of the 

scattered products for a series of common alkyl chain lengths, indicating that the heads 

were “hidden” beneath the outermost layers of the liquid.  The most recent studies done 

by the two groups were of the surface packing in RTILs made of mixtures of two cations 

with substantially different chain lengths, with a common anion [116,171].  The alkyl 

surface coverage was found to not change proportionally to the stoichiometric ratio of the 

two cations, but rather that the longest chains occupy the surface preferentially even if in 

relatively low concentrations of the mixture. 

1.3.5 Previous studies of inelastic OH scattering from organic liquid surfaces 

Finally, we return to the most relevant experiments to the work presented in this thesis, 

which is a series of experiments performed in the McKendrick group on inelastic 

collisions of OH with surfaces of organic liquids.  The experiments have differed in the 

method of creation of the impinging OH radicals and the specific surfaces studied, but 

were united by the same detection using LIF techniques.  Each experiment will be 

discussed here to set the scene for the remainder of this thesis. 
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In the first such experiment [14],  OH was created from bulk photolysis of HONO at a 

short distance above the liquid surface.  The incident OH was translationally superthermal 

(average Ei ~ 54 kJ mol-1, measured in [172]) and rotationally near-thermal (Trot ~ 330 

K).  Detection via LIF occurred in the same region via a counter-propagating laser beam 

tuned to a desired rovibronic transition of OH.  The LIF signal was measured at a series 

of subsequent photolysis-probe delays to measure the TOF profiles of the scattered OH.  

Two liquids were used as target surfaces: reactive squalane and inert PFPE.  The 

inelastically scattered OH was found to form two distributions.  As in other related works 

above, the translationally and rotationally superthermal fraction was assumed to result 

from direct inelastic collision with the liquid surface in which the impinging molecule is 

rotationally excited via TRET upon collision.  The PFPE-scattered OH was found to be 

both rotationally and translationally hotter than squalane-scattered OH, which was 

consistent with the established view of PFPE surface being stiffer and less rough than that 

of squalane.  Additionally, the proportion of the translationally thermal fraction of the 

scattered OH was found to be higher on squalane (0.22 ± 0.02) than on PFPE (0.09 ± 

0.01), which also fits the established surface properties.  It was also found that compared 

to the collisions with PFPE, where essentially no loss of OH is assumed to occur, about 

half of the OH that collided with squalane did not survive the collision, presumably 

forming H2O via H-abstraction, which was undetectable in this experiment. 

The next experiment [15] used the same method of formation and detection of OH as the 

previous one but broadened the scope of the liquids tested to include the unsaturated 

branched hydrocarbon squalene and oleic acid.  Similarly to the results in the previous 

experiment, most of the scattered products were shown to have undergone impulsive 

scattering with subtle differences in the product rotational and translational distributions 

that depended on the surface.  PFPE scattered OH with the highest translational energies, 

squalane with the slowest, and the other two liquids with intermediate values, which 

followed the accepted relative stiffnesses of these surfaces.  However, the rotational 

excitation of the scattered products did not follow the same straightforward trends.  

Squalane caused the least rotational excitation.  The other three liquids were found to 

scatter OH with similar rotational energy distributions.  The simplest interpretation would 

be to deem squalane rougher (referring to the anisotropy of the surface seen on the 

molecular scale) and/or softer (referring to the ability of the surface to accept and dissipate 

the incoming projectile’s energy) surface than the other, relatively similar, three.  

Roughness has been correlated with rotational relaxation as it promotes multiple 
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collisions. Similarly, surface softness has also been correlated with rotational relaxation 

due to the enhanced dissipation of the collision energy into the surface. However, an 

investigation into the shapes of the squalane- and squalene-scattered OH TOF profiles 

showed a relative lack of the slowest components for squalene This could indicate a 

possible enhanced loss of thermally accommodated OH on the surface of squalene, 

presumably via an addition at the double-bond sites.  The survival probabilities of OH on 

the three reactive surfaces were found to be: 0.70 ± 0.08 (squalane), 0.61 ± 0.07 

(squalene), and 0.76 ± 0.10 (oleic acid). 

The third experiment [16] used a bulk photolysis method of an alternative precursor, allyl 

alcohol, to create rotationally and translationally superthermal OH (Trot ≈ 1900 K, average 

Ei ≈ 70-80 kJ mol-1).  The detection method from the previous experiments were retained.  

The liquids used were squalane, squalene and PFPE.  The results showed that the scattered 

OH probed at different photolysis-probe delays showed bimodal rotational distributions 

for all three surfaces, made up of thermal and hyperthermal channels.  The fraction of the 

thermal OH increased with photolysis-probe delay, showing a correlation between 

translational and rotational relaxation and indicating an increasing TD-component.  The 

rotationally superthermal OH products were associated with the IS mechanism.  

Comparison between the two reactive liquids again showed that more of the TD-

associated OH survives from surfaces of squalane than from squalene, suggesting an 

additional loss channel.  MD simulations confirmed the presence of exposed double 

bonds on the surface of squalene, as required for the proposed mechanism  for the 

additional loss of OH. 

The last experiment [17] to date involved creation of OH in a molecular beam via electric 

discharge of water seeded in beams of He (most probable Ei  ≈ 30 kJ mol-1) and Ne (most 

probable Ei  ≈ 7 kJ mol-1) and scattering it off surfaces of squalane, squalene, and PFPE.    

The dynamical investigation showed that OH with higher initial translational energy 

scattered predominantly in an IS manner from all three surfaces, with the OH products 

from PFPE being translationally hotter than from squalane and squalene.  The rotational 

distributions of the scattered OH were relatively similar between the three liquids and all 

fit a single Boltzmann temperature.  The subtle increase in Trot for OH scattered from 

squalene compared to squalane was observed just as in the previous experiments and 

could be associated with the loss of the thermal component on the surface through 

addition to double bonds.  The lower initial energy OH was observed to scatter with 
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roughly thermal rotational and translational energies, and definitive dynamical 

information could not be found.  The survival probabilities of OH colliding with the 

reactive surfaces were also measured and found to be 0.68 ± 0.04 (squalane) and 0.31 ± 

0.02 (squalene) for OH seeded in He, and 0.63 ± 0.06 (squalane) and 0.21 ± 0.02 

(squalene) for OH seeded in Ne. The survival of OH on squalene was seen to increase 

substantially with the increase in the collision energy (i.e., with He as the carrier gas), 

which is consistent with a negatively activated contribution to loss of OH through the 

addition to the double bond.  The positively activated behaviour expected for an 

abstraction mechanism OH on squalane was interestingly not observed. This  was 

rationalized by the increased possibility of trapping at these lower collision energies, 

which could lead to reaction after migration of the trapped OH to a more reactive site. 
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Chapter 2 - Experimental methods 

2.1 Introduction 

This chapter describes the experimental approach.  The general setup has already been 

published [19], however the following is a detailed description. In these experiments, OH 

or OD radicals were created in a molecular beam through an application of a short pulse 

of high voltage discharge to a pulse of H2O or D2O seeded in high pressure of inert carrier 

gas, helium.  This mixture was admitted into a vacuum chamber through a small nozzle 

causing a supersonic expansion.  The beam packet travelled toward a liquid surface 

created on a rotating steel wheel submerged in a bath of a given liquid, from which it 

eventually scattered.  At any chosen moment, the flying molecules were intercepted by a 

laser pulse formed into a sheet that propagated perpendicular to the surface of the liquid 

and parallel to the normal to the surface.  By tuning the wavelength of the laser, the LIF 

of the molecules was excited.  This allowed the pre- and post-collision molecules to be 

detected by imaging the emission with an image acquisition setup.  This consisted of a 

system of collection lenses, an image intensifier, and a camera.  Figure 2.1 shows an 

overview of the experimental set-up and Figure 2.2 shows a schematic of the inside of the 

main chamber.  Both figures show the chamber from the same perspective. 

The sections of this chapter detail the vacuum chamber system, the liquids that were 

studied, the means of creation of the molecular beam and the OH/OD radicals in it, the 

detection system and the types of the experimental outputs collected.  This setup was used 

to collect the OD scattering data found in Chapter 3.  Parts of the experiment were 

changed to improve the experimental outcomes before collecting the OH scattering data 

found in Chapter 5.  Some of these changes were very minor and are mentioned in this 

chapter.  Major alterations that required testing and optimisation are briefly mentioned 

here and properly described in Chapter 4.  Despite both OH and OD radicals being used 

in the experiments, “OH” was used in the text to indicate both for simplicity. 
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Figure 2.1: A photograph of the experimental chambers.  The load lock chamber is on 

the left and the main scattering chamber is on the right, with the gate valve separating 

the two.  The camera and the wiring of the image intensifier can be seen at the top of the 

main chamber. This would normally be covered by black cloth when running the 

experiment. 
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Figure 2.2: A schematic diagram of the inside of the main chamber during a scattering 

experiment shown from the same perspective as the photograph in Figure 2.1.  The 

radical beam packet and the scattered plume are marked in blue.  The region of the 

probe is shown in red as the cross section of the laser sheet.  In this perspective, it 

travels into the plane of the page. 

2.2 The need for vacuum environment 

The experiments were performed in vacuum, as is standard in many collisional dynamics 

experiments.  The nominal background pressure during the operation of the pulse valve 

was sufficiently low for the mean free path of the admitted gas mixture to exceed the 

dimension of the main chamber, as shown in Section 1.3.1.  This ensured the particles in 

the molecular beam and scattered from a liquid surface did not interact with any 

background gas molecules and hence retained the dynamical information of their collision 

with the liquid surface.  The experimental setup consisted of two stainless steel chambers 

connected via a gate valve.  The main chamber (MC) was spherical in shape and housed 

the molecular beam assembly and the detection setup.  The load lock chamber (LLC) was 
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cylindrical in shape and normally housed the bath assembly.  The chambers were pumped 

down by two separate systems of pumps.  Each consisted of a turbo pump (Edwards STP-

A1303C for the MC and STP-301 for the LLC) mounted at a right-angle elbow to the 

bottom of the respective chamber.  This prevented the turbo pumps from being damaged 

from potentially spilled liquid. Backing lines connected the turbo pumps to dry scroll 

pumps (Edwards XDS 35i for the MC and XDS 10 for the LLC).  Each backing line was 

equipped with a valve (Edwards SP Speedivalves) which allowed for a separation of the 

running scroll pumps from the rest of the chamber.  In order to bring the system under 

vacuum, first the two chambers were isolated by the gate valve and the scroll pumps were 

turned on.  This process, commonly referred to as “roughing”, brought the chamber 

pressure down to between 10-2 and 10-3 mbar.  Once that was achieved, the turbo pumps 

were engaged to bring the chamber to base pressures of between 10-6 and 10-7 mbar, 

depending on the chamber.  Afterward, the gate valve was opened slowly, and the 

pressure equalized across the system.  To bring the chambers back to atmosphere when 

required, the pumps were stopped in the reverse order and dry nitrogen was introduced 

via vents.  Sufficient care was taken to avoid external contamination during and after this 

process.  Active wide-range gauges (Edwards WRGS-NW35) were used to monitor the 

pressures in each chamber separately. 

Either of the two chambers could be vented separately if the gate valve was closed.  This 

was particularly useful for accessing the bath assembly retracted into the LLC.  A quick-

access door sealed with an O-ring located at the top of the LLC allowed for changing the 

studied liquids without having to vent the whole system.  This meant that the bath 

assembly had to be moved from the LLC to the MC for the scattering measurements to 

take part.  Rails were mounted in both chambers to allow that.  The full description of the 

bath assembly and rails system can be found further in Section 2.3.1 

The imaging assembly, described in detail in Section 2.7, was mounted on the top flange 

of the MC.  The inside of the chamber could be viewed via either of two viewports 

mounted at a 45° angle from the top of the chamber.  This allowed the user, for example, 

to make checks on the alignment of the rotating wheels or whether the discharge was 

striking or not.  Two 21 cm long arms mounted with quartz fused silica windows at each 

end were placed horizontally and opposite each other to allow for the probe laser sheet to 

propagate at controlled distances in front of the rotating wheels.  The molecular beam 

assembly could be mounted onto one of three ports attached horizontally to the MC.  
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These were carefully positioned so that the beam’s angle of incidence with respect to the 

liquid-covered wheel was set to 0°, 30° or 45°.  Moreover, the focus of these three ports 

was found exactly in the centre of the chamber (which coincided with the location of the 

liquid surfaces during experiments).  The port nearest to the one occupied by the 

molecular beam assembly was used to mount the feedthroughs for the electrical 

connections to the molecular beam valve and the discharge components. 

2.3 The choice and creation of a liquid surface 

The selection of appropriate liquids from among those of interest (see Section 1.2) to form 

the gas-liquid interface was severely limited by the constraints posed by the vacuum 

environment.  Only liquids that did not evaporate into the gas-phase at the experimental 

pressures could be used.  As such, liquids with low melting points and with vapour 

pressures lower than the operating pressure were used.  The prolonged exposure to 

impinging gas molecules and background gases could also result in adsorption of 

contaminants and, in case of reactive liquids, accumulation of reaction products on the 

surface.  Special consideration should therefore be placed on the method with which the 

flat, vertical layer of liquid was created, so that the surface would be refreshed throughout 

experiments.  In this work the chosen liquids were squalane, squalene and 

perfluoropolyether (PFPE) and the surface creation method of choice was the rotating 

wheel technique.  The details about the liquids and the method are described below. 

2.3.1 The liquid surfaces 

Two long-chain hydrocarbons: squalane (2,6,10,15,19,23-hexamethyltetracosane) and 

squalene ((6E,10E,14E,18E)-2,6,10,15,19,23-hexamethyltetracosa-2,6,10,14,18,22-

hexaene) were used in this work.  These liquids can be thought to mimic some of the 

functionalities that are found on the surfaces of secondary atmospheric aerosols, which 

undergo considerable change upon oxidation by hydroxyl radicals (see Section 1.2).  

Squalane and, to a much lesser extent, squalene were used as liquid surfaces of choice for 

a wide range of previous gas-liquid interface studies (see Section 1.3), which made them 

perfect candidates to use in developing a new experimental technique.  Furthermore, their 

low melting points and low vapour pressures made them suitable for study in vacuum. 

Both liquids are reactive toward OH and capable of undergoing hydrogen abstraction 

(both squalane and squalene) or addition across the double bond (squalene only) [17].  
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Additionally, PFPE was used as a reference liquid as it was inert to OH radicals. This 

allowed studying surface-dependent effects in the experiments.  It also helped to account 

for the day-to-day differences in the detected OH signal size due to changes in 

experimental conditions.  The structure of the liquids studied can be seen in Figure 2.3. 

Details of their physical properties can be found in Table 2.1. 

 

Figure 2.3: The structure of the liquids used: PFPE (black), squalane (red), squalene 

(blue). 

Liquid Source Purity 
Vapour pressure at 

298 K / Torr 

Melting 

point / K 

Density / 

gL-1 

PFPE (Krytox 

1506) 
DuPont n/a ~10-7 

213 (pour 

point) 
1880 

Squalane Sigma-Aldrich ≥ 99% ~10-7 235 810 

Squalene Sigma-Aldrich ≥ 99% ~10-7 198 858 

Table 2.1: Key properties of the liquids studied. 
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The composition of the surface of a liquid could be affected by contamination, therefore 

purity was essential.  The liquids as provided by the suppliers were of sufficient chemical 

purity, they did, however, undergo an extensive degassing under vacuum to remove any 

dissolved gases or other volatile compounds.  This occurred during the roughing of the 

chambers with the scroll pumps, usually as the pressure fell below 1 mbar.  This degassing 

process was controlled by adjusting the throughput of the Speedivalve located on the 

backing line of the LLC turbo pump.  Great care was given to avoid violent degassing 

that would result in bubbles bursting and spilling the liquids inside the LLC, leading to 

loss of liquid, contamination of the apparatus and potentially even cross-contamination 

between liquids.  The potential issue of accumulation of contaminants arising from 

experimentation was solved with the continuous refreshment of the surface, as detailed in 

the next section. 

2.3.2 The rotating wheels assembly 

The liquid surfaces were created using the rotating wheel technique pioneered by 

Lednovich and Fenn [88] and used in gas-liquid scattering experiments since their 

inception by Nathanson in the early 90s [29].  In the work in this thesis, a stainless-steel 

wheel, 5 cm in diameter, was immersed into a copper bath containing up to 5 mL of a 

given liquid.  An axle was attached to the wheel and its rotation was driven by a motor 

(Phytron VSS Stepper Motor VSS42.200.2.5) at a typical rate of 0.5 Hz.  The rotation of 

the wheel caused the liquid to coat its front with a continuously refreshed layer creating 

a macroscopically flat surface positioned vertically in the laboratory frame.  The constant 

refreshing prevented any build-up of contamination on the surface due to exposure to the 

incoming OH radicals from the molecular beam.  The copper bath rested on a copper 

heating block containing a cartridge heater (Watlaw Firerod cartridge heater, G1E93-

G10J84T) that allowed the bath and the liquid to be heated to a desired temperature. 

Cooling down of the assembly back to room temperature was achieved by letting the heat 

dissipate via thermal conductivity, as the heating method did not allow for active cooling.  

A series of thermocouples were used to monitor the temperature of the bath and the 

motors. 

Two separate sets of copper baths, each with its own wheel, motor, and heating block, 

made up the whole bath assembly.  The two baths were mounted next to each other on a 

translation stage that itself was mounted on a static platform.  This setup was then placed 
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on the rails inside the LLC.  Figure 2.4 shows the bath assembly taken out of the chamber.  

The bath assembly could be moved across the translation stage with the use of a wobble 

stick rotary pincer (MDC Vacuum Products llc., DG-275, 150 mm) without having to 

vent the chamber.  This allowed the user to in situ change which liquid would be in-line 

with the molecular beam and hence exposed to the incoming gas molecules.  The bath 

assembly was pushed into the MC and retracted back into the LLC with a linear motion 

power probe (Kurt J. Lesker, PP-306-H, 620 mm) along the static rails placed in each 

chamber.  The gap between the chambers in which a closed gate valve would reside was 

bridged by an additional set of rails attached to the bottom of the bath assembly.  At full 

extension, the mechanical arm was set to place a liquid surface in the centre of the MC 

where the focus of the three molecular beam ports was.  This ensured that regardless of 

the molecular beam’s angle of incidence, the radicals will impact the same point on a 

liquid surface.  The linear probe was placed on the same axis as the normal incidence 

molecular beam so that the distance between the surface and the probe laser sheet could 

be adjusted without altering the point of impact of the molecular beam on the surface. 

During experimentation, one of the baths would contain a reactive liquid (squalane or 

squalene), whereas the other would contain the inert reference liquid (PFPE).  To change 

the reactive liquid, the LLC was isolated from the MC with the gate valve, vented, and 

the wheel assembly was taken out for thorough cleaning with methanol and acetone in a 

sonicator to eliminate cross-contamination.  Once cleaned and back in the chamber, a new 

sample of liquid was introduced to the bath with a syringe.  In principle, the inert PFPE 

did not have to be replaced as regularly, however there was a risk that the motion of the 

bath assembly side-to-side with the wobble stick or a violent degassing could result in 

some of the liquids spilling from one bath to another.  As such, the PFPE bath was cleaned 

in parallel with the reactive liquid bath and the liquid was replaced with a fresh sample. 
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Figure 2.4: A photograph of the bath assembly showing the double bath arrangement. 

2.4 The molecular beam of OH radicals 

In general, a molecular beam is formed by passing a gas from a region of high pressure 

(P0) to a region of low pressure (Pb) through a small orifice.  The size of the aperture and 

the pressure difference governs the behaviour of the formed beam.  Provided the ratio 
𝑃0

𝑃𝑏
 

is higher than a critical value, G  ̧defined as: 

𝐺 ≡ (
𝛾 + 1

2
)

𝛾
𝛾−1

 

(Equation 2.1) 

where  is the specific heat ratio of the flowing gas, the beam will expand supersonically 

into the low-pressure container and the particles in the beam will travel in approximately 

the same direction with approximately the same speed in what is called a “free jet”, i.e., 

without colliding with each other beyond the collisional expansion zone [111].  The 

critical value, G, is less than 2.1 for all gases.  This technique can be used to form beams 

of atoms, radicals, molecules, or ions, which are usually mixed with (“seeded in”) 

substantial quantities of an inert carrier gas.  Typically, a molecular beam would be made 
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mostly of a carrier gas.  In such a beam, the mass of the carrier gas determined the speed 

of the molecules and the control over the speed could then be enacted by changing the 

type of gas or by mixing two gases to produce a beam with intermediate speeds otherwise 

inaccessible with pure carrier gases.  A presence of a high density of a carrier gas also 

prevents clustering of condensable molecules which occurs in neat or rich mixtures.  This 

was important in the experiments in this work as water is known to form just such clusters 

[173].  Noble gases are amongst the most common carrier gases in use.  They are highly 

inert which prevents any interaction with the studied gas molecules. 

2.4.1 The molecular beam assembly 

In this experiment, the high-pressure gas mixture of water (or deuterated water, see further 

on) and helium was admitted to the main chamber by a pulsed valve (General Valve series 

9) through a nozzle faceplate with a 1 mm orifice.  The valve was attached to a circular 

aluminium holder, which was mounted on four steel support rods attached to a flange, so 

that the opening of the nozzle was 180.0 ± 0.5 mm away from the liquid surface for data 

presented in Chapter 3 and 176.0 ± 0.5 mm for data presented in Chapter 5.  This flange 

was in turn attached to one of the three ports of the MC, depending what angle of 

incidence with respect to the liquid surface was studied.  The valve was connected to the 

gas source via a stainless-steel gas line that went through an in-built feedthrough on the 

flange.  The gas pulse duration and activation time were regulated by a control box (Iota 

One Pulse Driver, General Valve Corporation) which was connected to the valve through 

wires running through feedthroughs on a flange attached to a port nearby the one the valve 

flange was mounted on. 

A mixture of distilled H2O (or 99.9% purity D2O, Cambridge Isotope Laboratories, Inc., 

for OD creation) mixed with high pressure of helium (CP grade, 99.99%, BOC) was used 

in experiments presented in this work.  The water was a stable precursor to OH, which 

was created in the molecular beam via an electric discharge (described below).  Circa 10-

15 g of water was placed inside a small glass container enclosed in a sealed stainless steel 

CF40 T-piece.  An inner gas tube was passed through a soldered feedthrough at the top 

flange of the piece.  This tube terminated in a Swagelok fitting to which a cap with a 0.5 

mm hole drilled through its centre was attached.  This was submerged into the water, 

which allowed the carrier gas to bubble through the liquid.  Assuming the water reached 

its saturation vapour pressure, this provided a mixture of approximately 3% water (at 
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atmospheric pressure).  The He backing pressure was set typically to 3 bar for all 

experiments.  The resulting high pressure gas mixture was passed to the gas valve, which 

admitted 300-500 μs long pulses into the MC, where it expanded supersonically forming 

a free jet with a wide angular range.  A 2 mm in diameter skimmer mounted onto an 

aluminium holder and secured on the support rods in-line with the valve collimated the 

beam down to a desired size.  Because of the size of the free jet, a 14 × 14 cm square “gas 

baffle” made of several layers of aluminium foil in a rectangular shape was attached to 

the skimmer holder to prevent any gas from passing around the holder.  The positioning 

of the skimmer was crucial to achieving a well-collimated beam.  Bianchini found the 

optimal position to be ca. 40 mm from the last constraining element of the discharge 

device to the tip of the skimmer [18], and this was used for the data presented in Chapter 

3.  For the data in Chapter 5, the skimmer was positioned so that its tip was 44 mm from 

the end of the discharge device.  The width of the beam in the probe region was measured 

directly from the images as explained in Chapter 3. For the data in Chapter 5, an additional 

collimator placed downstream from the skimmer was used to further limit the size of the 

molecular beam.  The description of the collimator and the testing done to find its optimal 

position and aperture size can be found in Chapter 4.  Figure 2.5 shows some of these 

instruments as they were seen from the top of the MC. 
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Figure 2.5: A photograph taken from the viewport mounted toward the top of the MC. 

The individual components are labelled on the side.  The secondary collimator and the 

tungsten filament were added after the experiments found in Chapter 3 were concluded 

and are described in Chapter 4. 

2.4.2 Creation of OH radicals in the molecular beam 

The method of creating the OH radicals and directing them at liquid surfaces had 

undergone several changes throughout the previous iterations of related experiments in 

the McKendrick group.  The initial method did not involve a molecular beam at all, but 

rather admitted a precursor gas (HONO [14,15] or allyl alcohol [16]) through a leak valve.  

A pulsed laser beam was passed at a specified distance in front of the liquid covered wheel 

which photolyzed the precursor.  The resulting OH radicals were detected by a counter-

propagating probe beam before and after scattering off the liquid surface.  This “bulk 

photolysis” method proved useful for creating radicals with very high average kinetic 

energies (54 kJ mol-1 for HONO, 70-80 kJ mol-1 for allyl alcohol).  However, the radicals 

created travelled toward the surface with a broad distribution of speeds and internal states, 
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which was not ideal for dynamical studies of gas-liquid scattering.  To overcome this, the 

next iteration of the experiment used a molecular beam setup in which the OH radicals 

were created by pulsed laser photolysis at the throat of the expansion of the molecular 

beam into the chamber.  Several precursor molecules were used, with a 1% allyl alcohol 

in rare gas mixture being most successful in creating rotationally cooled packet.  

However, this technique failed to create sufficiently high and reproducible OH densities 

to be used reliably.  The next iteration proved successful and is the method used in this 

work and described below.  It combined the molecular beam setup with a discharge 

method of radical creation. 

In general, an electric discharge occurs when an electric field is applied through a medium 

such as a gas at sufficiently high voltage gradient to cause electrical breakdown at a given 

pressure.  In the case of this experiment, the electric field was formed between two 

electrodes positioned downstream from the pulsed valve by keeping one at ground and 

applying a short 10 μs negative high-voltage (HV) direct current (DC) pulse to the other 

at some point into the gas pulse.  This meant that out of the whole packet of water 

introduced into the chamber, only a small part was discharged and produced hydroxyl 

radicals.  A custom-built device, referred to as the “discharge device”, was created to 

facilitate this process. 

The schematic of the device and its position in relation to the nozzle is shown in Figure 

2.6.  The design is based on that reported in Ondřej Tkáč’s thesis [174] and its detailed 

description can be found in Robert Bianchini’s thesis [18].  It consisted of two small, 

isolated, cylindrical stainless-steel electrodes enclosed in a cylindrical Teflon casing that 

was attached to the valve faceplate with two threaded Teflon rods.  A matching cylindrical 

Teflon plate capped the device.  Each part of the device had an aperture in its centre that 

were all aligned with each other and with the aperture of the nozzle.  Multiple designs of 

several of the parts of the device were tested and optimised by Bianchini and the process 

is touched upon in Section 3.3.1, the following description is based on the most optimal 

design.  The electrode closest to the faceplate, called the “grounding electrode”, had a 1 

mm diameter cone-shaped nozzle and a Kapton wire attached to a metal tag soldered onto 

its body.  It was connected, via a feedthrough in the flange attached to one of the MC’s 

ports, to a copper pipe to ground it.  This electrode was separated from the valve nozzle 

by a Macor® ceramic insulator which also had a 1 mm diameter orifice.  The other 

electrode, called the “front electrode”, had a 2 mm diameter orifice with rounded edges 
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on both sides.  A Kapton wire was connected to it with a spade connector attached with a 

bolt.  This was connected, again through feedthroughs in a similar fashion to the other 

electrode, to a PMT power supply (Bertan model 353) which applied high negative 

voltage DC pulse to the front electrode.  The two electrodes were separated with a 

Macor® ceramic spacer that had a 3 mm orifice through it.  The Teflon casing held the 

two electrodes and the two insulators.  The Teflon cap that enclosed the device on the 

downstream side had a 12 mm long, 2 mm diameter tunnel through its centre.  The tunnel 

then opened into a 5 mm long cone that culminated in an opening 6 mm in diameter.  The 

openings in the centres of all the parts of the discharge device created an enclosed 

passageway within which the discharge occurred, and which elongated the region within 

which collisional cooling of the beam molecules occurred. 

 

Figure 2.6: A schematic diagram of the discharge device.  The constituent pieces were: 

gas valve nozzle faceplate (1), ceramic insulators (2), ground electrode (3), Teflon 

casing (4), front electrode (6), Teflon front cap (here shown with only the conical 

opening, 7). 

When the chamber was under vacuum and the pulse valve was operating, an electric 

discharge was initiated by applying the HV pulse to the front electrode.  The discharge 

remained active until the supply of the negative voltage was stopped or the local pressure 

dropped upon closing of the valve, whichever came first.  This kind of pulsed discharge 

was achieved by connecting the front electrode to a fast switch (PVX-4140, Directed 

Energy, Inc.) that switched between the PMT power supply, and another power supply 

(Fluke model 412B) that was set to ground.  In the passive state, the front electrode was 

set to ground and the switch to the negative voltage occurred upon an external trigger.  
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For water seeded in He, the negative voltage pulse was typically set to about -2 kV. This 

was typically set to trigger 140 μs (data in Chapter 3) or 100 μs (data in Chapter 5) after 

the opening of the pulse valve and for a period of 10 s.  In practice, the discharge often 

did not strike precisely at the start of the trigger pulse (latency in the gating of the fast 

switch device notwithstanding), but rather up to a few microseconds later, resulting in 

pulses with periods of 7 μs on average, starting 3 μs after the fast switch trigger pulse. 

This is elaborated on in Section 4.5.1. 

Typically, an external source of electrons is needed to achieve stable discharge pulses 

(defined as discharge striking on every trigger pulse and remaining active for the whole 

duration of the pulse) of such short length as used here [175].  In practice, the thermionic 

emission from the filaments that were part of the Edwards wide-range gauges usually 

proved sufficient to facilitate the discharge striking, provided the gauges were close 

enough to the discharge and had a clear line of sight to its opening.  However, this was 

not always reproducible, and a tungsten filament was installed near the discharge exit to 

provide a much more reliable source of seeding electrons.  The details of this method are 

presented in Section 4.5.1. 

Discharging water to create the OH radicals may have posed a potential scientific issue. 

Proof-of-concept experiments were not fully conclusive on whether atomic oxygen (most 

likely O(3P)) was also produced.  This would have been problematic, as previous 

experiments done within the McKendrick group proved that OH is the primary product 

of high energy collisions of O(3P) with hydrocarbon surfaces (such as squalane and 

squalene) [47].  This meant that there was potentially a second source of OH molecules, 

that would be detected together with the inelastically scattered OH.  The detection setup 

was unable to distinguish between the two; however, if OD radicals, generated by 

discharging D2O, were used instead, any additional OH would not contribute to the 

scattered OD signal.  This was indeed the approach used to collect the data found in 

Chapter 3.  However, this presented some issues with the detection system, outlined in 

Chapter 4, and therefore the data found in Chapter 5 was collected using beams of OH 

molecules, having by that stage confirmed that any contribution from O(3P) reaction was 

negligible. 
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2.5 The detection method 

The method with which the pre- and post-collisional hydroxyl radicals were detected was 

based on exciting their LIF.  The molecules were intercepted with a laser tuned to a chosen 

rovibrational transition and the images of the emission were captured with an imaging 

apparatus.  The detection system was designed to preserve the spatial resolution of the 

fluorescence photons and with that, the positions of the OH radicals at the moment of 

emission. 

2.5.1 Theory behind the setup – laser-induced fluorescence 

Laser-induced fluorescence (sometimes also known as “laser stimulated fluorescence”, 

particularly in non-chemistry, non-physics fields of study) is a spectroscopic method first 

used to study the rovibrational structure of certain molecules in their ground state 

developed by Zare et al in 1968 [176].  It can also be used for detection of low quantities 

of those molecules and, in case of application in this work, studying the rotational 

population of a packet of molecules.  In general, LIF is a process that involves excitation 

of a molecule from one of its rovibrational states in the ground electronic state to an 

excited rovibronic state via absorption of a laser photon, followed by spontaneous 

emission of a fluorescence photon accompanying relaxation down to the ground state.  

LIF only works for molecules with known spectra which have a sufficiently strong 

absorptions in the range of wavelengths of the excitation laser.  High fluorescence 

quantum yield is also required for obtaining detectable signals.  Pre-dissociation in the 

target excited state prevents LIF from occurring.  Various molecules meet those 

conditions; in particular to our experiment, OH and OD in their low rovibrational states 

are compatible with LIF.  Apart from its wide applicability, LIF is essentially a 

background-free technique, which is a major advantage.  These properties resulted in LIF 

becoming a popular technique for studying the rovibrational structure of molecules and 

is well suited for studying collisional dynamics by examining the differences in the 

internal energy distribution of pre- and post-collision molecules. 

The average length of time the molecule remains excited is referred to as “fluorescence 

lifetime” and is typically in a range of nano- to microseconds in useful applications.  

While excited, the molecule may undergo a non-radiative relaxation (dissipation of 

energy via collisions with solvent or surrounding gas molecules) to the ground 

rovibrational state of the excited electronic state before fluorescing down to the ground 
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state.  The final rovibrational level of the ground electronic state may also be higher than 

the initial one.  Because of those factors, the emitted fluorescence photons are most often 

lower in energy (i.e., have longer wavelength) than the initial excitation photons, a 

phenomenon that is called Stokes shift. 

The initial excitation occurs only if the absorbed photon is of energy equal to the energy 

gap for an allowed transition between specific levels of the upper and ground electronic 

states.  The detected quantity in a LIF measurement is the intensity of the fluorescent 

light, either total or isolated for a particular emission band, which is usually collected at 

right angles to the excitation laser beam.  The efficiency of each transition, i.e., the 

strength of the signal, depends on the population of the ground state as well as the so-

called “intensity factors”, which include the Franck-Condon overlap between the ground 

and the excited vibrational levels and rotational line strengths.  Provided the laser used 

has sufficiently narrow bandwidth, individual transitions can be excited.  Moreover, using 

a tuneable laser allows a series of transitions to be accessed and plotting the resultant LIF 

signal against photon energy (or more commonly simply the wavelength of the laser) 

creates a LIF excitation spectrum.  Comparing excitation spectra of molecules before and 

after collision with a surface, while accounting for the line intensity factors, is a good way 

of studying the change in rotational population caused by the collision and helps in 

determining the dynamical mechanisms of scattering. 

Traditionally, LIF is used with cylindrical probe-laser beams and the fluorescence signal 

is collected with optical lens systems or liquid light guides and the total intensity detected 

with a light-detecting devices like photodiodes (PDs) or photomultiplier tubes (PMTs).  

As discussed in Section 1.3, a combination of a liquid light guide and a PMT has been 

successfully used by the McKendrick group to study gas-liquid scattering dynamics.  

However, these measurements do not provide any vectorial information (the speed or the 

direction) of the scattered molecules.  Traditionally, these were measured with mass 

spectrometry (see Section 1.3), however they can also be measured by expanding the 

normally cylindrical probe beam into a sheet and detecting the fluorescence emission 

intensity, and hence the state-resolved molecular number density, with retention of its 

two-dimensional spatial distribution, as was done in this work.  This technique is known 

as planar-LIF (pLIF) or 2D-LIF and has been introduced in Section 1.2. 
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2.5.2 OH Spectroscopy 

As described in previous sections, the initial measurements were done with OD radicals 

as the collider, which were later substituted with OH radicals.  Both species are good 

choices for detection via LIF as they meet the requirements outlined in Section 2.5.1.  

Namely, they have advantageous short fluorescent lifetimes (about 700 ns) and do not 

pre-dissociate upon excitation into the rotational levels probed in the experiments.  

Regardless of the species used, the A 2+ - X 2i electronic transition was probed.  The 

excitation occurred on the off-diagonal (1, 0) band in the laser wavelength range of 287 -

289 nm for OD and 282-283 nm for OH.  The subsequent fluorescence emission was 

detected on the diagonal (1,1) band in the wavelength of 311 – 313 nm for OD and 313 – 

316 nm for OH with the imaging assembly and an external photodiode (see Section 2.7).  

Detection at a different wavelength than the emission prevented the scattered probe light 

from being detected and obscuring the desired LIF signal.  Only transitions with N ≤ 8 

were measured for the OD radical and with N ≤ 5 for the OH radical due to low signal 

sizes, as a result of low populations, beyond those levels. 

The spectroscopy of the OH and OD radicals is very similar, the only difference stemming 

from the higher reduced mass of OD, which affects the energy of the vibrational and 

rotational levels via its effect on the frequency of vibrations and moment of inertia, 

respectively.  However, this change is limited to just the magnitude of these parameters 

and the general description of the energy levels and transitions between them is the same.  

For simplicity, the following section will describe the spectroscopy in terms of the OH 

radical only. 

Due to its open shell nature, the total electronic angular momentum (AM) of an OH 

radical in its ground state is non-zero and so the total AM of the molecule (F) does not 

stem purely from the rotational and spin AMs of the nuclei (R and I, respectively).  Apart 

from the present total electronic spin AM (S), some states of OH also have a non-zero 

total electronic orbital AM (L).  Depending on the specific state, the various AMs can 

couple together based on the strength of their interactions and subsequently “split” the 

states.  Limiting coupling schemes known as Hund’s cases are used to model the coupling 

in diatomics [177] and will be used in this section to explain the rotational structure of 

the ground and first excited states of OH.  It is important to note at this point that any 

coupling with the nuclear spin (I) will be ignored, as the resultant hyperfine effects are 
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negligibly small relative to the achievable resolution in this work.  For ease of reference, 

the denotations for the various angular momenta and their projections on the internuclear 

axis are tabulated in Table 2.2. 

Type of angular momenta in 

diatomics 
Associated vector symbol 

Projection onto the 

internuclear axis 

AM due to the electrons orbital 

motion 
L  

AM due to the internal spin of 

electrons 
S  

Total AM due to electronic 

motions 
n/a  

AM due to the rotation of the 

nuclei 
R n/a 

Total AM excluding nuclear 

spin 
J n/a 

Total AM excluding nuclear and 

electronic spin 
N n/a 

Table 2.2: The notation of the angular momentum types and their projections onto the 

internuclear axis (if existing) in diatomic molecules. 

What follows is a detailed description of the rotational energy level structure of the 

ground and first excited states of OH as well as the transitions between those states.  For 

ease of reference, a diagram of the structure with indicated transition is presented here in 

Figure 2.7 before the description. 
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Figure 2.7: Energy level structure of the ground (X 2i) and first excited (A 2+) states 

of OH and main-branch A – X transitions for OH arising from the same N level in the 

ground state (N = 3).  Λ-doubling in the ground state and spin-rotation splitting in the 

excited state were shown exaggerated for clarity.  Figure taken from [178]. 
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OH in its ground electronic state (X) is an open shell molecule with electronic 

configuration (1σ)2(2σ)2(3σ)2(1)3.  The single unpaired electron results in the total spin 

quantum number (S) of 1/2 and spin multiplicity (2S+1) of 2.  That electron is in a -type 

orbital, which gives a  value of 1.  Therefore, the resulting term symbol for ground state 

OH is 2i.  The coupling in this state is best described as an intermediate between the 

Hund’s cases (a) and (b) for low rotational levels and as Hund’s case (b) for higher ones, 

therefore both will be outlined below.  The Hund’s case (a) is a good model for molecules 

with strong electrostatic interaction between the electrons and the nuclei, relatively strong 

spin-orbit coupling and comparatively weak spin-rotation coupling.  The strong axial 

electrostatic interaction causes L to precess around the internuclear axis giving its 

projection along the axis a quantised, non-zero value ( ≠ 0).  This motion creates a 

magnetic field to which S couples, which means its projection along the internuclear axis 

is also quantised and non-zero ( ≠ 0).  These projections combine to give a value for the 

projection of the total electronic AM along the internuclear axis,  = | + |.  For an OH 

radical in its ground state, the  can have values of 3/2 or 1/2 ( = ±1,  = ±1/2), which 

gives rise to two spin-orbit manifolds of the ground state: 23/2 and 21/2, denoted as F1 

and F2, respectively.  Of these, the F1 state is lower in energy by about 126 cm-1.  This 

difference in energy causes the transitions in a sample in thermal equilibrium that 

originate from the F1 manifold to be more intense, e.g., at 300 K the ratio of population 

between the two manifolds is roughly 70:30 (taken from LIFBASE™ [179]).  The total 

AM J is the result of coupling of R and  and is constant in magnitude and direction.  

