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Abstract 

This thesis reports the first investigation of gas-liquid scattering dynamics via 

transient frequency modulated absorption spectroscopy (TFMAS). Using this 

technique in the near infrared (NIR), the inelastic scattering of gaseous CN(X2Σ+) 

radicals from fluorinated and aliphatic liquid surfaces was found to be 

predominantly impulsive. These experiments also demonstrated the first 

application of a glow discharge to produce supersonically cooled CN(X) radicals in 

situ. A large fraction of these incident radicals was lost on contact with the 

potentially reactive hydrocarbon, most probably to hydrogen abstraction to form 

HCN. Subsequently, an entirely new TFMAS probe, with the capabilities to observe 

this unseen channel, was built to access the mid-infrared (MIR) region. Difference 

frequency generation (DFG) of tuneable NIR and single-frequency 1064 nm lasers 

was performed in periodically poled lithium niobate (PPLN) to generate the MIR. 

This probe was characterised by proof-of-principle experiments, including 

preliminary studies of inelastic CH4 scattering, and found to be sensitive, 

narrowband and possess Gaussian mode-quality. Accompanying Monte-Carlo 

simulations of both NIR- and MIR-TFMAS experiments supported the mechanistic 

conclusions drawn for CN(X) scattering and indicated that modifications to the CH4 

experiments, including improvements in the signal-to-noise, are required to observe 

scattering in individual quantum states. On their implementation, the new MIR 

probe may then be used to investigate both inelastic and reactive interactions of 

innumerable interesting and relevant gas-liquid systems via the ubiquitous 

fundamental vibrational modes of closed-shell species, such as C–H, N–H and O–H 

stretches. 
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“The chief distinction in the intellectual powers of 

the two sexes is shewn by man attaining to a higher 

eminence, in whatever he takes up, than a women 

can attain – whether requiring deep thought, 

reason, or imagination, or merely the use of the 

senses and hands…” 

 

 

 

– Charles Darwin 

The Descent of Man (1871) 
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Chapter 1 – Introduction 

1.1 Motivation and scope 

Gas-liquid interfaces are ubiquitous in many important natural and industrial 

environments. These include, but are not limited to, the atmosphere, [1,2] 

combustion, [3,4] distillation, [5,6] respiration [7] and multiphase catalytic 

systems. [8–10] Despite their relevance, they are comparatively understudied with 

respect to equivalent gas-gas and gas-solid systems, largely due to the particular 

experimental challenges they pose. However, in recent years concerted effort has 

been made by the molecular dynamics community to investigate gas-liquid 

interfaces both experimentally and theoretically. In particular, the detection of 

atomic and molecular scattering from liquid surfaces, generally employing the well-

established molecular beam technique, has proven effective in characterising the 

scattered products via their chemical identity, scattering angular distribution and 

translational and internal energies. [11] This information provides direct insight 

into surface-specific interactions and mechanisms, and when combined with theory 

unravels details of intricate dynamical systems. 

 

This thesis aims to contribute to this growing field through the first application of 

frequency modulation spectroscopy (FMS) to fundamentally interesting and 

relevant gas-liquid interfacial systems. Specifically, transient frequency modulation 

absorption spectroscopy (TFMAS) has been applied to CN(X2Σ+) radicals scattering 

from perfluoropolyether (PFPE) and squalane surfaces (Chapter 3). Furthermore, 

an entirely new probe of this kind has been constructed in the mid-infrared (MIR) 

region and applied in proof-of-principle experiments to CH4 scattering from 

squalane (Chapter 4). Accompanying Monte-Carlo simulations of the same systems 

(Chapter 5) aim to elucidate mechanistic details from the measurements and 

facilitate optimisation of the apparatus. This introduction serves to describe the 

general experimental approach to studying chemical dynamics at gas-liquid 

interfaces and review the relevant studies. The results chapters present three 

distinct approaches to applying TFMAS to gas-liquid dynamics, and, given their 

practical differences, their individual topics are introduced in greater detail in their 

respective chapters where they are more relevant. 
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1.2 Previous gas-liquid scattering experiments 

Within the broader sphere of chemical dynamics, the field of gas-liquid scattering is 

relatively new, though it has seen significant growth since early experiments in the 

1990s. By nature, liquids are complex, dynamic and unstructured, and are therefore 

challenging to prepare and characterise both experimentally and theoretically. This 

imposes common practical limitations on the general experimental approach, which 

is therefore similar across reported gas-liquid scattering studies to date, although 

specific techniques may vary. 

1.2.1 General experimental approach 

Gas-liquid scattering experiments universally require three things: a source of gas-

phase projectiles, a clean surface in the pure liquid-phase, and a means of detecting 

the scattered products. In all such experiments, the gaseous projectiles are directed 

towards the liquid surface so that they may interact. These may be atoms, molecules 

or radicals, and generally take the pragmatic form of a molecular beam. Radicals may 

be produced in situ via laser photolysis or discharge of an appropriate precursor. 

Use of a supersonic expansion is common, as these cool the internal quantum state 

distribution of the incident gas into the lowest few states, facilitating comparison 

with the scattered quantum states. Ideally, skimming and/or collimation of the 

molecular beam also provides a narrow, well-defined incident velocity distribution. 

Pulsed sources or the introduction of a chopper wheel improves the temporal 

resolution, and the latter may selectively define collision energy ranges.  