Therefore, J is a good quantum number for Hund’s case (a) diatomics.  Since the  value 

is non-zero, there are two possible ways the electrons can rotate around the internuclear 

axis leaving the states doubly degenerate.  However, the coupling of R and  lifts this 

degeneracy and makes each of the J levels split into two -doublet components.  Each -

doublet has a different parity (+ or -) and are labelled as e for parity of +(-1)J-1/2 or f for 

parity of –(-1)J-1/2.  Therefore, the parity alternates between J levels.  As result of both the 

spin-orbit coupling and the -doubling, each rotational J level in a ground state OH 

radical is split into four levels.  The magnitude of the spin-orbit coupling decreases as J 

increases.  Conversely, the difference in energy between -doublets increases with 

increasing J.  Therefore, for higher rotational levels spin-decoupling is observed and 

Hund’s case (b) becomes a better descriptor of the AM coupling in that system. 
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Hund’s case (b) is also characterised by a strong electrostatic interaction of nuclei and 

electrons, but contrary to the case (a), the spin-rotation coupling of S to R is stronger than 

the L-S spin-orbit coupling.  Such case is a good description for rotationally excited 

hydrides as well as states with  = 0, like the first excited state of OH (A), which has a 

configuration of (1σ)2(2σ)2(3σ)1(1)4.  The unpaired electron is in the 3σ orbital (S = 1/2, 

L = 0) which gives a term symbol of 2+.  In Hund’s case (b) diatomics, L and R couple 

to give the total AM of a molecule without the electronic spin (N).  N is therefore a good 

quantum number for case (b) diatomics.  S then couples to N to give the total AM J.  This 

results in a splitting of each rotational J level into two spin-rotation doublets: f1 (J = N + 

½) and f2 (J = N – ½).  The parity of those levels alternates with J as previously described. 

The one-photon selection rules determine if a given rovibronic transition is allowed or 

not.  The general rules applicable to OH radicals state that the total AM J should not 

change or change only by 1 and that only transitions between states of opposite parity are 

allowed: 

1) J = 0, ±1 

2) + ↔ - 

Further rules are applied for Hund’s cases (a) and (b).  Namely, the projection of the 

orbital AM onto the internuclear axis should not change or change only by 1 and that the 

transition is disallowed between states of different spin multiplicity. 

3)  = 0, ±1 

4) S = 0 

The Hund’s case specific rules (3 and 4) are satisfied by the A-X transition in OH radicals.  

Application of the selection rules results in six main branches and further six sub-

branches.  They are labelled, using nomenclature for Hund’s case (b) where N is a good 

quantum number: 

NfF(N)  

where N is the change in the total angular momentum minus electronic spin, F is the 

number of the manifold the transition arises from (1 or 2 for F1 and F2, respectively) and 



 

56 

f is the number of the spin-rotational level of the upper state.  N in parenthesis denotes 

the rotational level of the ground state the transition is initiated from.  For main branch 

transitions, f and F are the same due to parity selection rules, so only one need be used. 

As such, the shorthand notation of: 

NF(N) 

will be used for those transitions.  The sub-branches arise from transitions in which N ≠ 

J and can take values of -2, -1, 0, 1 and 2.  By convention, these are denoted with a 

letter; O, P, Q, R, or S, respectively.  The resultant twelve branches are listed in Table 

2.3.  The main-branch A-X transitions were illustrated in Figure 2.6 above. 

N Upper state spin-rotation doublet Lower state spin-orbit manifold Transition 

-1 f1 F1 P1(N) 

0 f1 F1 Q1(N) 

1 f1 F1 R1(N) 

-1 f2 F2 P2(N) 

0 f2 F2 Q2(N) 

1 f2 F2 R2(N) 

0 f2 F1 Q21(N) 

1 f2 F1 R21(N) 

2 f2 F1 S21(N) 

-2 f1 F2 O12(N) 

-1 f1 F2 P12(N) 

0 f1 F2 Q12(N) 

Table 2.3: Rotational transitions in OH. 
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2.6 The laser system 

The A-X (1,0) transitions require UV light to be excited.  This was provided by the 

frequency doubled output from a dye laser (Sirah Cobra-Stretch, CSTR-LG-24), in which 

the gain medium was an organic dye solution circulating through two quartz cells.  The 

dye laser was in turn pumped by the second harmonic (532 nm) of a pulsed Nd:YAG laser 

(Continuum Surelite II-10).  The vertically polarised output of the pump laser was split 

into three components using a series of mirrors and beam splitters to pump three different 

stages of the pulsed dye laser: the resonator, the preamplifier, and the amplifier.  The 

grating in the resonator (groove density = 2400 lines/mm, approximate line width 

obtained = 0.0012 nm) provided wavelength selection.  After the amplification, the beam 

entered the frequency conversion unit (FCU), where a non-linear crystal (KDP) produced 

the desired UV output via second harmonic generation (SHG). The fundamental and 

doubled outputs were separated with a set of Pellin-Broca prisms. 

To achieve the desired UV wavelengths, two different dye solutions were used depending 

on the molecules probed.  For probing OH radicals, a solution of Rhodamine 6G in 

methanol was used as the gain medium.  The concentration of the dye used in the amplifier 

cell was about 1/3rd of that used in the resonator cell.  The UV output power was 

monitored with a power meter (Gentec-e ED- 100A UV) and peaked at around 282 nm 

for that dye solution.  For probing OD radicals, empirically determined amounts of 

Rhodamine B were added to the Rhodamine 6G + methanol solution to shift the peak 

wavelength output further to the red, so that it peaked in a region of 287-289 nm.  The 

peak ranges for either solution were chosen to be resonant with the studied rovibronic 

transitions of the hydroxyl radical.  The output power could also be adjusted by tuning 

the Q-switch delay of the pump laser.  Furthermore, the angular position of the KDP 

crystal affected the efficiency of second harmonic generation and consequently the power 

of the output and the beam quality.  Calibration curves for each dye were determined, 

which involved varying the angle of the crystal at a particular laser wavelength to give a 

desired power.  This was either done to maximize the power at every wavelength or to 

keep it constant across a range of wavelengths depending on what was required for a 

particular experiment. 

The UV output beam was horizontally polarized, and non-Gaussian but roughly 

cylindrical in shape.  The beam spot was between 4-6 mm in diameter. Such a beam is 

perfectly usable for obtaining LIF measurements in gas-liquid scattering experiments, as 
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was done in some previous experiments presented in Section 1.3.  However, to obtain 

measurements on the spatial distribution of OH pre- and post-collision, the beam was 

expanded into a sheet of finite width (horizontal dimension in the laboratory-frame) and 

height (vertical dimension in the laboratory-frame). 

In the experiments in Chapter 3, to shape the laser beam into a sheet, it was first expanded 

in the horizontal dimension with a plano-cylindrical concave lens (ThorLabs LK4166-

UV, 20.0 mm × 30.0 mm in size, f = -30.0 mm), and then collimated with a second plano-

cylindrical convex lens (CVI Melles Griot RCX-40.0-30.0-101.7-UV-248-355, 40.0 mm 

× 30.0 mm in size, f = 200.0 mm).  The lenses were positioned 170 mm apart to ensure 

no divergence of the created sheet.  The dimensions of the optical systems were chosen 

to produce a beam with a rectangular cross-section with a constant width (ca. 30 mm) and 

height (ca. 4 mm).  However, this method of shaping the beam only allowed for control 

over the horizontal dimension of the sheet and relied on the vertical dimension of the pre-

expansion beam to get the desired height of the sheet.  It also preserved and enlarged any 

spatial inhomogeneity of the pre-expansion beam.  Therefore, for data found in Chapter 

5 a new beam shaping method was used to counter both issues.  Its characterization can 

be found in Chapter 4. 

The sheet entered the main chamber through a quartz window in one of the side arms and 

left through another window on a side arm directly opposite.  It propagated parallel to the 

liquid surface with the closest edge kept ca. 5 mm away from the surface.  The sheet was 

set at a laboratory-frame height corresponding to the centre of the molecular beam.  The 

energy of the laser beam before expansion was measured with the Gentec power meter, 

as mentioned earlier, and was typically ca. 700 mJ pulse-1.  The power meter had a sensor 

diameter of 4 mm, moving it across the width of the laser sheet gave power distribution 

measurements.  That distribution is dependent on the quality of the pre-expanded beam 

and was kept approximately uniform by adjusting the internal optics of the dye laser and 

by rotating the initial beam spot by 90° using a set of mirrors in a periscope arrangement. 

Expansion into a sheet allowed probing a much larger volume of the OH radicals than the 

cylindrical beam did.  The expansion in the plane of the molecular beam (“horizontal”) 

allowed measuring the distribution of the radicals in the longitudinal dimension of the 

ingoing packet and the radicals in the plume created after scattering off the surface.  

Furthermore, tuning the excitation wavelength to a single transition allowed the spatial 

distributions of radicals in a single rotational level to be measured.  In the case of the OD 
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measurements, selected Q1(N) branch transitions were excited for N ≤ 8.  For the OH 

measurements, the same branch was excited but for N ≤ 5.  The probed transitions and 

their nominal excitation wavelengths are reported in Table 2.4.  To probe a specific 

transition, the wavelength of the UV probe was first set to the associated wavelength 

found in Table 2.4 and then fine-tuned in situ to obtain the highest OH signal associated 

with the peak of the transition.  This peak signal was found by monitoring the response 

of the photodiode detector as described in Section 2.8. 

Transition Wavelength for OH /nm Wavelength for OD /nm 

Q1(1) 281.996 287.680 

Q1(2) 282.150 287.775 

Q1(3) 282.324 287.881 

Q1(4) 282.522 287.999 

Q1(5) 282.750 288.130 

Q1(6) 283.011 288.275 

Q1(7) 283.305 288.436 

Q1(8) 283.636 288.613 

Table 2.4: Q-branch transitions in OH and OD probed in the experiments.  Data taken 

from the LIFBASE™ software [179]. 

2.7 The imaging setup 

The fluorescence photons emitted from the probed OH radicals were detected using the 

so-called “imaging apparatus”.  It comprised of several components located inside the 

main chamber, which are depicted in Figure 2.8, and an external camera.  All the internal 

components were placed in aluminium holders and attached to four steel rods held 

vertically downward from a CF63 viewport mounted into a flange located at the top of 

the chamber.  They were enclosed in a black Delrin® plastic casing to prevent any 

scattered light from entering the apparatus from the sides.  The viewport was off set from 

the focus point of the molecular beams so that it was centred on the detection region 

defined by the laser sheet.  The emission photons were collected by a pair of fused silica 
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spherical lenses (Thorlabs La4384, diameter 75 mm, f = 90.3 mm) in a telescope 

arrangement.  A dichroic optical filter centred at 313 nm and with a FWHM = 8 nm (Laser 

Components) was placed between them to isolate the A – X (1,0) emission.  The photons 

were collected with retention of spatial distribution onto an image intensifier (Photek, 

MCP240/Q/S20/P43/GL) comprised of a photocathode, a chevron stack of micro-channel 

plates (MCPs) and a phosphor screen (P43). 

 

Figure 2.8: Schematic diagram of the internal components of the image intensifier.  The 

distances indicated were chosen to obtain an image of focal plane of 40 × 40 mm.  The 

blue and red lines were adapted from the optical ray-trace analysis performed by Prof.  

Lee and Prof. Greenway, from reference [180]. 

To obtain images of focal plane of approximately 40 mm × 40 mm, the distances between 

these components were optimised by previous students in the McKendrick group in 

collaboration with Prof. Lee and Prof. Greenway [180].  The laboratory-frame vertical 

distance between the centre of the main chamber and the bottom of the first lens was set 

to 99.4 mm and the two lenses were separated by 5 mm.  The bottom of the photocathode 

was located 39.5 mm above the back of the second lens.  This arrangement provided a 

magnification of the probe laser sheet of 0.5 for light wavelengths of 310 nm.  The image 
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intensifier was powered by a power supply unit and a gating module, provided by the 

manufacturer, that were installed into a custom-made benchtop unit.  This allowed the 

user to vary the gain voltage applied across the MCPs, which was usually set to between 

1400-1550 V.  The voltage on the phosphor screen (anode) was set to 5kV more than 

whatever was set on the MCPs.  The gating module supplied the photocathode with +50 

V when at rest and with -200 V upon the external trigger.  The OH emission photons that 

hit the photocathode ejected primary electrons that, when it was being gated on, reached 

and travelled through the channels of the MCP stack, ejecting secondary electrons upon 

collision with channel walls.  The magnitude of the electron gain across the MCPs was 

dependent on the voltage applied to them. For the typical voltage of 1400 – 1550 V, the 

corresponding gain was about 105.  The high positive voltage on the phosphor screen 

accelerated the secondary electrons toward it and upon collision produced 

phosphorescence light.  The screen was located 123.3 mm beneath the viewport. The 

phosphor glow was then captured by an external CCD camera (The Imaging Source, 

Basler Scout FireWire Camera, scA780-54fm) located over the viewport.  The camera 

was fixed in place by a support structure.  To maximise the area viewed by the sensor, 

the camera was placed as close as possible to the viewport.  An avalanche photodiode 

SPM detector was placed alongside the camera to monitor, via an oscilloscope, the total 

light intensity given off by the phosphor screen.  The whole external part of the assembly 

was covered with black photographic cloth during measurements to prevent any 

interference from room light or flash from the laser systems.  The imaging assembly 

allowed capturing of images of the OH radicals that were within the viewed volume of 

the laser sheet at the time of probing. 

2.8 Instrument control and data acquisition 

All the devices used in the experiment were triggered externally by an 8-channel delay 

generator (BNC 565).  The primary trigger (t0) was generated at a frequency of 10 Hz.  

The flashlamp and the Q-switch of the Nd:YAG pump laser as well as the imaging 

apparatus’ camera were triggered by TTL pulses generated by appropriate channels.  The 

pulsed valve driver, the fast switch powering the discharge, the image intensifier’s gating 

module and the oscilloscopes were triggered by pulses of appropriate amplitudes set by 

the delay generator.  All the triggers’ pulses were positive, except for the fast switch 

trigger pulse, which was negative.  The delays between t0 and each respective trigger 

pulse were established empirically and were controlled either manually on the generator 
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or as part of the custom-written software that controlled the data-acquisition (described 

below).  In practice, the YAG laser’s Q-switch, the image intensifier, and the camera were 

triggered at a delay set with respect to the YAG laser’s flashlamp.  The widths of each 

trigger pulse were typically set to 10 μs, except for the camera pulse which lasted 1500 

μs to allow for sufficient exposure of the CCD sensor to the phosphorescence of the 

phosphor screen during image acquisition.  Figure 2.9 shows a timeline of the trigger 

pulses and operation of the instruments during an acquisition of a typical single-shot 

image during the experiments found in Chapter 3. 

 

Figure 2.9: A timeline of operation of the instruments in the experiments illustrating the 

sequence of events and the duration of operation.  The y-axis displays the time after the 

primary trigger, t0 = 0 μs.  For the 10 Hz YAG laser in use, this sequence was repeated 

every 100 ms.  The phosphor glow lifetime was shown approximately, as the 

phosphorescence lifetime was of the order of 1 ms. 

The experiment used two oscilloscopes (Leroy Wavesurfer 434), both operated at sample 

rates of 2 GS/s.  The first one was used to observe the current draw from the power 

supplies that powered the discharge.  It was triggered simultaneously with the trigger of 

the fast switch.  This allowed monitoring the magnitude of the drawn current, the point at 

which the discharge strikes and its stability (as discussed earlier in Section 2.4).  The 

second oscilloscope was used for monitoring and acquiring the signal from the 

photodiode that measured the amount of light coming off the phosphor screen during 

experiments.  It was triggered synchronously with the probe laser pulse.  For these 

measurements, the time-base of the oscilloscope was set to 50 μs/division and the traces 

were transferred to the data acquisition PC via an Ethernet connection (TCP/IP) to be 
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used in the custom data acquisition programs described below.  A sample waveform of 

the photodiode trace can be seen in Figure 2.10. 

 

Figure 2.10: Example of the photodiode signal trace with the signal (white) and 

background (yellow) gates. 

Two main data acquisition programs were used, both programmed in LabVIEW™ [181].  

The first, referred to as “tune-up” and/or “image acquisition” program, was used to 

control the timing of the trigger pulses on the channels of the delay generator as well as 

the operating wavelength of the probe laser.  At the same time, the program monitored 

the OH LIF signal as measured by the intensity of the phosphorescence coming from the 

phosphor screen of the image intensifier observed by the photodiode.  The signal was 

monitored by averaging the waveforms sent from the photodiode’s oscilloscope over a 

set number of laser pulses (typically 10 or 20).  The final LIF signal was quantified by 

subtracting a baseline from the peak of the signal coming from the photodiode.  The 

baseline was measured from a 50 μs gate on the waveform set sufficiently before the laser 

pulse trigger.  The latter was a minimum of the exponential decay signal measured from 

a 150 μs long gate starting after the probe laser pulse.  These gates are illustrated in Figure 

2.10 as vertical lines. 

The magnitude of the measured LIF signal was then used to tune the laser to the peak of 

a chosen OH transition.  This was done in situ by setting the wavelength first to the 

nominal wavelength according to Table 2.4 and then tuning it within an empirically 

determined range to give the largest photodiode signal.  The strength of that signal 

depended, to the first approximation, on the number of OH radicals present in the probed 

quantum state within the volume of the probe laser sheet.  This in turn depended on the 

delay between the creation of the radicals (within the pulse of the discharge) and the 
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timing of the probe.  Changing this delay (by changing the time of the trigger pulse of the 

YAG laser’s flashlamp) allowed probing the OH packet as it travelled across the probe 

region from the molecular beam source and, if any liquid surface was present, also the 

scattered plume after collision of the packet with the surface.  To monitor the day-to-day 

variations in the LIF signal, the wavelength tuning was always conducted at the peak of 

the same transition (Q1(1)) and at the same discharge-probe delay that corresponded to 

the peak of the OH packet reaching the centre of the probe laser sheet volume, which, in 

principle, constituted the highest possible signal.  Monitoring this signal over the course 

of a day allowed also for spotting and rectifying any drift in the laser wavelength. 

Concurrently to the wavelength tuning and LIF signal measurement, the program also 

displayed the live feed from the camera that observed the phosphor screen of the image 

intensifier.  The intensity of the “spots”, typically a few pixels in diameter, which 

corresponded to detection of genuine phosphorescence photons increased compared to 

the background pixels and this could serve as an alternate method of monitoring the OH 

LIF signal.  Contrary to the photodiode which gave a total signal, the camera feed showed 

the LIF signal as it was spatially distributed across the probed region, in other words 

showed the positions of individual OH radicals at a given discharge-probe delay.  The 

program allowed for images consisting of a sum of a chosen number of laser shots to be 

saved.  This could be done either at a single discharge-probe delay or in sequence at a 

range of delays with a common timestep between each.  These single images and image 

sequences were the primary experimental outcomes and constituted the novelty of this 

experimental technique.  They are described in more detail in Section 2.9. 

The intensity of the visible OH signal was also helpful in tuning-up the probe laser 

wavelength, as tuning it off a transition was immediately reflected in the disappearance 

of the visible signal.  The camera’s exposure time was set to 1.5 ms and was triggered 

55.7 μs before the gating module of the image intensifier and was controlled by the delay 

generator or the tune-up program.  The other camera parameters (gain, brightness, frame 

rate, gamma parameters) were set by the camera software before data acquisition in order 

to maximise the observed signal. 

The second program, known as the “excitation spectrum” program was a complement to 

the “image acquisition” program.  It was used to acquire OH LIF excitation spectra at a 

particular discharge-probe delay by scanning the wavelength of the probe laser across a 

set range.  Concurrently, the program measured the photodiode LIF signal (in the same 
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manner as the tune-up program did) and plotted it against the laser wavelength.  To 

improve the signal-to-noise ratio, the signal at each wavelength was measured for a set 

number of laser pulses (typically 10 or 20) and averaged.  Additionally, every 

measurement was accompanied by a measure of the signal with the valve closed, giving 

a background measurement.  The program subtracted the background spectrum from the 

“OH signal” spectrum on the fly to give the final LIF excitation spectrum. 

2.9 Types of experimental outputs 

The experiment provided several different outputs: single images of OH radical spatial 

distributions pre- or post-collision; image sequences (or “molecular movies”) made of 

stacks of images taken at consecutive discharge-probe delays and showing the whole 

scattering process; OH time-of-flight (TOF) appearance profiles of the radicals; intensity 

profiles (or “slices”) of OH across a selected physical dimension of space; and LIF 

excitation spectra of the radicals. All of these will be discussed in this section. 

The images were the primary outcome of the experiment.  The radicals’ travel toward and 

the subsequent scattering off a liquid surface was captured by taking images at sequential 

discharge-probe delays.  The distribution of the OH signal across the probe region in the 

images and the change in pixel intensities between consecutive images were used to 

derive the TOF and intensity profiles.  The area which was studied was also changed from 

the whole extent of the probed region to smaller regions of interest (ROIs) according to 

the demand. 

Plotting the pixel intensities from a chosen region of the image against the discharge-

probe delay yielded OH TOF appearance profiles.  Averaging the pixel intensities in each 

column of pixels and plotting them against the length of the image gave the horizontal 

OH intensity profiles.  Doing the same for pixels in each row and plotting them against 

the height of the image gave the vertical OH intensity profiles.  Measuring the changes in 

these profiles across different parts of the images was used to measure the most probable 

speed in the pre- and post-collisional OH radicals as well as to quantify the angular 

distribution of the scattered radicals, as explained in more detail in Chapters 3 and 5. 
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2.9.1 Images and image sequences 

The images were acquired with the tune-up and image-acquisition program.  The camera 

was set to acquire only a limited part of its entire field-of-view.  This corresponded to a 

420-by-420-pixel region that encompassed the phosphor screen of the image intensifier.  

Each pixel in the image was represented by an 8-bit byte and took on intensity values 

ranging from 0 to 255.  The electronic noise in the camera resulted in pixel intensities 

ranging from 0 to 12, with an average noise level of 2.0 per pixel with a standard deviation 

of 2.4 per pixel.  For data found in Chapter 3, this noise was eliminated by applying a 

threshold of intensity to every image taken, so that any pixel with intensity of 12 or lower 

had it reset to zero.  However, this potentially resulted in discarding of real OH signal and 

so it was no longer applied for the measurements done in Chapter 5.  Instead, when taking 

the image sequence of a scattering process, several images were taken at discharge-probe 

delays before the front edge of the ingoing packet of OH reached the probe region.  They 

were averaged and subtracted from the corresponding image sequence to eliminate the 

background noise. 

The image acquisition program allowed acquiring “single-shot” images or “summed 

images”.  The former was just the latest image from the live feed of the camera and 

corresponded to a single shot of the probe laser.  The latter was captured by summing a 

number (typically 500) of these single-shots.  An example of one is shown as a false-

colour image in Figure 2.11.  The intensity found in any given pixel of the summed image 

was simply the sum of the intensities found in the same pixel of the component single-

shots.  The summed images obviously provided a much higher signal-to-noise ratio.  As 

mentioned previously, these images were taken at a set discharge-probe delay, but the 

program also allowed for capturing sequences of summed images over a set range of 

delays in order to image the whole scattering process.  Due to the similarity of these 

sequences to movies, a summed image that is a part of a sequence will from now on be 

referred to as a “frame”. 
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Figure 2.11: A false-coloured example of an experimental image taken at a discharge-

probe delay of 87 μs.  The ingoing beam of OD directed at 45° to the surface (indicated 

in red) is visible as it passes through the probe region (borders of which are indicated in 

green).  The normal to the liquid surface is indicated by the dashed yellow line.  The 

pixel intensity is shown through the colour spectrum from black (lowest) through blue, 

green, yellow, and red, to white (highest). 

The range of discharge-probe delays over which the frames were collected was usually 

set so that the first frame was taken before the front edge of the ingoing OH packet was 

visible in the live feed.  The last frame was then taken when the signal coming from 

scattered radicals (or the disappearing ingoing beam if no surface was present in the 

chamber) was essentially no longer visible.  The number of frames then depended on the 

timestep between the discharge-probe delays.  The sequences were done in series of 

measurements, each series consisting of the following sequences: one of OH scattering 

off a reactive liquid surface (squalane or squalene), one of it scattering off the nonreactive 

reference PFPE surface, and one of just the ingoing beam of OH without a surface present.  

Collectively, these measurements are referred to as either “surface-in” or “surface-out” 

measurements, respectively.  This was repeated (typically 3 times) and the sequences of 

the same type were then averaged (in a separate LabVIEW™ program) to give a final 

sequence.  Once this was done for a single transition, the wavelength of the probe laser 

was changed to the peak of the next desired transition.  Upon completing all the desired 

measurements for a given reactive liquid, that liquid was changed, and the process was 
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repeated until all liquids of choice were studied.  Finally, the molecular beam assembly 

was moved to the other angle of incidence and the whole process was repeated.  In 

practice, however, the studied transition was changed after completing a series of 

sequences to avoid systematic errors.  For the OD experiments described in Chapter 3, 

the measured transitions were Q1(2), Q1(4), Q1(6) and Q1(8), whereas for the OH 

experiments found in Chapter 5, Q1(2), Q1(3), Q1(4) and Q1(5) were measured.  For the 

Q1(1) transitions, due to the very high ratio of ingoing to scattered signals, only the 

surface-out measurements were done.  This was performed every day, before any other 

experimentation and the signal from the ingoing beam of OH radicals in N = 1 was used 

to account for the daily differences in the LIF signal due to uncontrolled variations in 

laser power, efficiency of the discharge, etc. 

It is important to keep in mind how did the images reflect the real-life geometry of the 

experiment.  Because of the top-down view of the camera and its position, the top of any 

image corresponded to the molecular beam source’s side of the experimental chamber. 

Conversely, the bottom of the image corresponded to the side of the experiment where 

the liquid surface was located.  The probe sheet then propagated right-to-left on an image 

and the molecular beam travelled top-to-bottom.  Furthermore, because of the imaging 

apparatus being positioned directly above the probe region, any variation of the OH signal 

across the height of the probe sheet could not be measured.  In terms of the observable 

region of the probe, because the ingoing beam travelled in a tight packet resulting from a 

skimmed supersonic expansion, any lateral spread was too small to observe across the 

relatively small region of probing.  On the other hand, the spread in the scattered OH 

signal varied greatly depending on its angular distribution.  Furthermore, the OH signal 

decreased across the width of the sheet as the scattered radicals left the scattering plane 

due to the out-of-plane scattering. 

Because of the length of the ingoing packet of OH radicals and the relatively short 

distance between the liquid surface and the closest edge of the probe sheet, there was a 

period when the scattered radicals from the front edge of the packet overlapped with the 

tail-end of the packet that was still travelling across the probe sheet.  This meant that the 

pre- and post-collisional OH signals were not cleanly separated.  A simple solution of 

moving the sheet further away from the surface was problematic due to the geometry of 

the experiment, as well as the increased loss of signal due to the out-of-plane scattering.  

Therefore, other means were employed.  A LabVIEW™ program, described previously 
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[18], was used to subtract the averaged surface-out measurements for a given series of 

sequences from the averaged surface-in measurements (for either reactive or nonreactive 

surfaces). 

A separate type of images was taken alongside each series of sequences to take account 

of the variation in distribution of the power across the probe sheet and the detection 

efficiency of the imaging apparatus at different points in space as well as any other 

possible effects that affected the detection sensitivity of the system.  These images are 

referred to as “instrument function” (InF) images.  They were taken at long discharge-

probe delays (typically 1000 μs) with the discharge set to strike across a large part of the 

entire gas pulse (rather than the 10 μs used for scattering experiments).   These conditions 

corresponded to creation of significant amounts of OH radicals and the long delays 

ensured that the radicals had enough time to collide at least once with the walls of the 

chamber.  Therefore, at the time of probing the chamber was assumed to be filled 

uniformly with thermalized OH radicals.  The spatial distribution of OH signals in the 

acquired InF images was assumed to reflect purely the variations in detectivity.  A sample 

InF image is depicted in Figure 2.12.  In principle, these images could be used to correct 

the experimental image sequences for the presence of any systematic variation in 

detection efficiency across the images, however, as explained in later chapters, this 

proved challenging. 

 

Figure 2.12: An example image of the instrument function.  The laser sheet was fired 

after the chamber was flooded completely with OD radicals. 
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2.9.2 TOF appearance and intensity profiles 

The OH TOF appearance and the intensity profiles (“slices”) were both derived from the 

pixel intensities of the images captured by the camera.  Two different LabVIEW™ 

programs were written and described previously [18] to extract these profiles.  The first 

program, referred to as the “TOF program”, integrated the pixel intensities across a whole 

frame or a ROI encapsulating a chosen area of the image.  This was repeated for every 

frame in a sequence and the integrated intensities were plotted against the discharge-probe 

delays of the frames to give the TOF appearance profiles.  Example profiles from a 10 × 

10-pixel ROI can be found in Figure 2.13 for measurements with the surface present in 

the chamber (surface-in), without the surface (surface-out) and the subtraction of the 

ingoing OH beam signal found in the latter from the total OH signal found in the former. 

 

Figure 2.13: An example set of OD (N = 4) TOF appearance profiles for a surface-out 

measurement (red), a surface-in measurement with a PFPE surface (black) and a pure 

scattered signal (blue).  The positive signal seen at delays lower than ca. 100 μs in the 

last profile is an artefact from the imperfect subtraction of the surface-out measurement 

from the surface-in one. 
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The magnitude of the signal corresponded to the density of the OH radicals at a given 

timepoint in the selected part of the image, and the shape of the profile provided 

information on the speed distributions, and hence translational energies, of the radicals.  

Considering appropriate normalization factors, the intensities of the TOF profiles taken 

on different transitions could also be used to find the relative populations in different 

rovibrational states of OH. 

For the surface-in profile, the narrow peak at early delays corresponded to the ingoing 

packet of OH travelling across the chosen region of the image on its way to the liquid 

surface.  The broad peak at later delays came from the OH radicals scattered back into 

the region of interest.  The overlap between the two peaks stemmed from the length of 

the ingoing packet, as discussed before.  In order to isolate the scattered signal, the 

surface-out profiles were subtracted from the surface-in profiles.  This usually involved 

scaling the surface-out profile to avoid unphysical signal levels before any scattered OH 

reached the probe region.  The final profiles were created by averaging all the profiles 

collected from the repetition of the image sequences, as described previously.  The source 

for the discrepancy between what should be fundamentally identical profiles of the 

ingoing OH, beyond a random variation, was most likely due to enhanced gas-phase 

scattering when the surface was present in the chamber.  A thorough measurement of the 

extent of this scattering above the surface was beyond the scope of this experiment.  

However, the change in the ingoing OH signal was rather small, suggesting a negligible 

effect. 

The intensity profiles, or “slices”, were used to quantify the spatial distribution of OH 

radicals across a chosen dimension of space: vertical slices for the dimension 

corresponding to the surface normal and horizontal slices corresponding to the dimension 

parallel to the surface.  They were measured by selecting a rectangular ROI from a frame 

of a sequence and averaging every row (vertical) or column (horizontal) of pixels and 

plotting it against their y-position (vertical) or x-position (horizontal).  Example 

horizontal and vertical profile taken from an image of the normal incidence ingoing beam 

is presented in Figure 2.14 alongside the image the profiles were taken from.  They 

correspond to the averaged longitudinal and transverse cross sections of the ingoing beam 

packet, respectively.  The x-axis in Figure 2.14 is presented in pixels, however, a 

conversion factor between pixel- and real-life space was developed in Chapter 3 and then 

corrected in Chapter 5. 
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Figure 2.14: On the left, an example of a normalized (to the maximum value) horizontal 

profile (red) and a normalized vertical profile (blue) through the ingoing beam packet, 

taken from an image showing the peak of the packet in the centre of the probe region 

(OD in N = 2).  On the right, the experimental image from which the profiles were 

derived. The coloured boxes show the actual sizes and position of the ROIs used to 

derive the corresponding-coloured profiles. 

2.9.3 LIF excitation spectra 

LIF excitation spectra were taken with the excitation spectrum program by choosing a 

discharge-probe delay.  This usually corresponded to either the peak of the ingoing OH 

signal or the peak of the scattered OH signal, as measured from the appearance profiles.  

The wavelength of the laser was then scanned across a range corresponding to the desired 

transitions, stepwise.  Finally, the photodiode response to the OH fluorescence was 

recorded at each step.  An example spectrum is shown in Figure 2.15 for the peak of the 

ingoing beam of OH.  The wavelength was changed in steps of 0.0025 nm and regions 

which contained no transitions of interest were omitted to reduce the time taken and hence 

the possibility of changes in chamber pressure, laser power and discharge conditions, etc, 

affecting the relative strength of different lines.  The photodiode signal at every 

wavelength was captured typically for 10 or 20 laser shots and then averaged.  A 

“background” spectrum taken with no OH present in the chamber was taken alongside 

and subtracted by the program to produce the final spectrum. 
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Figure 2.15: An example of a normalized LIF excitation spectrum taken at the 

discharge-probe delay corresponding to the peak of the ingoing OH packet being at the 

centre of the probe region.  Only the relevant Q-branch transitions are shown, the other 

transitions were omitted during the measurement to decrease collection time. 

The relative intensities of the spectral lines provided information on the distribution of 

population across the N rotational levels in the ground state of the OH radicals. 

Comparing these populations in pre- and post-collision molecules helped to determine 

the dynamics of the scattering process by providing a measure of the translational to 

rotational energy transfer on collision with a liquid surface.  The state-specific rotational 

populations were extracted by fitting the experimental spectra in the simulation program 

LIFBASE™ [179].  This program allowed for simulating LIF excitation spectra of several 

diatomics (crucially, both OH and OD) using known spectroscopic constants and 

including such experimental factors as laser resolution, line broadening, wavelength shift 

and baseline presence.  In order to fit an experimental spectrum, the intensities of the lines 

for the individual N rotational levels in the simulated spectrum were manipulated by 

adjusting relative rotational populations so they match the experimental lines.  The 

simulated lines for the states that were not populated in the experiment had their 
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populations set to zero.  This procedure was carried out for the measured Q1 branch lines 

for N ≤ 8 for OD spectra and N ≤ 5 for the OH spectra.  The population of each rotational 

level in a spectrum was finally normalized to the sum of the populations across all the 

measured levels to produce the final population distribution.  For repeated measurements, 

each spectrum was analysed individually before averaging the resulting populations. 
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Chapter 3 - Initial imaging results 

3.1 Introduction 

This Chapter describes the initial proof-of-concept experiments, showcasing the 

applicability and the possibilities of the new apparatus.  The experiments used a molecular 

beam of OD radicals created by short pulse discharging of D2O seeded in He.  The beam 

was directed at surfaces of squalane, squalene, and PFPE at two different angles of 

incidence: along the surface normal (θi = 0°) and at 45° to it (θi = 45°).  The OD was 

probed on the Q1(2), Q1(4), Q1(6) and Q1(8) transitions and the images were collected for 

the entire scattering process: from the front of the beam packet appearing within the probe 

region to the scattered signal disappearing.  The start of the chapter describes the 

processes of optimising the experimental conditions to yield strong and reproducible OD 

LIF signals.  These are crucial to obtaining visually clear images of sufficient intensities 

from which real dynamical information could be extracted.  The optimisation focused on 

several key factors: discharge stability, the spread of molecular speeds in the beam, and 

the rotational population of the beam.  It involved both choices in apparatus design as 

well as in situ adjustment of the molecular beam conditions.  This work has already been 

published in [18] and so the following is just a brief description.  It is important to note 

that similar optimisations, specifically concerning adjusting beam properties, were also 

followed for the data presented within Chapter 5, with the changes and improvements to 

the experimental process described in Chapter 4.  As this chapter involved OD radicals 

as the gas projectiles, “OD” was used throughout even though the principles discussed 

are also applicable to OH radicals. 

The proof-of-concept experiments have been described before in Bianchini’s thesis [18], 

however the data analysis was not completed by the time it was published and so that 

work only contained some preliminary assessments.  The recent article from 

McKendrick’s group [19] does contain the complete analysis, but this Chapter will go 

into considerably more detail about the process.  As such, the focus will be mainly on 

showcasing what the scattering images look like, the methods of analysis and the 

necessary improvements these initial experiments flagged that have since been applied 

and are described in Chapter 4.  These results also serve as a direct comparison for the 

data collected with the improved apparatus and presented in Chapter 5. 
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3.2 Optimisation of the experimental conditions 

The use of a molecular beam in gas-liquid scattering experiments has been reported since 

the early days of the field with the experiments of Nathanson and his co-workers [29].  

As explained in Chapter 1, the main advantage to using a molecular beam as the source 

of the projectile gas molecules is their nearly uniform directions and speeds, which 

significantly simplifies the dynamical analysis of the experimental results.  Importantly 

for spectroscopic methods of detection of scattered products, molecules in a supersonic 

beam occupy the lowest rotational levels and hence an analysis of translational-to-

rotational energy transfer upon gas-liquid surface collision is possible.  However, to 

achieve this, the beam conditions must be optimised in terms of the spread in speeds of 

the constituent molecules, spread in the transverse dimension, and rotational temperature.  

An additional optimisation particular to this setup is achieving favourable discharge 

conditions.  These focus chiefly on ensuring the discharge is stable, with a secondary 

priority given to producing high densities of hydroxyl radicals.  Discharge optimisation 

included the design of the discharge device elements, the voltage applied to the front 

electrode, as well as the length of the discharge pulse and its timing within the gas pulse.  

The following sections will briefly explain the optimisation processes employed as well 

as showcase the resulting ideal conditions and parameters. 

3.2.1 Discharge stability 

The key factor determining whether the experiment operated correctly was the stability 

of the discharge.  The discharge is considered to be stable if: a) it strikes upon each 

consecutive opening of the gas pulse valve, and b) is active across the whole of the HV 

pulse applied to the front electrode.  A few random, instantaneous loses of stability were 

accepted due to the nature of the device and were accounted for by taking repeated 

measurements.  However, any prolonged or cyclical loses deemed the discharge 

unsuitable and its parameters had to be adjusted in situ until stability was reached again 

(see Section 3.2.3).  Discharge stability depended on a series of factors like the value of 

the voltage applied to the front electrode, position of the molecular beam skimmer and 

gas baffle, timing and length of the gas pulse, and timing and length of the discharge pulse 

within that gas pulse.  Another empirical factor was the presence of seeding electrons 

coming from thermionic emission from filaments of the Edwards wide-range pressure 

gauges. Stable discharge ensured that the number density of hydroxyl radicals in the 
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molecular beam remained acceptably constant, which was crucial to achieving 

meaningful and reproducible OD LIF signals.  This was also important for optimisation 

of some other experimental parameters, as they used the LIF signal as an indicator of 

success.  An issue that arose quickly throughout the optimisation process was that the 

conditions for a stable discharge did not usually also maximise the LIF signal. In those 

cases, priority was given to discharge stability. 

Discharge stability was checked by in situ monitoring of the current draw from the fast 

switch device providing the HV pulse to the front electrode.  The device came with in-

built probes in its electrical circuit allowing the user to measure both the current draw and 

the voltage of the connected power supplies on an oscilloscope.  A typical current draw 

curve is presented in the persistence plot shown in Figure 3.1. This plot is formed by 

summing individual discharge pulse traces over a period of 60 s.  High intensity 

corresponded to a large number of individual traces at that position. Conversely, low 

intensity signified only a few traces at that position. 

 

Figure 3.1: Example of a persistence plot from summing up traces of the current draw 

from a discharge striking during the operation of the molecular beam, discharging D2O 

into OD.  The applied colour map indicates the intensity, highest for red parts, lowest 

for purple parts, with yellow, green, and blue in between. 

The two vertical lines in the persistence plot showed in Figure 3.1 indicated the start and 

the end of the HV pulse period.  The rise in current trace within that period indicated that 

the discharge was striking shortly after the start of the pulse (ca. 1 μs delay).  The 
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discharge was active across the whole period, as indicated by a measurable current being 

present until the end of the pulse.  As such, this plot represented a perfectly stable 

discharge.  The plot also indicated two distinct modes of discharge operation, with 

substantial differences in the current draw.  The alternating modes were confirmed by live 

observation of the traces.  This bi-stability occurred regardless of any changes to the 

discharge conditions, however the difference in the current between the two modes 

became noticeable only at sufficiently high voltages applied to the front electrode.  The 

waveform of the current draw trace was also specific to the gas medium through which 

the discharge occurred.  The waveform differed between discharging pure He, a mix of 

He and water, and if any air was present in the line.  In fact, this proved to be a very good 

empirical indicator of when the water had to be replaced in the bubbler or when the gas 

line had to be vented. 

As explained in Section 2.4.2, the discharge device was composed of two electrodes 

(“grounding” and “front”) and two Macor® insulators in a Teflon casing.  An additional 

Teflon faceplate with a central channel that opened into a 40° cone was added to the front 

of the device.  The device was attached to the pulsed valve nozzle and a series of orifices 

and channels effectively created a constrained region with increased number density of 

gas molecules, which enhanced collisional cooling.  In effect, the attachment of the 

discharge device transformed the simple nozzle into a more complicated form that 

included a long, enclosed channel and a divergent termination.  The size of this region 

was controlled by selecting a faceplate with a tunnel of specific length.  In principle, 

making the tunnel longer would be beneficial in terms of rotational cooling, however 

elongation caused a development of a tail in the TOF appearance profiles of the incident 

OD LIF signal, which in turn extended their FWHM, indicating an increase in the 

radicals’ spread of speed – an undesired effect.  Testing several faceplate designs showed 

that a 12 mm channel struck a good balance between the two factors and hence was used 

in the final device.  It was also discovered that using a heavier carrier gas than He resulted 

in a choking effect in long channels which severely destabilised the discharge.  This 

however was not relevant to the results found in this thesis, as only He was used as the 

carrier gas throughout. 