 

The interaction at the surface may comprise a chemical reaction or an inelastic 

energy exchange. Any surviving particles rebounding from the surface are then 

detected appropriately, either by mass spectrometry (MS) or spectroscopic laser 

techniques such as absorption spectroscopy, laser-induced fluorescence (LIF) and 

resonance-enhanced multiphoton ionisation spectroscopy (REMPI), and aspects of 

the surface-specific interaction hence inferred. Herein lies the principal limitation: 

the liquid-scattered particles must be detected without undergoing subsequent gas-

phase collisions, lest their nascent dynamical information be lost. Gas-liquid 

scattering experiments therefore require high-vacuum conditions. Assuming the gas 

is ideal, the mean-free path (𝜆) within a closed system (such as a vacuum chamber) 

is a function of its temperature (𝑇) and pressure (𝑃): 
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 𝜆 =
𝑅𝑇

√2𝜋𝑑2𝑁𝐴𝑃
 (1.1) 

where 𝑅 and 𝑁𝐴 are the ideal gas and Avogadro constants respectively and 𝑑 is the 

effective diameter of the gaseous projectile. Preferably, 𝜆 should be larger than the 

vacuum chamber, but at the very least it should be two times the surface-detector 

distance to eliminate secondary collisions. Typically, experiments are conducted at 

𝑐𝑎. 10−7 mbar, and assuming a nominal effective atomic diameter 𝑑 = 3 Å this 

corresponds to 𝜆 = 1000 m. 

 

Consequently, liquid evaporation must also be minimised to prevent formation of a 

vapour cloud in the localised region directly above the surface. Therefore, most 

experimental studies to date have employed low vapour-pressure liquids such as 

long-chain hydrocarbons, [12] polymers, [13] liquid crystals, ionic liquids [14] and 

highly concentrated solutions. [15,16] In some cases, self-assembled monolayers 

(SAMs) serve as liquid proxies. [17] The liquid-coated wheel technique, pioneered 

by Lednovich and Fenn, [18] is by far the most popular method for creating the 

liquid surface in vacuo. In essence, a mechanical wheel is partially submerged in a 

bath of the selected low vapour-pressure liquid, which becomes coated in a 

continually refreshed layer as it rotates. Scrapers are sometimes introduced to 

ensure a smooth, even surface. Alternatively, liquid microjets have seen some 

application to gas-liquid dynamics, [16,19,20] but this technology is not yet fully 

developed for scattering onto high vapour-pressure liquids. The relative advantages 

and limitations of these techniques are discussed more fully in Chapter 2.  

 

The complexity of liquid-vacuum interfaces is no less challenging for theoreticians, 

and again SAMs are often used instead as they are less computationally taxing. The 

long chains interact through van der Waals forces, as liquids do, but form a more 

idealised, ordered layer. Molecular dynamics (MD) methods are used to simulate 

scattering from both SAMs and liquid surfaces in vacuum. These rely on numerically 

solving Newton’s classical equations of motion for defined masses within applied 

interatomic potentials or force fields. Generally, the liquid is simulated as a slab of 𝑛 

molecules with the liquid-vacuum interfaces above and below in 𝑧. Periodic 

boundary conditions are applied such that the surface is infinite in 𝑥 and 𝑦, and the 

slab is fully equilibrated at the appropriate surface temperature and various bulk 
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properties referenced against experimental data. Simplifications to the liquid 

structures may be made by approximating functional groups as single masses; 

otherwise, each atom is treated individually. These are known as united-atom (UA) 

or explicit-atom (EA) models respectively. The requisite potential energy surfaces 

(PESs) are typically constructed using ab initio data from smaller, comparable 

systems. For example, Ne + CH4 data may be used in constructing simulations of Ne 

+ hydrocarbons. An illustration of an equilibrated EA squalane slab is provided in 

Figure 1.1.  

 

Reactive scattering introduces an additional layer of complexity since bond 

breakage and formation cannot be described by classical physics. However, full 

quantum treatments of scattering from either liquids or SAMs are unaffordable. The 

exorbitant computational cost is typically circumvented either by reducing the 

liquid surface area, by approximating it as a cluster, [21] or by employing hybrid 

quantum mechanics/molecular mechanics (QM/MM) methods. In the latter, most of 

the system is modelled classically while selected regions are given detailed quantum 

mechanical treatment. [22] When user-defined, the surface regions are chosen 

based on the incident trajectory impact point and surrounding area to include 

prospective atoms or functional groups. More sophisticated methods apply QM 

activation on the fly to all potentially reactive atoms that come within a chemically 

feasible distance of the incoming projectile. Semi-empirical Hamiltonians are often 

applied to these activated regions to further reduce costs. 

 

With the general methods covered in the above overview, the subsequent sections 

provide discussion of the combined experimental and theoretical body of work 

within gas-liquid scattering dynamics. Given the focus of this thesis, inelastic and 

reactive scattering studies of atoms, molecules and radicals will be emphasised. 

Although recent advances in the field have applied particle-scattering techniques to 

interrogate liquid-surface composition and structure, [23–25] such studies lie 

beyond the scope of this work and are excluded. Unless particularly relevant, studies 

involving SAMs, liquid-metal surfaces and ion scattering are similarly omitted.  
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Figure 1.1: Molecular dynamics simulation of an equilibrated 600-molecule squalane slab with dimensions 𝑥 = 𝑦 =
6.3 𝑛𝑚 and 𝑧 = 12.6 𝑛𝑚. The squalane-vacuum interfaces are in 𝑧, and the slab is periodic in 𝑥 and 𝑦. Turquoise = 
carbon and white = hydrogen. The surface was simulated using the GROMACS molecular dynamics package by Dr. 
Stuart Greaves. 