The choking effect was not the only way in which discharge stability was affected by the 

shapes and sizes of the parts of the device.  Tests showed that rounding off the edges of 

the orifice on the front electrode provided stabilisation compared to using a sharp-edged 
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design.  The diameter of the orifice also had an influence on the stability, albeit to a 

smaller degree.  Both the shape and the aperture size had a small effect on the rotational 

cooling of the OD beam, however a 2 mm diameter provided both the best stabilisation 

and the coolest beam, therefore it was used in the scattering experiments.  The design of 

the grounding electrode was similar to that used by van Beek et al. [182]; a conical nozzle 

emerged from the vacuum side of the electrode.  It was found that flattening the tip of the 

nozzle provided a significant stabilisation to the discharge action.  Moreover, orifices of 

1 mm in diameter were found to provide both the most stable discharge and the coldest 

rotational temperature of the molecular beam. 

The two electrodes were housed in a Teflon casing and a spacer was placed in between 

them to protect the housing from the discharge.  It was found that the size and shape of 

the spacer’s central orifice was important in providing a stable discharge.  A cylindrical 

orifice of 3 mm in diameter stabilised the discharge better than smaller ones.  A conically 

shaped orifice was also tried (diameter of 2 mm on the ground electrode’s side extending 

into 3 mm on the other end), but despite providing similar stabilisation it also measurably 

increased the width of the resulting ingoing OD TOF appearance profiles.  Notably, 

neither the size nor the shape of the spacer’s orifice changed the rotational temperature 

of the OD beam considerably.  Therefore, the spacer with the simple 3 mm orifice was 

used. 

3.2.2 Molecular beam creation 

Apart from discharge stability, the molecular beam itself had a series of key features that 

had to be optimised to ensure good results.  First, the gas packet had to have sufficiently 

narrow spread of speeds (and, by extension, narrow physical spread in the longitudinal 

direction).  Secondly, the hydroxyl radicals in the beam had to have their population 

concentrated in the lowest N rotational levels, i.e., be rotationally “cold”.  These two 

parameters were monitored respectively via the TOF appearance profiles, and LIF 

excitation spectra outputs described in Sections 2.9.2 and 2.9.3, respectively.  The TOF 

profiles contained information on arrival times of the radicals at the detection region and 

hence their full widths at half maximum (FWHM) could be measured to find the 

information on the spread of velocities of the radicals in the supersonic expansion [111].  

However, the radicals were created across a non-instantaneous discharge pulse.  This 

meant that the actual spread in speeds resulted from a convolution of two main factors - 
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imperfect supersonic expansion and different possible creation times.  A third factor, 

whose magnitude could not reliably be measured, was that the radicals were created 

within a volume of space.  This would introduce a difference in the distance each 

molecule travelled due to the difference in positions of origin.  A narrow spread in speeds 

was highly desirable not only for easier analysis of the dynamics of the scattering process, 

but also because it limited the time when the incident and scattered OD signals 

overlapped, as described in Section 2.9.1. 

The population across the N rotational levels of the hydroxyl radicals in a molecular beam 

was measured through the LIF excitation spectra.  The translation-to-rotation energy 

transfer in gas-liquid collisions can be measured, in principle, by comparing the rotational 

distributions in the incident and the scattered molecules.  However, this became more 

complicated the more rotational levels in the ingoing beam were populated, as it quickly 

became impossible to track the origin and the final level of molecules.  Therefore, this 

method is only practical if essentially all the incident radicals populate the lowest N state. 

This was partially achieved in experiments described in this Chapter; therefore, the energy 

transfer could only be evaluated qualitatively.  Nonetheless, the achieved beam was still 

considered cold and advantageous due to the rotational up-scattering upon collision with 

the liquid surface, which boosted the relative signal strength of the scattered plumes, 

particularly for OD in higher N rotational levels.  This helped in isolating the scattered 

signal in surface-in images for those rotational levels. 

Due to the imperfections in the supersonic expansion, molecular beams are not 

completely unidirectional.  This leads to their expansion in the transverse dimension 

making the beam physically wider over time or distance travelled.  Consequently, even 

though the beam could be directed at a fixed angle toward the liquid surface, molecules 

within it would have a considerable range of individual incidence angles.  This could 

eventually result in beams with a relatively large area of impact on the surface, which 

would complicate any dynamical analysis of the scattering process.  In fact, it is widely 

known that free jets become wide very rapidly and therefore without beam collimation, 

not only the target surface would be impacted but potentially other parts inside the 

chamber as well.  Collimation was achieved by installing a skimmer as described in 

Section 2.4.1.  The ratio of backing to chamber background pressures (
𝑃0

𝑃𝑏
) was 

sufficiently low (of the order of 10-9) to ensure the shock-front formed substantially 

beyond where the tip of the skimmer was inserted and hence that it was sampling from 
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the so-called “zone of silence”.   As such, positioning the skimmer in relation to the 

radical source (beyond ensuring that they are in-line) relied purely on striking a balance 

between rejecting as few molecules as possible and discriminating as many molecules 

with off-centre trajectories as possible.  In other words, compromising between good 

signal sizes (achieved by placing the skimmer tip as near the source as possible), and 

maximising unidirectionality (achieved by placing the skimmer as far away from the 

source as possible). 

The initial tests comprised of finding the distance between the skimmer tip and the 

opening on the discharge faceplate that gave the optimal size of the OD LIF signal.  This 

was tested for skimmer tips of two different sizes (2 mm and 5 mm in diameter).  It was 

found that using the larger diameter skimmer only provided a measurable OD signal if it 

was placed at about 50 mm or less from the discharge device.  At such a short distance, 

however, the opening in the skimmer was too big to skim the beam significantly and it 

failed to perform its chief objective.  On the other hand, using the skimmer with the 

smaller tip gave a defined skimmer-discharge distance at which the LIF signal peaked of 

ca. 40-45 mm.  Subsequently, the skimmed beam was also rotationally coldest for this 

same skimmer-discharge distance.  This provided a roughly 5 mm range of distances for 

the position of the skimmer tip that could be fine-tuned further if required.  For the data 

found in this Chapter the skimmer with a tip of 2 mm in diameter was placed 40 mm 

downstream from the opening on the discharge faceplate. 

During the above optimisation experiments, an increase in the measured OD LIF signal 

was discovered at later discharge-probe delays stemming from radicals entering the probe 

region through pathways other than passing through the skimmer.  Notably, this was 

present when the skimmer was at much longer distances from the discharge device than 

the optimum described above.  This increase in the signal coincided in time with the 

expected scattered OD signal, which would artificially increase it and hence severely 

complicate the analysis of results.  As such, a means of ensuring that only the skimmer-

selected molecules were directed onto a liquid surface was important.  To ensure that, a 

rectangular gas baffle made of several layers of aluminium foil was attached to the 

skimmer holding plate (See Figure 2.5).  The flexible construction of the baffle allowed 

it to be folded in order to fit it through one of the chamber ports while attaching the 

assembly to the main chamber. It could then be unfolded once inside the chamber.  It also 

allowed the shape of the baffle to be changed once inside, to allow space for installing 
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future components or to prevent its intersecting with the probe sheet. It was found that a 

baffle size of 10 × 10 cm was big enough to provide the necessary blocking without 

affecting the beam properties.  A potential problem with using a baffle like that would be 

blocking the line-of-sight between the discharge region and the filaments of the wide 

range gauges that provided the stabilising seeding electrons.  Indeed, it was discovered 

that bringing the skimmer with a baffle attached too close to the source resulted in 

destabilisation of the discharge action.  However, this was not observed for the skimmer 

at the optimal position described above. 

3.2.3 In situ optimisation 

Several parameters of the beam assembly could be changed when the gas pulse valve and 

the HV discharge pulse were active.  Optimising them in situ was crucial to achieve 

conditions of a stable discharge, high OD signal and optimal molecular beam properties. 

The identity, pressure and temperature of the carrier gas could be changed without 

bringing the chamber into the atmospheric pressure or changing any components of the 

beam assembly.  The key properties of the incident OD radicals, such as their speed (and 

hence collision energy) and rotational distribution, could be regulated by changing the 

carrier gas, however the experiments in this work were restricted to using helium.  Once 

the identity of the carrier gas was selected, the striking and stability of the discharge was 

controlled by changing the backing pressure of the gas through its relationship with the 

breakdown voltage necessary to initiate the discharge, as described by the Paschen’s Law 

[183]: 

𝑉𝐵 =
𝐵𝑝𝑑

ln(𝐴𝑝𝑑) − ln [ln (1 +
1

𝛾𝑆𝐸
)]

 
(Eqaution 3.1) 

 

where VB is the breakdown voltage, p is the pressure of the gas between the electrodes, d 

is the distance between the electrodes, A and B are experimentally determined constants, 

and SE is the secondary electron emission coefficient of the cathode, which depended on 

such parameters as the material, the pressure, the gas density and the current [183].  

Plotting the breakdown voltage against the pressure of the gas for a set distance between 

electrodes resulted in a plot called a Paschen curve, unique for each gas as shown in 
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Figure 3.2.  These showed that gases with higher ionisation potentials, like He and Ne, 

required higher minimal pressures, which resulted in higher minimal breakdown voltages. 

 

Figure 3.2: The Paschen curves for selected carrier gases created using Equation 3.1 and 

typical values of the parameters.  Reprinted from Reference[184]. 

In situ, the control over the breakdown voltage was possible in two ways.  First, by 

changing the backing pressure of the carrier gas with a regulator attached to the gas line, 

and second, by varying the amount of gas introduced into the discharge device through 

the nozzle by adjusting the tension behind the valve.  This controlled how far the valve’s 

poppet was pushed back from the nozzle during operation.  In fact, optimal discharge 

conditions for the same carrier gas could be achieved at different backing pressures by 

simply modifying the valve tension.  However, the optimal conditions changed over 

prolonged usage because the shape of the tip of the poppet changed from wear, allowing 

the poppet to enter more and more into the nozzle.  All these factors meant that it was not 

possible to calculate the ideal backing pressure for given experimental conditions a priori, 

but rather it had to be adjusted regularly on an empirical basis.  This was done by 

monitoring the OD signal size and the discharge stability while adjusting the backing 

pressure and valve tension as necessary. 
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The optimisation tests found that the OD LIF signal increased with increasing backing 

pressure behind the valve up to a peak value for pressures of approximately 3 bar.  Above 

that, the signal decreased steadily, and undesired features, such as a shoulder on the falling 

edge, started appearing in the TOF profiles. On the other hand, it was found that the 

increase in the backing pressure resulted in a general lowering of the rotational 

temperature of the OD.  However, this effect was negligible across the range of pressures 

tested (3 – 5 bar). As such, the backing pressure of 3 bar was deemed the most suitable, 

with some allowance for finding the optimal conditions as described above. 

The nature of the gas also determined the speed and the rotational energy distribution of 

the molecules in a beam.  The terminal velocity equation [111] can estimate the speed of 

the incident radicals: 

𝑉∞ = √
2𝑅

𝑊
(

𝛾

𝛾 − 1
) 𝑇0 

(Equation 3.2) 

where R is the gas constant, W is the molecular weight of either the pure gas or the molar 

average molecular weight of a gas mixture,  is the heat capacity ratio ( = 1.66 for He), 

and T0 is the temperature of the gas in the stagnation state.  Using this equation, the 

theoretical speed of a beam of Helium was calculated to be 1751 m s-1.  The experimental 

speed of OD radicals seeded in Helium was measured in Reference [18] to be 1811 m s-1 

(which has been since re-assessed in Section 5.4.1) by measuring the peak arrival time of 

OD radicals at a set distance from the source.  This assumed that the beam originated at 

the pulsed valve nozzle and travelled with constant speed through the discharge device 

and then the vacuum.  The modest increase in speed compared to the theoretical one was 

attributed to the increase in temperature of the gas during a discharge event. 

The rotational population distribution of gas molecules is commonly expressed as a value 

of rotational temperature.  In the experiments carried out here, OD radicals seeded in He 

had a rotational temperature of ca. 80 K. This corresponded to ~50% of OD in N = 1, 

~32% in N = 2, ~13% in N =3 and trace amounts in rotational levels up to N = 9.  If a 

heavier gas was used, e.g., neon, this would decrease to ca. 40 K, which corresponded to 

~76% of OD in N = 1, ~21% in N = 2, ~3% in N =3 and trace amounts in rotational levels 

up to N = 5.  This trend of decreasing rotational temperature with increasing molecular 

weight of the carrier gas is well-established in the literature [182].  It is explained by the 
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fact that collisions of the studied gas molecules with heavier carrier gases result in 

stronger rotational-to-translational energy transfer and hence more efficient rotational 

cooling. 

Once the conditions of the carrier gas had been set, the other in situ optimisation focused 

on the parameters of the negative HV pulse sent to the front electrode of the discharge 

device.  The front electrode (cathode) was positioned downstream from the grounding 

one, which, according to Anderson et al. [185], was the preferable arrangement as it 

ensured the slower and less mobile cations produced during the discharge were not 

traveling against the flow of the gas, potentially destabilising the discharge. 

As was seen previously from Figure 3.2, the Paschen curves suggested the optimal 

breakdown voltage for a given carrier gas at a given pressure.  Using that as a starting 

point, the actual optimal voltage was found empirically, as the stability of the discharge, 

the OD LIF signal and the OD rotational energy distribution all depended on it.  An 

increase in the voltage was reflected by an increase in the current draw of the fast switch 

device sending the HV pulse.  For the discharge to start striking in a stable manner, a 

minimum negative voltage had to be applied.  Increasing the voltage beyond that 

generally increased the number density of the produced OD radicals up to a maximum 

achieved when the current draw reached ca. 200 mA.  However, at those peak values, the 

measured TOF profiles of incident OD developed a shoulder on their trailing edge – an 

undesired development observed previously by Lewandowski et al. [186].   Increasing 

the voltage beyond the peak resulted in the discharge switching from the glow to an arc 

regime, which dramatically increased the current draw and triggered the in-built safety 

trip of the fast switch.  It was also found that across the voltages considered optimal (or 

close to optimal) in terms of the produced radical density, there were only negligible 

differences in the resulting rotational population distributions.  As such, the optimisation 

focused on finding the voltage that simply gave the best OD signal without introducing 

unwanted features in the TOF profiles.  However, because of the day-to-day differences 

and empirical adjustments of the backing pressure, the actual magnitude of the voltage 

was also found empirically every time new pressure conditions were set.  In most cases, 

this was in the range of 1.7 to 2.0 kV, equivalent to a current draw of about 100 mA. 

Provided the discharge was stable, the period over which the discharge was active was 

the same as the length of the HV pulse applied to the front electrode.  This in turn was 

controlled by the settings on the delay generator and could be changed as desired.  For 
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obvious reasons, the discharge was only active if the timing of the HV pulse occurred 

within the gas pulse.  This meant that the discharge could operate for as short as fractions 

of a microsecond or for as long as the entire gas pulse.  The latter was referred to as 

continuous-wave (CW) discharge and could also be achieved by simply connecting the 

front electrode directly to its power supply, forgoing the fast switch.  The differences in 

the rotational temperature of OH radicals created by discharges of different pulse lengths 

had been previously demonstrated by Lewandowski et al. [186].  The rotational 

temperature in their experiment decreased from 198 K for CW discharge to 28 K for a 1 

μs long discharge (with a gas pulse length of 100 μs).  The increase in the rotational 

temperature for longer discharge pulses was explained by the gas being heated up by the 

violent conditions of the discharge process.  Similar effects were observed in other studies 

[187], but cold molecular beams of OH (50 K and below) could also be achieved for long 

and CW discharge pulses using heavy carrier gases and gas pulses shorter than those 

achievable with the General valve used in this experimental setup [182,188]. 

The optimal length of the HV pulse applied to the front electrode, and hence consequently 

the maximum time for which the discharge was active in a single gas pulse, was 

determined to be 10 μs.  This was used for all the subsequent experiments in this thesis. 

This pulse length created sufficient amounts of rotationally cold OD while at the same 

time keeping the discharge stable.  Another factor was the desire to reduce the temporal 

width of the produced radical packet to simplify the scattering dynamics analysis.  Tests 

were run on shorter pulse lengths as well as series of consecutive shorter pulses adding 

up to 10 μs but the resultant improvements in lowering the OD rotational temperatures 

and narrowing the OD speed distribution proved to be marginal, while increasing the risk 

of the discharge misfiring and contributing negatively to discharge stability.  The shorter 

pulses did not reduce the length of the radical packet sufficiently enough either.  The 

pulse length was sometimes extended to nearly CW operation for acquiring the instrument 

function images, as explained in Section 2.9.1. 

The last part of the in situ molecular beam optimisation concerned the delay between the 

start of the gas pulse and the discharge pulse.  The length of the gas pulse was controlled 

by the Iota One Pulse Driver and was typically set to between 300 and 500 μs.  Pulses 

shorter than that ran the risk of the valve operating inconsistently, potentially preventing 

the supersonic expansion of the beam to form.  Longer delays introduced more gas in 

front of the OD packet that could lead to gas-phase collisions above the liquid surface.  
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The shorter HV discharge pulse could, in principle, be started at any point within the gas 

pulse.  Optimisation experiments showed that a gas pulse-discharge delay of about 100 

μs created the most OD radicals for a 500 μs long gas pulse.  Shorter delays destabilised 

the discharge, as they corresponded to a period in which the pulse valve had not had 

enough time to completely open yet.  This might also indicate that the timing of the 

opening of the pulse valve was not always precise.  It was also found that the gas pulse-

discharge delay had very little influence on the OD rotational population distribution, 

with noticeable differences only for the longest delays.  As such, the gas pulse-discharge 

delay was set to as early as possible, while maintaining discharge stability, which in 

practice corresponded to a delay of 140 μs in the experiments in this chapter. 

3.3 Proof-of-concept experimental results 

The following section describes the first systematic study of gas-liquid scattering via real-

space imaging setup.  The outline of the image acquisition procedure is followed by a 

presentation of the scattering image sequences and their multi-level analysis in order to 

extract information about the dynamical properties of the scattering process. 

3.3.1 Image acquisition procedure 

The preliminary experiments focused on obtaining sequences of images of the process of 

OD radicals seeded in Helium scattering from surfaces of reactive liquids squalane and 

squalene as well as the control liquid PFPE in a manner outlined in Section 2.9.1.  Each 

sequence consisted of 21 frames taken at discharge-probe laser delays from 63 μs to 143 

μs with 4 μs timesteps.  The start delay corresponded to a moment when the gas packet 

was just about to enter the probed region and the end delay was set to when the signal 

coming from the scattered radicals was no longer measurable.  This ensured that the whole 

scattering process was captured.  Each frame in the sequence was a result of summing 

500 individual laser-shot images.  This was necessary, especially for OD in higher N 

rotational levels, to achieve strong and reproducible OD signals.  An intensity threshold 

of 12 was applied to each of the individual shots, where any pixel of intensity of 12 (on 

the 8-bit digitizer) or less had it set automatically to zero (see Section 3.3.2). 

The image acquisition was started, arbitrarily, with the angle of incidence of 45°.  The 

baths in the wheels assembly were filled, one with squalane and the other with the 

reference PFPE.  The sequences were then captured in sets consisting of a sequence with 
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a reactive liquid surface, a sequence with the reference PFPE surface, and a sequence 

with no surface present in the main chamber, for each OD transition probed (Q1(2), Q1(4), 

Q1(6) or Q1(8)).  These sets were then repeated twice more and the pixel intensities in 

corresponding images from each repetition were averaged.  In total, this resulted in 36 

image sequences per reactive liquid, per angle of incidence.  The reactive liquid was then 

changed to squalene and the process was repeated.  The whole process was then repeated 

for θi = 0° giving a total of 144 image sequences.  Examples of the images taken can be 

found in Section 3.3.5. 

3.3.2 Understanding pixel intensities 

OD LIF photons were collected and intensified by the imaging stack before being 

captured by the camera as phosphor screen emission.  The magnitudes of pixel intensities 

in the resulting images depended on several factors, such as the number density of OD 

within the probe region (the data of primary interest), the gain of the imaging stack, the 

spatial differences in detectivity (see Section 3.3.3), and the electronic background noise 

and potential spatial variations in gain of the camera.  Any additional background signal 

coming from sources such as scattered laser light or room light were eliminated by 

appropriately gating the intensifier, the presence of the optical filter between the 

collection lenses and covering any possible points of entry with black cloth.  When 

imaging the scattering process, the highest possible signal was achieved when the densest 

part of the ingoing beam was intercepted by the strongest part of the laser sheet, i.e., when 

the peak of the ingoing beam packet reached the centre of the probe region and the 

rotational level N = 1 was probed.  In this case, the OD signal started to appear in the live 

feed of the camera when the image intensifier’s power supply was set to send 

approximately 1200 V to the MCP stack.  Increase in the voltage naturally increased the 

pixel intensities due to the increased gain on the stack.  However, the desire for maximum 

signal had to be balanced against the potential of saturating the camera sensor and 

possibly even damaging the channels in the MCP’s.  As such, the experimental MCP 

voltages were empirically chosen to be between 1400 and 1550 V, with the higher 

voltages used for situations of low OD density, such as for imaging OD in high rotational 

levels like N = 6 or 8. 

The number density of all species in the molecular beam packet was estimated to be of 

the order of ~2 × 1014
 cm-3 in previous work [17]. This estimation was based on the valve 
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characterisation performed by van der Meerakker’s group [189].  Approximately 99% of 

the packet consisted of He atoms, which implied that the number density of D2O in the 

packet is ~2 × 1012 cm-3.  The number density of OD created in the discharge was trickier 

to estimate, as there was no way of predicting how much of the D2O got converted into 

OD upon discharging.  Assuming all of it was, that gave an upper bound for OD density 

in the packet of ~2 × 1012 cm-3.  As mentioned above, the highest measured signals came 

from measurements of the most populated state, N = 1, which made up roughly 50% of 

the ingoing beam population.  This indicated that the absolute maximum number density 

that produced images with the signal-to-noise ratio observed in this experiment was ~1 × 

1012 cm-3. 

An initial analysis of the pixel intensities in single-shot images was crucial to understand 

how the individual LIF photons emitted from OD radicals were captured by the camera.  

For the intensification levels used in the experiments, a single OD fluorescence photon 

produced an integrated signal intensity of roughly 120 (on an 8-bit digitizer) that was, 

most commonly, spread over an area of 3 × 3 adjacent pixels.  The peak signal intensity 

of ca. 30 was usually found in the central pixel.  The distribution of intensities among the 

~9 pixels making up the signal area came from the digitization of the 2D Gaussian shaped 

signal coming from the phosphor screen emission and was highly varied between 

individual photon events.  The average background signal in any pixel due to the 

electronic noise in the camera sensor was measured to be 2.0 with a standard deviation of 

2.4 per pixel.  This was measured from single shot images taken without the gas valve, 

discharge, or the laser operating, giving the measure of just the electronic noise.  The 

actual range of values for background pixel intensities ranged between 0 and 12, hence 

the decision to apply a threshold of 12 to every single-shot image comprising the frames 

of the image sequences, as mentioned in the procedure outline.  It was later realised that 

this could, in fact, result in discarding pixel intensity coming from real photon events.  

Particularly, if single events were visible (e.g., away from the middle of the ingoing beam 

where signal density was high), some pixels in the roughly 3 × 3-pixel area could have 

intensities below the threshold value of 12 despite their measuring actual OH signal.  

Because of that, the thresholding procedure was not repeated during the acquisition 

process of the images found in Chapter 5. 

Measuring the pixel intensities for the highest possible signal in a single-shot image was 

done by calculating the average pixel intensity in a region of ~30 × 30 pixels centred on 
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the middle of the probe region and measured for rotational level N = 1 and a discharge-

probe delay corresponding to the peak of the ingoing beam reaching that middle.  The 

average pixel intensity across this region came to be ~17 per pixel. In no case was the 

intensity in any pixel in any single-shot image close to the maximum value of 255, with 

the highest measured intensities in individual pixels being in the region of a few tens over 

100, resulting from spatial overlap of several fluorescence photons. This ensured that the 

camera sensor was never saturated. 

The limit of detection (LOD) is a commonly used measure of the minimal signal above 

noise that can be confidently measured.  The widely adopted working definition of LOD 

is an average signal equal to three standard deviations (3σ) of the background.  This 

corresponded to an approximately 99.9% one-sided confidence interval for distinguishing 

the signal above noise.  The upper bound of the experimental LOD corresponded to the 

OD number density per rotational quantum state needed to add this level of intensity to 

at least one of the pixels in the previously defined ~30 × 30 peak density region on a 

single shot of the laser.  This was calculated as approximately: 

~1 × 1012 𝑐𝑚−3

17 𝑝𝑥−1 × 900 𝑝𝑥
3 × 2.4

= ~5 × 108 𝑐𝑚−3 
(Equation 3.3) 

For final frames in the captured image sequences made of 500 single-shot images, this 

upper bound limit appropriately reduces to ~2 × 107 cm-3.  For lower count rates, an 

improvement to the signal-to-noise ratio could have also been achieved using a “counting 

events” method, but in no case was this deemed necessary to extract the information of 

interest in this work. 

3.3.3 Instrument function correction 

As mentioned in Section 2.9.1, accounting for the spatial distribution of systematic 

variations in detection efficiency in the imaging setup was set to be resolved by taking 

the instrument function images and using them to normalize the distribution of the OD 

signal in the experimental image sequences.  In these initial proof-of concept experiments, 

a series of instrument function images was collected for each angle of incidence of the 

molecular beam before the image sequences of the scattering process were collected.  

Each series included a final instrument function image for each rotational level probed, 

that was a result of averaging three individual instrument function images made of a sum 
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of 500 single-shot images.  This collection process resembled the procedure for collecting 

the images sequences in that the same number of single-shot images (1500) were used to 

create each final image.  This was ensured to allow for reliable normalization of the image 

sequences. 

As seen in the instrument function image taken for OD in N = 1 shown in Figure 3.3 a), 

the visible signal was distributed in a roughly rectangular shape that reflected the probe 

region and was delimited by a sharp decline in the OD signal exhibited as a rapid change 

in colour across narrow regions of the image.  Interestingly, two areas of high signal (“hot 

spots” in white) were visible on either side of the centre of the image. Further information 

was acquired by taking 10-pixel-wide horizontal and vertical profiles, as shown in Figure 

3.3 b) i and 3.3 b) ii. 

 

Figure 3.3: A representative instrument function image (a) overlayed with depictions of 

ROIs used to derive the intensity profiles (b).  Figure b) i shows the three vertical 

profiles and Figure b) ii shows the horizontal profile as described in text. 

The vertical profiles were taken at points corresponding to the two peaks in signal and 

the centre of the image.  The former two were essentially identical whereas the latter did 

confirm the reduction of the signal in the central part of the image.  This was even more 
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evident when studying the horizontal profile, in which the two peak regions are clearly 

visible with the dip in signal in between them.  Similar profiles taken for OD in other 

rotational states showed the same features, decrease in absolute signal size with increasing 

rotational level notwithstanding. 

In principle, the distribution of signal in an instrument function image should have 

represented two major complications in the imaging setup.  First was the non-uniform 

power distribution across the laser sheet, which would affect the distribution of signal 

across the vertical dimension of the image.  This, in absence of any other effects and 

provided the OD sample was optically thin, should be constant in each column of pixels 

as it was independent of the progression of the laser downstream.  Second was the 

efficiency of the collection lenses stack and the filter placed between them.  It was 

increasingly probable that some photons collected from regions positioned further out 

than directly beneath the centre of the lenses would not be transmitted through 

successfully.  Furthermore, if transmitted, the resultant pixel intensity was increasingly 

more blurred the further away from the centre it was measured (an illustration of this 

effect can be found in Figure 4.1) leading to a loss of resolution in the images.  This was 

a radial effect that became measurable only at a certain distance away from the image 

centre but increased rapidly up to the very edge of the detector.  Additionally, potential 

factors such as variations in gain in different parts of the MCP, possible variations in the 

efficiency of the photocathode and the phosphor screen, and variation in gain across the 

image in the camera could also contribute to the overall spatial detectivity.  Despite these 

latter effects being hard to quantify, they were also inadvertently measured in the IF 

images.  Most importantly, the symmetries of these effects could not have resulted in an 

instrument function with two hot spots located on opposite ends of the probe region.  At 

the time of these initial experiments, the source of this seemingly abnormal behaviour 

was not understood, but it did prevent the use of the instrument functions to normalize 

the experimental images.  As such, the collected sequences were unadjusted for the spatial 

differences in detection sensitivity of the system.  The source and resolution of this issue 

was studied after conclusion of the experiments found in this chapter and is described in 

detail in Section 4.4. 
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3.3.4 Pixel-space to real-space conversion factor 

For the eventual measurement of the speeds of the molecules from image sequences, the 

conversion factor between pixel and real-space distances had to be measured.  This was 

done by first measuring the speed of the peak of the ingoing OD packet in pixels per μs 

(px μs-1) from sequences of images themselves and then comparing it to the previously 

measured speed of 1811 m s-1.  To measure the peak speed of ingoing OD, three 30 × 30-

pixel ROIs were set within the probe region and centred along the normal to the surface, 

as seen in Figure 3.4 a).  OD TOF appearance profiles were then extracted from each of 

these which can be seen in Figure 3.4 b).  As the timestep between images was relatively 

long, the discharge-probe delays of the peaks of the profiles were not clearly defined.  To 

resolve that, the profiles were fitted with a Gumbel distribution function (also known as 

the General Extreme Value Distribution Type-I), which is expressed in the equation: 

𝑦 = 𝑦0 + 𝐴 exp [− 𝑒𝑥𝑝 [− (
𝑥 − 𝑥𝑐

𝑤
)] − (

𝑥 − 𝑥𝑐

𝑤
) + 1] (Equation 3.4) 

where y0 is the displacement of the baseline, A is the y-coordinate of the peak of the 

function (i.e., the amplitude), xc is the x-coordinate of the peak (i.e., the discharge-probe 

delay of the peak) and w is the statistical dispersion, or width, of the probability 

distribution.  This function was empirically chosen from among the readily available non-

linear curve fitting functions available in the OriginPro software that was used for the 

analysis as it best represented the TOF profiles. 

The peak timings, taken as the xc parameters for each one of the three profiles, were then 

plotted against the distance from the surface-side edge of the probe sheet located, as can 

be seen in Figure 3.5.  This distance was measured to the centre of the given ROI and the 

error was set to 3 pixels.  The resulting points were fitted with a straight line and its slope 

was taken as the pixel-space speed of the peak of the OD packet, which was measured at 

11.6 ± 0.1 px μs-1.  The same peak speed was also measured in independent experiments 

to be 1811 m s-1 (see Section 3.2.3).  Comparing the two values gave an estimation of the 

pixel- to real-space conversion factor of ~0.16 mm px-1.  This was used for the rest of the 

data found in this chapter. 
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Figure 3.4: a) an image of the ingoing beam of OD in N = 2 travelling at θi = 0° taken at 

the discharge-probe delay of 91 μs overlayed with the depictions of the three 30 × 30-

pixel ROIs used to extract the TOF profiles seen in b).  The ROIs are colour-coded to 

match the relevant profiles and are named “far” (blue), “centre” (cyan) and “near” 

(magenta) depending on their proximity to the liquid surface. 

 

Figure 3.5: Graph showing the change in the timing of the peak of an ingoing packet of 

OD (N = 2) travelling at i = 0°.  The peak times were taken from the peaks of a Gumbel 

distribution function fitted to TOF profiles draw from three ROIs placed along the 

trajectory of the ingoing beam.  The slope of the red fitted straight line indicated the 

most probable speed in the packet. 
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3.3.5 Visual inspection of the image sequences 

The collected image sequences provided plenty of immediate conclusions just from a 

simple visual inspection.  Figures 3.6 and 3.7 show selected key frames from image 

sequences of OD in N = 4 approaching at θi = 0° and θi = 45°, respectfully, and scattering 

from surfaces of PFPE (figures a), squalane (b) and squalene (c).  The ingoing beam was 

visible in images at the early discharge-probe delays, as it travelled across the probe 

region toward a liquid surface at the expected angle of incidence.  The ingoing OD signal 

reached its highest point at a delay of 91 μs, when the peak of the packet reached the 

centre of the probe region, as can be seen in the first frames shown in Figures 3.6 and 3.7.  

Around the discharge-probe delay of 100 μs, the first molecules scattered back into the 

probe region after colliding with a liquid surface became visible.  This led to a period of 

several microseconds in which the ingoing beam and the scattered plume overlapped in 

space.  An example can be seen in the second frames of Figures 3.6 and 3.7 for discharge-

probe delay of 103 μs.  This was also the first opportunity to see the difference in OD 

survival probability on the three different liquids by comparing the visible OD signal from 

the three sequences.  This difference became only more pronounced at later delays.  The 

third frames show the OD scattered plume close to its peak signal at a delay of 115 μs, 

when all of the ingoing beam was gone from the probe region.  The last frames taken at 

a delay of 127 μs show scattered plumes that were decreasing in strength as the molecules 

travelled out of the probe region. 
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Figure 3.6: Selected frames from a set of final image sequences of OD in N = 4 

scattering from surfaces of PFPE (a), squalane (b), and squalene (c) after approaching at 

θi = 0°.  The discharge-probe delay of each set of frames can be found underneath.  To 

allow for visual comparison of the signal strengths, the frames were normalized to the 

peak intensity of the ingoing beam at 91 μs and the intensities in the last three frames 

have been multiplied by a factor of 4. 

 

Figure 3.7: Selected frames from a set of final image sequences of OD in N = 4 

scattering from surfaces of PFPE (a), squalane (b), and squalene (c) after approaching at 

θi = 45°.  The discharge-probe delay of each set of frames can be found underneath.  To 

allow for visual comparison of the signal strengths, the frames were normalized to the 

peak intensity of the ingoing beam at 91 μs and the intensities in the last three frames 

have been multiplied by a factor of 3. 
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Some qualitative assessments of the dynamical properties of the gas-liquid scattering 

could be derived from simple observation of the image sequences.  The first thing that 

was immediately noticeable was the size and shape of the molecular beam packet and the 

scattered plume of OD.  The ingoing beam appeared to be relatively narrow with no 

noticeable expansion in its transverse dimension as it moved across the probe region.  On 

the contrary, the scattered OD molecules appeared to travel in a broad plume that got 

progressively wider with the distance from the liquid surface.  The scattered plumes 

resulting from collisions of beams coming in at 45° were evidently broader than the ones 

resulting from normal incidence beams.  This, however, may have arisen from purely 

geometrical reasons of the increased area of interaction with the liquid surface for the 45° 

beam, as proved further on in Section 3.3.6.  The scattered OD molecules did not show 

any obvious left-right preference, regardless of the angle of incidence.  Moreover, the 

shape of the scattered plumes looked to be independent of the probed transition and the 

nature of the liquid surface.  The significance of these observations with respect to 

scattering mechanisms is discussed further, in Section 3.3.9.   However, a visual 

examination can, at best, provide only a qualitative indication of the angular distributions 

of the scattered molecules.  Moreover, properly assessing another of the dynamical 

properties, the speed of the molecules, by tracking the evolution of the OD signal between 

frames of the sequences was not possible.  Therefore, a complete analysis of the 

mechanisms of OD radicals scattering off squalane, squalene and PFPE required a more 

precise analysis.  This was done by examining the change in time of the integrated OD 

signal intensities in selected regions of interest, by acquiring the TOF appearance profiles 

and the intensity profiles from the image sequences, as explained in Section 2.9.2. 

Despite that, some features of the scattering process were very clearly visible in the image 

sequences.  Comparing the signal sizes in scattered plumes between the three 

experimental liquids gave an idea of the amount of OD that survived a collision with the 

surface.  From previous experiments using a similar setup, the survival probabilities of 

OD seeded in He on squalane and squalene were measured to be ~70% and ~30%, 

respectively, with PFPE assumed to be unreactive (survival probability of 100%) [17].  

Although measuring survival probabilities was not the main aim of the current 

experiment, a quick comparison between the integrated pixel intensities of peak scattered 

signals gave ratios that were qualitatively comparable to the previously measured survival 

probabilities. 
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The ratio of scattered to incoming OD signal intensities was observed in past experiments 

to increase for increasing OD rotational levels [14–17].  This was also visible when 

comparing the image sequences probed on different rotational transitions in this 

experiment (not shown explicitly here), regardless of the liquid surface used or the angle 

of incidence of the molecular beam.  Previous experiments also proved that scattered OD 

had superthermal rotational temperatures (~400 K) [17], suggesting a significant degree 

of translational-to-rotational energy transfer.  These observations indicated that the 

majority of the outgoing OD flux in the higher rotational levels came from inelastic up-

scattering of ingoing OD in lower N rotational levels. 

The frames taken at a discharge-probe delay of 103 μs shown in Figures 3.6 and 3.7 

display a potentially complicating feature of the experimental setup.  The front edge of 

the ingoing beam seemed to penetrate slightly beyond the perceived edge of the probe 

laser sheet whereas the scattered plume correspondingly seemed to appear slightly further 

in the probe region than the edge.  Notwithstanding the fact that the edges of the laser 

sheet were diffuse which made establishing their position imprecise, this effect is caused 

by the finite fluorescence lifetime of OD, which is of the order of ~700 ns.  This means 

that the molecules travelled some distance on average between absorption of the laser 

light and emission of the detected LIF.  Naturally, for molecules travelling in opposite 

directions, like the OD radicals travelling toward the surface in the ingoing beam and 

more broadly but predominantly away from the surface in the scattered plume, this led to 

slight but measurable opposite shifts in their final observed positions.  This effect also 

caused a slight loss of spatial resolution of the OD signal in the images by adding some 

exponentially decaying blur in the direction of travel.  However, at its highest extent 

relating to the fastest molecules in the ingoing beam, this effect would cause an average 

shift of position of no more than 8 pixels or 1.3 mm. 

Although any quantitative conclusions are hard to draw from direct visual inspection of 

the image sequences, the usefulness of this technique in illustrating the gas-liquid 

scattering processes was readily apparent.  These experiments indicate the first time ever 

that complete distributions of liquid-scattered gas projectiles were measured, and it opens 

the door for application in other scattering studies.  An advantage of collecting scattering 

image sequences, or “molecular movies” as they may be appropriately branded, is that 

they are conceptually easy and intuitively understandable, so they can serve as a powerful 

tool in bringing these scientific concepts closer to a non-specialist audience. 
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3.3.6 Characterising the ingoing beam 

Comparing the images of the ingoing beam for the four transitions probed (not showed 

explicitly here), it was immediately obvious that the beam was rotationally cold, as the 

OD signal decreased rapidly from N = 2 to N = 8.  This had previously been established 

in a similar experimental setup [17], but the current rotational population was confirmed 

independently by taking LIF excitation spectra at the peak signal discharge-probe delay 

(~90 μs) and extracting the rotational populations using LIFBASE™ (see Section 2.9.2).  

Both the spectra and a histogram presenting the populations can be seen in Figure 3.8.  

Roughly 70% of the ingoing OD radicals were in the rotational levels N = 1 and 2.  About 

90% of all were in levels N ≤ 4.  This comprised a relatively cold beam, providing a good 

basis to obtain meaningful dynamical information on translational-to-rotational energy 

transfer in collisions with a liquid surface. 

 

Figure 3.8: Figure a) shows the LIF excitation spectrum of OD in the peak of the 

molecular beam.  Only the relevant Q-branch lines in the A-X(1,0) transition are shown.  

Figure b) shows the rotational populations extracted from the LIFASE™ simulation as 

per the text. 

One of the key characteristics of a molecular beam is its physical width in the transverse 

dimension.  Particular to the gas-surface scattering experiments, the width of the ingoing 

packet directly governs the size of the area of interaction between the beam and the 

surface.  The scattered plume emerges from this area and keeping it small is beneficial in 

resolving the scattered molecules’ trajectories.  Assessing the width of the molecular 

beam was relatively easy with the imaging setup as the information was present in the 

images of the ingoing beam.  The physical width of the beam was measured by taking a 
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horizontal intensity profile (see Section 2.9.2) and finding the FWHM of a suitably fitted 

function.  This was done for images at discharge-probe delays corresponding to the peak 

of an ingoing packet travelling at θi = 0° reached the centre of the probe region and 

included profiles for OD in all four probed rotational states: N = 2, 4, 6, and 8.  ROIs of 

sizes corresponding to the full extent of the visible probe region (as can be seen, for 

example, in the InF image in Figure 3.3) were used and the resultant intensity profiles are 

shown in Figure 3.9.  The previously calculated factor of 0.16 mm px-1 (Section 3.3.4) 

was used to convert the x-axis from pixel-space to real-space.  The OD radicals in higher 

rotational levels had wider transverse distribution, which exhibited broad “wing” features 

on either side of the peak of the profiles.  A particularly big increase in width was 

observed between rotational levels 4 and 6.  Lorentzian distribution functions were found 

to be a good fit to the profiles and their FWHMs were measured and tabulated in Table 

3.1. 

 

Figure 3.9: Peak-normalized horizontal intensity profiles of the ingoing molecular beam 

measured from the images at the discharge-probe delay of 91 μs, which corresponded to 

the peak of the OD packet reaching the middle of the probe region.  The profiles are 

colour coded for the OD rotational levels N = 2 (black), N = 4 (blue), N = 6 (red), and N 

= 8 (green) and the light blue vertical line represents the middle of the image. 
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N 2 4 6 8 

FWHM / mm 6.51±0.05 6.43±0.03 9.04±0.09 9.78±0.16 

Table 3.1: Rotational-level-dependent FWHMs of the Lorentzian fits to the intensity 

profiles from Figure 3.9. 

This analysis provided a key piece of information on the spatial distribution of the OD 

radicals in different rotational levels across the beam; it was made up of a predominantly 

cold core with warmer edges.  Such a structure can be explained by considering an 

incomplete cooling of a part of the OD population during the supersonic expansion that 

would necessarily result in both warmer rotational temperatures and higher transverse 

speeds.  From the work done on optimising the design of the discharge device, this effect 

could be attributed to the penetration of the resultant plasma out of the device into the 

vacuum.  This region was considerably less dense than the one constrained by the device, 

which would limit the molecular collisions and hence lead to imperfect cooling. 

Estimating the physical width for such a spatially non-uniform beam was complicated.  

However, since the majority of the molecules comprising the beam populated the lowest 

rotational levels, it was decided that the width measured for OD in N = 2, equal to ~6.5 

mm, gave the best representation of the actual width of the molecular beam when at the 

centre of the probe region.  Further complication stemmed from the fact that the beam 

continued expanding transversely after leaving the probe region.  For the purposes of gas-

liquid scattering experiments, the width of the ingoing beam at the point of collision with 

the liquid surface was most important, as this controlled the area of the surface from 

which scattering occurred.  This width, however, cannot be measured directly from the 

images as the closest edge of the probe region was located ca. 5 mm away from the 

surface.  It was possible, however, to estimate it by extrapolating from the widths 

measured at several points within the probe region.  Three rectangular ROIs with heights 

of 30 pixels and lengths corresponding to the extent of the visible scattered plume were 

set at three different distances from the surface and centred on the surface normal 

emerging from the middle of the surface as can be seen in Figure 3.10.  Images taken for 

the Q1(2) transition were chosen as explained above.  The distances measured from the 

edge of the laser sheet to the middle of the ROIs were chosen to be 15, 45, and 85 pixels, 

corresponding to ~2.4, ~7.2, and ~13.6 mm, and were labelled “near”, “centre”, and “far” 

depending on their proximity to the liquid surface.  The widths of the beam at those three 
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points were measured by drawing intensity profiles from the three slices, fitting them with 

Lorentzian functions and finding their FWHM.  These were then plotted against the 

position of their parent ROI.  As can be seen from Figure 3.10 b), the width of the beam 

expanded linearly across the probe region, which allowed for its extrapolation to the 

position of the liquid surface, giving the width of the beam of ~7.3 ± 0.1 mm at the point 

of impact. 

 

Figure 3.10: The graph shows the expansion of the transverse dimension of the ingoing 

molecular beam across the probe region and its extrapolation to the position of the 

liquid surface (-5 mm). 

A cylindrically symmetric beam approaching along the normal to the plane of the surface 

had a circular projection onto the liquid surface with a diameter equal to the width of the 

beam.  For a beam 7.3 mm wide, the area of interaction with the surface was ~42 mm2. 

Approaching at any other angle of incidence naturally caused the projection to become 

ellipsoid, with the major axis in the laboratory-frame horizontal plane extending by a 

factor of 
1

cos 𝜃𝑖
, while the minor axis remained the same.  This led to a corresponding 

increase in the area of interaction by the same factor of 
1

cos 𝜃𝑖
. For the beam coming in at 
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45°, this factor was equal to √2 giving an area of interaction of ~59 mm2.  This increase 

led to a considerable increase in the width of the scattered plume visible in image 

sequences taken for θi = 45°, as explained in Section 3.3.5. 

3.3.7 Characterising the scattered plume 

One of the key characteristics of the scattering mechanism is the angular distribution of 

the scattered products.  The visual inspection of the experimental image sequences 

showed the scattered OD to be directed in broad plumes with no obvious left-right 

preference regardless of the angle of incidence of the molecular beam.  More accurate 

characterisation was done using the same slicing technique that was used in the previous 

section to quantify the width of the ingoing beam packet.  Using the same “near”, 

“centre”, and “far” ROIs described in Section 3.3.4, the horizontal intensity profiles of 

the scattered plume resulting from OD in N = 6 colliding with the surface of PFPE after 

approaching at θi = 0° were obtained.  Figure 3.11 shows these normalized profiles, along 

with the corresponding profiles for the ingoing beam (previously used to measure the 

widths in Figure 3.10).  The significant increase in width of the spatial distribution 

between the ingoing and scattered OD that was immediately visible in the image 

sequences is also evident in these profiles.  The new information provided was the 

comparatively rapid transverse expansion of the scattered plume across the probe region. 

When comparing the scattered plumes arising from collision of a molecular beam coming 

in at the two experimental angles of incidence, θi = 0° and θi = 45°, the latter appeared to 

spread much further in the transverse direction potentially implying a broader angular 

distribution of scattered OD.  This was true regardless of the OD transition probed or the 

nature of the liquid surface.  Figure 3.12 shows horizontal intensity profiles drawn from 

the previously established near, centre, and far ROIs set on images of peak scattered OD 

(N = 4) intensity resulting from collisions with PFPE after coming in at the two angles of 

incidence. 
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Figure 3.11: Comparison of the peak-normalized horizontal intensity profiles taken at 

several points across the probe region for the ingoing beam (dashed lines) and the 

scattered plume (solid lines). OD in N = 6, scattered from PFPE after coming in at θi = 

0°.  The lines are colour-coded according to the proximity of the ROI they were derived 

from to the surface: near (blue), centre (red), and far (black).  The profiles for the 

ingoing beam were drawn from an image taken at the discharge-probe delay of 87 μs 

and the scattered plume profiles at the delay of 115 μs. 
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Figure 3.12: Comparison of the horizontal intensity profiles taken at several points 

across the probe region for the scattered plume arising from scattering OD in N = 4 

from a surface of PFPE after approaching at θi = 0° (solid lies) and θi = 45° (dashed 

lines).  The lines are colour-coded according to the proximity of the ROI they were 

derived from to the surface: near (red), centre (blue), and far (black). The profiles were 

drawn from an image taken at the discharge-probe delay of 115 μs. 

In general, the scattered plume profiles for θi = 0° displayed narrower widths and larger 

peaks than those for θi = 45°, but all peaked around the centre of the interaction area.  This 

higher concentration of scattered OD density along the surface normal may, at first sight, 

indicate a preferred backwards scattering for OD with θi = 0°.  However, these differences 

can, in fact, be simply accounted for by the increased width of the area of interaction with 

the surface for the beam with θi = 45°.  The profiles in Figure 3.12 had been fitted with 

Gaussian functions to find their FWHM, which was a good indication of the widths of the 

scattered plume at different distances. The widths were plotted against the distance from 

the surface in Figure 3.13. 
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Figure 3.13: The change in width of the scattered plume of OD (N = 4) scattering off the 

surface of PFPE after coming in at θi = 0° (black) and θi = 45° (red). 

The plots in Figure 3.13 were fitted with straight lines.  The two slopes were very similar 

in value (0.86 ± 0.1 for θi = 0° and 0.73 ± 0.1 for θi = 45°) indicating a similar rate of 

spread of the two plumes. The intercepts had values of 14.0 ± 0.9 mm for θi = 0° and 20.6 

± 1.8 mm for θi = 45°.  Interestingly, this would indicate that for a scattered plume arising 

after coming in at θi = 0°, the width of the ingoing beam at the surface was almost twice 

as large as the measured width of the ingoing beam as it hit the surface, which was ~7.3 

mm (see Section 3.3.5).  The source of this discrepancy was not fully understood. 

Regardless, the ratio of the two widths measured from the intercepts was equal to ~1.47.  

This served as a support for the interpretation that the two plumes appeared to diverge at 

equal rates from source regions that differed in size by the factor of close to √2, as 

predicted in Section 3.3.6. 

Figure 3.12 showed that the integrated intensity of the scattered plume decreased with the 

increasing distance from the surface.  This was expected due to out-of-plane scattering, 

in which more and more OD left the probe region via the top or bottom sides of the laser 

sheet before reaching the back side.  A cylindrically symmetric ingoing beam approaching 

the surface at normal incidence should result in a cylindrically symmetric scattered plume, 
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expanding in the plane of the probe laser sheet and the plane perpendicular to it at the 

same rate.  The molecular beam can be safely assumed to be cylindrical, however, the 

symmetry of the scattered plume for θi = 0° had to be tested.  This was done by checking 

if the decline of the observed peak scattered intensity was consistent with the change in 

the observed spatial and temporal widths of the scattered plume at different distances 

from the surface.  ROIs were placed at five chosen distances from the surface: 7.7, 10.2, 

13.6, 17.0, and 21.3 mm. The physical width, wp, of the plume was measured from 

horizontal intensity profiles measured from the ROIs.  Then, TOF profiles were drawn 

from the same ROIs and the temporal widths (i.e., axial spread), wt, of the plume was 

measured from them.  The peak intensity, h, was expected to be inversely proportional to 

the square of the physical width of the plume (accounting for an equal rate of expansion 

both in- and out-of-plane) and inversely proportional to the temporal width, giving the 

following relationship: 

ℎ =
𝑐

𝑤𝑝
2𝑤𝑡

 (Equation 3.5) 

where c is a constant of proportionality.  The horizontal profiles were used to measure the 

peak intensities.  These were plotted against the distance from the surface at which they 

were measured in Figure 3.14.  Alongside this plot, the factor 
𝑐

𝑤𝑝
2𝑤𝑡

 was plotted, with the 

variables wp and wt measured as explained above.  The value of the constant c was 

manually optimised to achieve best overlap for the two plots. 
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Figure 3.14: The comparison between the measured peak OD signal intensity (black 

points) and the factor 
𝑐

𝑤𝑝
2𝑤𝑡

 (red points).  The value of the constant c was chosen to 

optimise the match to the measured data and was equal to 9.38 × 109 mm2 μs. 

The reasonable agreement between the two plots suggested that the scattered plume was 

indeed cylindrically symmetric around the surface normal (and, in fact, indirectly 

confirmed the assumed cylindrical symmetry of the ingoing beam).  It is important to note 

that because of the change in shape of the area of intersection between a surface and a 

beam coming in with θi ≠ 0°, the resulting scattered plume cannot be cylindrically 

symmetric, as it emerges from an ellipsoidal source area. 

The significant width of the scattered plume and its dependence on the angle of incidence 

of the parent molecular beam gave a good indication of the angular distribution of the 

scattered OD.  The lack of difference in shape of the scattered plumes of OD in various 

rotational levels or scattered from the various experimental liquids combined with the 

lack of significant left-right preference in scattered directions could, in absence of any 

other evidence, suggest that the OD scattered in a TD-like mechanism, where the 

molecules get thermalised on the surface and get launched in a cosθf distribution centred 

along the surface normal emerging from the centre of the beam-surface interaction area 

(see Equation 1.7).  However, broad angular distributions were commonly seen in other 
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experimental [7,8,10,31,37,38,66,114,141] and theoretical [132] studies, particularly for 

angles of incidence of less than 45° and relatively low initial kinetic energies, alike those 

in this experiment.  As such, further assessment of other scattering characteristics was 

vital in order to achieve a more complete picture of the mechanism, pending better 

resolved angular measurements using a narrower incident beam found in Chapter 5.  This 

was done by measuring the speeds of the scattered OD molecules in the next section. 

3.3.8 Speed distribution analysis 

As explained in Chapter 1, the incoming gas molecules lose some of their initial kinetic 

energy upon encountering a liquid surface.  A relatively small part of this transferred 

energy is converted into rotation of the scattered products and the rest is dissipated 

primarily into the recoil motion of the liquid molecule, but also into their vibrations and 

librations, as described in Chapter 1.  Provided a single encounter does not result in 

complete thermalisation of the gas molecules, the scattered molecule will retain a part of 

its ingoing kinetic energy and its speed will be directly dependent on it.  By extension, an 

ingoing packet of gas molecules with a range of ingoing speeds impacting on a liquid 

surface will result in a scattered plume of product molecules with a distribution of speeds 

dependent on the initial distributions, the deflection angle (χ) and on the distribution of 

energies lost on collision.  Measuring the pre- and post-collision speeds of OD radicals 

would therefore give a measure of this energy loss and help understand the dynamics at 

the gas-liquid interface. 

The image sequences taken with the new imaging apparatus contained the information 

about the speed of the ingoing and scattered molecules directly in the evolution of pixel 

intensity between each frame of the sequence.  The visual inspection of the image 

sequences provided a degree of preliminary information, restricted to recognizing that the 

ingoing molecules, understandably, travelled faster than scattered ones.  A suitable Monte 

Carlo forward simulation of the scattering process would create image sequences that 

could be compared and fitted to the experimental sequences and provide best estimates 

of the required speed distributions.  However, such simulation was not available at the 

time the data from this chapter was analysed.  Even by the time this work was published, 

it was not yet completed.  Instead, a method utilising the TOF appearance profiles was 

used to gather some information on the scattering angle-dependent most probable speeds 
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of the ingoing beam and the scattered plume for scattering of OD off the three 

experimental liquid surfaces (squalane, squalene and PFPE). 

TOF appearance profiles provided a measure of speed distributions via the distribution of 

arrival times.  However, the larger the region from which the profiles were drawn, the 

bigger the uncertainty in the exact distance the molecules have travelled and hence the 

bigger the uncertainty in the measured speeds.  This could be limited by choosing small-

sized ROIs, however, this would lead to a decrease in the signal-to-noise ratio in the 

resulting profiles.  A way of limiting that while still finding some information about the 

speeds of the molecules was to instead focus on the most probable speed within the 

distribution, found at the peak of the appearance profiles.   The ratio of the pre- and post-

collision most probable speed of OD could give a defined measure of the energy lost 

during scattering.  Perhaps more importantly, measuring the most probable speed of 

scattered OD would unequivocally answer the question about the extent of thermalization 

happening during the scattering process and hence help distinguish the scattering 

mechanism. 

To accurately measure the peak speeds of OD, the ROIs were set on images at several 

distances from the liquid surface.  The peak arrival times from the TOF profiles drawn 

from these ROIs were then plotted against the distance from the surface and straight lines 

were fitted to the resultant plots.  The slope of these lines gave the measure of the peak 

speed of the OD.  This was done both to the ingoing and scattered radicals.  Moreover, 

using small ROIs had a very crucial advantage; by setting the ROIs across the image, the 

peak speeds could be measured depending on the scattering angle.  Correlation between 

the final speed and scattering angle is one of the key indicators of impulsive-type 

scattering and served to further define the scattering mechanisms. 

In practice, ROIs of 10 × 10 pixels were set along radii corresponding to five final 

scattering angles: θf = -45°, -22.5°, 0°, +22.5°, and +45°, measured with respect to the 

surface normal set at the centre of the ingoing beam-liquid surface interaction area.  The 

negative angles indicated scattering to the left side of the images (e.g., θf = -45° 

corresponded to scattering along the same direction as the molecular beam incident at θi 

= 45°), whereas positive angles indicated scattering to the right side of the images(e.g., θf 

= +45° indicated specular scattering for the molecular beam incident at θi = 45°).  Finally, 

θf = 0° indicated scattering along the surface normal (completely backward scattering for 

OD incident at θi = 0°).  The nomenclature for the scattering angles was kept in this thesis 
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in accordance with the conventions typically used in the other gas-liquid scattering 

studies.  Five ROIs were set along each radius at distances of 7.7, 10.2, 13.6, 17.0, and 

21.3 mm measured from the centre of the area of interaction between the beam and the 

liquid surface to the centre of the ROI.  The ROIs were centred on the crossing points of 

the radii with the arcs.  Because of the size of the ROIs, the error in this distance was ± 5 

pixels, which corresponds to less than 1 mm, relatively low compared to the distances 

travelled by the scattered molecules.  Figure 3.15 illustrates the radii and arcs used to set 

the angles and distances, respectively.  OD TOF appearance profiles were drawn from 

these ROIs as explained in Section 2.9.2.  A different method of drawing the ROIs was 

used in Chapter 5, to ensure the two were distinguishable, the ROIs from this chapter 

were called “square ROIs”. 

 

Figure 3.15: Image of a scattered plume of OD overlayed with the arcs and radii (in 

white) used to position the 10 × 10-pixel ROIs from which the TOF appearance profiles 

used in the peak speed analysis were derived.  The edges of the laser sheet are demarked 

in green, the position of the surface is illustrated as a red line, and the blue dashed line 

indicate the normal incidence of the molecular beam. 

Figure 2.12 demonstrated TOF profiles derived from just such a ROI, precisely one set 

17.0 mm away from the liquid surface and along the normal to the surface.  The TOF 

profiles of the scattered OD were obtained by subtracting appropriate the surface-out 

profile from the corresponding surface-in profile as explained in Section 2.9.2.  The 

surface-out profiles were adjusted in such a manner so that after subtraction, the OD 

intensity would equal zero at discharge-probe delay of 99 μs.  The difference in intensities 

between the two profiles at earlier delays was non-zero and resulted in artificial positive 

intensity or unphysical negative intensity.   The degree of adjustment differed from profile 

to profile, but in general was in the range of ± 5% and 10% of the peak signal intensity.  

However, the significantly large ingoing OD intensity in profiles for the Q1(2) transition 
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led to artificial signals left over from the subtraction process that were considerably larger 

than the residual scattered OD signal and hence were deemed unsuitable for further 

analysis. 

The surface-out and the residual scattered OD profiles were fitted to the Gumbel 

distribution function (see Equation 3.4, Section 3.3.4).  Figure 3.16 shows example 

profiles drawn from the five ROIs placed along the normal beam incidence.  The 

relatively narrow ingoing beam profiles are seen at the early delays and their peaks move 

later in time as the molecular packet travels across the ROIs toward the liquid surface.  

The reverse occurs for the broader scattered OD profiles, for which the peaks move later 

in time with the direction away from the surface.  The comparison between the time 

differences in the peaks of these two types of profiles also confirmed the naturally lower 

speeds in the scattered molecules, as it was clear it took longer time for the scattered 

molecules to cover the same distance as the ingoing ones. 

 

Figure 3.16: Graph shows the comparison between the normalized intensities of the 

ingoing beam of OD in N = 4 travelling at θi = 0° toward a PFPE surface (sharp peaks 

between ~80 and ~110 μs) and the subsequently scattered OD (broader peaks starting at 

~100 μs) measured at θf = 0°.  The profiles were drawn from the ROIs located at 7.7 

(magenta), 10.2 (blue), 13.6 (green), 17.0 (red), and 21.3 mm (black) from the centre of 

the point of impact of the beam onto the surface.  The solid lines show the fits to the 

Gumbel probability functions (Equation 3.4). 
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Proper measuring of the peak speeds involved first finding the most probable arrival 

times.  These were measured from the peak positions (xc) of the Gumbel distribution 

functions fitted to the TOF profiles (see Equation 3.4).  The xc was plotted against the 

distance for ROIs placed along a single final scattering angle and the resultant plots were 

found to be linear, as expected.  Straight lines were fitted to the plots to give a measure 

of the inverse of the peak speed of molecules travelling along the chosen angle.  This 

process was done to all the scattered OD TOF profiles: each transition, surface, and angle 

of incidence of the ingoing beam.  It was also done to the surface-out TOF profiles using 

only the ROIs placed along the two θi to measure the peak speeds of the ingoing beams.  

Figure 3.17 shows examples of this process for the normal incidence ingoing beam and 

the OD scattered from the three experimental liquids.  A line was added to this graph to 

denote OD travelling at the most probable thermal speed of ~540 m s-1.  The negative 

distance values were an artifact of the measurement method and the green line was added 

ensuring that it would intersect the other lines in approximately the same place to allow 

for comparison.  A simple visual comparison of the slopes of the lines in Figure 3.17 

showed that the most probable speed of OD in the ingoing beam was higher than that of 

OD scattered off the three experimental liquids (which were roughly comparable between 

each other), and the thermal speed to be distinctively lowest.  The systematic analysis 

approach yielded the full spectrum of measured most probable speeds of OD in N = 4, 6, 

and 8, scattered off surfaces of squalane, squalene and PFPE, which can be found in Table 

3.2 for θi = 0° and in Table 3.3 for θi = 45°. 
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Figure 3.17: Peak times measured from the TOF appearance profiles for OD in N = 4 

scattered from PFPE (red), squalane (blue), and squalene (magenta) measured at θf = 0°. 

The ingoing beam (θi = 0°) times (black) are also included.  The slopes of the linear fits 

correspond to the inverse of the most probable speeds in the given ensemble of 

molecules.  The green line was added to show what most probable speed would 

thermalized molecules achieve.  
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Transition Q1(4) Q1(6) Q1(8) 

Surface PFPE Squalane Squalene PFPE Squalane Squalene PFPE Squalane Squalene 

S
ca

tt
er
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le

 

 

-45° 1186±61 1030±83 841±43 1316±86 929±73 1136±59 1052±53 950±63 1366±139 

-22.5° 1089±25 1013±71 839±43 1229±64 957±117 1069±72 1087±45 1018±59 1179±79 

0° 1058±50 922±98 822±39 1227±36 850±47 1129±64 1134±89 1113±110 1103±85 

22.5° 1096±38 909±51 828±17 1201±52 825±27 1126±67 1095±46 1019±90 1216±109 

45° 1155±61 1068±65 844±43 1253±86 793±27 1272±192 1173±50 1125±130 875±146 

Table 3.2: The table shows the most probable speeds (in m s-1) of the scattered OD molecules for θi = 0° depending on the probed transition, liquid 

surface, and the final scattering angle (θf).  The θf was calculated as the difference between the normal to the surface and the radius along which the 

ROIs were placed.  Negative angles correspond to the OD scattered to the left of the surface normal in the image-frame. 

  



 

116 

 

Transition Q1(4) Q1(6) Q1(8) 

Surface PFPE Squalane Squalene PFPE Squalane Squalene PFPE Squalane Squalene 

S
ca

tt
er

in
g
 a

n
g
le

 

-45° 1156±59 867±45 961±99 1221±16 1035±65 943±23 1174±77 991±139 1164±251 

-22.5° 1289±55 876±33 1006±81 1287±106 984±94 984±45 1189±52 1015±197 1206±143 

0° 1427±87 990±26 1128±72 1338±97 1012±105 1102±78 1132±60 813±150 1105±200 

22.5° 1510±77 1015±33 1273±95 1321±61 997±19 1106±10 1131±111 948±116 1230±22 

45° 1620±60 1305±140 1392±92 1527±102 1469±141 1196±43 1343±189 1098±280 1030±27 

Table 3.3: The table shows the most probable speeds (in m s-1) of the scattered OD molecules for θi = 45° depending on the probed transition, liquid 

surface, and the final scattering angle (θf).  The definitions of the final angles are the same as in Table 3.2. 
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The measured most probable speeds of scattered OD ranged from ~800 to ~1600 m s-1, 

roughly 1.5 to 3 times higher than the most probable speed of OD molecules that would 

have thermalised on the surface.  The magnitude of the peak speeds was found to be 

strongly dependent on some of the experimental variables, namely the incident and final 

angle, and the nature of the liquid surface.  However, caution is advised as these values 

should not be taken as absolute given that the density-flux transformation was not 

accounted for in this analysis.  This was prevented by the significant temporal spread of 

the ingoing beam packet as well as the geometric effects of its finite transverse spread.  

In fact, these effects may account for the observation that the ingoing beam and scattered 

OD lines plotted in Figure 3.17 did not intersect at the known position of the liquid 

surface, indicated by the distance from the liquid surface of 0, but rather at about –8 mm. 

Tables 3.2 and 3.3 showed the lack of a correlation between the most probable speeds of 

scattered OD and the rotational states probed.  One could argue that for the OD in the 

highest rotational level studied (N = 8), the molecules were slower than those in N = 4 or 

6 but establishing a more general trend would require a more thorough experiment and 

analysis.  However, a clearer relationship can be seen between the final speeds and the 

nature of the liquid surface used.  The OD molecules scattered from surfaces of PFPE 

were evidently the fastest for both angles of incidence, but it was particularly obvious for 

θi = 45°.  The difference is less obvious between OD scattered from squalane and 

squalene, but in general it appeared that scattering from squalene resulted in marginally 

higher peak speeds.  However, the differences were small and, in some cases (N = 4 for 

θi = 0° and N = 6 for θi = 45°), suggested higher speeds for OD scattered from squalane. 

Nonetheless, the most substantial differences in the peak speeds of OD were linked to the 

final scattering angle, θf. Figure 3.18 shows the peak speeds of OD in N = 4 scattered off 

surfaces of the three experimental liquids for θi = 0° (Figure 3.18 a) and θi = 45° (b) 

plotted against the θf.  Both graphs show that lowest final speeds were achieved by 

molecules scattered backwards (θf = 0° for θi = 0°, and θf = -45° for θi = 45°) and highest 

speeds were achieved by molecules scattered at widest angles (θf = 45° and θf = -45° for 

θi = 0°; and θf = 45° for θi = 45°).  This effect was most evident in the data for OD scattered 

off PFPE surfaces, but it was also present in the data for the two other surfaces.  Figure 

3.19 shows a polar graph demonstrating the comparison between the final-angle-

dependent peak speeds of OD scattered from PFPE for θi = 0° and θi = 45° clearly showing 

that the latter resulted in faster scattered molecules. 
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Figure 3.18: The final-angle-dependent peak speeds of OD in N = 4 scattered from 

PFPE (black), squalane (red), and squalene (blue) for θi = 0° (left) and θi = 45° (right). 

 

Figure 3.19: A polar graph showing the comparison between the final-angle-dependent 

most probable speeds of OD in N = 4 scattered off a surface of PFPE for for θi = 0° 

(red) and θi = 45° (black). 

3.3.9 Scattering mechanism discussion 

As explained in Section 1.3 in the field of gas-liquid scattering the scattered product 

distributions are commonly empirically characterised into two limiting mechanisms: IS 

and TD.  This includes the internal (especially rotational) state distributions 

[53,56,60,62,63,84,110,165], and the correlated translational energy and angular 

distributions [9,10,37].  Previous experiments done on OD (and OH) scattering from 

surfaces of squalane, squalene, and PFPE had already provided insight into its 

mechanisms.  The first experiments done on hydroxyl radicals coming from photolytic 
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sources like HONO (average Ei = 54 kJ mol-1) [14,15] and allylic alcohol (average Ei = 

70-80 kJ mol-1) [16] showed that the scattered molecules were considerably superthermal 

and had superthermal speeds, both characteristics implying a presence of IS-type 

scattering.  Further studies done with OD created in the same fashion as in this work with 

most probable Ei = 29.5 kJ mol-1 [17] showed that the scattered OD population was 

rotationally superthermal, which could only result from impulsive scattering.  Therefore, 

this proved that a considerable amount of hydroxyl radicals with these translational 

energies scattered from surfaces of squalane, squalene and PFPE in a ballistic manner, 

following one or at most a few collisions with the surface molecules, retaining a 

considerable part of their momentum and with evident translational-to-rotational energy 

transfer.  What new information did the experiments from this Chapter provide then? 

The use of the new imaging technique gave new insights into the range of final angles of 

the scattered molecules.  The visual inspection and analysis using the horizontal intensity 

profiles of the image sequences containing the scattered plumes of OD showed that the 

radicals scattered with broad angular distributions that were independent of the rotational 

level probed, the nature of the surface or, most tellingly, the angle of incidence of the 

parent molecular beam (the increased width for θi = 45° due to an increased dosed area 

of the surface notwithstanding, see Section 3.3.7).  The scattered plumes were also shown 

to be left-right symmetric with no preference for specular scattering that might have been 

expected for θi = 45°. 

Whether the spatial distributions fit quantitatively to cosθf was not tested, but their 

considerable widths and lack of directionality did appear to question the assumed 

contribution from the IS scattering mechanism.  Preference for near-specular scattering 

had been observed in other gas-liquid scattering studies but was only observed for high 

incidence angles (generally for θi = 60°) and relatively high kinetic energies of ingoing 

particles [31,37–39,140,190], two properties that are known to promote hard-sphere, 

ballistic-style collisions [141].  Smaller incidence angles, like the currently studied θi = 

45°, typically resulted in broad distributions without any strong forward scattering 

preference, as evinced in the earliest experiments of Nathanson’s group using noble gas 

projectiles (xenon, argon, and neon) and some of the liquid surfaces as used here, namely 

squalane and PFPE [31,190].  However, these experiments were restricted in their scope 

of measuring the full angular distributions as they used a mass spectrometry detection 

system probing only a few discrete scattering angles of which none were backward 
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scattered.  This limited their ability to measure the actual degree of asymmetry about the 

surface normal.  More recently, pointwise single-beam LIF experiments done by Zutz and 

Nesbitt on NO scattering from surfaces of PFPE, squalane, and the ionic liquid 1-butyl-

3-methyl-trifluorosulfonylimide provided some measurements into backward scattered 

molecules [66].  They showed that for the angle of incidence θi = 45° no asymmetry was 

seen in the scattered angular distribution at lower kinetic energies (Ei = 11 kJ mol-1), 

whereas at higher energies (Ei = 84 kJ mol-1), forward scattering became preferred for 

higher rotational states of studied molecules.  This evidently resulted from impulsive-

collisions-induced translational-to-rotational energy transfer.  Perhaps most relevant to 

the current work were the calculations done by Troya [132], who used Quasi-Classical 

Trajectory (QCT) calculations to simulate the conditions of the McKendrick group’s 

photolytically-created-OH experiments from References [14,15]. The liquid surface was 

simulated as a model fluorinated SAM, which served as a reasonable substitute of a PFPE 

surface [110,128,132].  The OH was set to come in at θi = 0° and the average collision 

energy was 54 kJ mol-1.  These calculations predicted very broad angular distributions, 

that anticipated, at least qualitatively, the current results. 

Such broad angular distributions of the scattering products even within an IS scattering 

regime have been rationalised to result from the fact that the liquid surface appeared to 

an incoming gas particle as considerably rough on the atomic scale.  As an example, 

molecular dynamic simulations of the surface of squalane predicted it to be considerably 

rough, with some alkyl chains projecting into the vacuum as can be seen in the work of 

Westacott et al. [123].  Similar simulations done by McKendrick et al. on squalene also 

predicted roughness in surfaces of squalene [16].  The interface was made of crevasses, 

pits and peaks made by the arrangement of the different parts of the liquid molecules that 

changed dynamically with time.  Such an uneven surface would not necessarily reflect 

impulsively colliding particles forward at a (near)specular angle, but rather, each 

individual collision would have a momentary preferred trajectory that depended on the 

spatial arrangement of the colliders.  In fact, some of those arrangements could direct the 

scattered molecules into further collisions, resulting in additional exchanges of energy 

and facilitating thermalization.  Extending this line of thought to sampling from the whole 

area of interaction between the incoming molecular beam and the liquid surface in the 

experiments within this chapter, this would feasibly explain the resulting broad scattering 

plumes seen in this work even if the dominant scattering mechanism was IS-type, as 
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suggested by previous experiments and the new information found in this work, which 

are discussed further in this section. 

However, the extent to which the true distributions were measured in this preliminary set 

of experiments might have been compromised by experimental limitations.  The width of 

the scattered plumes that were observed in this chapter was, at least to some extent, a 

result of a wide ingoing beam of OD, which in turn resulted in large areas of interaction 

with the surface from which the molecules scattered.  Furthermore, these wide areas could 

lead to a blurring effect in which molecules travelling at different scattering angles and 

originating from different positions on the surface could end up within the same region 

of space.  Any more nuanced features of the scattered angular distributions could then 

simply be obscured by these effects.  Using a narrower ingoing beam could therefore 

reveal this potentially hidden information, which formed the basis of the experiments 

presented in Chapter 5. 

The discussion above rationalised why the broad angular distributions of scattered 

products need not necessarily arise only from TD-like scattering.  This heavily suggested 

that the OD in the current experiment indeed scattered predominantly in an IS fashion.  

The results presented within this chapter not only confirmed some of the observations 

made in previous experiments, but also provided further proof for the presence of IS 

mechanism.  Firstly, the translational-to-rotational energy transfer upon collision with a 

liquid surface was evident when comparing the ratio of ingoing to scattered signal 

strengths for the probed rotational levels.  This aligned with the results in [17].  Secondly, 

the most probable speeds of the scattered OD were unanimously superthermal, as can be 

seen in Tables 3.2 and 3.3.  Just these two factors would be enough to confirm the 

presence of IS scattering, however, the imaging technique allowed to resolve the 

correlated speed and angular distributions, which served as further proof. 

Figures 3.18 and 3.19 showed the correlation between the peak scattered speeds and final 

scattering angles of OD.  The peak speeds increased for the increasingly wide final angle 

and for increased off-normal angle of incidence.  These results are at least qualitatively 

consistent with the well-established impulsive “hard-sphere” collision model (see 

Equation 1.4) in which the projectile and the surface are treated as spheres of finite masses 

[9,10,37,38,141].  This model can also be refined to include the loss of energy to the 

internal motions of the colliding molecules - “soft-sphere” model (see Equation 1.5).  

Either model predicts that the momentum transferred to the surface during a collision 
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event is a closed-form function of the deflection angle, χ, and not independently a function 

of either of the two angles.  In consequence, the biggest transfer, and hence the lowest 

final speeds, is achieved by complete “head-on” collisions with χ = 180° which result in 

backward scattering.  In terms of all the experiments in this thesis, this would mean lowest 

speeds for the combinations: θf = 0°, θi = 0°; and θf = -45°, θi = 45°, which was indeed 

the case as can be seen in Figure 3.18.  Furthermore, any combination of incident and 

final angle resulting in the same value of χ should result in the same speed regardless of 

the individual values of θf and θi.  However, that was not seen in the results in this chapter, 

beyond the case for χ = 180°.  This could be a genuine effect maybe alluding to different 

involvement of TD-type scattering for the two angles of incidence, or it could just be an 

artefact of the relatively simple level of analysis used here.  Nonetheless, the presence of 

a dominant impulsive-type scattering mechanisms in collisions of OD with surfaces of 

squalane, squalene and PFPE seems beyond doubt. 

Figure 3.18 also illustrated the effect of the surface type on the peak scattering speeds.  

For a single angle of incidence, OD scattered from PFPE was considerably faster than 

OD scattered at the same final angle but from squalane or squalene.  This reflected the 

well-established higher “stiffness” of a PFPE surface compared to hydrocarbon surfaces, 

which results in more elastic collisions [8,42,56,100,141].  Between the latter two 

surfaces, the data was inconclusive, but more combinations of measured OD rotational 

level and incidence angle showed OD scattered from squalene to be faster than that 

scattered from squalane.  This may be explained by the increased reactivity of squalene 

toward incoming OD radicals, compared to squalane.  As reactivity is, in general, 

positively correlated with the extent of trapping of impinging gas molecules on surfaces 

of a liquid (see Section 1.3.3), more of the potentially thermalized molecules would be 

eliminated from the scattered population. 

3.4 Conclusions 

These initial proof-of-concept imaging experiments proved successful.  The collected 

image sequences and their subsequent analysis demonstrated the usefulness of the 

technique in acquiring dynamical information on the scattering process.  However, it also 

highlighted a key improvement that could be made to the experimental setup to obtain 

better resolved images.  Reducing the area of interaction between the ingoing beam and 

the liquid surface by narrowing the width of the beam would certainly result in more 
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spatially resolved images.  This along with other improvements to the experimental 

apparatus are discussed in Chapter 4 and their effect on OD scattering images is presented 

in Chapter 5.  
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Chapter 4 - Experimental upgrades 

4.1 Introduction 

The results described in Chapter 3 showed that the imaging technique was not only viable 

for studying the dynamics on the gas-liquid interfaces but also proved a uniquely useful 

method that combined the advantages of spectroscopic detection with spatial and 

temporal resolution of scattered products.  However, despite the success of the initial 

results, several shortcomings of the experimental design and procedure became obvious.  

These had to be addressed to achieve higher quality results and this chapter describes the 

adjustments and upgrades that were done to the experimental setup before new scattering 

images were collected (see Chapter 5).  The experimental changes encompassed different 

parts of the experiment, but all focused on increasing the quality of the images and 

improving the spatial resolution of the hydroxyl-radical signal. 

One of the outstanding issues highlighted in Chapter 3 was the inadequacy of the 

instrument function images, which prevented the experimental images from being 

adjusted to account for the detectivity differences across the imaged region.  The source 

of the issue was found to be the low pass filter used in the imaging stack.  It was decided 

that purchasing a filter better suited to transmitting the emission from OD was 

unnecessary, as switching to using OH from discharging water was a cheaper and more 

straightforward option.  The results of scattering OH were also more readily applicable 

to real-world systems.  The change in the identity of the gas prompted other changes in 

the experiment, mainly revolving around stabilising the discharge. 

Moreover, the assessment of the scattering mechanism was clouded by the presence of 

the very broad scattered plumes found in the initial experimental image sequences.  These 

were found to result from the inherent roughness of liquid surfaces, but also partially from 

the substantial physical width of the impinging molecular beam.  Therefore, improving 

the spatial resolution of the scattered molecules required narrowing of the molecular 

beam.  This was resolved using a disc-shaped collimator installed downstream of the 

skimmer to provide secondary collimation to the beam.  A set of collimators was designed 

with different-sized central apertures in order to test and control the final molecular beam 

width. 
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The last change involved re-designing the laser beam-shaping optics system to include 

more control over the dimensions of the laser sheet and to achieve greater uniformity in 

the power distribution across the sheet.  

Although not specifically a change in the experimental system, the pixel-to-millimetre 

conversion factor was measured by taking images of a spatially well-defined target. 

The forward simulation of the scattering process using Monte Carlo methods that was 

designed within the McKendrick group alongside the experiments is also introduced at 

the end of this chapter. 

All these tests and changes were done in preparation to collect a new set of experimental 

image sequences of OH scattering from surfaces of squalane, squalene, and PFPE, that 

should show the scattering process with improved resolution and simplify the mechanistic 

analysis of the process.  The new results are found in Chapter 5. 

4.2 Measuring the px-to-mm conversion factor 

The conversion factor between pixel- and real-space was calculated in Section 3.3.4 by 

comparing the peak speed of the ingoing beam measured from a ROI analysis of a surface-

out image sequence (11.5 ± 3.9 px μs-1) to a peak speed of the same beam measured in 

previous experiments (1811 ± 8 m s-1) from a TOF appearance profile [17]. This gave a 

conversion factor of ~0.16 mm px-1 which was used in Chapter 3 to calculate the peak 

speeds of the scattered OD. 

In order to confirm this factor independently, a paper target was placed in the field of 

view of the camera and at the position corresponding to the middle of the height of the 

probe laser sheet.  A 5 × 5 mm square grid was printed on the paper with every other 

square completely black making a chessboard-like pattern.  The target was attached to a 

mount that in turn was attached to the support rods of the molecular beam assembly.  The 

paper extended into the probe region and its far edge was set against the rotating wheel’s 

surface when the bath assembly was brought into the middle of the main chamber.  The 

collimating plano-concave lens was removed from the laser beam-shaping optics system 

to allow the laser to expand indefinitely in the horizontal plane, illuminating most of the 

paper grid.  The parts of the target that were not printed over emitted fluorescence light 

resulting from excitation of the titanium dioxide (TiO2) included in the manufacture of 
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the paper.  The fluorescence was captured by the imaging assembly and an example of 

the target grid image can be found in Figure 4.1.  The image showed a faithful 

representation of the “chessboard” grid pattern.  Because of the nature of the paper target 

and the distribution of power across the width of the laser, not all parts of the paper were 

illuminated equally.  A few white squares were also marked with a cross to aid with 

positioning of the paper gird and these can be seen in the image. 

Other elements of the experimental chamber were also visible, mainly two of the support 

rods positioned above the paper target, which appeared as dark rectangles at the top of 

the image in Figure 4.1.  The laser light scattered from the rotating wheel can also be seen 

in the lower part of the image, particularly the side of the wheel that was facing the 

incoming laser.  The image also provided a good measure of where exactly the liquid 

surface was located in the images, as the edge of the paper grid touching the wheel was 

clearly visible.  Interestingly, the emission from the edge squares looked to be reflected 

by the steel wheel’s surface, which resulted in mirroring of the grid pattern. 