1.2.2 Previous inelastic scattering experiments 

Experimental studies 

The first gas-liquid scattering study was reported in 1959 by Hurlbut and Beck, who 

directed molecular beams of Ar and N2 onto liquid gallium and indium surfaces. [26] 

Sixteen years later, in 1975, Sinha and Fenn conducted a more modern experiment 

with the wetted-wheel technique, scattering Ar from glycerol. [27] Another sixteen 

years later, in 1991, interest in gas-liquid scattering dynamics was sparked once 

again by a publication in Science, authored by Nathanson and co-workers, which 

reported the scattering of inert gases from squalane and PFPE surfaces. [12] 

Subsequent inelastic scattering experiments from the group laid the early 

foundations of the field, which combined an internally-cooled supersonic molecular 

beam with a liquid-coated wheel and MS detection. [28,29] These involved a range 

of projectiles including the atomic rare gases He, Ne, Ar and Xe, and inert molecules 

SF6, CH4, NH3 and D2O scattering from the above surfaces. 

 

These experiments were performed with the MS detector at a fixed scattering angle 

(휃𝑓) with respect to the surface normal. The recorded time-of-flight (ToF) profiles, 

with chopper-selection of specific scattered 𝐸𝑘 ranges, consistently observed 

bimodal scattering distributions [12] akin to those described in gas-solid scattering 

experiments. [30] It has become common practice for scattering profiles to be 
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analysed as the sum of these two components, which are typically described as the 

results of two limiting scattering mechanisms: thermal desorption (TD) and 

impulsive scattering (IS). A pictorial representation of IS and TD scattering 

distributions is shown in Figure 1.2. Note that, additionally, there is also an unseen 

channel in which some of the colliding gases become permanently embedded within 

the bulk and are lost to the liquid phase. 

 

At the TD limit, the particles become fully accommodated at the surface through 

multiple collisions which induce thermal equilibration before desorbing in a 

statistical fashion. The resulting scattered translational energies are characterised 

by a Maxwell-Boltzmann distribution at the liquid surface temperature, 𝑇𝑙: [31] 

 𝑃(𝐸𝑓) =
𝐸𝑓

(𝑘𝐵𝑇𝑙)2
𝑒

−
𝐸𝑓

𝑘𝐵𝑇𝑙  (1.2) 

where 𝐸𝑓 is the scattered particle translational energy and 𝑘𝐵 the Boltzmann 

constant. Due to this thermal equilibration, the scattering particles retain no 

memory of their incident trajectory velocities, and their flux, 𝐹(휃, 𝜙), takes the form 

of a cosine distribution: 

 𝐹(휃, 𝜙) =
𝑁

4𝜋
√

8𝑘𝑏𝑇𝑙

𝜋𝑚𝑔
 cos 휃 (1.3) 

where 𝑁 and 𝑚𝑔 are the particle number density and mass, and 휃 and 𝜙 the polar 

and azimuthal angles respectively.  

 

In IS-type interactions, the particles inelastically scatter at the surface via a single 

collision, or at most a few. They thus retain memory of their incident velocities, and 

consequently the scattering distribution tends to peak at the specular angle with 

speeds characterised in part by their source. In the simple binary regime, IS is 

pragmatically defined as the scattering fraction remaining after subtraction of the 

Maxwell-Boltzmann fit, i.e. that which is not TD. The IS channel energy transfer with 

the surface is dependent on the deflection angle 𝜒, as observed by Nathanson and 

co-workers in experiments with rare gases scattering from PFPE and squalane. 

Direct, head-on collisions (i.e. trajectories more closely aligned with the surface 

normal) imparted more energy to the surface. By contrast, shallow, glancing 

trajectories retained more of their initial energy, implying that such collisions were 

localised to particular functional groups at the interface. [32] 
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Figure 1.2: Schematic of a single molecular scattering trajectory showing the incident (휃𝑖), final (휃𝑓) and deflection 

(𝜒) angles. Here, 휃𝑖 = 휃𝑓 = 45° and therefore 𝜒 = 180° − (휃𝑖 + 휃𝑓) = 90°. IS and TD distributions are represented 

in pink and blue respectively. 

 

The Nathanson studies also discovered that squalane surfaces invoked significantly 

larger TD-scattering fractions than PFPE. Regardless of surface, the TD fraction 

diminished with increasing collision energy. Similar results were observed by Cohen 

et al., who scattered He and Ar from perfluorinated SAMs (F-SAMs) and aliphatic 

SAMs (H-SAMs). [17] More energy was lost to the surface in collisions with the 

heavier projectile, and with the aliphatic surface. These results introduced the 

opposing concepts of surface hardness and softness, which are attributed to different 

molecular packing structures at the surface. Softness describes a looser, less-dense 

arrangement that facilitates larger momentum transfers upon collision, longer 

interaction times and a greater degree of thermalisation. Ergo, squalane and H-SAMs 

are characterised as soft while PFPE and F-SAMs are hard.  

 

Liquid surfaces may also be categorised by their microscopic roughness or 

smoothness. Smooth surfaces are regular and flat, while rough surfaces are 

disordered, and potentially characterised by molecular protrusions or corrugation. 

For example, the MD-simulated squalane surface in Figure 1.1 is microscopically 

rough, with an uneven structure in the 𝑥𝑦 plane. Such surfaces promote multiple 

collisions at the surface, hence favouring thermalisation. On the other hand, smooth 

surfaces are associated with IS-like interactions. Although surfaces may be 

inherently rough or smooth, increasing their temperature generates molecular 
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thermal motion, hereby inducing roughness. Evidence of this effect has been 

established for both PFPE [33,34] and squalane [35] in experiments where the TD 

fraction was observed to increase with 𝑇𝑙. 