Another feature that was visible in the image was the blur that appeared toward the edges 

of the circular imaging region.  This distortion was most likely caused by a combination 

of astigmatism and comatic aberration in the collection lenses located at the bottom of the 

imaging stack, but became noticeable only about 100 pixels away in any direction from 

the centre of the image. 
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Figure 4.1: A grayscale image of the “chessboard” grid placed in the middle of the 

probe laser sheet and used as a target for measuring the pixel-to-millimetre conversion 

factor.  The image is a sum of 500 single-laser-shots and no thresholding was applied to 

these images during collection.  The black squares indicate the printed pattern, the white 

squares indicate the original paper surface.  The white rectangle illustrates the area used 

in calculating the pixel-to-millimetre conversion factor (see text).  The red line indicates 

the position of the liquid surface.  The black shadows at the top of the image are the 

ends of the support rods of the molecular beam’s assembly. 

Because the 5 × 5 mm squares showed up clearly, their pixel-space area could be 

measured directly from the images in order to calculate the conversion factor between the 

pixel- and the real-space.  However, the measurements had to account for the thickness 

of the printed lines that delimited the squares.  These were 0.2 mm thick, adding an 

uncertainty of ± 0.2 mm to each measurement of a side of a square.  A rectangle 8 squares 

wide and 7 squares tall centred around the middle of the probe region was set (shown in 

white in Figure 4.1).  The size was chosen to maximise the area while avoiding the blurred 

outer parts of the imaging region.  The real-space area of the rectangle was calculated to 

be 1400 ± 11 mm2
 and its area in pixel-space was measured to be 22494 ± 641 px2 (163 

× 138 px).  The uncertainty in the pixel measurement of each side of the rectangle was 
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set to be ± 3 px, accounting for the imperfections in the image and a degree of personal 

judgement necessary in deciding where to draw the rectangle.  Calculating the ratio of the 

real-space area to the pixel-space area gave the value of the pixel-to-millimetre 

conversion factor of 0.2495 ± 0.0074 mm px-1, ca.1.6 times higher than the previously 

measured one of ~0.16 mm px-1.  The source of this discrepancy was not known at the 

time of these measurements but is expanded upon in Section 5.4.1. 

Importantly, despite this changing the absolute values of peak speeds of scattered OD 

measured in Section 3.3.6 (and indeed the peak speed of the ingoing OD used to measure 

the previous conversion factor), it did not invalidate the conclusions drawn in Chapter 3 

about the mechanics of OD scattering from surfaces of squalane, squalene and PFPE.  In 

fact, the speeds were actually undervalued, which only strengthens the conclusion about 

the presence of the impulsive scattering mechanism. 

Two more images of the paper target were taken: one with the sheet 2 mm above the 

initial position, and one with the sheet 2 mm below.  This was done to see how the imaging 

resolution and the conversion factor changed across the 4 mm height of the probe laser 

sheet.  Figure 4.2 shows these two images.  The image taken closest to the imaging 

apparatus appeared slightly more blurred than the ones taken at the middle and at the 

bottom of the laser sheet.  This indicated that the top part of the laser sheet was just outside 

the focal depth of the image intensifier.  The calculation of the pixel-to-millimetre 

conversion factor was repeated as above.  The 8 × 7 squares area encompassed 23572 ± 

655 px2 for the image from the top part of the probe sheet and 21330 ± 606 px2 for the 

image from the bottom part.  That corresponds to a change in the square of the 

magnification of about 10% across the height of the probe sheet.  The corresponding 

pixel-to-millimetre conversion factors were calculated as 0.2437 ± 0.0070 mm px-1 and 

0.2562 ± 0.0076 mm px-1, respectively.  The average conversion factor for the three 

calculated ones was 0.2498 ± 0.0127 mm px-1, which was almost identical to the factor 

measured from the intermediate-height image, suggesting a relatively weak linear change 

in magnification across the probe sheet’s height.  The average conversion factor was used 

in the rest of this thesis to convert between pixel- and real-space. Table 4.1 collects the 

measured conversion factors. 



 

129 

 

Figure 4.2: Grayscale images of the “chessboard” grids placed in the top (left) and 

bottom (right) of the probe laser sheet.  Each image is a sum of 500 single-shots and no 

thresholding was applied to these images during collection. 

Position of the target 
Bottom of the 

probe sheet 

Middle of the 

probe sheet 

Top of the probe 

sheet 
Average 

Conversion factor / 

mm px-1 
0.2562 ± 0.0076 0.2495 ± 0.0074 0.2437 ± 0.0070 

0.2498 ± 

0.0127 

Table 4.1: The conversion factors measured from a grid target positioned at three 

different heights representing different sections of the probe laser sheet. 

4.3 Decreasing the molecular beam’s width 

As shown in Chapter 3, the width of the ingoing molecular beam was predominantly 

responsible for the broad angular distributions of the scattered OD radicals.  Regardless 

of the incidence angle of the ingoing beam, the scattered plumes appeared broad and 

featureless, which complicated the assessment of the scattering mechanism.  Any analysis 

was confounded by the reduced resolution as the relatively big dosing area of the liquid 

surfaces meant that scattered radicals with different final angles could end up in the same 

part of the probe region even if they originated from different points on the interaction 

area.  Decreasing the width of the molecular beam would therefore improve the resolution 

of the scattered trajectories and could reveal any features in the scattered radicals’ angular 

distributions that so far had been hidden due to the experimental design. 
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The conventional way of collimating a free jet coming from a supersonic expansion of 

gas in vacuum involves the use of a skimmer, as was done so far in this experiment.  The 

simplest way to reduce the beam’s width beyond what was achieved in Chapter 3 would 

be to use a skimmer with an opening of a diameter smaller than 2 mm.  However, ordering 

several custom-made skimmers to test would require significant experimental downtime. 

Another option, also widely employed in the field, is the use of a second collimator 

positioned downstream of the skimmer.  Typically, the second collimator would be 

another skimmer, but in this experiment a set of stainless-steel collimators was designed 

based on the aluminium disc holders used to mount the general valve assembly and the 

skimmer inside the chamber.  Each collimator disc had four equally spaced holes 

positioned along its edge so it could be slid onto the support rods behind the skimmer.  

Holes were drilled through the middle of each disc to let a part of the initially skimmed 

beam through.  To minimise the interactions between the molecules in the beam and the 

surface of the collimator, the holes were conical in shape with a 90° cone angle opening 

into a larger aperture on the backside of the disc.  The frontside apertures were 

manufactured with four different diameters: 6, 5, 3, and 2 mm.  Because a part of the 

probe laser sheet passed between the support rods, the collimator had to be positioned 

sufficiently far enough from the ends of the support rods to not intercept the laser sheet 

and scatter the probe light.  Due to the geometry of the experiment, this was even more 

important when the beam assembly was positioned at θi = 45°.  To allow for more 

adjustment, a rectangular shape was cut out on one side of the collimator to let the laser 

pass unobstructed.  When at normal incidence, this cut-out was positioned either facing 

up or down to ensure any uncollimated molecules that could pass through were led outside 

the probe region and remained undetected.  Figure 4.3 shows one of the collimators from 

both sides. 
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Figure 4.3: Photographs of the 5-mm in diameter collimator shown frontside (facing the 

beam nozzle, left) and backside (right).  The cut-out allowing the laser to pass is visible 

on one of the sides.  The conical shape of the aperture can also be seen on the backside 

photograph. 

The extent of collimation of the molecular beam depended on two factors: the size of the 

aperture in the collimator and the distance between the skimmer and the collimator.  

Similar to the positioning of the skimmer described in Section 3.2.2, positioning of the 

collimator revolved around balancing between the narrowest beam and the highest 

detected signal.  The initial tests used the 6- and 5-mm collimators positioned downstream 

at three distances from the skimmer opening (50, 72, and 95 mm) and the beam assembly 

at normal incidence (θi = 0°).  For these tests, the skimmer was brought closer to the end 

of the discharge device (39 mm) compared to its position during experiments from 

Chapter 3.  This was done to create a much wider starting beam and therefore to highlight 

the effects of the secondary collimation.  Figure 4.4 shows images of the peak of the OD 

(N = 1) molecular beam packet as it reached the centre of the probe region with: no 

additional collimation, a 6-mm collimator placed 50 mm away from the skimmer tip, and 

a 5-mm collimator in the same place.  The images were scaled so that the same colour 

represented the same pixel intensities.  The narrowing of the beam is immediately visible 

and the coupled reduction in the OD signal size is also evident in the decrease of the 

number of the white coloured pixels which signify the highest levels of pixel intensities.  

Figure 4.5 shows images of the peak of the packet created with the 6-mm collimator set 

at the three chosen distances from the skimmer opening.  These show considerable 
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decrease in beam width and OD signal strength with increasing distance between the two 

apertures. 

 

Figure 4.4: Comparison between the molecular beam of OD created using just the 

skimmer (a), using the skimmer and the 6-mm collimator (b), and the skimmer and the 

5-mm collimator (c).  The collimators were placed 50 mm away from the tip of the 

skimmer.  The images were taken at discharge-probe delay corresponding to the peak of 

the ingoing packet reaching the middle of the probe region and with the probe laser 

tuned to the Q1(1) transition.  Each image is a sum of 500 single-shots and a threshold 

of 12 was applied to these images during collection. 

 

Figure 4.5: Comparison between the molecular beam of OD created using the skimmer 

and the 6-mm collimator placed 50 mm away from the skimmer tip (a), 72 mm away 

(b), and 95 mm away (c).  The images were taken at discharge-probe delay 

corresponding to the peak of the ingoing packet reaching the middle of the probe region 

and with the probe laser tuned to the Q1(1) transition.  Each image is a sum of 500 

single-shots and a threshold of 12 was applied to these images during collection. 

Horizontal intensity profiles, drawn from ROIs placed across the peak of the packet were 

used to quantify the decrease in beam width for the tested collimators and can be seen in 
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Figure 4.6.  All the widths were measured as the FWHM of a horizontal intensity profile 

taken form images of the OD (N = 1) ingoing beam at discharge-probe delays 

corresponding to the peak of the packet reaching the centre of the probe region.  The ROIs 

were centred on the peak of the probe region and their dimensions were set to 20 pixels 

in height and 420 in width (i.e., the whole width of the image).  The 0.2498 mm px-1 

conversion factor from Section 4.2 was used to convert the widths from pixel space to 

real space.  The starting “skimmer-only” beam width was measured to be 17.9 mm wide.  

By comparison, the equivalent molecular beam in the experiments from Chapter 3 was 

~10 mm wide (see Section 3.3.5, value adjusted for the newly-corrected pixel-to-

millimetre conversion factor).  The beam’s width was severely reduced with a second 

collimator; even as far down as 5.8 mm, a decrease by a factor of slightly over 3, for the 

5-mm collimator placed 95 mm away from the skipper tip.  Table 4.2 compares the beam 

widths measured from these intensity profiles with respect to the collimators’ aperture 

diameter and the distance from the skimmer tip. 

 

Figure 4.6: Comparison between the normalized horizontal intensity profiles drawn 

from ROIs centred on the peak of the ingoing beam packet (420 pixels wide, 20 pixels 

high) on images of OD ingoing beams with skimmer only (dots), 5-mm collimator 

(solid lines) and 6-mm collimator (dashes).  The solid brown vertical line indicate the 

middle of the image. 
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Collimator distance from 

skimmer tip / mm 

Molecular beam width / mm 

5-mm collimator 6-mm collimator 

Experimental Calculated Experimental Calculated 

50 10.5 13.2 12.5 17.0 

72 7.5 10.7 8.7 13.6 

95 5.8 9.3 7.2 11.8 

Table 4.2: Measured experimental (FWHM) widths of the collimated molecular beam of 

OD (N = 1) compared with calculated widths (using a simple straight lines geometrical 

analysis) presented with respect to the aperture of the collimator and the collimator’s 

position with respect to the tip of the skimmer.  The width before collimation was 17.9 

mm. 

The beam widths presented in Table 4.2 illustrate the effects the size of the aperture of 

the collimators and their distance from the skimmer had on the width of the molecular 

beam.  As expected, the collimation increased with the decreased size of the aperture and 

with the increased distance between the two elements.  Despite the diameter of the 

apertures being nominally different by 1 mm, the collimated beams’ widths differed by 

more than that at all collimator-skimmer distances.  This difference also changed non-

linearly with the distance.  Similarly, for a single collimator, the change in the produced 

beam’s width with the collimator-skimmer distance was also non-linear.  Noticeably, the 

same effects are observed from calculating a beam width from a simple geometrical 

analysis using the distance between two straight lines just passing through both aperture, 

as can also be seen in Table 4.2.  The extent of collimation decreased with increasing 

distance, approaching the hard physical limit of the collimated beam’s width equal to the 

diameter of the collimator for infinite distance between the two elements. 

The same intensity profiles were used to measure the degree of reduction in the OD signal 

upon collimation.  The intensity profiles were integrated for both aperture sizes and 

plotted with respect to the collimator-skimmer distance in Figure 4.6 below.  Similarly to 

the change in the extent of collimation, the change in OD signal was non-linear with the 

collimator-skimmer distance. 
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Figure 4.7: Comparison between the skimmer-collimator distance-dependent OD 

signals measured from the non-normalized versions of intensity profiles found in Figure 

4.6 for the 5-mm collimator (red circles) and the 6-mm collimator (black squares). 

Further tests were done with the 2-mm collimator positioned at the very ends of the 

support rods, which created a beam with the narrowest width possible.  Figure 4.8 shows 

an image of an ingoing beam of OD in N = 1 taken when the molecular packet reached 

the middle of the probe region compared to an equivalent image for OD in N = 2 with no 

collimator inserted in the chamber.  The collimated beam appeared significantly 

narrower; the beam width measured as the FWHM of a horizontal intensity profile taken 

at the centre of the packet was 2.5 mm.  Furthermore, the two images were scaled so that 

the same colour represented the same pixel intensities, and the significant drop in OD 

signal strength for the collimated beam was again obvious.  In fact, no real signal was 

visible for collimated beams of OD in N > 4.  The 2-mm collimator proved extremely 

effective in reducing the width of the ingoing beam, however the coupled reduction in 

signal sizes proved too severe to be useful in the scattering experiments. 
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Figure 4.8: Comparison between the molecular beam of OD created using the skimmer 

and the 2-mm collimator placed at the end of the support rods (left) and with using just 

the skimmer (right).  The OD in the left-hand image was in the N = 1 rotational level, 

and in N = 2 in the right-hand image.  Both images were taken at a discharge-probe 

delay corresponding to the middle of the beam packet reaching the middle of the probe 

region. 

These tests provided a very good insight into how the collimators operated and the degree 

to which they reduced the width of the ingoing beam.  The main consideration for 

collecting any new scattering images was to get as narrow a beam as possible, while still 

achieving measurable signals even for highest (i.e., least populated) rotational levels of 

OD.  The choice of position of the collimator was also constrained to allow the probe 

laser sheet to pass uninterrupted, which in practice meant that the maximal collimator-

skimmer distance was 50 mm.  When the 2-mm collimator was installed at that position, 

it resulted in very little measurable OD signal for N ≥ 4 and proved unusable due to very 

high signal-to-noise ratios.  Therefore, the 3-mm collimator was tried next, and Figure 

4.9 shows two images taken when the peak of the ingoing beam reached the middle of 

the probe region.  The first image shows the ingoing beam of OH in N = 1 and the second 

shows the OH in N = 4 (see Section 4.5 on switching the scattering gas from OD to OH, 

these images were taken after the change was made but the differences between the two 

radicals were not predicted to influence the beam size).  The N = 1 pixel intensity in the 

peak regions was roughly 10 times larger than the N = 4 one, but the ingoing beam in the 

latter is still easily measurable despite the much lower population.  Using the same 
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methods as above, the molecular beam width was measured to be 5.9 mm at the peak of 

the packet. 

 

Figure 4.9: Ingoing beams of OH in N = 1 (left) and N = 4 (right) created with the 3-mm 

collimator placed 50 mm away from the tip of the skimmer.  The peak intensity on the 

N = 1 image is ca. 10 × higher than on the N = 4 image.  Each image is a sum of 500 

single-shots and no thresholding was applied to these images during collection. 

Recalling the discussion in Section 3.3.5 and Figure 3.9, the hydroxyl molecules in 

different rotational states were not uniformly distributed across the molecular beam.  The 

rotationally hotter molecules were spread more to the edges of the beam leaving the core 

rotationally colder.  As such, upon installing a secondary collimator, the resultant beam 

would be expected to be rotationally colder than the equivalent “skimmer only” beam as 

a collimator should reject mostly the rotationally warmer outer parts of the beam leaving 

the colder core largely uninterrupted. 

To test that, a LIF excitation spectrum of a collimated OD ingoing beam created with the 

3-mm collimator placed 50 mm away from the skimmer tip was taken at a delay 

corresponding to the peak of the packet reaching the middle of the probe region.  

LIFBASE™ was then used to extract the rotational populations of the occupied levels (N’ 

≤ 8, See Section 2.9.3) and a Boltzmann plot was created and plotted alongside one for 

the “skimmer only” beam measured previously [17].  In a thermally equilibrated gas 

sample, the population of a given rotational state Ni, denoted as P(Ni), is related to the 

energy of that state via the Boltzmann equation: 
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𝑃(𝑁𝑖) =
𝑔𝑖

𝑞𝑟𝑜𝑡
𝑒

(−
𝐸𝑖

𝑘𝐵𝑇𝑟𝑜𝑡
)
 

(Equation 4.1) 

where gi is the degeneracy of the state i, Ei is its energy, kB is the Boltzmann constant, Trot 

is the rotational temperature and qrot is the canonical rotational partition function, defined 

as: 

𝑞𝑟𝑜𝑡 = ∑ 𝑔𝑗

𝑗

𝑒
(−

𝐸𝑗

𝑘𝐵𝑇𝑟𝑜𝑡
)
 

(Equation 4.2) 

where j denotes all populated energy levels.  Boltzmann plots were constructed by 

plotting the natural logarithm of the populations of each state divided by its degeneracy 

against the energy of the state.  Figure 4.10 shows the Boltzmann plots of the two OD 

beams; with and without the 3-mm collimator. 

 

Figure 4.10: Boltzmann plots of the 3-mm collimated OD beam (black squares) and the 

“skimmer only” OD beam (blue triangles, taken from [17]). 
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The two Boltzmann plots appeared non-linear; a feature discussed in [17] and later in 

Section 4.5 below, indicating a non-thermal distribution of rotational population.  The 

“skimmer only” OD beam was described by two rotational temperatures found from 

fitting a two-temperature Boltzmann function: 

𝑃(𝑁𝑖)

𝑔𝑖
= 𝐶 [

𝛼

𝑇𝑟𝑜𝑡,1
𝑒

−
𝐸𝑖

𝑘𝐵𝑇𝑟𝑜𝑡,1 + (
1 − 𝛼

𝑇𝑟𝑜𝑡,2
) 𝑒

−
𝐸𝑖

𝑘𝐵𝑇𝑟𝑜𝑡,2] 
(Equation 4.3) 

where Trot,1 was the lower of the rotational temperatures, Trot,2 the higher of the rotational 

temperatures and  was a parameter representing the percentage of the population with 

Trot,1.  The uncollimated OD beam characteristics were found to be: Trot,1 = 78 ± 5 K, Trot,2 

= 354 ± 45 K, and  = 0.76 ± 0.04 [17]. 

The high magnitude of the second rotational temperature was a direct result of the 

relatively high rotational population of the higher rotational levels.  The two Boltzmann 

plots matched very well for the first five levels, indicating similar Trot,1, but diverged at N 

= 6 with the collimated beam retaining a much more linear shape, indicating a much lower 

Trot,2 and a larger  parameter, and hence relatively low population of the highest 

rotational levels in the collimated beam compared to the “skimmer only” beam.  This fits 

with the assertion that the rotationally hotter molecules occupied the outer parts of the 

ingoing beam which in turn got rejected by the collimator.  The rotational population 

distributions in the ingoing beams are discussed further in Section 4.5.  

Overall, this meant that using a secondary collimator produced beams that were 

rotationally colder than equivalent “skimmer only” beams.  This was advantageous as 

rotationally colder impinging molecules simplify the assessment of the degree of 

translational-to-rotational energy transfer upon collision with a liquid surface and hence 

make easier the evaluation of the scattering mechanism. 

These tests have demonstrated that the collimation of the ingoing beam of hydroxyl 

radicals with the disc collimators was very successful.  The 3-mm collimator positioned 

50 mm downstream from the skimmer tip was used for the rest of the experiments in this 

thesis.  With it, the beam width was reduced by almost a half from ~10 mm in the 

experiments found in Chapter 3 to 5.9 mm here.  The reduction in size came at the expense 

of an expected reduction of the ingoing and scattered hydroxyl signals.  However, the 

signals were still easily measurable. 
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4.4 Resolving the issue with the instrument function images 

As described in Section 3.3.3, the instrument function images were intended to be used 

to correct the pixel intensities in the experimental images in order to account for the 

spatial differences in performance of the imaging system.  The two major factors that 

distorted the images were the power distribution across the width of the probe laser sheet 

as well as the blur and the reduction of the efficiency of the collection lenses away from 

their central axis (see Figures 4.1 and 4.2).  However, the InF images collected alongside 

the experimental data from Chapter 3 showed unexpected and abnormal distribution of 

signal, with two areas of high signal (“hot spots”) symmetrically located on either side of 

the middle of the probe region, which itself was lower in signal (see Figure 3.3).  The 

origin of this distribution was unknown at the time of the analysis from Chapter 3 but was 

examined afterward and presented here. 

Given the signal distribution in the InF images, its source had to be either an effect that 

caused the sensitivity of the system to decrease in the centre of the probe region, or 

conversely an effect that caused the detectivity to increase in the region of the two hot 

spots.  Considering the first possibility, an obvious source would be a deposition of 

material on the bottom surface of the collection lenses which would limit its ability to 

transmit light.  The central part of the lower collection lens in the imaging stack protruded 

furthest from the top of the chamber and was located above the active wheel when that 

was pushed into the chamber.  Evaporation of the experimental liquids or even any 

undesired splashes could conceivably result in coverage of the lens.  To test this, the 

chamber was opened, and the imaging stack was removed.  The bottom lens was visually 

scrutinized, but no deposition of any material was found.  The lens was thoroughly 

cleaned and remounted onto the chamber.  No effect on the instrument function images 

was noted. 

Abnormalities in the signal distribution could also result from issues with the camera 

sensor.  To test that, the camera was rotated by 90° along its main axis, but as can be seen 

from the InF image in Figure 4.11, the signal distribution remained unchanged.  To 

confirm that, a horizontal intensity profile from the un-rotated InF image and an 

equivalent vertical intensity profile from the rotated image were drawn from ROIs set 

through the middle 20 pixels of the probe region and spanning the width/height of the 

image.  The profiles were then normalized and compared in Figure 4.12 to show only 

negligible differences. 
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Figure 4.11: Comparison between the InF images taken with the camera in its regular 

position (left) and rotated by 90° around its main axis (right).  Each image is a sum of 

500 single-shots and no thresholding was applied to these images during collection. 

 

Figure 4.12: Comparison between the normalized intensity profiles from the InF images 

found in Figure 4.11. 
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The next consideration was the action of the low-pass filter located between the collection 

lenses.  It was manufactured to transmit the fluorescence emission on the OH A-X (1,1) 

band, which ranges primarily from 313 to 316 nm rather than the equivalent OD 

fluorescence, which ranges from 310 to 313 nm.  The transmission profile of the filter 

can be found in Figure 4.13. 

 

Figure 4.13: Transmittance profile of the low-pass filter of the imaging assembly 

(black).  The red vertical line indicate the transmittance maximum at ~313 nm. 

The layered construction of the filter meant that it was most transparent to the light of the 

desired wavelength and blocks the other wavelengths best at normal incidence.  At wider 

angles, its efficiency in transmitting the chosen wavelength photons decreased.  

Therefore, it was possible that for OD fluorescence light that did not match the 

transmission curve, the emission coming from radicals directly below the centre of the 

lenses would be transmitted less effectively than any off-centre emission.  This was tested 

by switching the scattering gas from OD to OH and tuning the probe laser to wavelengths 

appropriate to excite the OH A-X (1,0) transition band (around 282 nm).  An instrument 

function image was then taken and compared with the OD InF image found in Figure 4.11 
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(unrotated).  Figure 4.14 shows the two images.  Horizontal intensity profiles were drawn 

from ROIs set through the middle 20 pixels of the probe region and spanning the whole 

width of the images.  Figure 4.15 shows the comparison between the two profiles. 

 

Figure 4.14: Comparison between the InF images taken with OD (left) and OH (right) 

as the scattering gas.  Each image is a sum of 500 single-shots and no thresholding was 

applied to these images during collection 

 

Figure 4.15: Comparison between the intensity profiles from the InF images found in 

Figure 4.14.  
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The OH InF image showed that the signal peaked in the central part of the probe region 

and gradually decreased toward the left and right side of the image following the blurring 

and decreased efficiency optical effects of the collimation lenses.  The power distribution 

across the laser sheet was also visible in the InF image.  The peak of the power was 

deliberately shifted toward the right side of the laser sheet (looking along the laser 

propagation direction), and it was preserved in the image as the increased signal at the 

top of the probe region.  The two effects that were expected to influence the signal 

distribution in the InF images were well represented in the OH InF images and hence the 

source of the issue was concluded to be the mismatch between the OD emission and the 

low pass filter transmission range.  A possible solution to the problem involved 

purchasing a new filter specifically designed to transmit the OD A-X (1,1) fluorescence.  

However, the experiment was permanently changed to OH scattering, which meant that 

no new purchases had to be necessary.  The change in the nature of the projectile 

molecules required some changes in the experiment as well as tests to see if the 

experiment operates properly.  All of these are presented in the next section. 

4.5 Switching the gas from OD to OH 

Switching to studying OH was relatively simple thanks to the robust design of the 

experiment.  OH was used successfully in some of the previous gas-liquid scattering 

studies where it was created from bulk photolysis of HONO [14,15] and allyl alcohol 

[16].  In the molecular beam setup, OH was created by discharging H2O seeded in He in 

the same fashion as was done previously with D2O.  The dye mixture used in the dye laser 

was replaced with pure Rhodamine 6G which in a solution of methanol produced laser 

light which could be doubled to give wavelengths appropriate to excite the OH A-X (1,0) 

transition band (around 282 nm). 

However, the new nature of the projectile molecules caused issues with stability of the 

short discharge pulses (long pulses used to flood the chamber with gas for instrument 

function imaging did not have this issue).  Resolving this problem became the next 

priority before any new scattering images could be acquired. 

4.5.1 Resolving the discharge stability issues 

The dependence of a successful discharge strike on the conditions such as gas pressure, 

chamber pressure, and voltage applied to the front electrode meant that day-to-day 
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optimisation was necessary for the discharge to operate in a stable fashion.  However, 

even with in situ adjustments to the conditions, a stable discharge was not always possible 

to achieve, even before switching from discharging D2O to discharging H2O.  In such 

cases, allowing the discharge to operate for an extended period was sometimes enough to 

stabilise it.  A stable discharge could also be achieved by applying a bias positive voltage 

to the front electrode of ca. 300 V when in the passive state.  This however was unsuitable 

for the scattering experiments because it resulted in ingoing beam packets with 

considerably elongated trailing edges, leading to significantly extended periods of 

ingoing and scattered signal overlap.  Instead, after stabilising with the biased voltage, 

returning to 0 V in the passive state was used to preserve the stability.  Similarly, 

extending the length of the HV pulse to encompass all (or most) of the gas pulse gave a 

stable discharge, and once stability was established, returning to shorter pulses typically 

retained the stability.  These methods did not always work, however, and in such severe 

cases more involved methods were necessary.  

Despite the lack of any intentional carbonaceous material in the gas mixture, the inside 

of the discharge, particularly the inner surface of the ceramic spacer located between the 

two electrodes, would slowly acquire a dark, sooty coating.  Loss of stability became 

more common over time as the coverage grew and would improve drastically after 

cleaning out the black deposit.  This was done by sonicating the covered pieces separately 

in methanol and acetone, but sometimes mechanical abrasion of the deposit with fine 

grade sandpaper was necessary.  For the coating in the Teflon pieces (like in the channel 

of the faceplate) that could not be sonicated due to swelling, the deposit was cleaned out 

manually.  Other methods of regaining stability involved replacing the electrodes with 

new ones and ensuring that there always was a line-of-sight between the discharge region 

and the filaments of the wide range gauges, to allow for an unobstructed flow of seeding 

electrons.  These filaments could also develop the same dusky coating, that had to be 

removed periodically. 

After switching the precursor gas to H2O, the discharge remained unstable despite trying 

all the stabilisation methods described above.  In his thesis, Bianchini described the use 

of glowing tungsten filament to provide more seeding electrons via its thermionic 

emission in a manner similar to an incandescent light bulb [18].  A device to facilitate this 

was installed in the chamber.  A Teflon “yoke” element was designed to sit on top of the 

support rods between the disc holders of the general valve and the skimmer.  A small 
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tungsten filament with its ends threaded through a small ceramic disc (Agar Scientific 

AGA054) was attached to the middle of the yoke by passing the ends of the wire through 

two small holes in the Teflon body.  An electrical circuit was created by attaching Kapton 

wires to the ends of the filament with brass connectors and leading them to a pair of 

feedthroughs located on the flange of the beam assembly.  Two BNC coaxial cables 

connected the outside parts of the feedthroughs to an external power supply (Tenma 72-

2705).  The filament itself was positioned so that it had a direct line of sight with the 

discharge region and did not interfere with the free jet expansion coming out of the pulsed 

valve nozzle.  The power supply was operated in the constant current mode and an 

observable glow occurred when the supplied current reached ~1.6 A and the load-

controlled voltage was set by the power supply to ~0.9 V.  This provided an immediate 

stabilisation of the discharge which begun striking on every trigger pulse.  The delay 

between the start of the pulse and start of the strike remained of the order of ca. 3 μs, but 

this could be lowered slightly by increasing the power supplied to 1.8 A and 1.1 V.  The 

light coming off the filament grew brighter with increasing power, but further increases 

did not provide any additional stabilisation.  In fact, currents larger then ~2 A gradually 

decreased the stability of the discharge.  As such, the current supplied was kept between 

1.7 and 1.8 A and was moderated day-to-day as part of the daily optimisation of the 

discharge conditions. 

The stabilisation provided by the tungsten filament facilitated the use of OH as the 

scattering projectiles.  However, questions arose about the potential background signal 

due to the additional light in the chamber coming from the glow of the filament.  This 

light should, in principle, be blocked by the low pass filter located between the collection 

lenses, but to check that was the case, background images taken with the image intensifier 

on but no OH present and no laser operating were taken while supplying the filament with 

currents of 0, 1.0, 1.8, 2.0 and 2.3 A (with the voltage appropriately set by the power 

supply depending on the load).  The images were made from summing 500 individual 

shots with no pixel intensity threshold applied.  The false colouring applied was set to the 

same scale on each image to allow for comparison.  Figure 4.16 depicts the images.  The 

intrinsic distribution of the electrical noise across the camera sensor can be seen in the 

figure a) which was taken without any glow from the filament.  A clear pattern of vertical 

“bands” of higher noise intensity can be seen, one roughly 50 pixels wide on the left side 

of the image and another starting from the middle of the image and continuing to the right 

side for approximately 100 pixels.  The circle of raised intensity indicated the position of 
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the image intensifier and appeared when it was on.  A “hot spot” of very high intensity 

can be seen near the top left corner of the images, just within the circle of the image 

intensifier, where channels in the MCP stack were damaged from oversaturation.  Figures 

4.16 a), b), and c) show that no additional signal caused by the glow of the filament was 

captured by the camera up to the operational current of 1.8 A.  Figures 4.16 d) and e) 

show that with higher power and brighter glow, some of the light did get detected and the 

resulting signal was distributed across all of the active part of the image.  Going forward, 

it was necessary to keep the current supplied to the filament below 2 A to avoid 

introducing additional background signal to the experimental images. 

 

Figure 4.16: Comparison between images taken with the imaging assembly with the 

pulsed valve, discharge, and probe laser off.  The tungsten filament was set to 0.0 V (a), 

1.0 V (b), 1.8 V (c), 2.0 V (d), and 2.3 V (e).  Each image is a sum of 500 single-shots 

and no thresholding was applied to these images during collection. 

Adding the glowing tungsten filament proved to help stabilise the discharge, however, 

day-to-day optimisation of the discharge parameters was still required to achieve the best 

discharge conditions.  Periodically, some of the previously mentioned stabilising 

techniques were still required, in particular the regular cleaning of the discharge parts to 

remove the sooty deposition was crucial.  Regardless, this has facilitated the use of OH 

as the scattering projectiles and allowed for new experiments to take part. 

4.5.2 Changes in the rotational population of the ingoing packet 

As discussed in Section 2.5.2, the spectroscopy of the OH and OD radicals is 

fundamentally alike with any differences stemming from the additional mass of the 

deuterated species.  The consequences of an increased mass of a rotating molecule are an 

increase in its moment of inertia, I, and a corresponding decrease in its rotational constant, 

B, as can be seen in the equations below: 
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𝐼 =
𝑚𝑂𝑚𝐻/𝐷

𝑚𝑂 + 𝑚𝐻/𝐷
𝑟2 

(Equation 4.4) 

𝐵 =
ħ2

2𝐼
 

(Equation 4.5) 

where mO is the mass of oxygen, mH/D is the mass of hydrogen or deuterium, depending 

on the radical in question, r is the internuclear distance, and ħ is the reduced Planck’s 

constant.  The decrease in the magnitude of B in OD leads to a decrease in spacing of 

rotational energy levels, as energies of the rotational levels are proportional to B, as seen 

in the simple example of the rigid-rotor approximation: 

𝐸𝐽 = 𝐵𝐽(𝐽 + 1) (Equation 4.6) 

∆𝐸 = 𝐸𝐽+1 − 𝐸𝐽 = 2𝐵(𝐽 + 1) (Equation 4.7) 

where J is the rotational quantum number denoting the rotational level, EJ is the energy 

of the J-th rotational level, and E is the spacing between two consecutive levels.  

Consequently, the rotational population of OH radicals in a molecular beam would be 

spread across a smaller number of rotational levels than in a corresponding beam of OD 

at the same temperature.  To compare the beams of the two radicals, a LIF-excitation 

spectrum taken at the discharge-probe delay corresponding to the peak of the OH 

molecular packet reaching the middle of the probe region was obtained and compared to 

the OD spectrum taken in Section 4.3.  Both beams were collimated with the skimmer 

and a 3-mm collimator (see Section 4.3), and the spectra can be seen in Figure 4.17. 
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Figure 4.17: LIF excitation spectrum of the 3-mm collimated OH beam (top, black) and 

OD beam (bottom, red).  The spectra were taken on the OH/OD A – X (1,0) band with 

the probe laser wavelength tuned to capture Q1(1) – Q1(5) transitions for OH and Q1(1) 

– Q1(8) for OD. The OD spectrum was taken discontinuously to avoid some non-Q1 

lines. 

As mentioned previously, rotational levels of up to N = 8 were populated in the OD beam 

and up to N = 5 in the OH beam.  In principle, the N = 6 level could have been occupied, 

but the Q1(6) transition line was blended with the lines of the Q2(1) and Q2(3) transitions, 

which made it impossible to resolve in this experiment.  However, given the extremely 

small population of the N = 5 state, it was unlikely that any higher state was occupied in 

a measurable way.  LIFBASE™ software was used to extract rotational populations of 

the OH packets (See Section 2.9.3) and a Boltzmann plot of its population was 

constructed and compared with the 3-mm collimated OD and “skimmer only” OD plots 

from Section 4.3 in Figure 4.17. 
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Figure 4.18: Boltzmann plots of the 3-mm collimated OD beam (black squares), 3-mm 

collimated OH beam (red circles) and the “skimmer only” OD beam (blue triangles, 

taken from [17]). 

Nominally for a thermally equilibrated sample, the Boltzmann plot is linear and has a 

slope equal to −
1

𝑘𝐵𝑇𝑟𝑜𝑡
.  However, as was mentioned earlier in Section 4.3 and can be seen 

in Figure 4.18, the Boltzmann plots of the experimental ingoing beams were non-linear.  

The plot of the OH packet matched very well to the plot of the collimated OD packet, 

remaining close at higher energies up to ca. 300 cm-1 where the “skimmer only” OD plot 

diverged.  This indicated that the rotational populations were controlled by the same 

underlying distribution and did not really differ between the collimated packets of the 

radicals.  As discussed previously; the secondary collimation decreased the number of 

molecules occupying the highest rotational levels.  The Boltzmann plots were fitted with 

a two-temperature fitting function. Table 4.3 shows the comparison between the 

measured rotational temperatures and  parameters. 
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Molecular beam Trot,1 / K Trot,2 / K  

a) 78 ± 5 354 ± 45 0.76 ± 0.03 

b) 64 ± 10 185 ± 11 0.59 ± 0.08 

c) 57 ± 1 164 ± 1 0.43 ± 0.01 

Table 4.3: Comparison of the two rotational temperatures and the alpha parameter for 

the: a) OD “skimmer only” beam [17], b) the OD beam created with a 3-mm collimator, 

and c) the OH beam created with a 3-mm collimator. 

The magnitudes of the rotational temperatures confirmed the initial assessment about the 

similarity between the OD and the OH collimated beams.  The value of their  parameters 

was also reasonably close, indicating a comparable number of molecules with the two 

rotational temperatures in the two ensembles.  This meant that switching from using a 

molecular beam of OD to one of OH should not impact the scattering experiments beyond 

the intrinsic differences in rotational-energy spacings caused by the structure of the two 

radicals. 

4.5.3 Testing the OH scattering 

The main issue of using OH is in its method of production.  As explained in Section 2.4.2, 

discharging H2O could potentially lead to production of oxygen atoms that when collided 

with a reactive liquid surface, could produce OH leading to an undesired increase in the 

scattered OH signal.  For the surfaces used in this experiment, this would apply to 

squalane and squalene, but specifically not to PFPE, which lacks the abstractable 

hydrogen atoms in its structure.  To test if any additional OH signal was present, the 

survival probability measurements from [17] would have to be replicated and compared.  

However, this was not possible with the current experimental setup.  Nonetheless, as will 

be shown in Section 5.3.1, the relative signal sizes between the OH scattered from the 

three experimental surfaces were consistent with what has been seen in Chapter 3.  As 

such, OH was deemed as appropriate and used for the scattering experiments in Chapter 

5. 
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4.6 Designing and installing a new beam-shaping optics system 

The last of the changes to the design of the experiment involved an overhaul of the way 

the laser sheet was formed.  The previous beam-shaping optics system relied only on 

expanding the output beam of the dye laser in the laboratory-frame horizontal dimension 

with a plano-convex lens (in a vertical arrangement) and then re-collimating it with a 

plano-concave lens (also vertical) positioned at a distance that was the sum of the focal 

lengths of the two lenses.  As such, the distribution of power across the sheet and the 

shape of the sheet were completely dependent on the distribution of power and shape of 

the dye laser output beam.  The output beam of the dye laser was non-Gaussian and 

included several imperfections (“hot spots”) caused by higher order modes and general 

wear of the laser optics.  The shape of the beam was also not circular but rather resembling 

a “teardrop”: the height of the beam spot was larger than its width and the width itself 

decreased toward the bottom of the spot.  Producing beams of that shape was an intrinsic 

property of the dye laser caused by pumping the dye cuvettes in the resonator and the 

amplifier stages from their sides and could not be adjusted.  This optics system also lacked 

any control over the vertical dimension of the produced sheet, which was simply 

equivalent to the height of the dye laser spot.  All of this led to a sheet which lacked 

sharply defined edges, and which needed to be constantly monitored to ensure a consistent 

distribution of power across its width. 

In order to improve the laser sheet, a new beam-shaping optics system was designed based 

on the design by Schumacher et al. [191] shown in Figure 4.19.  It used a pair of 

telescopes to control both dimensions of the final sheet and a square mask positioned 

between the telescopes to define the sheet’s edges.  To limit the issues caused by the 

distribution of intensity in the dye laser beam spot, an iris set to 1 mm in diameter was 

used to select the most intense part of the beam.  The selected part was then expanded 

using a bi-concave lens (f1 = -9.0 mm) before being recollimated with a plano-convex 

lens (f2 = 501.8 mm) positioned ~493 mm away from the first lens.  The first telescope 

expanded the beam to a diameter of ~56 mm from whose centre a 30 mm square was 

selected with the mask.  This created a square-section beam with the required width of 30 

mm.  In order to reduce the height of the beam to create a rectangular sheet, a plano-

convex lens (f3 = -30 mm) and a plano-concave lens (f4 = 200 mm) were positioned 

horizontally downstream of the mask and at a distance of ~170 mm from each other.  This 

reduced the height of the beam to 4.5 mm, creating a laser sheet with the desired 
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dimensions.  The cross section of the laser was imaged using a piece of paper and an 

external camera.  Figure 4.20 shows comparison images of the probe sheets created with 

the old and the new optics system. 

 

Figure 4.19: The beam shaping optics system used by Schumacher et al to create a 

vertical probe laser sheet. Reprinted from [191]. 

 

Figure 4.20: The greyscale images show the “beam spot” of the probe sheet created with 

the old beam shaping system (left) and the new system (right).  The laser sheets were 

intercepted with a piece of white paper and the TiO2 emission was imaged with an 

external camera to give images of the sheets’ cross-sections. 