 

The IS/TD ratio also depends on the intermolecular forces present between the gas 

and liquid. Scattering experiments with protic (NH3, D2O) and aprotic (Ne, CH4) 

gases revealed that, along with roughness, the ‘like dissolves like’ rule commonly 

applied to solutions influenced the likelihood of thermalisation. The protic gases 

were more likely to thermalise in collisions with glycerol, a protic liquid, than 

squalane, which the authors interpreted as a direct consequence of attractive forces 

between the projectile and the surface. In the absence of such effects, roughness 

prevailed, with squalane inducing greater thermalisation than glycerol. [28] Even 

less thermalisation was seen in collisions with PFPE. [29] 

 

These observed trends, which correlate greater projectile energy loss at the surface 

with small 휃𝑖  and 휃𝑓 , surface softness and roughness, greater 𝑚𝑔, and higher 

collision energy, prompted the adoption of a simple gas-phase kinematic model to 

gas-liquid scattering. [11] The hard-sphere model treats both gas and surface as two 

spheres with defined masses 𝑚𝑔 and 𝑚𝑙. These are assumed to interact 

instantaneously during collisions characterised by inelastic energy transfer to the 

surface, which is defined as the energy difference with respect to the particle, Δ𝐸 =

𝐸𝑖 − 𝐸𝑓, where the subscripts 𝑖 and 𝑓 refer to the pre- and post-collision states. The 

model is the product of a kinematic term (first term) and a potential term (second 

term), and takes the following form: 

 

 
(

Δ𝐸

𝐸𝑖
)

𝐻𝑆

=
𝐸𝑓 − 𝐸𝑖

𝐸𝑖
 

≈
4𝜇

(1 + 𝜇)2
cos2 휃𝑖 [1 +

𝑉 − 2𝑅𝑇𝑙

𝐸𝑖
] 

=
2𝜇

(1 + 𝜇)2 [1 + 𝜇 sin2 𝜒 − cos 𝜒 √1 − 𝜇2 sin2 𝜒] [1 +
𝑉 − 2𝑅𝑇𝑙

𝐸𝑖
] 

 

(1.4) 

The kinematic term may be expressed either in terms of the incident angle 휃𝑖  or the 

deflection angle 𝜒 = 180 − (휃𝑓 + 휃𝑖) as shown. It also depends on the projectile-to-

surface mass ratio, 𝜇 = 𝑚𝑔/𝑚𝑙. However, 𝑚𝑙 is not the entire liquid mass; rather, it 
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is the effective surface mass, which describes the functional group(s) which 

participate in the collision and hence influence the dynamic outcome. A greater 

effective surface mass (small 𝜇) suppresses Δ𝐸; similarly, lower incident energies 𝐸𝑖 

result in inefficient energy transfer, reducing 𝑚𝑙. Furthermore, within this model 

head-on collisions with back-scattered products (small 휃𝑖/large 𝜒) induce greater 

Δ𝐸, and vice-versa. The hard-sphere model also accounts for gas-surface 

intermolecular forces via a simple square potential, 𝑉, which accelerates the 

projectile in its approach and decelerates it in its departure. Increasing the liquid 

temperature induces thermal motions which have the net effect of counteracting the 

deceleration, hereby curbing the energy transfer. Nevertheless, all such potential 

and thermal effects are suppressed at greater incident projectile energies, 𝐸𝑖. 

 

However, the shortcomings of this model were revealed by the Minton group, who 

demonstrated its inadequacy in describing collisions between O( P 
3 ) and Cl( P 

2 ) 

atoms with squalane, [36] and later between hyperthermal O( P 
3 ) and Ar atoms with 

squalane, PFPE and SAM surfaces. [37,38] To account for the energy lost to internal 

motions of the surface and/or projectile, the hard-sphere model was adapted into 

the soft-sphere model. This new treatment described the Minton experiments well, 

and demonstrated that this second energy-loss fraction, 𝐸𝑖𝑛𝑡, was greater for 

aliphatic surfaces than perfluorinated ones. Note that scattering approaches the 

hard-sphere limit when this fraction is small, as is true for greater incident collision 

energies. This model was encoded into the Monte-Carlo simulations program 

applied in this thesis and is therefore detailed further in Chapter 5 where it is more 

directly relevant. 

 

The Nathanson and Minton experiments discussed thus far all employed MS 

detection, which has the advantage over spectroscopic methods in its universality 

and is well-suited to obtaining information on the scattered translational speeds via 

measured ToF distributions. Using a rotatable spectrometer also allows 

measurement of the angular distributions. However, to fully elucidate the dynamics, 

knowledge of the internal quantum state distributions is required, which is possible 

via laser-based spectroscopic techniques. In an ideal world, detection would be 

achieved via REMPI spectroscopy coupled with Velocity Map Imaging (VMI). 

However, combining this technique with the liquid-vacuum surface presents 
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significant challenges, [39] and consequently LIF and absorption spectroscopy 

techniques are the prototypical methods. 