The issues with the previous probe sheet are obvious in Figure 4.20.  The imperfections 

in the dye laser output beam were replicated in the sheet creating a very uneven 
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distribution of laser power.  It formed a striped pattern, with three regions of higher 

intensity running horizontally across the sheet’s width.  On the other hand, the new optics 

system created a much more uniform sheet, with only slight increase in intensity to the 

very top and bottom of the sheet.  The shape was also much more rectangular, the only 

deformity being a slight increase in height at the centre of the sheet.  Although the effects 

of the new laser sheet cannot be easily seen in the experimental images, the sharply 

defined edges and more reliable distribution of the laser intensity across the sheet had a 

substantial impact on day-to-day reproducibility and made the daily optimisation of the 

probe laser sheet parameters significantly easier. 

4.7 Monte Carlo simulation of the OH scattering 

Concurrently with several of the tests and upgrades to the experimental setup and 

procedure described in this Chapter, work has been done within the McKendrick group 

by Carlota Sieira-Olivares [192] and Adam Knight [193] to develop a forward simulation 

of the scattering process using Monte Carlo procedures.  The goal of the MC simulation 

was to model the scattering image sequences based on initial input parameters (e.g., 

geometry of the experiment, incident angle, ingoing speed distribution, fraction of energy 

lost upon collision with the surface, ratio of thermally desorbed to impulsively scattered 

molecules, angular distribution of the scattered molecules, etc.) and to use the model to 

attempt to reproduce the experimental sequences.  This would return experimental 

parameters’ values, in particular scattered speed and angular distribution, with a higher 

degree of confidence that would allow for a more robust assessment of the dynamics of 

the scattering process. 

Although the simulation program was not completed by the time of writing this thesis, a 

large part of it was ready to be used. In particular, extensive tests were done on simulation 

of the ingoing molecular beam that allowed for checking how different experimental 

parameters affected the produced images.  Things such as the physical width of the 

molecular beam, height of the probe laser sheet or the length of the discharge pulse were 

changed to find optimal settings for future experiments.  Even though the discussion of 

these is beyond the scope of this thesis, they are introduced here as some of the findings 

influenced the analysis done in Chapter 5, as will be noted at relevant points there. 
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4.8 Conclusion 

The successful implementation of the improvements described in this Chapter was crucial 

to advancing the capabilities of the imaging technique used in the gas-liquid scattering 

experiments in this thesis.  The results of the changes ranged from affecting the daily 

optimisation processes effectively speeding them up and improving their reliability (e.g., 

new beam shaping optics system, stabilising the discharge action with additional seeding 

electrons) to affecting the fundamental properties of the scattering process (e.g., change 

in the scattering particles’ nature, reducing the ingoing beam’s width). The combined 

impact of the changes led to collecting more-reliable, higher-resolution image sequences 

of OH scattering off the surfaces of PFPE, squalane, and squalene, from which further 

dynamical information could be derived, as seen in Chapter 5. 
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Chapter 5 - OH scattering with a collimated beam 

5.1 Introduction 

Beyond serving as a proof-of-concept experiments to demonstrate the singular 

capabilities of the imaging setup described in this thesis, the initial results shown in 

Chapter 3 provided several key findings about scattering of hydroxyl radicals from 

surfaces of squalane, squalene and PFPE.  The scattered angular distributions were found 

to be very broad and symmetric about the normal to the surface of the liquid, a feature 

attributed to the combination of the physically wide ingoing molecular beam of the 

hydroxyl radicals and the microscopically irregular surface intrinsic to liquids. The peak 

speeds of the scattered hydroxyl packet were found to be superthermal and surface-

dependent.  A correlation between the magnitudes of the peak speeds as well as the 

incident- and final scattering angles of the gas molecules was also found.  These 

characteristics led to an assessment that a considerable proportion of the impinging 

hydroxyl molecules scattered in an impulsive manner. 

However, the results also identified which parts of the experiment had to be improved.  

Chapter 4 described all of the changes that were made to enhance the resolution of the 

experimental images.  The main change involved installing a secondary collimator 

downstream of the skimmer to physically narrow the width of the ingoing beam in hope 

that the reduced dosing area of the liquid surface would improve the resolution in the 

angular distribution of the scattered molecules.  The manner in which the probe laser sheet 

was formed was also changed to provide a much more uniform distribution of power 

across the sheet.  These two factors, along with other changes detailed in Chapter 4, were 

expected to lead to considerable improvement in the resolution and systematic accuracy 

of the experiment at the cost of the strength of the OH signal. 

This chapter will detail the results of the scattering experiments conducted using the 

upgraded experiment.  These included acquiring new sets of image sequences equivalent 

to the ones from Chapter 3 as well as a different type of experimental result, termed 

“extended images”, which were long-exposure images taken at fixed discharge-probe 

delays.  Sections 5.1.2 and 5.1.3 explain the acquisition process for the two data sets, 

respectively.  Section 5.2 discusses how the experimental images were corrected by the 

instrument function.  Sections 5.3, 5.4, and 5.5 focus on presenting the experimental 
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results and Section 5.6 discusses the results in terms of new information found about the 

dynamics of the OH scattering.  Section 5.7 will collate the conclusions found from this 

chapter, as well as all the previous chapters found in this work.  It will also present a short 

outlook on the future of the experiment. 

5.1.1 Probe region and surface positions 

Regardless of the type of experimental image, the probe region, defined as the area on the 

image through which the laser sheet propagated, was positioned away from the surface.  

The choice for where to place the laser sheet depended on balancing between collecting 

sufficiently strong OH signals (improved by bringing the sheet closer to the surface, 

principally due to out-of-plane scattering) and being suitably far away to achieve good 

resolution of the trajectories of the scattered molecules (to reliably measure the scattered-

product in-plane angular distributions).  The distance of 10 mm between the closest edge 

of the sheet and the liquid surface was chosen as striking a good balance between the two 

factors.  Moreover, it sped up the laser alignment process, as it corresponded to the middle 

of the laser sheet passing exactly through the middle of the entrance/exit windows 

attached to the main chamber. 

To reliably measure the distance between any feature in the image (such as the middle of 

a ROI) and the liquid surface, it was necessary to establish the exact location where the 

centreline of an impinging molecular beam of OH impacted the surface.  Although a 

similar measurement was done with the “grid image” in Section 4.2, the result was not 

accurate enough due to the wheel not being covered with a liquid at the time of making 

the measurement.  The position of the wheel in the MC was also slightly corrected before 

the data in this Chapter was collected.  A way of definitively measuring the point of 

impact of the beam on a liquid surface was to take a surface-in image with the probe laser 

sheet moved so that its closest edge just avoided touching the surface.  The latter was 

necessary to avoid any possible issues concerning an interaction of laser with the liquid 

and ensure that the sheet was not clipped short by the wheel.  If done correctly, the surface 

would be visible in an image as an area of no signal with sharply defined border separating 

it from the OH signal (incoming or scattered OH, depending on the discharge-probe 

delay).  Extended images of this type were taken, as explained in Section 5.1.3. 
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5.1.2 Image sequences acquisition 

New image sequences of the OH ingoing beam scattering from surfaces of squalane, 

squalene, and PFPE, were acquired at both angles of incidence: θi = 0° and θi = 45°.  The 

sequences were taken in a similar fashion to those in Chapter 3.  They were collected on 

a chosen OH transition (Q1(2), Q1(3), or Q1(4)) in sets consisting of three image 

sequences: one with a reactive liquid, one with PFPE, and a surface-out measurement of 

just the ingoing beam.  The PFPE measurements were labelled PFPE(A) if ran alongside 

squalane and PFPE(E) if alongside squalene.  Each sequence consisted of 56 images 

(“frames”) taken every 2 μs between the discharge-probe delays of 68 and 178 μs.  The 

starting delay was chosen so that the first three images in any sequence would be taken 

before the front edge of the ingoing beam of OH reached the probe region, ergo had no 

OH signal in them and the pixel intensities were purely background.  Each frame in a 

sequence was a sum of 500 individual single laser shots and no thresholding was applied.  

All image sequences were taken with the MCP stack being supplied with 1550 V, i.e., the 

maximum its power supply could provide to ensure the biggest gain. Additionally, each 

set of three sequences was followed by taking three individual InF images (see Sections 

2.9.1 and 4.4).  Each InF image was also a sum of 500 single laser shots and the three 

images were averaged to give the final InF image. 

Each set of three sequences was completed three times in total to account for day-to-day 

variations in conditions. To produce a final sequence for a given transition, liquid and 

angle of incidence, the frames taken at the same discharge-probe delays in the three 

equivalent sequences (e.g. all sequences with the squalane surface) were averaged.  The 

same was done for the equivalent InF images taken alongside the sequences.  The data 

were first collected for the 45° incidence and squalene as the reactive liquid and then with 

squalane before changing to 0° incidence. 

The decreased OH signal strength compared to the images from Chapter 3 was partially 

countered by reducing the delay between the firing of the probe laser and triggering the 

MCP stack in the imaging assembly.  This allowed a larger proportion of the OH LIF to 

be captured than before; however, it also caused the short-lived fluorescence coming from 

squalane impurities to be captured (see Figure 5.1).  The true nature of these impurities 

was not recognised beside the general idea that they are most likely a product of oxidation 

reactions occurring due to long-term exposure to impinging OH.  This phenomenon has 

been observed previously [18] but the sufficiently late gating of the MCP stack and the 
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much larger OH signals made it relatively much less visible.  The signal came from the 

liquid itself and therefore was spatially separated from the probe region and treated simply 

as additional background signal in images containing the squalane surface.  

Once all sets of sequences were collected with both reactive liquids, the angle of incidence 

was changed to 0° and the experimental procedure was repeated for the new angle.  

Surprisingly, the OH signals (ingoing and scattered) increased by about a third upon the 

swap to the normal incidence.  The origin of this increase is unknown.  As far as could be 

determined, the conditions under which the different measurements were taken remained 

unchanged beyond the day-to-day optimisations.  Overall, six image sequences were 

taken per transition, per incidence angle (one with squalene as the scattering surface, one 

with squalane, two with PFPE, and two with no surface present in the main chamber), 

giving thirty six sequences in total. 

In the data presented in Chapter 3, a threshold of 12 was applied to each individual single 

shot that eventually made up an image in a sequence, meaning each pixel with an intensity 

of 12 or less had it reset to 0.  This was done to eliminate the electronic noise coming 

from the camera, which resulted in each pixel having an added intensity of, on average, 

2.0 (σ = 2.4) with a maximum value of 12 (see Section 3.3.2).  However, this thresholding 

could lead to discarding real OH signal.  The two-dimensional Gaussian distribution of 

intensity coming from a single photon event was digitized onto a 3 × 3 pixel square region 

of the camera sensor.  For photons detected outside the high intensity regions, some pixels 

could still end up with intensities of 12 or smaller despite having OH signal captured in 

them.  To avoid this, the images presented in this chapter were taken with no thresholding 

applied to the individual single shots.  Instead, the first three images of each sequence 

were collected before the ingoing beam reached the probe region and were averaged to 

form a background image.  This background image was then subtracted from the rest of 

the image sequence. 

Once the image sequences had their backgrounds subtracted, their pixel intensities were 

corrected to account for the spatial differences in sensitivity of the imaging assembly by 

applying the InF images.  The manner in which this was done is described separately in 

Section 5.2.  After completion of this correction, the image sequences were analysed.  

This, similarly to the sequences in Chapter 3, consisted of first a thorough visual 

examination of the characteristics of the scattering process followed by a quantitative 

investigation of the spatial distribution of the OH signal using a “regions of interest” 
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approach.  This method was developed beyond that which had been used in Section 3.3.6, 

but the goal remained unchanged: measuring the most probable speed (“peak speed”) of 

the scattered OH radicals as a function of scattering angle, and how this depended on the 

incident angle of the molecular beam, OH transition probed, and the liquid surface used.  

Importantly, this was not done to overturn the information on those peak speeds that was 

found in Chapter 3, but rather to see if the improved resolution of the experimental images 

revealed any previously unseen characteristics.  Section 5.3 describes the visual 

inspection of the experimental image sequences while Section 5.4 presents the peak speed 

analysis. 

5.1.3 Extended images acquisition 

To further investigate the angular distribution of the scattered OH radicals, an additional 

new approach was implemented.  Images of the scattered plume of OH were taken at a 

discharge-probe delay corresponding to the maximal measured scattered signal (delay of 

132 μs) and another delay 20 μs later (152 μs), in sets consisting of an image with a 

reactive surface in the chamber, an image with the PFPE surface in the chamber, and an 

image with no surface in (i.e., just the ingoing beam).  For the squalane surface, images 

with the surface in the main chamber but without the OH in the chamber were taken to 

allow for elimination of the background signal coming from fluorescence of the 

impurities found in squalane.  Additionally, InF images were taken alongside the 

extended images for each set.  As previously, the images were collected with the probe 

laser tuned to the three chosen transitions of OH (Q1(2), Q1(3), or Q1(4)).  The time 

difference of 20 μs between the images was chosen as that was roughly the measure of 

the temporal width of the ingoing OH packet.  Due to time constraints, this data was 

collected only for the 45° angle of incidence of the molecular beam. 

The main difference from the frames making the image sequences was that each image 

was a sum of 12 500 single shots, a substantially larger number than the images that were 

taken as part of the sequences described in Section 5.1.2.  This obviously meant that these 

images had considerably higher signal-to-noise ratio.  These images were called 

“extended images” for ease of reference.  The images were taken four times in total and 

then averaged, producing a final image of 50 000 single shots.  

To eliminate the tail of the ingoing beam that was still within the probe region at the 

delays the extended images were taken at, the surface-out images were subtracted from 
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the surface-in images from the corresponding sets.  This had an additional advantage of 

subtracting out the background intensities as well.  However, in case of the images taken 

with the squalane surface in the chamber, the background signal coming from 

fluorescence of the impurities in squalane became an issue.  An example experimental 

image containing the squalane impurities can be seen in Figure 5.1. 

 

Figure 5.1: An example image taken while operating the laser and at discharge-probe 

delay of 132 μs, but with no OH in the chamber.  The signal seen in the lower part of 

the image is presumed to be fluorescence from impurities in the squalane liquid.  The 

red, translucent dashed ellipse indicates the rotating wheel, foreshortened due to the 

position of the camera. 

This signal was considerably larger than in the image sequences described in Section 

5.1.2 and a part of it encroached into the probe region, overlapping with a small part of 

the OH scattered plume.  A careful subtraction of this signal was therefore crucial to 

ensure the angular distribution of the scattered OH could be measured correctly.  A more 

complex routine was required to subtract both the background squalane impurities signal 

and the tail of the ingoing beam.  As two images had to be subtracted from the image 

containing the scattered OH signal, the background pixel intensities would have been 
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subtracted twice.  To avoid that, the camera background had to be removed from the 

images before subtraction.  First, the surface-out images (Image(CB,IB)), containing the 

camera background (CB) and the ingoing beam signal (IB), were subtracted from the 

scattered OH (S) images (Image(CB,IB,S,SB)), which also contained CB, IB, and the 

squalane impurities background signal (SB).  This eliminated the tail portion of the 

ingoing beam and the background pixel intensities and left only the scattered OH signal 

and the background signal coming from the fluorescence of the squalane impurities.  This 

image was called Image(1) and the subtraction process can be illustrated as: 

𝐼𝑚𝑎𝑔𝑒(1) = 𝐼𝑚𝑎𝑔𝑒(𝐶𝐵, 𝐼𝐵, 𝑆, 𝑆𝐵) − 𝐼𝑚𝑎𝑔𝑒(𝐶𝐵, 𝐼𝐵)

= 𝐼𝑚𝑎𝑔𝑒(𝑆, 𝑆𝐵) 

(Equation 5.1) 

Secondly, additional 4 images were taken, each made of 12 500 shots, of exclusively the 

camera background, i.e., with no OH or squalane surface present in the chamber 

(Image(CB)).  The images were then averaged and subtracted from the images of the 

squalane impurities background (Image(SB,CB)) to give Image(2): 

𝐼𝑚𝑎𝑔𝑒(2) = 𝐼𝑚𝑎𝑔𝑒(𝑆𝐵, 𝐶𝐵) − 𝐼𝑚𝑎𝑔𝑒(𝐶𝐵) = 𝐼𝑚𝑎𝑔𝑒(𝑆𝐵) (Equation 5.2) 

Image(2) was finally subtracted from Image(1) to produce Image(3).  However, the pixel 

intensities of the squalane impurities background signal in the OH scattered plume images 

were considerably larger than those same intensities in the squalane impurities 

background images, therefore a straight subtraction would not remove all of that signal.  

A 9 × 9 pixel ROI was chosen to encompass the strongest part of the background and the 

pixel intensities in that ROI were integrated for both the scattered OH and squalane 

impurities background images.  The pixel intensities in the latter where then multiplied 

by a factor (c) equal to a ratio of the integrated intensities from the two images before the 

subtraction.  The last modification done to the extended images was to correct them using 

the InF images, which is discussed further in Section 5.2.  The subtraction before the 

correction can be seen as: 

𝐼𝑚𝑎𝑔𝑒(3) = 𝐼𝑚𝑎𝑔𝑒(1) − 𝑐 × 𝐼𝑚𝑎𝑔𝑒(2) = 𝐼𝑚𝑎𝑔𝑒(𝑆) (Equation 5.3) 

All the extended images were used to analyse the angular distribution of the scattered OH 

after coming in at 45° and with respect to the probed transition and liquid surface.  The 

initial visual investigation was followed by using the new and improved ROI approach 

(see Section 5.4), but rather than tracking the evolution of OH signal in time, they were 
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used to measure the signal strength at a particular final angle and at a particular distance 

from the surface at the time of the image capture.  The visual inspection of the extended 

images can be found in Section 5.3, while the analysis of the angular distributions of the 

scattered OH can be seen in Section 5.5. 

As explained in Section 5.1.1, two extended images were taken to find the exact location 

of the liquid surface on the experimental images.  For these measurements, the probe laser 

was moved, without changing its alignment vis-à-vis the rotating wheels, as close to the 

surface as possible without touching it.  The images were made from summing 12 500 

single-shots at the discharge-probe delay of 116 μs and one at 132 μs.  The shorter delay 

corresponded to the peak scattered OH signal with the sheet in this position and the longer 

one was chosen to coincide with the peak with the sheet placed in its normal position for 

the rest of the measurements.  The OH was set to approach the surface of PFPE at θi = 

45° for each image.  To provide maximum contrast between the scattered OH and ingoing 

beam, the OH was probed on the Q1(4) transition.  A surface-out measurement 

accompanied each PFPE-in image, and an image of the InF was also acquired.  The 

relevant ingoing beam signals were then subtracted from each surface-in image and the 

resultant images were corrected by the InF as described in section 5.2. 

5.2 Instrument function correction 

As discussed in Sections 2.9.1 and 4.4, the InF images contained information about how 

the detectability of the OH signal changed across the imaged region.  The two major 

factors that affected it were the distribution of the laser intensity across the probe sheet 

and the reduced collection efficiency from regions further away from the central axis of 

the collection lenses used in the imaging apparatus.  The experimental images had to be 

corrected to account for these effects to allow an unbiased analysis.  However, the images 

presented in Chapter 3 were ultimately not corrected due to issues with the signal 

distribution in the InF images collected alongside them (see Section 3.3.3).  When the 

scattering gas was changed to OH, these issues were resolved (see Section 4.4).  The InF 

images were collected as part of the experimental procedure outlined in Section 5.1. 

The process of correcting the experimental images might appear at first sight rather 

simple.  First, the pixel intensities in the InF images would be normalized to the maximum 

value.  Then, each pixel in an experimental image would be divided by the value of the 

corresponding pixel in the InF image.  This, however, immediately presented some issues.  
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The normalization process left any pixel that lay outside the probe region, i.e., contained 

only background intensity, with an extremely small value of intensity.  This would lead 

to the equivalent pixels in the experimental images having very large fluctuations in their 

intensities.  This could be solved by setting the intensity of any background pixel in a 

normalized InF image to a value of 1.  The value of 1 was chosen so that the experimental 

image’s pixel intensity would remain unchanged when divided by InF image’s value in 

the correction process.  However, despite the new sheet-shaping optics system, the edges 

of the probe region still declined over a finite range and delimiting them required further 

thought.  The two ways in which this could have been done involved either defining a set-

sized probe region or choosing a value of the normalized intensity below which no pixel 

would count as part of the probe region.  In practice, the latter method proved more 

successful.  The cut-off intensity value was chosen to be 0.01, i.e., any pixel in an InF 

image with an intensity of less than 1% of the maximum intensity was deemed outside 

the probe region. 

To test the validity of the InF images, the surface-out image sequences described in 

Section 5.1.2 were corrected by their corresponding InF images using the method 

described above.  The corrected sequences of the ingoing beams were then analysed using 

a similar ROI method used in Chapter 3 to find the peak speed of the ingoing packet.  Five 

square 9 × 9 ROIs were set along the direction of the ingoing beam’s travel at five chosen 

distances onto the images in the sequences, and TOF appearance profiles were measured 

by integrating the pixel intensities within each region and plotting them against the 

discharge-probe delay of the image.  As the OH packet travelled across the probe region, 

the amount of OH molecules found in its peak remained essentially unchanged.  

Therefore, the TOF profiles extracted from the ROI should have differed only by being 

shifted in time, but otherwise look identical with the same amplitude and shape.  This 

held mostly true, but for some measurements, particularly for θi = 45°, inconsistencies 

were observed, as illustrated in Figure 5.2 for the two TOF profiles found furthest from 

the surface. 
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Figure 5.2: Example TOF profiles drawn from five ROIs set along θi = 45° at the 

distances of 20 (black), 25 (red), 30 (blue), 35 (green), and 40 (magenta) mm to the 

surface for OH in N = 2 approaching at θi = 45°. 

The reason for this was unknown at the time of writing this work, but it did call into 

question the reliability of using the raw InF images as a way of accounting for spatial 

detectability of OH. Additionally, further issues with the experimental InF images were 

caused by the apparent unphysical structure in the pixel intensity distribution caused by 

the random noise.  Therefore, a different approach was necessary.  Given that the two 

factors that contributed to the detectability of OH across the imaged region were well-

understood, it should have been possible to measure and replicate their effects to create 

artificial instrument function (AInF) images. 

The first factor was the decreased efficiency of the collection lenses.  As mentioned 

previously this effect spread radially from the optical centre of the image, equally in all 

directions (see Figure 4.1), hence it will be referred to as the “radial optical” factor.  It 

was naturally present in the experimental InF images, but it could only be properly 

measured along an axis in which no other factor affected the change in intensities.  The 
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distribution of laser intensity across the probe sheet was the other major factor and it 

changed only in the transverse dimension, i.e., across the width of the probe sheet, and 

specifically remained unchanged along the direction of propagation of the laser.  

Therefore, the radial optical effect could be obtained from an intensity profile of a narrow 

ROI set along the middle of the image for the whole width of an InF image. 

The InF images collected alongside the image sequences described in Section 5.1.2 were 

used to extract the horizontal intensity profiles along the middle of the probe region.  This 

gave six intensity profiles (two per each transition) per angle of incidence and twelve 

profiles in total.  These were normalized by their sums and compared to confirm that the 

only difference between them was the absolute signal strength which was correlated with 

the rotational distribution of the thermalized OH used to take the InF images.  Therefore, 

all of the normalized profiles were averaged to form a single profile for further use.  In 

principle, the profile should be symmetric about the centre as the radial optical effect is 

identical in all directions from the centre of the image.  In practice, the two sides of the 

profile differed slightly, and so were averaged and re-plotted on each side of the centre.  

In order to get rid of random noise in the profile, a Savitzky-Golay smoothing filter was 

applied to it using 11 points and a second degree polynomial [194].  This produced a final 

intensity profile that was used to create an artificial image depicting the decreasing 

efficiency effect of the collection lenses.  Figure 5.3 shows the steps in creation of the 

final intensity profile. 
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Figure 5.3: Illustration of the creation of the intensity profile used to model the radial 

optical effect of the collection lenses.  The graph shows the horizontal profile that was 

created from average of 12 profiles from experimental InF images (blue), the left-right 

symmetrised profile (magenta), and the smoothed profile (black).  The inset shows a 

close-up of the central part of the profile to emphasise the effect of each step of the 

production. 

A model image of the decreased efficiency effect of the collection lenses was created 

using the smoothed radial optical profile.  A 420 × 420-pixel image was made in which 

the distance of each pixel from the centre was measured and the intensity value was 

assigned to it based on the corresponding value in the radial optical profile.  The produced 

image can be seen in Figure 5.4.  As the corner sections of the images had pixels that 

were further from the centre than 210 pixels, the intensities in these pixels were set to 1 

to not influence any of the further manipulations. 
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Figure 5.4: The model image showing the effect of the decreased efficiency of the 

collection lenses of the imaging assembly.  The colour scheme used indicates pixel 

intensities between 0 (black) and 1 (white). 

The other effect on the InF, the distribution of the laser power across the probe sheet, was 

inherently captured in the θi = 0° surface-out experimental image sequences described in 

Section 5.1.2.  By summing together the intensities from corresponding pixels in all 53 

non-background images in a sequence, the spread of laser intensity was captured in how 

the OH signal changed across the summed ingoing beam.  The 2 μs timestep between the 

consecutive frames of the sequence was short enough relative to the temporal width of 

the packet to allow a proper capture.  It was measured by drawing a 20 pixel wide, 420 

pixel long ROI centred on the middle of the visible ingoing beam signal and extracting a 

vertical intensity profile from it.  This was done to all six image sequences of the normally 

incident ingoing beam.  The resultant profiles turned out nearly identical in shape, 

differing only in the absolute signal sizes.  As such, they were normalized and averaged 

together to give a single profile.  Similarly to the radial optical profile, this profile was 
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smoothed using the same type of Savitzky-Golay filter (11 points, second degree 

polynomial).  Although this profile contained the distribution of the laser intensity across 

the probe sheet, it also contained the radial optical factor.  To eliminate that, the profile 

was divided by the measured radial optical profile.  This resulted in a small change only, 

increasing the signal value for pixel positions ~120 – 170, indicating the probe laser sheet 

was not symmetric about its centreline.  The other values remained largely unaffected.  

Finally, the first and last 50 points had their value set to 1 after the division.  This was 

necessary as the values of the radial optical profile in those pixels were extremely small 

which caused a large artificial variation in the divided profile.  The whole process can be 

seen in Figure 5.5, which shows the normalized and averaged experimental profile, the 

smoothed profile and the final profile that represented the laser power distribution across 

the width of the probe sheet. 

 

Figure 5.5: Illustration of the creation of the intensity profile used to model the 

distribution of the laser power across the probe sheet.  The graph shows the normalized 

vertical profile made from averaging the vertical profiles taken across the middle of the 

images made of summing all the frames in the normal incident surface-out sequences 

(black), the smoothed profile (red), and the profile made after dividing the former by the 

radial optical profile (blue).  The last profile had its first and last 50 points masked with 

a value of 1 (see text). 
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The profile modelling the distribution of laser power was represented by creating a 420 

× 420 pixel image and assigning each pixel in every column with a corresponding 

intensity value from the laser power distribution profile.  This created the image that can 

be seen in Figure 5.6. 

 

Figure 5.6: The model image showing the distribution of the laser power across the 

width of the probe sheet.  The colour scheme used indicates pixel intensities between 0 

(black) and 1 (white). 

The two effects that factored into the detectability of the OH across the image were now 

modelled separately and the AInF image was created by multiplying the intensities from 

corresponding pixels of the Figures 5.4 and 5.6.  In general, the distribution of signal in 

the AInF image largely resembles the distribution in the experimental InF images.  The 

smoothing of the two profiles used in the modelling was retained in the AInF image 

making the signal distribution much less noisy than in the experimental images.  The 

AInF image is also lacking background noise and other features of the experimental 
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images (such as “dead spots” caused by damaged channels in the MCP stack).  Notably, 

despite there being multiple experimental InF images, only one AInF image was created.  

To avoid adjusting the background pixels in the experimental images, all pixels in the 

AInF image that had intensity of less than 0.01 (1% of the maximum intensity of 1) had 

their intensity changed to 1.  This only affected the background pixels that were 

sufficiently far away from the middle of the probe region, leaving considerable numbers 

of background pixels close to the middle unaffected.  The AInF image is shown in Figure 

5.7 alongside a representative experimental InF image and the AInF image with the 

adjusted background pixels. 

 

Figure 5.7: The model AInF image (a) compared to a representative experimental InF 

image (b) and the same AInF image with the background pixel intensities set to 1 (c).  

The colour scheme used in the AInF images indicates pixel intensities between 0 (a, 

black) or 0.01 (c, black) and 1 (white).  For the experimental InF image, the colour 

scheme indicates pixel intensities between 0 (black) and 3000 (white). 

The AInF image was then applied by dividing the intensities of the pixels in the 

experimental images by the intensities of the corresponding pixels in the AInF image.  

Figure 5.8 shows a representative image of a normally incident ingoing beam of OH (N 

= 2) alongside its AInF-corrected version.  The discharge-probe delay of the images 

corresponded to the peak of the molecular packet reaching the middle of the probe region.  

The colour scheme was set to show equivalent scales of pixel intensities in the two 

images. 
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Figure 5.8: Experimental image of an ingoing beam of OH travelling across the probe 

region at the angle of incidence θi = 0 ° taken at the discharge-probe delay of 94 μs 

(left) and the same image after adjusting with the AInF image (right).  The colour 

scheme was identical between the two images, with black representing an intensity of 0 

and pure white an intensity of 20000.  The horizontal and vertical ROI used to derive 

the intensity profiles shown in Figure 5.9 are indicated on both images with white 

rectangles. 

An undesired feature that appeared in the AInF-corrected images (and is visible in the 

corrected image in Figure 5.8 and all the other images to which AInF was applied, c.f. 

Figures 5.10 and 5.11 below) was a “ring” of pixels with heavily inflated intensities.  This 

was not a detected signal coming from actual OH fluorescence, but rather an artifact of 

the AInF application process.  The AInF pixels in that region were very low in intensity, 

but still higher than the chosen cut-of intensity of 0.01, so they were not set to intensity 

of 1.  Corresponding pixels in the experimental images contained only low background 

intensities.  Dividing these background intensities by the very low values found in the 

AInF pixels resulted in final image pixels with significantly large and completely artificial 

intensities.  However, these pixels were outside what would be considered the probe 

region (see Figure 5.16) and as such had no effect on any future analysis of the true OH 

signal distribution. 

As can be seen by comparing the shape and size of the white region of the beam, 

correcting for the spatial detectability of OH considerably elongated the longitudinal 

dimension of the peak of the molecular packet.  The transverse dimension of the beam 
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did not appear to differ between the two images.  To confirm these visual conclusions, 

intensity profiles were drawn centred on the middle of the visible beams: one along the 

longitudinal dimension and one along the transverse dimension of the beam.  The ROI 

used to draw these profiles were marked on the images in Figure 5.8 and Figure 5.9 shows 

the comparison graph between the profiles drawn from each image.  As seen from the 

distribution of the OH signal on the images, correcting by the AInF image did not affect 

the transverse profile beyond a small increase in the absolute peak signal intensity.  This 

was naturally the consequence of only the radial optical blurring effect affecting the 

transverse dimension of the beam, and, as seen in Figure 5.4 its effect was negligible in 

the middle of the probe region.  Conversely, the longitudinal profile changed drastically 

following the effect of the distribution of the laser power across the probe region that can 

be seen in Figure 5.6.  The profile shows that the distribution of OH across the length of 

the peak part of the packet was in fact much more uniform than the raw experimental 

images had suggested. 

 

Figure 5.9: Comparison between the horizontal (left) and vertical (right) profiles across 

the OH ingoing beam drawn from an experimental image (black) and the same image 

adjusted by the AInF image (red).  The images and the ROI used to draw these profiles 

can be found in Figure 5.8.  Note the different x-axes. 

The measurements done on the normally incident ingoing beam highlighted the extent to 

which the OH signal in the experimental images was affected by the AInF around the 

central part of the probe region.  The radial optical effect increased the further away from 

the centre in the dimension of laser propagation the OH signal was measured, which was 

relevant to both the images of the ingoing beam at θi = 45° and the images containing the 

liquid-scattered OH. 
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The same procedure was not possible for the extended images described in Section 5.1.3, 

as there were no normal incidence ingoing beam image sequences taken alongside them 

to reproduce the laser intensity distribution effect.  Instead, these images were adjusted 

by the experimental InF images that were collected at the same time.  For each OH 

transition, a set of three InF images were acquired with each set of extended images, 

giving four sets in total.  The twelve images were than averaged and the pixel intensities 

in the resultant image were normalized to the maximum value.  Finally, all pixels with 

intensity of less than 0.01 had their intensity changed to 1, similarly to the AInF images 

above.  The intensities in each pixel in the extended images were than divided by the 

value in the corresponding pixel of the InF image taken at the matching OH transition.  

The produced images were then used in Section 5.5 to study the angular distribution of 

scattered OH. 

5.3 Visual inspection of experimental images 

The visual inspection process involved examining of the visible pixel intensities in the 

experimental images (image sequences in Section 5.3.1 and extended images in section 

5.3.2). The changes with the liquids used, rotational levels of OH probed, and angles of 

incidence are also noted. 

5.3.1 Visual inspection of image sequences 

The procedure for collecting the image sequences of the OH scattering off surfaces of 

squalane, squalene and PFPE was outlined in Section 5.1.2.  The images were then 

corrected using the AInF image as described in Section 5.2.  Representative members of 

the full adjusted image sequences for OH in N = 3 are shown in Figure 5.10 for θi = 0° 

and Figure 5.11 for θi = 45°.  The sequences for N = 2 and 4 are not shown in this thesis, 

but the differences between them and the N = 3 images were limited to the absolute OH 

signal sizes and the ratio of ingoing to scattered OH signal, which followed the respective 

rotational population distributions.  The first image in each sequence shown in Figures 

5.10 and 5.11 depicts the peak of the ingoing beam packet reaching the middle of the 

probe region at the discharge-probe delay of 94 μs.  The second image shows the peak of 

the scattered plume at delay of 132 μs.  The last image was taken at the delay of 152 μs 

and shows the decrease in scattered OH intensity with time.  The latter two images were 
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taken at delays that matched the delays used to take the extended images as explained in 

Section 5.1.3.  

 

Figure 5.10: A selection of representative cropped frames from image sequences of OH 

in N = 3 incident at θi = 0° scattering from surfaces of PFPE (PFPE(A) and PFPE(E)), 

squalane, and squalene.  The pixel intensities in each sequence were scaled so that the 

first frames showed approximately the same number of pixels with maximum intensity.  

Furthermore, the images for the two later delays were scaled to a maximum intensity 

that was 4 times smaller than their respective ingoing beam image to better show the 

distribution of the OH. 
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Figure 5.11: A selection of representative cropped frames from image sequences of OH 

in N = 3 incident at θi = 45° scattering from surfaces of PFPE (PFPE(A) and PFPE(E)), 

squalane, and squalene.  The pixel intensities in each sequence were scaled so that the 

first frames showed approximately the same number of pixels with maximum intensity.  

Furthermore, the images for the two later delays were scaled to a maximum intensity 

that was 3 times smaller than their respective ingoing beam image to better show the 

distribution of the OH. 

For both angles of incidence, in the images taken at the discharge-probe delay of 94 μs 

the beam appeared narrow following the effect of the secondary collimation.  The position 

of the highest intensity pixels (in white) differed slightly between each set, particularly at 

normal incidence.  This, however, was not necessarily an indicator of speed distribution 
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in the OH packets differing day-to-day, but rather more-likely highlighted an issue with 

the discharge which did not always strike exactly at the start of its trigger pulse as 

explained in Section 3.2.1.  The frames at discharge-probe delay of 132 μs showed that 

using the narrow beam of OH did considerably diminish the lateral width of the scattered 

plumes compared to the initial proof-of-concept experiments (cf. Figures 3.6 and 3.7).  

For θi = 0° the scattered plume appeared symmetric around the normal to the surface, as 

is required, with the seemingly dominant direction of scattering back along the incident 

direction.  For θi = 45°, the scattered plumes were much broader and showed no 

preference for scattering along the normal.  Rather, the signal distribution appeared 

“flattened out” in the direction parallel to the surface.  This however was very hard to 

assess due to low signal sizes.  The frames for the last delay of 152 μs show the expected 

rapid decrease in the amount of OH signal within the probe region with time.  The 

intensity of the scattered OH signals followed the previously established trend of liquid-

dependent survival probabilities: PFPE scattered the most incoming OH, squalane 

scattered less and squalene even less so.  Measuring the exact relative magnitudes of 

scattered OH intensities was not the focus of this work, nevertheless, the general trend 

matched the previous conclusions based on careful quantitative analysis [17]. 

5.3.2 Visual inspection of the extended images 

The extended images were acquired at two fixed discharge-probe delays (132 and 152 

μs).  The acquisition procedure was described in Section 5.1.3 and the correction by the 

instrument function in Section 5.2.  Because of the substantially higher number of shots 

used to create an extended image in comparison to a frame of an image sequence (50 000 

vs 1500), the extended images had considerably improved signal-to-noise ratios.  Twelve 

extended images were collected per delay, giving twenty four images in total.  A 

representative set of images of scattered OH in N = 3 at discharge-probe delay of 132 μs 

is shown in Figure 5.12 and of OH in N = 3 at delay of 152 μs in Figure 5.13.  The 

experiments done with squalane were done separately to those done with squalene and 

the difference in absolute OH signal sizes is non-negligible.  Therefore, to allow for fair 

comparison, the reactive liquid images are presented alongside the PFPE image collected 

at the same time. 
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Figure 5.12: Extended images of scattered OH (N = 3) taken at discharge-probe delay of 

132 μs after coming in at θi = 45°.  The images are labelled according to which liquid 

was used.  The two PFPE measurements are labelled depending on whether they were 

taken alongside the squalane measurements (PFPE(A)) or the squalene measurements 

(PFPE(E)).  The pixel intensities are scaled to the same maximum intensity for each 

reactive liquid-PFPE pair.  The origin of the additional signal visible in the lower left 

corner of the PFPE(A) image is explained in text. 
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Figure 5.13: Extended images of scattered OH (N = 3) taken at discharge-probe delay of 

152 μs after coming in at θi = 45°.  The images are labelled according to which liquid 

was used.  The two PFPE measurements are labelled depending on whether they were 

taken alongside the squalane measurements (PFPE(A)) or the squalene measurements 

(PFPE(E)).  The pixel intensities are scaled to the same maximum intensity for each 

reactive liquid-PFPE pair and matched the corresponding scales in Figure 5.12.  The 

origin of the additional signal visible in the lower left corner of the PFPE(A) image is 

explained in text. 

The scattered plumes of OH were very clearly visible in the extended images and 

compared to the plumes seen in image sequences in Chapter 3, these show clear left-right 

asymmetry:  The distribution looked heavily shifted to the right-hand side of the images.  

Coincidentally, scattering to the left-hand side of the image looked very weak.  This 

marks the first time that such strong directionality in the liquid-scattered OH distribution 

was measured at these experimental conditions, as these features were not visible in the 

image sequences presented in Section 5.3.1.  The scattered plumes looked noticeably 
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different in shape between the two discharge-probe delays, indicating a time-dependence 

of the scattered OH angular distribution.  This is analysed and discussed in considerably 

more detail in Section 5.5.2.  However, the OH signal sizes decreased considerably in 

time, as expected due to out-of-plane scattering.  Comparing the signal sizes of the 

scattered OH, the survival probabilities of OH colliding with each of the liquids matched, 

at least qualitatively, the established trend of PFPE > squalane > squalene.  

Some artifacts were also visible.  Notably, in the images for squalane, the subtracted 

background signal coming from the fluorescence of the impurities in the liquid appears 

as black patches found below the scattered plume.  The images for PFPE taken alongside 

the squalane measurements show a strong signal in the lower left corner of the active 

region.  This was caused by the field of view of the imaging system being large enough 

to capture some of the background fluorescence from the neighbouring rotating wheel.  It 

was not subtracted as it did not interfere with the scattered OH signal.  In some cases 

(e.g., squalane and PFPE(A) for delay of 132 μs seen in Figure 5.12) the subtraction of 

the surface-out image did not result in perfect cancellation of the ingoing beam 

contribution.  The analysis of the angular distribution of scattered OH had to account for 

this presence of residual OH signal. 

The extended images were also used to establish the exact position of the liquid surface, 

as explained in Section 5.1.1.  Two images were collected with the laser probe sheet 

moved to nearly touch the surface (more details about the acquisition can be found at the 

end of Section 5.1.3).  The images are shown in Figure 5.14.  The absolute magnitude of 

the scattered OH signal in the two images was substantially higher compared to the 

images captured with the probe sheet positioned away from the surface.  This was due to 

the much smaller number of molecules scattered out-of-plane escaping the probe sheet at 

closer distances.  

In addition to the expected OH signal that formed the visible scattered plume, the images 

contained two other areas of intensity.  The first appeared just below the scattered plumes, 

unseparated from the rest of the plume at 116 μs, but at 132 μs a thin line of effectively 

no intensity separated the two features.  The position of this added intensity implied that 

it originated from the liquid surface or the steel wheel beneath it.  In fact, this signal 

represents a reflection of the scattered OH fluorescence off the liquid surface or the wheel 

surface, and the line of no signal in the image at 132 μs signified the position at which 
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the ingoing beam impacted the liquid surface.  In the other image, this can be seen as a 

very sharp decline in the OH signal at the same pixel-position.  This allowed the position 

of the liquid surface to be located accurately for its use in measuring distances in the 

further analysis.  

The second additional signal was a very small area to the right side of the scattered plumes 

roughly in-line with the position of the surface.  The size of this signal was similar in the 

two images, which in combination with its position led to a conclusion that this was most 

likely a reflection of the laser light off the edge of the rotating steel wheel. 

The position of the probe area in these images provided new insight into the distribution 

of scattered OH right after its emergence from the surface.  At the delay of 116 μs, the 

distribution was far more concentrated in space than if measured further away from the 

surface.  Especially high densities of OH could be seen in the area closest to the surface.  

Close inspection showed that the distribution was asymmetrical, with a slightly higher 

signal on the right-hand side of the scattered plume.  At 132 μs, the total OH signal 

decreased due to the decrease in the ingoing OH once the peak of the incoming packet 

had been reflected and the increase in the amount of scattered OH that had already left 

the probe region. 

 

Figure 5.14: Extended images of scattered OH (N = 4) taken with the probe laser sheet 

moved as close to the surface of PFPE as possible.  The left image was taken at the 

discharge-probe delay of 116 μs and the right on at 132 μs.  The two images are shown 

with the same intensity scales, where black indicates an intensity of 0 and white that of 

90 000. 
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To allow a more direct comparison of how the spatial distribution of scattered OH 

changed with the probe region’s distance to the surface, a composite image was created. 

The extended image taken at the discharge-probe delay of 132 μs was overlapped with 

the extended image of OH (N = 4) scattered from the surface of PFPE(E) taken at the 

discharge-probe delay of 132 μs and with the probe region positioned away from the 

surface (c.f. Figure 5.12).  The images had their transparencies set to 50% so a comparison 

could be made between the scattered plumes.  Figure 5.15 shows the results of this 

processing.  The intensity scale on the two component images was carefully chosen to 

show roughly the same number of pixels with maximum intensity.  The distribution of 

the sensitivity across the vertical dimension of the two probe regions (see Section 5.2) 

provided a further complication.  As such, the image in Figure 5.15 should not be taken 

too literally, but rather as an aid in visualizing the complete scattered plume of OH, from 

the surface up to the furthest extent measured. 
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Figure 5.15: The extended images of the scattered plume of OH (N = 4) taken at the 

discharge-probe delay of 132 μs and with the probe laser sheet moved as close to the 

surface of PFPE as possible, overlapped with an equivalent image of scattered plume of 

OH taken at the delay of 132 μs and with the laser sheet further away from the surface 

(see text for details).  Both images were set to be 50% transparent.  The intensity scales 

in the images were chosen to show the approximately same number of pixels with 

maximum intensity. The red line indicates the position of the surface and the white 

arrow the direction of the ingoing beam at θi = 0°.  The horizontal, dashed yellow lines 

indicate the probe region when the laser sheet was away from the surface and the green 

ones when the laser sheet was moved closest to surface, producing the two experimental 

images that were overlapped here. 

5.4 OH Speed distributions: peak speed analysis 

As discussed above, the evolution of intensity between each frame of the sequence 

represented the movement of OH molecules in time.  This concept has been introduced 

already in Section 3.3.6 which described the use of TOF appearance profiles measured 

from small, square ROIs positioned at specific distances from the surface and along 

chosen final scattering angles.  The profiles taken from ROIs located along the same final 

angle had the times of their peaks measured and used to calculate the most probable speed 
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of the scattered OD, also called a “peak speed”.  Although these peak speeds were only 

representative, as the OD scattered with a range of speeds following a distribution of 

speeds in the ingoing beam packet, comparing them to the most probable ingoing OD 

speeds gave a good qualitative measure of the energy exchange at the liquid surface.  

These peak scattered speeds were found to be universally superthermal, indicating a 

modest loss of energy upon collision inconsistent with trapping mechanisms at the liquid 

surface.  This suggested that the hydroxyl radicals scattered inelastically in an impulsive 

manner (IS).  This was confirmed further as the scattered OD speeds were found to change 

depending on the liquid surface used.  A significant correlation between the magnitude 

of the peak speeds and the final scattering angle was also observed, with a dependence 

on angle of incidence of the molecular beam.  All these factors were signatures of the IS-

type mechanism and thus a limited contribution from a trapping-desorption mechanism 

was inferred. 

The new image sequences described earlier in this chapter were subjected to a similar 

analysis to find the peak speeds of the OH scattered from the surfaces of squalane, 

squalene and PFPE.  The previous analysis in Chapter 3 that involved 10 × 10 square 

ROIs did not make use of all the pixels in the probe region.  The shape and size of the 

regions were therefore changed to exploit as much of the measured OH signal as possible.  

The new ROIs are shown in Figure 5.16. 
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Figure 5.16: An illustration of the wedges and arcs ROIs (white) overlayed on a typical 

OH scattering image.  The green rectangle indicates the defined probe region, the 

yellow dashed line indicates the position of the normal to the surface placed at the 

centre of the ingoing beam-surface interaction area, and the red line indicates the 

position of the surface. 

First, the analysable area of the probe laser sheet was defined as a rectangle 120 pixels 

high and 280 pixels (roughly 30 x 70 mm) wide positioned parallel to the liquid surface.  

The dimensions were chosen to avoid the inclusion of any of the background pixels with 

unreliable intensities that emerged as the result of applying the AInF images to the 

experimental images (see Section 5.2).  The liquid surface was found further 38 pixels 

below the bottom long edge of the probe region, which gave a distance between it and the 

upper edge of 158 pixels (~39 mm).  A half-circle arc was drawn centred at the middle of 

the intersection area between the ingoing beam and the surface and with a radius of 158 

pixels so that the upper long edge of the probe region was tangential to it.  Six more 

concentric arcs were drawn with radii equal to multiples of 
158

7
 pixels (~5.6 mm).  Eleven 
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lines were then drawn spreading radially from the centre of the arcs.  The angles between 

any two neighbouring lines were 15° and the lines were positioned so that the bisect of 

consecutive pairs of neighbouring lines lay along the scattering angles of -75°, -60°, -45°, 

-30°, -15°, 0°, 15°, 30°, 45°, 60°, and 75°.  This created segments delimited by two 

neighbouring arcs and two neighbouring radii which became the ROIs from which TOF 

appearance profiles were drawn.  The distance of each ROI to the liquid surface was 

defined as the average of the radii of the arcs delimiting the ROI: 11, 34, 56, 79, 102, 124, 

and 147 pixels (roughly 2.8, 8.5, 14, 20, 26, 31, and 37 mm away from the surface).  For 

ease of reference, these ROIs are referred to as “wedges and arcs ROI” compared to the 

previous method producing “square ROIs”. 

This method created ROIs that covered the vast majority of the probe region.  However, 

some ROIs or parts of ROIs laid outside the probe region, and these were not used in the 

following analysis.  Despite that, the number of ROIs used in the peak speed analysis 

increased from 25 to 39 compared to the previous method.  The range of scattering angles 

probed also increased.  The changes also involved a different shape of the ROIs, which 

measured the OH scattered into a fixed ranges of final angles with the increasing distance 

from the surface.  The number of pixels in each ROI can be found in Table 5.1.  Pixels 

on the border between two ROIs have been assigned to the ROI with smaller distance to 

the surface or the ROI along an angle closer to the surface normal. 
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 Scattering angle / ° 

ROI distance / px ±75 ±60 ±45 ±30 ±15 0 

11 0 0 0 0 0 0 

34 0 0 0 21 67 84 

56 0 14 224 331 333 332 

79 0 283 468 466 468 471 

102 46 588 600 600 599 594 

124 240 734 734 734 734 739 

147 231 828 866 868 867 858 

Table 5.1: Number of pixels in each ROI used in the analysis of the experimental image 

sequences with respect to the ROI’s distance from the surface and the final scattering 

angle of OH molecules found in the ROI.  A number of pixels equal to 0 indicate an 

ROI that fell completely outside the probe region.  The numbers marked in red indicate 

ROIs partially outside the probe region that were not used in the analysis. 

5.4.1 Peak speed of ingoing OH 

The first part of the analysis involved measuring the most probable speed of the ingoing 

packet of OH.  This was done with both the wedges and arcs ROIs and the original square 

ROIs to check if there were any systematic differences.  The TOF profiles were extracted 

from the surface-out image sequences for both angles of incidence and all probed OH 

transitions.  The measuring of the peak speed followed the same procedure as that outlined 

in Section 3.3.6.  For all profiles drawn from ROIs along a single angle, the Extreme 

function (see Equation 3.4) was used to fit the profiles and find the discharge-probe delays 

of the peaks of the ingoing OH signals.  These times were plotted against the distances 

from the surface to the centres of the ROIs and straight lines were fitted to the resulting 

plots.  The slopes of the lines were then inverted to find the peak speeds of the ingoing 

OH packets.  The pixel-to-millimetre conversion factor from Section 4.2 was used to 

convert the speeds from pixel-space to real-space.  The speeds from equivalent image 

sequences were averaged to produce the final peak speed per transition per angle of 

incidence.  Figure 5.17 compares the measured most probable speeds with respect to angle 
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of incidence and probed transition and Table 5.2 shows the values of the measured peak 

speeds. 

 

Figure 5.17: Comparison between the measured most probable speeds of the ingoing 

OH using the wedges and arcs ROIs (red and blue) and square ROIs (green and yellow) 

with respect to the probed OH transition along with an average across all transitions.  

The measurements for θi = 0° are shown in red and green and for θi = 45° in blue and 

yellow.  The errors resulted from a propagation of the error in the slopes of the straight 

lines and the error in the calculated conversion between pixel- and real-space.  The cyan 

bar corresponds to the speed measured in an independent experiment by moving the 

source position (see text). 
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 Measured peak speeds / m s-1 

 Wedges and arcs ROI Square ROI 

OH rotational level (N) θi = 0° θi = 45° θi = 0° θi = 45° 

2 2707 ± 120 2149 ± 34 2461 ± 56 2144 ± 39 

3 2655 ± 92 2244 ± 36 2384 ± 118 2291 ± 51 

4 2444 ± 95 2178 ± 27 2252 ± 66 2242 ± 109 

AVERAGE 2602 ± 178 2191 ± 56 2366 ± 146 2226 ± 126 

Table 5.2: Measured most probable speeds of the ingoing molecular beam depending on 

the combination of angle of incidence and the applied ROI of method. These speeds 

were used to plot Figure 5.17. 

The measured peak ingoing OH speeds ranged between ~2100 and ~2700 m s-1.  This 

constituted a substantial spread considering the speed should not change based on the 

factors being compared.  An argument can be made that OH in different rotational levels 

could in fact have different longitudinal speeds due to different degrees of translational 

cooling in the supersonic expansion.  However, the difference would be expected to be 

relatively small, as is reflected in the measured speed values.  

The type of ROIs used in the analysis had a statistically significant influence on the 

apparent peak speeds only for θi = 0°; using square ROIs resulted in peak speeds lower 

by about 10% than the wedges and arcs method.  The origin of this effect, although most 

likely geometric in nature, was not known at the time of writing this thesis.  It was possible 

that the square ROIs simply matched to the propagation of a (relatively) non-diverging 

ingoing packet better than the wedges and arcs ROI that changed in size with the distance 

to the surface.  Furthermore, the normally incident OH had measured peak speeds that 

were consistently higher than the 45° incident OH, by even up to ~15%.  This may be 

related to the fact that a packet of molecules coming in at a wider angle took longer to 

travel across the probe region.  This extended window of time provided better 

opportunities to capture the evolution of the position of any distinctive feature of the 

packet, such as the peak.  The measured peak speeds were therefore expected to be more 

reliable for 45° incidence. 
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At the time of this analysis, the Monte Carlo forward simulation of the experiment (see 

Section 4.7) was completed to the point of simulating image sequences of the ingoing 

beam of OH.  The simulation was used to investigate whether peak speeds of the normally 

incident beam obtained using the two different ROI methods would also be different, as 

in the experimental results, and if so to establish which one replicated the input peak 

speed better.  For that purpose, the simulated sequences of images were treated to the 

same peak-speed analysis as the experimental sequences.  The molecular beam in the 

simulation had a user-defined distribution of ingoing speeds with a peak speed of 1811 m 

s-1.  This was based on the measurements of the ingoing speed distributions found in 

previous studies of this system [17].  Both square ROIs and wedges and arcs ROIs were 

applied to the simulated image sequences and the peak speeds were measured in the same 

process as those in the experimental image sequences beforehand.  Using the square ROIs 

method resulted in a measured peak speed of 1891 ± 55 m s-1.  On the other hand, using 

the wedges and arcs ROI method gave measured peak ingoing speed of 2084 ± 97 m s-1.  

The difference between the speeds has the same sense and approximately the same 

magnitude (~10%) as found in the experimental results, presumably for the same 

geometric reasons.  Moreover, the peak speed measured using the square ROIs method 

was clearly closer to the input, indicating that the wedges and arcs ROIs method used for 

the experimental results slightly overestimated the peak speed of the non-divergent, 

normally incident OH packet. 

To definitively establish peak ingoing OH speeds, an independent measurement was 

needed.  This was accomplished by recording surface-out image sequences with the OH 

molecular beam source located at different distances from the centre of the main chamber.  

To achieve that, the beam assembly (including the attached discharge device), the 

skimmer, and the secondary collimator were moved along the support rods.  Three 

positions were chosen: the same one as was used to take the experimental images in this 

chapter, 80 mm further away from the centre of the chamber, and 73 mm closer to it.  Due 

to the lack of space, the last measurement was done without the secondary collimator, 

this however should not affect the outcomes of this test as the collimator did not markedly 

impact the longitudinal distribution of an ingoing OH packet.  

The image sequences were collected at delays spanning the ingoing packet for the 

incidence angle θi = 0° and on the Q1(1) transition to achieve maximum OH signal.  The 

timestep was set to 2 μs.  The same wedges and arcs ROIs as the ones used for the 
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experimental images were then used to extract TOF appearance profiles.  Figure 5.18 

shows normalized representative profiles taken from the middle arc for the three 

distances. 

 

Figure 5.18: Normalized TOF appearance profiles taken from the ROIs located at the 

middle of the probe region on the image sequences collected for the OH packet 

originating from the same position as the experimental packet (“normal position”, red), 

80 mm further from the surface (blue), and 73 mm closer to the surface (black).  

The TOF profiles clearly showed the expected change in arrival time with distance.  The 

profiles were then fitted with the Extreme function (see Equation 3.4) to find the 

discharge-probe delay of the peak of each packet.  The peak speed was then determined 

by plotting the three peak delays against the distance to the surface of the beam source 

and finding the slope of a straight-line fit.  This was repeated for each of the available 

ROIs along the normal incidence, giving 5 measurements of the ingoing beam’s peak 

speed, as seen in Table 5.2.  The average peak speed was 2043 ± 82 m s-1. (This 

corresponds to a laboratory-frame kinetic energy of about 37.5 ± 0.4 kJ mol-1.) 
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ROI-surface distance 

/ mm 
14 20 26 31 37 

Peak speed / m s-1 2055 ± 31 2044 ± 31 2040 ± 37 2038 ± 40 2039 ± 41 

Table 5.3: The peak speeds of the ingoing packet of OH measured from ROIs 

positioned at different distances from the surface.  The speeds were obtained by 

measuring the change in peak arrival time of the ingoing packet with the position of the 

source. 

The advantage of this measurement was that it was completely independent of any 

conversion between pixel- and real-space, therefore it constituted the most reliable 

measurement of the peak speed of the ingoing OH packet in the experiment to date.  

Comparing this value to those measured using the different ROI methods applied to the 

experimental images and presented in Table 5.1, it was clear that they were overvalued.  

The degree of this overestimation varied; the measurements for θi = 0° differed by roughly 

550 m s-1 or about 25% (for the speed measured using the wedges and arcs ROIs) and by 

roughly 300 m s-1 or about 15% (for the speed measured using the square ROIs), whereas 

those for θi = 45° differed by much less, roughly 150 m s-1 or about 7%.  In effect, there 

existed a systematic uncertainty in the peak speeds measured using the ROI methods on 

the experimental image sequences.  This uncertainty varied depending on several factors, 

such as the method of drawing the ROIs and the angle at which the measurement was 

made, being lower at wider angles.  The absolute uncertainty could be as high as 25%. 

However, even such a high error would not affect the conclusions drawn so far about the 

superthermal nature of the peak scattered OH speeds measured in Chapter 3 and those 

from further in this chapter.  Moreover, relative measurements, used to compare between 

e.g. different liquids, will be unaffected. 

Notably, these peak speed values were considerably higher than the value of 1811 m s-1 

measured in previous work [18] and used in Chapter 3.  That speed was measured by 

using the distance between two fixed points in space (230 mm, between nozzle of the 

pulsed gas valve and position of the probe laser) and the discharge-probe delay of the 

peak of an OD TOF appearance profile for a normally incident beam (132 μs).  This 

assumed a uniform speed along the whole trajectory ignoring the fact that the molecular 

beam did not form until the supersonic expansion occurred past the opening of the last 

element of the discharge device.  Before that, the gas was confined in a relatively narrow 
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channel inside the discharge device, within which molecular collisions would 

undoubtedly occur.  The speed of the molecules within the device cannot be measured 

separately in this experiment, however, in general, it is plausible that the translational 

energy was collisionally thermalised.  Consequently, the molecules would travel through 

about 24 mm of the inner parts of the device at thermal speed of ~540 m s-1 which would 

take ~35 μs.  This would imply that once supersonically expanded, the peak of the OD 

packet travelled 206 mm in 97 μs, giving a speed of ~2100 m s-1, very close to the one 

measured above. 

The TOF profiles from the images of the ingoing beam that originated from different 

locations allowed for an additional measurement: the change in the temporal width of the 

OH packet depending on its flight time.  Nominally, the temporal width at any point after 

the supersonic expansion was a result of three identifiable factors.  These were: the length 

of the discharge pulse that created the OH packet, the spread of speeds of OH in the 

packet, and the difference in the distance travelled caused by distribution of points of 

origin inside the discharge device.  Only the first of these factors could be directly 

controlled by the user by setting the length of the pulse on the delay generator.  The 

interior volume in which the discharge occurred was set by the design of the device.  The 

distribution of speeds in the molecular beam was dependent on conditions of the 

supersonic expansion, which could not be reliably controlled.  

The temporal width of an OH packet immediately outside the discharge device would be 

affected by only two of the listed factors.  The first would be the 10 s length of the 

discharge pulse.  The second factor would be the different path lengths of individual 

molecules within the discharge device.  The spread in times caused by this can be 

estimated given that the discharge volume is a cylinder 3 mm in length and taking a 

generalised speed of the gas molecules travelling through it to be thermal (see above) and 

equal to ~540 m s-1.  Assuming an average OH molecule was created in the middle of the 

cylinder (distance of 1.5 mm), this resulted in an average of ~3 μs that should be added 

to the discharge pulse length.  In total, this gives an average nascent temporal width of 

the ingoing OH packet to be ~13 μs.  The spread of speeds would in turn govern the 

lengthening of the packet over time as it travelled toward the liquid surface.  The temporal 

widths, measured as the FWHM of a TOF profile, for the three ingoing OH packets used 

to draw the profiles in Figure 5.18 were measured to be 18.3 ± 0.5 μs, 20.3 ± 0.5 μs and 

23.8 ± 0.5 μs for the beam nozzle positions of 73 mm forward, normal position, and 80 
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mm backward, respectively.  Plotting these against the distance to the surface produced a 

linear plot.  A straight line was fitted to it with a slope of 0.036 ± 0.005 μs mm-1 and an 

intercept of 15.5 μs.  This value was only slightly different than the estimated 13 μs. 

5.4.2 Peak speeds of scattered OH 

The image sequences taken with the liquid surfaces in the main chamber were used to 

measure the variations in peak speeds of the scattered OH with respect to the probed OH 

transition, nature of the surface, and angle of incidence of the molecular beam packet.  

The wedges and arcs ROIs were used to extract TOF appearance profiles from the image 

sequences.  The profiles contained the incident OH signal, represented by a narrow, early 

peak as well as the scattered OH consisting of a later and broader signal.  The intensity 

ratio of these two signals differed based on the spatial position of the ROI, the probed OH 

transition and the type of liquid surface.  

As with the data in Chapter 3, the surface-in TOF profiles required some processing to 

eliminate the ingoing beam contribution and hence isolate the scattered OH signals.  This 

was done by subtracting the surface-out profiles taken from equivalent ROIs.  The 

intensity in these profiles was first multiplied by a factor to minimise the differences in 

ingoing OH signal sizes between the surface-in and surface-out measurements.  The value 

of the correction factor was found by minimising the sum of squares of the differences 

between the two profiles across the discharge-probe delays from 82 to 96 μs, where no 

significant scattered signal is expected.  In general, the ingoing OH signals from the 

surface-out measurements were corrected on average by up to ± 5 %, and in a few cases 

by ± 10% or more.  The subtraction did not always eliminate all of the ingoing signal 

perfectly, resulting in either leftover positive intensities, unphysical negative intensities 

or both.  These effects were more pronounced for stronger ingoing signals, such as those 

measured on the Q1(2) transition or from ROIs laying along a final angle equal to the 

incoming angle.  However, for most other cases they were negligible. 

After subtracting the ingoing OH intensity from the surface-in TOF profiles, the isolated 

scattered OH profiles were examined.  These, similarly to the ones in Chapter 3, appeared 

broader than the ingoing beam profiles.  A slight broadening would be expected even 

assuming perfectly elastic collisions with the surface due to the additional distance 

travelled.  A degree of broadening would also be expected for inelastic collisions, as the 
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translationally colder scattered plume would have more time to spread than the ingoing 

packet.  However, these two factors were predicted to be insufficient to account for the 

broadening observed, which indicated a wider distribution of speeds in the scattered OH 

plume than in the ingoing packet.  The amplitude of the profiles decreased with the 

distance to the surface of the ROIs due to the increase in number of out-of-plane scattered 

molecules leaving the probe sheet.  The amount of OH lost from the probe region with 

the distance from the surface could not be measured simply as the ROIs got progressively 

larger with the distance.  The position of the peak of the scattered OH profile naturally 

moved to later delays for the ROIs further from the surface and was used in the next stages 

of the analysis to find the peak speed of the scattered OH.  For ROIs located at the same 

distance to the surface (i.e., across the same “arc”), the amplitude also varied implying 

non-uniform angular distributions of scattered OH, which are discussed further in Section 

5.5. 

In general, the scattered OH signals were isolated from the ingoing beam signals 

successfully.  However, in a few cases the signals were unusable for further analysis.  For 

all image sequences, the ROIs laying along the θf  = +75° and -75° produced TOF profiles 

with very little scattered OH signal and low signal-to-noise ratios and were therefore 

excluded from the analysis.  Similar issues meant that the measurements at θf  = -60° for 

image sequences taken with θi = 45° were also impossible to analyse.  The currently 

unexplained lower overall ingoing OH signal in the measurements for θi = 45° compared 

to θi = 0° caused a generally lower signal-to noise ratio in these measurements. 

The process of measuring the peak speeds of scattered OH was analogous to the one 

employed in Chapter 3 and above in Section 5.4.1.  The fitting of the Gumbel distribution 

function was limited to a range of discharge-probe delays spanning from 110 to about 

170 μs (depending on the particular profile) which captured the vast majority of the 

scattered signal and avoided any of the unsubtracted or over-subtracted ingoing intensities 

mentioned above.  Figure 5.19 shows an example of the fitting process to TOF profiles 

of OH (N = 2) scattered from PFPE for θi = 45° and θf = +45°.  Profiles for all five 

available ROIs are shown.  The choice of ROI geometries resulted in different number of 

peak times per scattering angle (see Table 5.1).  An example of the straight line fit to the 

peak speeds measured from TOF profiles from Figure 5.19 is shown in Figure 5.20. 
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Figure 5.19: Example TOF profiles (and their Extreme fits in black) taken from ROI at 

distances of 14 (red), 20 (blue), 26 (magenta), 31 (yellow), and 37 (green) mm from the 

surface.  Data OH (N = 2) scattered from PFPE for θi = 45° and θf = +45° 
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Figure 5.20: The straight line fit to the peak speeds taken from the peaks of the Extreme 

fits shown in Figure 5.19. 

The peak speeds were converted from pixel- to real-space using the conversion factor of 

0.2498 ± 0.0127 mm px-1 discussed in Section 4.2.  The measured peak speeds are 

presented in Tables 5.4 for θi = 0° and in Table 5.5 for θi = 45°.  The errors in the speeds 

come from a propagation of the slope error in the straight line fitting to the plot of 

measured peak time against the position of the ROI and the error in the pixel-to-millimetre 

conversion factor. 
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 OH Transition and liquid surface 

 Q1(2) Q1(3) Q1(4) 

θf /° PFPE Squalane Squalene PFPE Squalane Squalene PFPE Squalane Squalene 

-60 1464 ± 101 1072 ± 250 1172 ± 161 956 ± 151 1351 ± 65 1011 ± 199 1500 ± 160 1460 ± 314  

-45 1376 ± 114 1018 ± 53 1535 ± 34 1419 ± 241 1166 ± 62 992 ± 65 1561 ± 96 1294 ±181 1402 ± 164 

-30 1336 ± 53 1054 ± 24 1350 ± 79 1456 ± 106 1134 ± 26 1012 ± 31 1473 ± 62 1106 ± 23 1257 ± 32 

-15 1532 ± 144 1086 ± 11 1498 ± 119 1403 ± 97 1159 ± 69 1006 ± 50 1517 ± 120 1079 ± 41 1304 ± 100 

0 1807 ± 93 1441 ± 30 1600 ± 52 1491 ± 69 1042 ± 81 1013 ± 39 1478 ± 93 1150 ± 64 1372 ± 110 

15 1550 ± 133 1251 ± 36 1761 ± 19 1479 ± 82 1140 ± 63 1022 ± 40 1543 ± 133 1087 ± 55 1299 ± 140 

30 1349 ± 61 1129 ± 19 1351 ± 80 1455 ± 78 1126 ± 22 968 ± 112 1517 ± 66 1180 ± 24 1273 ± 132 

45 1405 ± 91 1102 ± 95 1318 ± 105 1459 ± 190 1284 ± 73 1144 ± 125 1558 ± 160 1217 ± 78 1413 ± 9 

60 1408 ± 193 887 ± 74 1406 ± 528 984 ± 166 2112 ± 180 898 ± 111 1688 ± 447 1171 ± 38  

Table 5.4: Peak scattered speeds of OH (θi = 0°) in m s-1 scattered from squalane, squalene, and PFPE presented with respect to the transition probed 

and θf.  Where the measured speed was deemed unreliable, an empty space was left (see text). 
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 OH Transition and liquid surface 

 Q1(2) Q1(3) Q1(4) 

θf /° PFPE Squalane Squalene PFPE Squalane Squalene PFPE Squalane Squalene 

-45  1246 ± 182 2041 ± 169 1472 ± 279 1276 ± 97  2103 ± 652 1388 ± 132  

-30 1484 ± 195 1130 ± 69 1950 ± 369 1557 ± 165 1059 ± 41 1036 ± 97 1422 ± 166 1434 ± 166 1886 ± 307 

-15 1643 ± 262 1204 ± 56 1335 ± 175 1626 ± 119 1223 ± 90 1122 ± 156 1583 ± 239 1084 ± 68 1282 ± 154 

0 1656 ± 212 1164 ± 81 1378 ± 100 1849 ± 175 1370 ± 86 1227 ± 38 1674 ± 242 1479 ± 193 1383 ± 65 

15 1786 ± 129 1305 ± 27 1391 ± 41 1613 ± 163 1316 ± 76 1137 ± 145 1643 ± 186 1531 ± 223 1430 ± 60 

30 1757 ± 169 1350 ± 41 1382 ± 75 1822 ± 162 1406 ± 49 1313 ± 67 1742 ± 134 1439 ± 62 1390 ± 78 

45 1880 ± 161 1466 ± 84 1311 ± 110 1904 ± 221 1470 ± 106 1738 ± 48 1935 ± 220 1718 ± 153 1308 ± 68 

60 1413 ± 152 1387 ± 143 1081 ± 111 1819 ± 112 2111 ± 254     

Table 5.5: Peak scattered speeds of OH (θi = 45°) in m s-1 scattered from squalane, squalene, and PFPE presented with respect to the transition probed 

and θf.  Where the measured speed was deemed unreliable, an empty space was left (see text). 
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Overall, the peak speeds of the scattered OH were measured to be considerably 

superthermal, roughly 2-3 times higher than the most probable speed of ~540 m s-1 

expected from thermally desorbed molecules.  Considering the higher pixel-to-millimetre 

conversion factor used here, they were lower than the speeds measured in Chapter 3.  

Moreover, the decreased signal-to-noise ratio and overall decrease of the measured OH 

signal due to the narrowing of the ingoing beam resulted in less consistent measured peak 

speeds.  In several cases (see empty spaces in Tables 5.4 and 5.5), such as the 

measurements for OH (N = 3) scattering at the most extreme angles of θf = -60° and +60° 

from PFPE(A) at θi = 0°, the apparent scattered peak speeds were considerably higher 

than the measured ingoing peak speeds, which was obviously physically invalid.  These 

measurements were deemed unreliable and were not taken into account in the rest of the 

analysis.  Due to the issues with signal sizes and the reliability of the measurements, these 

peak speeds were analysed in terms of average effects rather than looking at specific 

combinations of angle of incidence, surface, transition, and scattering angle. 

In general, the measured peak scattered OH speeds replicated the trends seen in Chapter 

3.  For the same i and liquid surface, no clear trends were measured at different rotational 

levels of OH probed as the peak speeds appeared rather unchanged across the probed 

levels.   Figure 5.21 shows a graph of the peak scattered OH speeds for θi = 0° and the 

three experimental liquids plotted with respect to θf.  Each speed was an average over the 

three probed rotational levels and the speeds from the two PFPE measurements were 

averaged as well.  Figure 5.22 shows the same for θi = 45°.  Overall, the molecules that 

approached the surface at θi = 45° scattered with higher peak speeds than those that 

approached at θi = 0°, which was also true in the previous measurements found in Chapter 

3.  Comparison of the scattered peak speeds depending on the liquid used also showed 

similar trends as were seen in Chapter 3: using PFPE resulted in the highest speeds, while 

squalane and squalene gave very similar results with speeds that could not be consistently 

separated. 
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Figure 5.21: Peak speeds of OH scattered from surfaces of PFPE (black), squalane 

(red), and squalene (blue) for θi = 0° plotted against the θf.  Each speed is an average 

across the probed OH rotational levels.  The PFPE speeds are an average of the 

PFPE(A) and PFPE(E) measurements. 
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Figure 5.22: Peak speeds of OH scattered from surfaces of PFPE (black), squalane 

(red), and squalene (blue) for θi = 45° plotted against the θf.  Each speed is an average 

across the probed OH rotational levels.  The PFPE speeds are an average of the 

PFPE(A) and PFPE(E) measurements. 

Any trends in the correlated ingoing-scattered angles were hard to establish due to high 

uncertainties in the peak speed measurements.  But the broad perception was that the 

molecules which approached the surface at θi = 0° scattered with approximately similar 

peak speeds across the range of the measured final angles, with the speeds being 

symmetrical roughly about the normal to the surface (i.e., θf = 0°).  This indicated the 

same kind of scattering mechanism no matter in which general direction (“left” or “right” 

side of the middle of the scattering region, as seen on the experimental images) the OH 

scattered.  A weak tendency of increasing scattered peak speed with increasingly wider 

scattering angles can be seen in the data for θi = 45°.  Although these trends are not as 

strongly defined as in Chapter 3, their presence despite the issues with the OH signal 

intensities indicated a degree of reliability to the data and supported the trends visible in 

the previous measurements. 
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In essence, the measurements of the peak speeds of scattered OH from the wedges and 

arcs ROI method and using a narrowed ingoing beam of OH did not reveal any new 

information about the correlation of final speed with the variables of the experiments.  

The main issue being the reduced measured signal of OH and the subsequently decreased 

signal-to-noise ratio.  They did, however, broadly confirm the relationships established 

in Chapter 3, which was encouraging.  The conclusions about the dynamics of the gas-

liquid scattering drawn from the scattered speed information are discussed in Section 5.6. 

5.5 OH angular distributions 

The second part of the analysis involved quantifying the angular distribution of the liquid-

scattered OH.  In the initial experiments found in Chapter 3, this was mostly done by 

visual analysis of the experimental image sequences, which showed the scattered plumes 

to be very broad and symmetrical about the normal to the surface projecting from the 

middle of the area of interaction between the ingoing beam and the surface.  The observed 

differences in shape of the scattered plume resultant from beams approaching at the two 

different angles of incidence could potentially be explained simply by the larger dosed 

area of the θi = 45° beam, which for large-diameter incident beams would mask any 

subtler differences. 

However, the narrowing of the ingoing beam with a secondary collimator in the new 

measurements here resulted in visible changes to the shape of the scattered plume between 

the two incidence angles, as discussed in Section 5.3.1.  Further, a substantially 

asymmetric distribution was discovered in the extended images taken for the incident 

beam with θi = 45°.  This Section will attempt to quantify these observations by first 

analysing the differences in the amount of OH scattered at different final angles using the 

wedges and arcs ROIs method applied to the experimental sequences, and then by 

applying the same method to the extended images to find the amount of OH in different 

parts of the extended images. 

5.5.1 Using the image sequences 

Nominally, the best way to report an angular distribution of the products of gas-liquid 

scattering would be to measure the number of OH molecules that scattered at each final 

angle.  This could be done by integrating the flux of the molecules in defined observation 

zones over the time of the scattering process.  However, the current experimental setup 
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does not allow for that due to the relatively large distribution of arrival times in the probe 

sheet.  An approximation of this measurement could be achieved by integrating the 

instantaneous number density of scattered OH passing through selected zones over time 

and correcting it by a peak speed factor.  However, given the large errors and unreliability 

of the peak speeds measured in the previous section, the latter part was forgone.  In 

practice, the TOF appearance profiles from the wedges and arcs ROIs used in the previous 

section were integrated between the discharge-probe delays of 110 to 170 μs to measure 

the total scattered OH signal passing through the selected ROIs.  These were chosen for 

the scattering angles between θf = -60° and θf = +60° and for the outermost three arcs 

(distances to surface of 26, 31, and 37 mm as measured to the middle of the ROI).  This 

procedure was followed for both angles of incidence, all three probed OH transitions, and 

for all three experimental liquids.  Figure 5.23 presents a polar plot of the time-integrals 

of the scattered OH density with respect to the scattering angle for θi = 0° and all three 

experimental liquid surfaces, while Figure 5.24 presents the same for θi = 45°.  For ease 

of presentation, normalized integrals measured from ROIs lying along a single final angle 

were averaged over the three distances.  Similarly, all equivalent normalized integrals 

measured for each rotational level were then averaged as well.  These two factors were 

found to result in very negligible differences in the measured normalized integrals.  

Additionally, the equivalent normalized time-integrals from the two PFPE measurements 

were also averaged.  Finally, the time-integrals for each liquid were normalized to the 

maximum values found at θf = 0° for θi = 0° (apart for squalene, see further) and θf = +15° 

for θf = 45°, to allow for comparison. 
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Figure 5.23: Normalized time-integrals of the instantaneous scattered OH density 

measured as the integrated scattered OH signal passing through selected ROIs of the 

experimental image sequences with respect to the scattering angle at which the ROIs 

were positioned.  OH scattered off the surfaces of PFPE (black squares), squalane (red 

circles), and squalene (blue triangles) after incidence at θi = 0°.  The errors bars come 

from the standard errors of the averages. 

 

Figure 5.24: Normalized time-integrals of the instantaneous scattered OH density 

measured as the integrated scattered OH signal passing through selected ROIs of the 

experimental image sequences with respect to the scattering angle at which the ROIs 

were positioned.  OH scattered off the surfaces of PFPE (black squares), squalane (red 

circles), and squalene (blue triangles) after incidence at θi = 45°.  The errors bars come 

from the standard errors of the averages. 
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The two figures gave an indication of the angular distribution of the scattered OH which 

differed substantially depending on the angle of incidence.  For θi = 0°, the scattering was 

very strongly focused back along the incident direction for PFPE and squalane.  For 

squalene, the time-integral measured at θf = 0° was considerably lower than the equivalent 

integral measured for the other surfaces and the neighbouring integrals (θf = -15° and 

+15°).  This, however, is not believed to be a real effect, but rather an issue with the 

subtraction of the ingoing beam signal from the experimental image sequences used to 

measure these integrals.  As such, the normalization of the squalene integrals was done 

to account for this and to ensure the results fall in-line with the distributions seen from 

the other surfaces.  The time-integrals for θi = 0° were very symmetric about the normal 

to the surface, as of course expected for a cylindrically symmetric molecular beam 

approaching at normal incidence.  The scattering seemed largely similar between the three 

experimental liquids; the only difference being the absolute sizes of the integrated OH 

signals which reflected the survival probabilities of OH on each liquid and differences in 

scattered OH rotational distributions (not shown explicitly here ). 

By comparison, for OH incident at θi = 45°, the scattering looked substantially broader.  

A distinct preference for scattering at θf ≥ 0°, particularly θf = +15°, could be seen for all 

liquids in the asymmetry of the distribution of the time-integrals.  However, any analysis 

was complicated by the considerably lower total OH signals that were experienced when 

the θi = 45° measurements were being done (see Section 5.1.2).  It was possible that the 

nuanced features of the distributions were hidden by a lower signal-to-noise ratio.  

Nonetheless, an initial comparison would suggest that OH scattered in similar angular 

distributions from PFPE and squalane but in a slightly narrower distribution from 

squalene.  Overall, these were completely new results that quantified and confirmed what 

was perceived from the visual inspection of the experimental image sequences.  This 

marked the first time that a comprehensive, broad-range angular distribution of liquid-

scattered OH which also included the backward scattering along θi was measured. This 

also highlighted the advantage of narrowing of the ingoing molecular beam, as similar 

effects were not perceptible in the results from Chapter 3. 

5.5.2 Using the extended images 

Further information about the angular distributions was found from the extended images 

taken at the two fixed discharge-probe delays (132 and 152 μs) introduced in Section 
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5.1.3.  These were taken at i = 45° only and comprised substantially more laser shots 

compared to the image sequences analysed in Section 5.5.1.  The images were also 

corrected using the experimental InF images taken alongside, as explained in Section 5.2.  

The substantially improved signal-to-noise ratio had already led to preliminary 

conclusions about the directionality of the scattered OH from simple visual inspection of 

the images, as shown in Section 5.3.2.  Nonetheless, the visual investigation was only a 

prelude and what follows is a proper quantification of the angular distribution of the 

scattered OH by integrating the total pixel intensity in spatially resolved segments of the 

extended images. 

The wedges and arcs ROIs were used as the segments for the measurements.  The same 

number of arcs as in the peak speed analysis was used, but the angular width of the wedges 

was reduced from 15° to 7.5° to provide better angular resolution.  This would have meant 

that the number of wedges increased to 21, but several ROIs were excluded due to their 

position in proximity to the edges of the probe region (the wedges at θf = ±75°) and their 

overall size.  Table 5.6 presents the number of pixels within each ROI used in this 

analysis. 
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 Scattering angle / ° 

ROI distance / 

mm 
±75 ±67.5 ±60 ±52.5 ±45 ±37.5 ±30 ±22.5 ±15 ±7.5 0 

14 0 0 0 50 114 152 167 170 167 165 166 

20 0 6 162 232 234 232 234 233 235 235 235 

26 0 181 304 299 300 299 304 299 298 298 296 

31 61 363 366 367 368 367 366 365 368 369 371 

37 94 319 429 432 436 432 431 437 432 435 424 

Table 5.6: Number of pixels in each ROI used in the analysis of the extended images 

with respect to the ROIs distance from the surface and the final scattering angle of OH 

molecules found in the ROI.  A number of pixels equal to 0 indicate an ROI that fell 

outside the probe region.  The numbers marked in red indicate ROIs that were not used 

in the analysis. 

The intensities in all pixels within a ROI were summed to produce the final integrated 

OH signal.  This was done for the extended images taken at all three probed OH 

transitions and with all three experimental liquids used as scattering surfaces (including 

both runs of the PFPE: PFPE(A) and PFPE(E)).  The integrated intensities were then 

plotted on polar graphs against the scattering angles along which the ROIs laid.  Figure 

5.25 shows the measurements for PFPE for the discharge-probe delay of 132 μs and 152 

μs.  The OH was probed on the Q1(2) transition and the equivalent intensities in the two 

PFPE runs were averaged to produce the final values.  The comparison shown is between 

the measured integrated intensities from ROIs in different arcs, in other words showing 

the distribution within the probe region at the fixed time the extended image was taken.  