 

The most closely related experiments to this work are undoubtedly those conducted 

by the Nesbitt group, who have used direct IR absorption spectroscopy with double-

balanced detection to study the inelastic scattering dynamics of CO [40] and CO2. In 

particular, a thorough systematic investigation of various aspects of inelastic CO2 

scattering from PFPE, squalane and glycerol surfaces has been conducted. The 

incident supersonic molecular beam was efficiently rotationally cooled, facilitating 

correlation with the final observed quantum states of CO2 and understanding of 

rotational energy transfer processes. These Doppler-resolved experiments also 

allowed transverse velocity information to be obtained for the observed final 

quantum states, i.e. velocities in the direction perpendicular to the surface normal. 

The effect of the liquid surface, 휃𝑖 , [41] collision energy [42] and liquid 

temperature [43] on the dynamics were all explored. Stereodynamic orientation 

and alignment effects were also studied using polarisation-modulated IR 

spectroscopy. [44]  

 

General features of the dynamics include evidence of translational-to-rotational 

energy transfer and assigned IS/TD fractions for both the rotational and transverse 

translational distributions. The rotational distribution was best fit to a two-

temperature Boltzmann distribution comprising a constrained thermal component 

(𝑇1 = 300 K) and a superthermal component (𝑇2) ultimately assigned as IS: 

 
𝑃(𝑁)

2𝑗 + 1
= 𝐶 [(

𝛼

𝑇1
) 𝑒

−𝐸𝑟𝑜𝑡(𝑁)
𝑘𝐵𝑇1 + (

1 − 𝛼

𝑇2
) 𝑒

−𝐸𝑟𝑜𝑡(𝑁)
𝑘𝐵𝑇2 ] (1.5) 

The authors defined the thermalised CO2 fraction by 𝛼, [45] which was found to be 

well accommodated by the surface translationally and rotationally, but not 

vibrationally. This was mechanistically rationalised as the molecule-surface 

interaction times being insufficiently short for full thermalisation to transpire 

before desorption. The scattered translational and rotational energies were 

correlated, and the corresponding superthermal temperatures assigned to the IS 

channel were similar, supporting the IS/TD interpretation. However, the 

translationally thermal fraction from the Doppler profiles disagreed with the 

rotational equivalent, 𝛼, indicating shortcomings in this purely binary analysis. Even 
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for inelastic scattering within an inert system, describing the scattering dynamics in 

full requires greater subtlety. 

 

Another well characterised system is the inelastic scattering of OH(X2Π) from PFPE 

and potentially reactive hydrocarbons, detected via LIF by the McKendrick group. 

The first incarnation of their experiment produced the OH radicals through 

photolysis of low-pressure bulk HONO [46,47] or allyl alcohol [48] directly above a 

liquid-coated wheel. The former produced translationally superthermal and 

rotationally near-thermal radicals as suitable for detecting impulsive scattering 

behaviour; indeed, the rotational distributions were fit to superthermal Boltzmann 

distributions which were hotter than the incident source, confirming IS channels. In 

the latter case, the radicals were both translationally and rotationally hot, providing 

useful contrast aimed at isolating possible TD fractions. Here, a two-temperature 

analysis akin to that described for CO2 was applied, with similar results: there was 

considerable mismatch between the observed translational and rotational (𝛼) 

thermalised fractions. Subsequently, the group employed discharge radical 

production at the exit of a molecular beam, first with single-point LIF [49] and most-

recently with planar LIF (PLIF) providing spatially-resolved dynamical 

information. [50] Incident collision energies were lower than previous but still 

superthermal, producing broad angular distributions even for 휃𝑖 = 45°. However, 

the determined rotational and translational temperatures, and the correlation 

between the product speeds and 휃𝑓 , confirmed the presence of an IS channel, whose 

apparent lack of preference for specular scattering was attributed to microscopic 

surface roughness.  

 

These results warn caution against stringent application of the IS/TD dichotomy. 

This binary model is an empirical result from early studies, and should not 

automatically be applied to all gas-liquid scattering systems which may present 

more complex or nuanced results. In essence, there is no fundamental reason why 

all gas-liquid surface scattering should be easily categorised by these two 

mechanisms, which realistically represent the limiting cases on a spectrum of 

interactions and surface residence times. For example, it is perfectly conceivable 

that contributions to a TD fraction may result from trajectories that have undergone 

mechanistically IS-type collisions but have lost sufficient energy in the interaction 
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that they appear thermalised. Similarly, microscopic surface roughness can blur the 

specular scattering preference of IS collisions. Further experiment coupled with 

theory are required to provide sufficient detail on these issues.  

 

Theoretical studies 

When theory correctly reproduces the available measured data for a system, the 

models may then predict its behaviour and provide otherwise inaccessible 

mechanistic detail. In this context, theory could investigate the legitimacy of the 

IS/TD binary, illuminate post-collision surface relaxation pathways, evaluate 

solvation of projectiles into the bulk and provide product branching ratios. The first 

gas-SAM interfacial MD studies were conducted by Hase et al. to simulate Ne 

scattering from H-SAM surfaces, with each CH𝑛 motif approximated as a single 

atom. [51] They confirmed the trends for preferential TD scattering at lower 𝐸𝑖 and 

IS for smaller 𝜒. Although the scattering distribution was bimodal, the colder 

fraction was not well described by the surface temperature. Furthermore, the single-

collision scattered trajectories were best fit to a sum of two Maxwell-Boltzmann 

distributions, and the majority of the translationally slow components arose from 

pure IS-type collision events characterised by large energy losses at the 

surface. [52–54] Related studies of Ar + H-SAMs were also conducted, 

demonstrating the same trends with 𝐸𝑖 and 𝜒. In this instance, a true 𝑇𝑙-dependent 

TD component was identified, and surface packing density was also found to 

influence the dynamics. [55–57] Inelastic scattering simulations of O( P 
3 ) from H-