For the earlier delay, the OH was clearly not distributed symmetrically around θf = 0° as 

shown in Figure 5.25 a), but rather with a sizable part to the right-hand side of it (θf > 0°).  

The asymmetry increased with distance from the surface, with an increasingly narrower 

distribution centred around progressively wider final angles.  For all measured distances, 

the scattered OH was found preferably in the ROIs located along the specular and slightly 

subspecular angles, with the predominant scattering angles range of θf = +30° to +45°.  

The total integrated OH signal peaked for the distance of 20 mm and then decreased for 
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longer distances, presumably because of the increased loss from the probe sheet due to 

the out-of-plane scattering.  A small and localised increase in signal of a seemingly 

backward scattered OH along θf = -67.5° to -52.5° can perhaps be seen for the distribution 

at the distance from the surface of 37 mm.  This most likely resulted from an imperfect 

subtraction of the ingoing beam and was not an issue in most of these measurements. 

The same trend of increasing degree of OH scattered at θf > 0° with the distance from the 

surface was present in the images at the delay of 152 μs, but to a slightly lesser extent, as 

can be seen in Figure 5.25 b).  These distributions were focused along somewhat more-

normal scattering angles, with dominant range between θf = +7.5° to +30°.  This indicated 

that the earliest measured scattered molecules (i.e., those found in the outermost arc ROIs 

in Figure 5.25 a)) were scattered, in general, at slightly more-grazing angles than those 

scattered later (i.e., those found in the innermost arc ROIs in Figure 5.26).  Furthermore, 

the peak of the total scattered OH signal at the later delay was spread roughly equally 

across arcs at the three intermediate distances from the surface: 20, 26, and 31 mm.  

Finally, the assumed leftover ingoing beam signal can be seen along θf = -67.5° to -45° at 

several distances from the surface. 
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Figure 5.25: Integrated pixel intensities from wedges and arcs ROI applied to the 

extended images of OH (N = 2) scattering from a surface of PFPE.  The extended 

images were taken at i = 45° and a discharge-probe delay of 132 μs (a) 152 μs (b).  

Each intensity was a product of averaging two equivalent intensities from the PFPE(A) 

and PFPE(E) measurements.  The different colours represent the ROIs lying in different 

arcs with the distance of the middle of the arc to the liquid surface of 14 (black squares), 

20 (red circles), 26 (green triangles), 31 (blue triangles), and 37 (cyan triangles) mm. 

The scattered intensity for OH in N = 3 revealed a very similar trend, however, OH in N 

= 4 showed clearly more subspecular dominant scattering angles at both delays.  Figure 

5.26 compares OH scattered from PFPE probed on the Q1(2), Q1(3), and Q1(4) transitions 

at the delays of 132 and 152 μs.  The intensities in the figure came from averaging the 

intensities in ROIs positioned 26, 31 and 37 mm away from the surface and at the same 

final angle.  The errors are standard errors coming from the averaging process.  The 

intensities were then normalized to the maximum value found at each transition to allow 

for a direct comparison.  At the earlier delay, N = 2 and 3 scattered in a very similar 
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manner, with a narrow distribution of final angles focused around θf ~ +30°.  However, 

N = 4 appeared to be scattered at angles closer to the surface normal, predominantly 

around θf ~ +7.5°.  The left-right asymmetry was still present, albeit not as strong as in 

the other two.  For the later delay, the differences between the rotational levels virtually 

disappeared, with all OH scattering in relatively broader plumes with dominant θf ~ +7.5° 

to +15°.  As such, the shift to shallower scattering angles with delay was only observed 

for OH in N = 2 and 3, while for OH in N = 4 it remained practically unchanged. 

 

Figure 5.26: Averaged and normalized integrated pixel intensities from the ROIs placed 

along the arcs 26, 31 and 37 mm away from the surface and applied to the extended 

images of OH scattering from a surface of PFPE after incidence at i = 45°.  The final 

intensities were a product of averaging two equivalent intensities from the PFPE(A) and 

PFPE(E) measurements.  Figure a) refers to the extended image taken at discharge-

probe delay of 132 μs and Figure b) one at 152 μs.  The different colours represent the 

probed OH transitions: Q1(2) (black squares), Q1(3) (red circles), and Q1(4) (blue 

triangles). 
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The scattered plumes of OH from squalane showed broadly similar trends to those from 

PFPE.  Figure 5.27 compares the scattered OH (N = 2) intensities measured at 132 and 

152 μs.  At both delays the left-right asymmetry was visible, although, just like for PFPE, 

it was much more prevalent at 132 μs.  Subsequently, the dominant θf range shifted from 

roughly +15° to +30° at the earlier delay to around 0° to +15° at the later delay.  Both 

ranges were shallower than the equivalent ones measured for scattering off a PFPE 

surface.  Additionally, these scattered plumes were broader than the ones for a PFPE 

surface.  As for the distribution of OH across the probe region at the time the extended 

images were taken, this, again, strongly resembled the trends seen with PFPE.  The total 

scattered OH signal decreased with time, however the difference between the two delays 

looked considerably smaller than that for PFPE.  Finally, the seemingly high measured 

squalane scattered OH signal sizes compared to that scattered from PFPE considering the 

OH survival probabilities on these surfaces was simply a result of a much higher ingoing 

beam signals achieved during the measurements with squalane. 
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Figure 5.27: Integrated pixel intensities from wedges and arcs ROI applied to the 

extended images of OH (N = 2) scattering from the surface of squalane.  The extended 

images were taken at i = 45° and a discharge-probe delay of 132 μs (a) 152 μs (b).  The 

different colours represent the ROIs lying in different arcs with the distance of the 

middle of the arc to the liquid surface of 14 (black squares), 20 (red circles), 26 (green 

triangles), 31 (blue triangles), and 37 (cyan triangles) mm. 

The comparison of OH in different rotational levels scattered from squalane showed 

largely similar trends to those from PFPE, as can be seen in Figure 5.28.  The OH in N = 

2 and 3 exhibited scattered plumes with the dominant range of final angles around +45° 

at the discharge-probe delay of 132 μs, while the plume for OH in N = 4 peaked at a 

shallower range of angles of roughly 0° to +7.5°.  At the later delay, OH in the three 

rotational levels studied showed very similar scattered plumes.  They appeared broad and 

the left-right asymmetry was less obvious, especially for the plume of OH in N= 4 which 

appeared virtually symmetrical about the normal to the surface at the final angle θf = 0°. 
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Figure 5.28: Averaged and normalized integrated pixel intensities from the ROIs placed 

along the arcs 26, 31 and 37 mm away from the surface and applied to the extended 

images of OH scattering from the surface and applied to the extended images of OH 

scattering from a surface of squalane after incidence at i = 45°.  Figure a) refers to the 

extended image taken at discharge-probe delay of 132 μs and Figure b) one at 152 μs.  

The different colours represent the probed OH transitions: Q1(2) (black squares), Q1(3) 

(red circles), and Q1(4) (blue triangles). 

OH had the lowest survival probability on squalene, which resulted in decreased signal-

to-noise ratios, especially for the lowest OH signal measurements, such as those at the 

delay of 152 μs.  Examining the scattered distributions showed that OH scattered from 

squalene exhibited substantially different plumes than other liquids.  These appeared very 

narrow and peaked around the widest range of θf: from +30° to +45° regardless of the 

delay at which the measurement was made, as illustrated for N = 2 in Figure 5.29.  The 

apparent shift toward shallower final angles at discharge-probe delay of 152 μs compared 

to 132 μs seen for the other two surfaces was not observed.  Moreover, the angular 
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distributions did not broaden with delay as they did for OH scattered off PFPE and 

squalane.  In fact, they appeared, if anything, somewhat narrower at the later delay.  

However, several factors could lead to artificial broadening of some of these 

measurements. 

Due to the lower signal-to-noise ratio, the smaller signals of backward scattered OH 

measured at the arcs furthest away from the surface could conceal the real width of the 

scattered plumes measured from those arcs.  Additionally, the subtraction of the ingoing 

beam image left artificially inflated signals, similarly for the measurements using 

different liquids above.  A few ROIs with a negative integrated OH signal, such as for the 

ROI located at the distance of 26 mm and along the final angles of -60° and -67.5° for the 

delay of 152 μs.  These points were not shown in Figure 5.29.  A feature that was 

reproduced from the measurements with the other surfaces was the overall trend in the 

change of OH distribution across the probe region at both delays. 
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Figure 5.29: Integrated pixel intensities from wedges and arcs ROI applied to the 

extended images of OH (N = 2) scattering from a surface of squalene. The extended 

images were taken at i = 45° and a discharge-probe delay of 132 μs (a) 152 μs (b).  The 

different colours represent the ROIs lying in different arcs with the distance of the 

middle of the arc to the liquid surface of 14 (black squares), 20 (red circles), 26 (green 

triangles), 31 (blue triangles), and 37 (cyan triangles) mm. 

The differences in the scattered plumes of OH in different rotational levels scattered from 

the surface of squalene and measured at the discharge-probe delay of 132 μs largely 

resembled those scattered from the surface of PFPE, as shown in Figure 5.30.  OH in N 

= 2 and 3 appeared to have very similar distributions of scattered OH which were narrow 

and peaked around the θf of roughly +30° to +45°.  In case of OH in N = 4, the scattered 

plume was slightly wider and peaked around the  θf ~15° replicating the shift to shallower 

final angles seen in OH scattered from the other two surfaces.  At the later delay of 152 

μs, however, the scattered OH intensity did not exhibit the general shift to shallower 

values seen in the previous measurements.  The dominant angles remained virtually 
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unchanged compared to the earlier delay and spanned the range of roughly +30° to +37.5°.  

The scattered plumes at the later delay appeared superficially narrower than those at 132 

μs, particularly the one for OH in N = 4, however this could be the result of the added 

uncertainty caused by the lower signal-to-noise ratio in these later measurements.  The 

relatively strong leftover OH signal at the backward angles was also present at the delay 

of 152 μs, with the OH in N = 4 showing relatively high leftover ingoing intensity at the 

angles θf = -45°, -37.5°, and -30°, with the intensity at θf = -45° being higher than any 

other intensity measured in the arc.  These scattered plumes did not replicate the same 

behaviour seen for the other two liquids in terms of the change in shape and peak θf with 

time, they did, however, showed a common trait with the other measurements in that the 

scattered OH in all three of the measured rotational states produced virtually identical 

scattered plumes.  These measurements showed the largest errors, particularly the Q1(4) 

ones, which was associated with the general drop in OH signal mentioned above.  The 

largest errors were also seen for backward scattered OH, which would naturally be most 

affected by any inconsistencies resulting from subtracting the ingoing beam signal. 
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Figure 5.30: Normalized integrated pixel intensities from the ROIs placed along the arc 

26 mm away from the surface and applied to the extended images of OH scattering from 

a surface of squalene after incidence at i = 45°. Figure a) refers to the extended image 

taken at discharge-probe delay of 132 μs and Figure b) one at 152 μs.  The different 

colours represent the probed OH transitions: Q1(2) (black squares), Q1(3) (red circles), 

and Q1(4) (blue triangles). 

Figures 5.31-5.33 summarise the scattering from the different surfaces (PFPE, squalane, 

and squalene) after incidence at i = 45°.  The figures consist of averaged signals 

integrated from the ROIs positioned along the arcs 26, 31 and 37 mm away from the 

surface and were made for OH in N = 2 (Figure 5.31), 3 (Figure 5.32), and 4 (Figure 

5.33).  The errors were standard errors coming from the averaging process. 
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Figure 5.31: Averaged and normalized integrated pixel intensities from the ROIs placed 

along the arcs 26, 31 and 37 mm away from the surface and applied to the extended 

images of OH in N = 2 scattering from surfaces of PFPE (black squares), squalane (red 

circles), and squalene (blue triangles) after incidence at i = 45°.  Figure a) refers to the 

extended image taken at discharge-probe delay of 132 μs and Figure b) at 152 μs. 
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Figure 5.32: Averaged and normalized integrated pixel intensities from the ROIs placed 

along the arcs 26, 31 and 37 mm away from the surface and applied to the extended 

images of OH in N = 3 scattering from surfaces of PFPE (black squares), squalane (red 

circles), and squalene (blue triangles) after incidence at i = 45°.  Figure a) refers to the 

extended image taken at discharge-probe delay of 132 μs and Figure b) at 152 μs. 
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Figure 5.33: Averaged and normalized integrated pixel intensities from the ROIs placed 

along the arcs 26, 31 and 37 mm away from the surface and applied to the extended 

images of OH in N = 4 scattering from surfaces of PFPE (black squares), squalane (red 

circles), and squalene (blue triangles) after incidence at i = 45°.  Figure a) refers to the 

extended image taken at discharge-probe delay of 132 μs and Figure b) at 152 μs. 

Overall, analysing the extended images by integrating the OH signal from spatially 

resolved segments of the probe region, presented here in Figures 5.25 – 5.33, provided 

very key information on the angular distribution of OH scattered from the surfaces of 

experimental liquids after approaching at the angle of incidence θi = 45°.  The clearly 

asymmetric scattered plumes of OH visible in the extended images at delays of 132 and 

152 μs were quantified into distributions of scattered OH signal with respect to the final 

angle and compared for OH in rotational levels N = 2, 3, and 4; as well as for OH scattered 

from surfaces of PFPE, squalane, and squalene.  
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The comparison with respect to the probed OH transition revealed that at 132 μs, the two 

lowest rotational states of OH tended to scatter in narrower scattered plumes that peaked 

at wider final angles, which were specular or near-specular to θi, whereas OH in N = 4 

scattered in wider plumes focused around shallower angles.  This was seen regardless of 

the employed liquid surface.  

At 152 μs, for all liquid surfaces the angular distribution of scattered OH was essentially 

the same regardless of the rotational state of OH.  For PFPE and squalane, the OH 

scattered in plumes that were generally wider than those at the earlier delay and which 

peaked at shallower final angles.  Squalene showed a singular behaviour in that the 

scattering plumes did not differ between the delays, apart for that of OH in N = 4 which 

became scattered largely at more-grazing angles with delay, contrary to the behaviour 

when scattered from the other surfaces.  These latest measurements, however, suffered 

from the smallest measurable OH signal, which increased the signal-to-noise ratio that 

could have affected their reliability.  

The differences in the angular distribution of scattered OH with respect to the liquid 

surface used were also clearly shown.  At both delays, OH was scattered from PFPE and 

squalane in plumes of similar widths that peaked along comparable θf.  Squalene, 

however, scattered the OH in markedly narrower plumes that peaked at more-grazing 

angles compared to the other two liquids.  These findings, along with the angular 

distributions measured using the angle-dependent time-integrals of scattered OH (Section 

5.5.1) and the peak scattered OH speed distributions (Section 5.4.2) were used to draw 

conclusions on the dynamics of the interaction of OH with the experimental liquid 

surfaces.  The detailed discussion on that is contained in the next section. 

5.6 Gas-liquid interface dynamics: discussion 

Key information about the dynamics of OH scattering from surfaces of squalane, squalene 

and PFPE had been revealed from the analysis of the initial experimental results from 

Chapter 3.  As discussed in Section 3.3.7, these results were consistent with the presence 

of an impulsive scattering mechanism, in which upon one, or a limited number of, 

collisions with the surface, only a part of the ingoing energy of the impinging OH 

projectiles is lost.  Such a mechanism leads to several characteristics of the scattered 

products like translational-to-rotational energy transfer, superthermal speeds, or strong 
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correlation between the speed and the deflection angle, which were observed in Chapter 

3. 

The considerably broad angular distributions of the scattered OH that were also observed 

in Chapter 3 had been rationalised as a consequence of the inherent roughness of liquid 

surfaces rather than a result of desorption of thermalised molecules trapped on the surface.  

The widths of the scattered plumes were further broadened by the relatively large physical 

width of the ingoing molecular beam, which naturally resulted in a larger area of the 

surface on which the scattering occurred and would tend to obscure any potential, more-

subtle asymmetry.  

Overall, the initial results gave a very good initial view of the scattering dynamics of OH 

impacting on surfaces of the experimental liquids.  As such, the results found in this 

chapter should not be viewed in isolation, but rather as a continuation and enhancement 

of the work done in the initial proof-of-concept experiments described in Chapter 3.  The 

key goal of the experiments in this chapter was to see the effects the physically narrower 

ingoing molecular beam would have on the observed scattering distributions of OH.  

What did this change in the experimental technique then reveal about the scattering 

process? 

The results showed that narrowing the ingoing beam was indeed beneficial to uncovering 

the nuances of the distributions of OH scattered from the experimental liquids.  As seen 

in Figures 5.10-5.13, the features of the scattered plumes which were not seen in the initial 

results from Chapter 3 were revealed.  Importantly, distinct shapes were observed for the 

two different θi, indicating a correlation between the incident- and final angles of the 

impinging OH projectiles.  The images also confirmed the previously observed 

differences in total OH signal sizes associated with rotational distribution populations and 

survival probabilities on the liquids.  Although variation in the plume’s shape for different 

rotational levels of OH or liquids used was not visually obvious in the images, the 

quantification of the pixel intensities carried out in Section 5.5 revealed that these existed.  

These measurements were supported by measurements of the peak speeds of scattered 

OH presented in Section 5.4.  Careful consideration of the changes in correlated peak 

speeds and angular distributions of scattered OH measured using a narrower ingoing 

beam complemented the previous observations and revealed new key information about 

the dynamics of the gas-liquid interface, which will be discussed in the rest of this section. 
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The angular distributions of the scattered OH were measured using the image sequences 

(Section 5.5.1) and the extended images (Section 5.5.2).  The first method confirmed the 

visual observation of the two very distinct distributions for the two θi: a narrower, 

symmetrical, and strongly peaked along θf = 0° distribution for θi = 0° (see Figure 5.23), 

and a broader, asymmetrical distribution with preferred θf > 0° for θi = 45° (see Figure 

5.24).  Importantly, neither of these distributions resembled a cosθf  distribution that 

would be expected for impinging OH projectiles trapped and desorbed from the surface, 

as can be seen in Figure 5.34.  Rather, the correlation of the preferred θf with the incidence 

angle is a key characteristic of impulsive scattering. 

 

Figure 5.34: Time-integrals shown before in Figures 5.23 for θi = 0° (left) and 5.24 for 

θi = 45° (right) compared to a cosθf distributions (black, dotted circles). 

These measurements of scattered products’ angular distributions spanning a large and 

continuous range of scattering angles were the first of their kind in the field of gas-liquid 

scattering.  Moreover, distributions that included scattering angles equal and close to 

incidence angles were reported, which had not been observed before.  The mass 

spectrometry technique that has been most extensively employed in the field to measure 

angular distributions cannot reliably access final angles equal or close to the incidence 

angle, as the detector is physically restricted from these positions.  The only other non-

MS technique that has tried to probe the scattered products’ angular distributions was the 

LIF measurements with a moving detector performed by Nesbitt et al. (see Section 1.2, 

[66]).  However, this technique only probed certain selected points (i.e., several chosen 

θf) of the scattered distribution and so far, has only been attempted for θi = 45°.  As such, 

the measurements for θi = 0° are completely novel as no attempt has been made by any 

other group before. 

More reliable angular distributions for θi = 45° were measured from the extended images.  

Most OH molecules were measured to scatter at subspecular angles, i.e., 0° < θf < +45°.  

This left-right asymmetry implies unambiguously the presence of impulsive scattering 
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mechanisms.  The actual preferred θf was dependent on factors such as OH rotational 

level, liquid surface used and discharge-probe delay.  The general observation was that 

molecules observed at the later delay scattered preferably closer to the normal to the 

surface.  The scattered OH in N = 2 and 3 exhibited similar characteristic, however, N = 

4 scattered largely into shallower (more normal) angles.  Finally, scattering from the 

squalane and PFPE surfaces were broadly similar, but the squalene surface presented 

singular behaviour, in which OH was scattered at more-grazing angles.  These 

observations were novel and unique to the experimental method employed in this work. 

Their implications are discussed shortly below. 

The scattered OH peak speeds measured using the wedges and arcs ROI method presented 

largely the same trends that had already been observed in the initial experiments found in 

Chapter 3.  The peak speeds were universally superthermal regardless of the angle of 

incidence, the final angle, the rotational level, or the type of liquid surface used as can be 

seen in Tables 5.4 – 5.7.  Additionally, it was found that the OH molecules scattered after 

approaching at θi = 0° were, on average, slower than those for θi = 45°.  The fact that the 

overall trend in the scattered speeds depended on the nature of the liquid surface was also 

in accord with the findings from Chapter 3; PFPE scattered OH with the highest peak 

speeds and squalane and squalene had a generally similar effect on peak speeds of 

scattered OH, with using squalene arguably resulting in higher speeds. 

The most general observation from these results was that the OH scatters predominantly 

in an impulsive manner from the surfaces of the experimental liquids.  To that extent, the 

results corroborated what had been found in Chapter 3.  However, many additional and 

more nuanced observations can be made based on the current results. 

The effect of the structure of the liquid on the scattered products’ distributions has been 

discussed in Chapter 1, with the ideas of surface stiffness and roughness being commonly 

used to discuss this effect.  The speed of the scattered molecules is correlated with surface 

stiffness and the trends in the peak speeds found in Section 5.4.2 showed that PFPE was 

the stiffest of the three surfaces, with squalane and squalene observed to be softer and 

similar to each other.  Those observations are in accord with these from Chapter 3 and 

from various previous experiments [12,29,31]. 

Surface roughness, on the other hand, can be examined by observing the θi-dependent 

angular distributions.  The roughness is probed more sensitively by molecules coming in 
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at increasingly more grazing angles, as they have a higher chance of striking a protruding 

molecule, therefore the angular distributions measured from the extended images for θi = 

45° were particularly useful.  A uniformly flat surface, assuming a ballistic collision, 

would be expected to scatter the incoming projectile at superspecular angles, following 

the conservation of the momentum parallel to the surface and loss (and inversion of the 

remainder) of the momentum perpendicular to it.  Increasing surface roughness causes 

higher loss of momentum parallel to the surface as the molecules strike the protruding 

parts of the surface.  This means that correlating the θi with the most dominant θf in the 

scattered angular distributions per liquid surface could reveal information about the 

relative roughnesses of these surfaces.  PFPE and squalane were observe to scatter OH 

(N = 2 and 3) preferably at similar θf, roughly +30° at 132 μs delay indicating these 

surfaces are similarly rough (Figures 5.25 – 5.28).  Squalene scattered OH (N = 2 and 3) 

into narrower plumes focused around θf ~ +45° (Figures 5.29 and 5.30), which could be 

interpreted as a result of a relatively flatter surface.  However, the reactivity of squalene 

could account for the loss of backward scattered products. This will be discussed further 

in this section.  These peak final angles were, at most, specular (for squalene) indicating 

that in general the incoming OH projectile lost more of its momentum parallel to the 

surface rather than perpendicular to it.  The assessment of the relative surface roughness 

of the three liquids somewhat agrees with the results found from previous experiments on 

the same system [17].  The rotational temperatures of the scattered OD, understood to be 

correlated with the roughness, were found to increase in order of squalane < PFPE < 

squalene, although the differences between them were modest and the authors also 

discussed the effect of the additional reactivity of squalene that could have impacted these 

measurements. 

Comparing the scattered OH (N = 2 and 3) angular distributions measured at different 

distances from the surface and at the delay of 132 μs showed an increasing dominant θf 

with distance.  The furthest detected molecules were presumably the fastest, as shown in 

the increase in peak speeds with θf.  The hard-sphere collision model (see Equation 1.4) 

correlates the high speed with loss of a relatively small fraction of their momentum 

parallel to the surface.  As such, these collisions are predicted to have a high impact 

parameter.  An interesting thought also concerns the ingoing speeds.  Fast incoming 

molecules tend to lose a relatively smaller portion of their momentum parallel to the 

surface, which would favour high impact parameter collisions and result in scattering at 

increasingly forward-directed angles.  This idea is well-known in the field of gas-solid 
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scattering [195].  On the other hand, the general shift towards preferred angles closer to 

the surface normal (θf = 0°) observed for PFPE and squalane at the later delay (152 μs) 

could stem from opposite effects.  As these molecules are presumed to be slower and 

undergo lower impact parameter collisions which would send the projectiles at more 

backward angles.  Similarly, if they originate from the slower, tail part of the ingoing 

beam, they would be expected to lose a proportionally larger part of their ingoing 

momentum parallel to the surface, which would also result in enhanced backward 

scattering.  However, this slower component scattered close to the normal to the surface 

could simply suggest an increased number of molecules that were desorbed after being 

trapped on the surface.  The analysis of the results so far does not suggest a significant 

contribution from the TD mechanism at the current incident energy.  Probing the full 

product speed distributions, rather than just the peaks like was done here, would reveal 

possible thermalization of products that scattered after trapping, but this has not yet been 

achieved.  Additional information could also be gained by performing the experiments at 

lower collision energies.  

A similar trend of scattering closer to the surface normal at later delays was not seen in 

squalene.  The possible decreased surface roughness mentioned above could account for 

this, however, a further explanation could relate to the decreased survival probability of 

OH on squalene [17], which was measured to be equal to 0.31 ± 0.02.  The lack of the 

slow, backwards-scattered component could be a result of trapping on the surface by 

general attractive forces (mostly dispersion).  The trapped molecule could then migrate 

around the surface and, before escaping into the gas-phase, be added to a double-bond.  

Compared to scattering with squalane, this mechanism would result in the OH scattered 

from squalene missing a thermalized TD component.  A related, but different mechanism 

involves the slower molecules colliding directly onto a double-bond and being trapped 

immediately by the attractive bonding force.  Which (if either) of these two mechanisms 

pertains to what has been observed here cannot be definitively stated.  However, as stated 

above, no particularly strong TD component has been seen in the scattering from squalane 

in this experiment, which could suggest that the same would be true for a smoother 

surface of squalene.  This would diminish the role of the first mechanism.  Additionally, 

the MD simulations of squalene surfaces done by King et al. [16] showed that double-

bonds were exposed on the surface, but a more careful simulation would be required to 

see if the probability of hitting a double-bond was sufficiently high to contribute 

sufficiently to compete with being generally trapped on the surface. 
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The discussion so far focused mostly on OH in N = 2 and 3, as it displayed very similar 

scattered angular distributions regardless of the other experimental variables.  The same 

was not true for OH in N = 4, which at 132 μs delay exhibited angular distributions that 

almost universally peaked along shallower (more normal) angles than the corresponding 

measurements for the other two rotational levels.  This can be seen in the top panels in 

Figures 5.26, 5.28, and 5.30 for PFPE, squalane, and squalene, respectively. The 

correlated decrease in speed, in turn, could be attributed to the loss of translational kinetic 

energy due to the translational-to-rotational energy transfer upon collision. The N = 4 

level is produced by rotational up-scattering, exhibited by the observed ratio of ingoing 

to scattered OH intensity in the image sequences. At the later delay of 152 μs, the 

differences in the scattering distributions of OH in the different rotational levels 

essentially disappeared, suggesting that this trend was only visible among the faster-

scattered molecules.  The later detected molecules were necessarily slower, either as a 

consequence of their originating from the slower tail part of the ingoing beam, or because 

they were intrinsically scattered with slower speeds due to the nature of the local site on 

the surface from which they scattered.  This effect is consistent with a well-established 

phenomenon found in gas-phase rotationally inelastic scattering of diatomics with atomic 

or small molecules, where low-impact-parameter backward scattering results in 

rotationally excited products [196]. 

The closest experiments that studied the correlated angular and rotational population 

distributions of the scattered products were performed by Nesbitt et al. using the moving 

spectroscopic detector technique to study NO collisions with squalane and PFPE (see 

Section 1.2, [66]).  They observed an opposite effect in which molecules in the lower 

rotational states were scattered in cosθf-like distributions peaked along the normal to the 

surface.  They associated these molecules with the TD component.  However, the 

experiment lacked the time-resolution that would allow them to confirm it further by 

measuring the scattered speeds.  This, nonetheless, is different to what is observed here, 

where the rotationally hotter molecules found scattered along or close to the normal are 

still observed to be superthermal and are predicted to have been scattered in an impulsive 

manner.  Fundamental kinematic differences in the chosen colliders (NO and OH) as well 

as Nesbitt group’s higher collisional energy make a direct comparison difficult, so 

assigning these observed differences in the scattering behaviour to a single factor should 

not sensibly be attempted. 
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Overall, and in summary, the scattering of OH from surfaces of squalane, squalene, and 

PFPE has been shown to proceed predominantly via impulsive collisions which lead to 

non-thermalized products whose characteristics, such as speed, angular, and rotational 

population distributions are largely dictated by the characteristics of the ingoing 

projectiles and the site of the impact on the surface.  The presence of trapping-desorption 

mechanisms could not be directly confirmed, but the measured scattered products’ 

characteristics suggest, at most, modest contributions to the overall process.  The angular 

distributions were found to be relatively narrow and directed strongly along the normal 

(nominally specular) final angle for θi = 0°.  On the other hand, for θi = 45° they were 

measured to be wider and peak largely at subspecular angles.  They were also found to be 

sensitive to such factors as the rotational level of the impinging projectile and the nature 

of the surface.  In general, they resembled, at least qualitatively, the distributions of Ne 

(θi = 45°) scattered from squalane in experiments of Nathanson [31]. 

In the field of gas-liquid scattering it has become commonplace to assume that impulsive 

scattering leads to narrow distributions that are pointed along, or close to, the specular 

angle.  These can indeed be seen, for example, in Nathanson’s measurements of rare gases 

scattered from squalane and PFPE [31] and Minton’s studies of Cl and O scattered from 

squalane [38,39,140]. However, all these experiments involved relatively high ingoing 

translational energies and, most importantly, very shallow incident angles like 60° and 

65°.  This is crucial as according to the hard-sphere collision model, these factors would 

heavily promote strong, non-thermal, and specular scattering.  The results discussed in 

this section showed a different behaviour at lower energies and less-grazing angles: 

scattered plumes that are relatively broader and focus around subspecular final angles yet 

demonstrated to result from impulsive collisions.  This highlights the importance of 

careful consideration of all the aspects of the scattered products in constructing the 

dynamical analysis of the scattering process rather than assuming a priori that any one 

measured characteristic implies or precludes certain scattering mechanisms.  The novel 

imaging technique presented in this thesis has been shown here to be a very good method 

of probing correlations among the features of the scattered products.  As such, it has been 

used successfully to reveal novel information on OH scattering from surfaces of long-

chain hydrocarbons and, in a broader view, on the dynamics on the gas-liquid interfaces 

in general. 
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5.7 Conclusions 

The experiments found in this chapter served as a successful extension of those found in 

Chapter 3 and greatly expanded on the information gathered vis-á-vis the dynamics of the 

scattering of OH from surfaces of squalane, squalene and PFPE.  The scattering was 

assessed to occur primarily in an impulsive manner, in which the molecules underwent, 

one, or at most a limited number, of ballistic-type collision with the surface, which was 

reflected in such measurements as the peak speeds and angular distributions of scattered 

OH.  The narrowing of the ingoing molecular beam, along with the other changes 

introduced in Chapter 4, proved crucial in uncovering the nuanced features of the 

scattered distributions of OH, showing them to be considerably dependent on the ingoing 

and scattering angles, type of surface and even rotational level of OH.  The extended 

images also proved to be very useful in assessing the scattered distributions across the 

whole range of possible scattering angles, which was not possible with any of the 

techniques employed to study gas-liquid scattering so far. 

  



 

231 

Chapter 6 – Conclusions and future work 

The experiments described in this thesis have provided new and crucial information on 

the manner in which impinging molecules of OH interact with surfaces of reactive long-

chain hydrocarbons (squalane and squalene) and non-reactive fluorinated polymers 

(PFPE).  The interactions were shown to be highly dependent on the incident angle of the 

ingoing molecular beam of hydroxyl radicals.  The molecules that survived a collision 

scattered with speeds and angular distributions that were highly correlated with the angle 

of incidence.  This was interpreted as the OH undergoing impulsive scattering from the 

experimental surfaces, in which the post-collision parameters of a gas projectile are at 

least partially dependent on the pre-collision parameters.  The other traditionally 

recognized scattering mechanism, trapping-desorption, was not explicitly observed, but 

its presence could not be openly discounted.  Nonetheless, the measurement of the 

superthermal peak scattered speeds (Sections 3.3.8 and 5.4.2) of OH projectiles, together 

with scattered angular distributions that did not fit the TD-expected cosθf distributions 

(Section 5.5), suggested at most a very modest presence of trapping in these interactions. 

The experiments also showed the dependence of scattering on the structure of the liquid 

surface.  The experimental liquids were chosen to mimic particular functionalities that 

are found on the surfaces of secondary organic aerosols (see Section 1.2), namely 

aliphatic chains that include primary, secondary and tertiary carbons (squalane) as well 

as double bonds and allylic carbons (squalene).  The measurements of the peak speeds of 

OH scattered from these two surfaces showed comparable peak speeds, which suggests 

that the two surfaces accepted similar amounts of the ingoing projectiles’ kinetic energies.  

This would indicate that squalane and squalene form similarly stiff surfaces, which in 

turn indicates that presence of double bonds does not hinder the dissipation of the 

impinging projectiles’ energy, at least to the degree that was observed in this work.  On 

the other hand, the surface of PFPE, made of relatively bulkier fluorinated chains, 

scattered OH with consistently higher speeds indicating its larger stiffness.  The 

information gathered from studying the angular distribution of OH measured from 

extended images (Section 5.5.2) showed that squalene lacked the backward scattered part 

that was present in scattering from squalane (and PFPE).  This was associated with the 

increased reactivity of squalene towards OH.  Further studies would be required to 

definitively state what mechanism is responsible for this, but the initial hypothesis is that 
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the would-be backwards-scattered OH may have been trapped on the surface which would 

increase its chance of reacting. 

The work presented in this thesis was restricted to using a single ingoing kinetic energy 

distribution that followed using only helium as the carrier gas in the molecular beam.  

Future work on surfaces of squalane and squalene could be extended to involve beams of 

higher kinetic energy OH by using hydrogen and hydrogen/helium mixtures as carrier 

gases (with necessary caution applied due to the potential dangers of using a flammable 

gas, especially if any oxygen was present in the system), in order to study scattering at 

higher collision energies.  However, the discharging of such gas mixture would inevitably 

lead to formation of H atoms and possibly metastable H2 molecules, which could react 

with the created OH.  The OH + H2 reaction is rather slow at room temperature (k ≈ 7 × 

10-15 cm3 molecule-1 s-1 [197]), so at least some OH would be predicted to survive to 

eventually collide with a surface.  Using a lighter carrier gas will result in large collisional 

energies which is predicted to increase the dominance of impulsive scattering and produce 

generally faster molecules scattered at wider final angles.  Conversely, using heavier 

carrier gases, like neon or argon, would dramatically lower the incoming kinetic energy 

of impinging OH, potentially leading to increase in trapping on the surface and resulting 

in change in the scattered speed and angular distributions.  Unfortunately, preliminary 

experiments which used neon as a carrier gas had shown a drastic increase in the physical 

width of the molecular beam stemming from the increased travel time to the surface 

caused by the decreased longitudinal speed distribution of OH in such a beam.  A new 

skimmer/collimator system would have to be designed to narrow the ingoing beams 

enough to be able to observe properly resolved scattered angular distributions. 

The novel imaging technique used in the experiments in this thesis have proved 

exceptionally valuable in assessing the dynamics of gas-liquid scattering.  Its usefulness 

can naturally be extended into other types of scattering, in particular gas-solid scattering.  

Liquid surfaces have an inherently rough and dynamically changing surface which makes 

it unlikely that strongly specular (or indeed superspecular) scattering with narrow angular 

distributions will be observed unless under very specific condition, such as using 

extremely high ingoing energies and grazing angles of incidence.  To be able to see highly 

directed scattering however, one would have to use a very flat solid surface like that of 

highly oriented pyrolytic graphite (HOPG), which has been a subject of gas-scattering 

studies of Minton et al. using the mass spectrometry detection technique [198].  The 
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images collected during scattering off HOPG could be used as a benchmark for visual 

(and, once analysed, quantitative) comparison of scattered angular distributions with a 

gas-liquid scattering experiment.  These could then be used to help assess the degree of 

impulsive scattering occurring in the overall scattering processes. 

Within the realm of gas-liquid interactions, the studied liquids could be extended to 

incorporate mimics of other functionalities found on the surfaces of atmospheric aerosols.  

The oleic acid family which contains double bonds and carboxylic acid functionalities 

would be of particular interest.  As of the writing of this thesis, work has commenced in 

the McKendrick group to measure the scattering angle-dependent survival probabilities 

of OH impinging on surfaces of oleic acid, linoleic acid, and linolenic acid.  A desire to 

study the aging of the aerosols’ surfaces into increasingly more oxidated forms could also 

influence the type of liquids studied.  Some examples of commercially available organic 

liquids with low enough vapour pressures to be used in a vacuum environment and which 

include oxygen atoms in their structure are: the oleic acid family mentioned above 

(carboxylic acid functionality); alkyl glyceryl ethers (ether and hydroxyl functionalities); 

long chain alcohols, ketones, and aldehydes; and sugar alcohols (hydroxyl functionality).  

These provide a range of oxidated species, however care has to be taken as some of these 

are solid at room temperature and would require heating up to liquid form.  These 

functionalities could also be studied with use of specially designed SAMs, where long 

aliphatic chains terminated on one end with a substrate-binding head group (typically 

thiols or phosphonates) and on the other with a desired functional group.  The substrates 

are usually atomically flat metals (e.g., gold) or other flat solids like the mineral mica or 

HOPG.  This gives a large range of potential target surfaces for expanding the gas-liquid 

scattering studies. 

The oleic acid family experiments are planned to be the last ones performed on the current 

experimental chamber.  A new chamber, shown in Figure 5.35, was designed by Dr 

Daniel Moon, whose design incorporated a number of quality-of-life and experimental 

improvements that stemmed from completing the research presented in this thesis.  The 

molecular beam is formed by admitting the gas into the chamber via a valve designed in 

the Arthur Suits group [199] based on a high-force piezoelectric stack actuator, which is 

capable of delivering considerably shorter gas pulses (as low as 20 μs) than the General 

valve used currently.  This is predicted to substantially aid in stabilisation of the discharge 

and will limit the amount of precursor water (provided the studied gas is OH, but this 
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would apply to any other gases that need to be created in situ through discharging) and 

seeding gases entering the chamber.  The decreased operation time will naturally result 

in molecular packets of decreased density and, in turn, decreased OH signal.  This is 

compensated by the considerably higher force applied to the piezoelectric stack compared 

to the solenoid plunger, which allows for a higher gas pressure to be applied behind the 

valve and will subsequently increase the density in the beam.  After formation, the 

molecular beam will undergo further speed selection, along with a state-selection through 

a magnetic radical filter device adapted from that designed for hydrogen beams by 

Brianna Heazlewood’s group [200].  This will discard all the unwanted components of 

the beam and provide a possibility of selecting particular speed and rotational level 

distributions of the ingoing OH radicals.  The new chamber design also allows directing 

the molecular beam at an additional incidence angle of 60°.  Such a grazing angle of 

incidence has been seen in other studies [31,37] to result in scattered angular distributions 

heavily directed around specular and superspecular angles.  Finally, the bath assembly 

has been changed to a design described in [87].  This involved a vertical pole at the top 

of which four baths and four wheels were mounted, each facing a different direction.  The 

bath facing the molecular beam could be selected by rotating it into place and the whole 

instrument could be removed from the path of the molecular beam (to allow for surface-

out measurements) by lowering it down.  This will speed up data acquisition considerably 

and allow for a more reliable comparison measurements to be made.  The design also 

included an adapter for solid and SAM surfaces, which will expand the range and type of 

targets for the gas scattering experiments. 
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Figure 6.1: The new experimental chamber designed by Dr Moon. 

Finally, the current experiment has a couple, as of yet unresolved, questions.  Firstly, the 

amount (if any) of O(3P) produced during the discharging of water in the molecular beam 

is still unknown.  Accounting for possible secondary sources of scattered OH would 

improve confidence in them, however, based on the observation mentioned in Section 

4.5.3, this was not predicted to quantifiably affect the results in this work.  The amount 

of oxygen atoms in the impinging beam could be measured by using a fully deuterated 

squalane surface and detecting scattered OD.  Secondly, the actual percentage of water 

that is converted into OH upon discharging has not been precisely measured.  There is no 

trivial way of measuring the amount of water in the molecular beam pre- and post-

discharge, however a related experiment using frequency modulated infrared absorption 

[64] would, in principle be able to achieve this.  Although a simpler solution would be to 

use a very substance specific method like electron-impact quadrupole mass spectrometry.  

At the time of writing of this thesis, neither of these methods could be employed. 

In conclusion, the imaging technique proved to be very successful in studying the 

processes of gas-liquid scattering. Its development, as described in this thesis, will lead 

to exciting new discoveries in the field and possibly in the adjacent fields of gas-solid 

scattering. 
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