SAMs displayed similar dynamics to the rare gas systems. [58] 

 

Typical simulated projectile-surface interaction times are at most a few 

picoseconds. Classic MD simulations of CO2 + F-SAMs [59–62] determined that full 

vibrational relaxation requires ~50 ps, rationalising the experimental inelastic 

scattering results of CO2 + PFPE from the Nesbitt group. [45] The simulations were 

concordant with the experiments, particularly when EA force fields were used, 

demonstrating that F-SAMs are a good computational substitute for PFPE. Theory 

identified three distinct scattering mechanisms: direct scattering, physisorption and 

surface penetration. However, at high 𝐸𝑖, the resulting physisorption distribution 

was superthermal and therefore did not directly correspond to a TD channel. 
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Similarly, there was mismatch between the TD fraction 𝛼, from bimodal Boltzmann 

fits, and the fraction of physisorption and/or penetration trajectories.  

 

Gas-liquid scattering with F-SAMs has also been conducted for collisions with 

OH, [63] NO, [64] and O3 [65]. Additionally, the effect of SAM structure has been 

explored, particularly with regards to CF3, CH3 and OH end groups. [66–68] The 

surface stiffness and roughness trends discussed earlier were upheld, with the 

projectile degrees of freedom being comparatively unimportant with regards to 

energy transfer. By contrast, the projectile mass was critical in determining the 

dynamic outcome. [69]  

 

Although SAMs are useful proxies, it is highly desirable to simulate realistic liquid 

environments. Most studies of this kind have focused on squalane, after the work of 

Siepmann, who simulated a periodic squalane slab with a suitably developed UA 

force field. [70] Hase et al. developed on their previous work to simulate Ne + 

squalane and discovered that, with respect to H-SAMs, squalane facilitates less 

energy transfer upon collision due to structural differences. [54] Perhaps 

surprisingly, the relative disorder of squalane inhibited momentum transfer as it 

provided a stiffer surface than the flexible H-SAM chains. This work reproduced 

experimental trends well, [28] improving upon early simulations which 

approximated the squalane molecules as soft spheres. [71]  

 

1.2.3 Previous reactive scattering experiments 

Experimental studies 

When considering potentially reactive collisions, the fundamental dynamical 

picture illustrated by inelastic systems does not change significantly, but does gain 

an additional layer of complexity. In this context, the IS and TD binary channels may 

be considered respective gas-liquid analogues of the Eley-Rideal and Langmuir-

Hinshelwood mechanisms. [72] An example measured ToF profile demonstrating 

clear bimodality, for reactively-scattered HCl, is provided in Figure 1.3.  

 

Most reactive scattering dynamics has focussed on hydrogen abstraction reactions, 

of which the most thoroughly characterised is that between O( P 
3 ) atoms and 

suitably hydrogenated surfaces, RH: 
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Figure 1.3: Representative measured time-of-flight (ToF) profile for HCl scattering from squalane following 
reaction of incident 𝐶𝑙( 𝑃 

2 ) atoms at the surface, with the data represented by yellow circles. The incident beam 
had an average energy of 〈𝐸𝑖〉 = 118 𝑘𝐽 𝑚𝑜𝑙−1 and was positioned such that 휃𝑖 = 60° and 휃𝑓 = 45°. The Maxwell-

Boltzmann (MB) fit to the translationally slower Langmuir-Hinshelwood/TD component is shown in red. The 
difference between the MB fit and the data was defined as the fast, direct Eley-Rideal/IS component and is shown 
in blue. Figure adapted from reference [36]. 

 O( P 
3 ) + RH → OH(X2Π) + R R1 

This system was first studied by the Minton group via a molecular beam of O( P 
3 ) 

atoms on squalane with MS detection. [73] They confirmed bimodal, IS/TD-like 

translational distributions for the primary major OH product. Water, the secondary 

H-abstraction product, exhibited similar behaviour: unsurprisingly, relative to OH 

the TD fraction was larger; however, an IS channel was also observed, providing 

evidence for impulsive two-step reactions at the surface.  

 

Complementary studies of reaction R1 have been conducted by McKendrick and co-

workers via LIF detection of OH in both 𝑣′ = 0 and 𝑣′ = 1. [35,74–76] Here, the 

O( P 
3 ) was produced via bulk photolysis of low-pressure NO2 directly above the 

liquid surface, affording a broad incident velocity range. The scattered 𝑣′ = 0 

rotational distribution fit to a single temperature, 𝑇𝑅 , which was lower than 

expected from analogous gas-phase reactions but greater than 𝑇𝑙, confirming IS 

behaviour alongside a TD fraction. The OH signal as a function of photolysis-probe 
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delay (dubbed Appearance profile) was not a true ToF measurement, limiting 

translational resolution. However, 𝑇𝑅 negatively correlated with the delay, 

indicating more IS-like behaviour for faster (and hence earlier) signals, and vice-

versa for TD. Varying 𝑇𝑙 significantly affected 𝑇𝑅 at later times, reinforcing the idea 

that TD behaviour increased across the Appearance profile. While the 𝑣′ = 0 yield 

was essentially temperature-independent, excluding reaction of thermalised oxygen 

as a major source of ground vibrational OH, the fraction of the 𝑣′ = 1 state was 

observed to increase with 𝑇𝑙. Necessarily, less translational energy is available to 

scattered OH in the upper vibrational state, favouring thermalisation of these 

molecules. It was therefore postulated that the looser squalane structure at higher 

𝑇𝑙 reduced the collision rate, inhibiting the vibrational relaxation mechanism.  

 

In these hydrogen abstraction systems, the collision energies dominated the 

dynamics because the reaction exothermicities were comparatively small. To 

understand how post-reaction energy partitioning affects the dynamics, highly 

exothermic reactions with low collision energies are required. Examples of this 

include H-abstraction from squalane by O( D 
1 ) and F( P 

2 ). Using the same basic 

methodology described previously, the Nesbitt group investigated the reactive 

dynamics of F( P 
2 ) scattering from squalane to produce HF. [77,78] These 

experiments are covered in more detail in the introduction to Chapter 3, given both 

the closeness in applied detection methods and the energetic similarity between this 

system and the as-yet unobserved reactive H-abstraction channel of CN(X) and 

squalane. Briefly, translationally and rotationally cold HF products were observed, 

indicating accommodation at the surface. A hot fraction, predicted from analogous 

gas-phase results, was also detected. However, the HF was also vibrationally hot, 

indicating vibrational thermalisation was less efficient. Greater internal excitation 

was correlated with higher transverse velocity, as consistent with an impulsive 

channel. Furthermore, reactions of O( D 
1 ) were studied by the McKendrick group 

using their earlier apparatus. [79] The rotational distributions were clearly bimodal, 

including a thermal fraction, and strong correlation between the translationally and 

rotationally hot products was observed. The persistent presence of thermalised 

products in both reactive and inelastic studies suggests that this is a general feature 

of gas-liquid scattering dynamics. 
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Theoretical studies 

As previously discussed, most simulations of potentially reactive gas-liquid systems 

rely on a hybrid QM/MM approach to balance computational accuracy against cost. 

In their simulations of O( P 
3 ) + H-SAMs, Hase et al. employed an MM model with an 

EA potential, with QM regions applied to the projectile and the CH3CH2- chain 

terminal groups. [80] Schatz improved this model for similar studies with 

hyperthermal O( P 
3 ) atoms by selecting a more accurate semi-empirical 

Hamiltonian and expanding the QM regions to the full aliphatic SAM chain 

lengths. [81] Both H-abstraction and C–C cleavage were observed, in agreement 

with the analogous Minton experiments with squalane [82]. 

 

Similar simulations have also been conducted with realistic squalane surfaces. An 

EA, on-the-fly QM/MM treatment of hyperthermal O( P 
3 ) reactively scattering from 

squalane was conducted by Schatz using his improved model. [83] Single H-

abstraction was identified as the primary chemical reaction, though double H-

abstraction, H-elimination and C–C cleavage were also significant, as confirmed 

experimentally. [82] However, the predicted OH-product energy partitioning was 

greater than that observed by the McKendrick group, although this effect could be 

rationalised by the considerably greater collision energies used in the 

simulations. [74] Additionally, squalane facilitated less energy transfer than the H-

SAM, reflecting the earlier trends in inelastic studies. [83]  

 

The F( P 
2 ) + squalane system, relevant to the equivalent experiments by the Nesbitt 

group, [77,78] was also simulated by Schatz et al. [84] These simulations improved 

upon earlier work with F( P 
2 ) +H-SAMs, [85] which showed qualitative agreement 

with the experiments. Using squalane, the simulated vibrational HF distribution 

agreed well with the measured data; however, unlike the experiments, a thermal 

component was not predicted. This discrepancy was attributed to the greater 

incident energies employed in the simulations versus the experiments. Despite the 

extra energy available to the projectile, H-abstraction was the only reactive pathway 

observed, with negligible contributions from H-elimination and C–C bond cleavage. 

Furthermore, most trajectories ended in reaction, though the fraction of inelastic 

trajectories increased with 휃𝑖 . 
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1.3 Applications of FM spectroscopy 

Frequency Modulation Spectroscopy (FMS), which is discussed in detail in Section 

2.4.1, provides shot-noise limited sensitivity, lending the technique superiority over 

traditional absorption spectroscopy. It has therefore been widely applied to trace-

gas detection of stable molecules. [86,87] In this work, it is used to detect transient 

species, which is much less common. Despite this, FMS techniques are well suited to 

experiments requiring high temporal resolution, including kinetics and dynamics 

studies. The specific application of FMS to transient species shall hereafter be 

referred to as Transient Frequency Modulation Absorption Spectroscopy, i.e. 

TFMAS. 

 

Early TFMAS studies were conducted in the 1980s and 1990s shortly after FMS itself 

was invented by Bjorklund in 1980. [88] A notable example is the work of Sears et 

al. from 1994, who applied TFMAS to nascent photochemically generated CN(X2Σ+) 

radicals. The authors measured FM and traditional absorption spectra under 

comparable conditions and estimated that the TFMAS technique improved the 

signal-to-noise by a factor of 30. [89] Later, the rate constant for CN(X) reacting with 

ethene was measured, demonstrating the utility of TFMAS to gas-kinetics 

studies. [90] More recently, TFMAS was applied to the collision dynamics of nascent 

CN by our own group. [91] For these experiments, the probe was an external-cavity 

diode laser in the NIR, modulated at 400 MHz, providing ~20 ns time resolution. 

Both ground (X2Σ+) and first excited (A2Π) electronic states of CN were studied. 

Collisions of CN(X) radicals with He, Ar, N2, O2 and CO2 were predominantly 

observed to backwards-scatter, bar He, with evidence of rotational energy transfer 

(RET) upon collision. [91,92] To better correlate the dynamics with PES effects, fully 

state-selected CN(A) radicals were prepared with preferential alignment or 

orientation of the rotational angular momentum 𝑗 and allowed to collide with Ar, N2, 

O2 or CO2 as before. These sophisticated experiments provided insight into RET and 

𝑗-depolarisation processes. They determined the efficiency for removing population 

from the initial prepared state as a function of collider, with the result that CO2 >

N2 > O2 > Ar, as loosely correlated with long-range attractive forces. Furthermore, 

the rapid depopulation and RET exhibited by O2 and CO2 was postulated as a 

consequence of electronic quenching to CN(X) [93]  
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Various other radicals have been studied via TFMAS, including free-jet expansions 

of NH2 and HCCl, [94] the formation of SiH2, [95] and the kinetics of OH. [96,97] The 

most recent application of TFMAS was by the Friedrich group, who have also 

constructed such a probe in the MIR region. [97] After characterising the probe 

through measurements of CH4, the gas-phase kinetics of two systems were studied 

via the fundamental vibrational transitions of relevant diatomics: first, the 

formation of the HCl product from the H-abstraction reaction of Cl + CH4, and 

second, the decay of nascent OH(X) radicals from their reaction with excess H2O2. 

With an emphasis on showcasing the advantages of TFMAS, the group determined 

the detection limit to be a factor of ~4 above the shot-noise limit, with expectations 

to improve the sensitivity and hereby approach this limit upon optimising the 

modulation depth and upgrading the photodetector. 

 

These experiments clearly demonstrate the sensitivity and temporal resolution 

offered by TFMAS, whose promise is now beginning bear fruit in chemical dynamics. 

However, as yet the technique has only been applied to gas-phase systems. Chapter 

3 of this work presents the first application of TFMAS to gas-liquid interfacial 

dynamics via the scattering of CN(X) radicals with PFPE and squalane surfaces. In 

Chapter 4, a wholly new TFMAS probe is constructed in the MIR, providing the 

ability to study any number of interesting and relevant closed-shell species via 

fundamental C–H, N–H and O–H/D stretches. This probe is tested with CH4 through 

various proof-of-principle experiments, with the aim of detecting the first reactively 

scattered polyatomics from liquid surfaces in future work. Chapter 5 compliments 

the measurements with a series of Monte-Carlo simulations which provide insight 

into the practical limitations of the data and virtual testing of experimental 

modifications and improvements.  
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Chapter 2 – Experimental Methodology 

This chapter presents the general methodology relevant to this thesis. The vacuum 

chamber, basic spectroscopic technique and liquid surface generation methods are 

common to all experiments, though the specific laser probe and detection systems 

themselves vary. Liquid-vacuum interfaces were created using the well-established 

liquid-coated wheel technique. Supersonically expanded gaseous projectiles were 

directed towards this surface, with in situ electric-discharge radical generation 

where required. Incident and scattered products were detected using transient 

frequency modulation absorption spectroscopy (TFMAS) and the signals processed 

to illuminate aspects of the dynamical interactions at the gas-liquid interface. These 

experimental and analytical methodologies will be described in detail in the 

following sections, including typical exemplary data outputs. Any instances where 

the general methodologies were not applied will be noted and justified where 

relevant. 

2.1 The vacuum chamber 

As discussed in Chapter 1, to observe surface-specific dynamics, i.e. interactions 

resulting purely from gaseous particles striking and rebounding from the liquid 

surface, it is imperative that experiments be performed under high-vacuum 

conditions. This avoids secondary collisions in the gas phase which destroy surface-

specific dynamical information, such as the nascent internal rotational state and 

scattered velocity. To achieve this, a bespoke reaction chamber was built to contain 

the gas-phase projectile source, the apparatus for creating the liquid-vacuum 

interface and the detection multipass cell. This chamber and its corresponding 

vacuum systems will be described in full as follows. 

2.1.1 General overview 

The vacuum chamber was custom-built in stainless steel. It comprised three 

cylindrical sections, each aligned with principal Cartesian 𝑥, 𝑦 and 𝑧 axes which will 

be defined and used for the remainder of this document. The main body of the 

chamber was based on the largest cylindrical section, with a 12” diameter (Allectra, 

DN250CF), containing the molecular beam source on one face and the liquid-surface 

generation apparatus on the other. This lay along the 𝑧 axis as defined by the 

incident trajectory of the molecular beam. The multipass detection cell was housed 
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in the second 8” diameter cylindrical section (Allectra, DN160) along the 𝑥 axis, 

which was orthogonal to the 𝑧 axis while remaining in the plane of the laser table. 

The final 10” diameter section (Allectra, DN200CF) was aligned vertically along the 

defined 𝑦 axis. The flange on the top face was used as an access port and contained 

a large window for viewing the multipass cell and liquid surface. A cutaway diagram 

of the reaction chamber is illustrated in Figure 2.1, highlighting the key components: 

the molecular beam source (blue), wheel assembly for producing the liquid surface 

(green) and probe detection region, comprising a multipass cell (magenta).  

 

This chamber was positioned to accommodate two completely independent FMS 

laser probes, allowing both NIR-TFMAS and MIR-TFMAS experiments to be 

conducted. From the perspective of the incident molecular beam, the NIR probe was 

to the right and the MIR to the left. One large window was present at either end of 

the 𝑥 axis cylindrical chamber section, and each selected to allow entry and exit of 

the probes at their respective frequencies: the right- and left-hand windows were 

made from UV-grade fused silica and CaF2 respectively. To swap between one probe 

and the other, the multipass mirrors within the chamber were simply changed, again 

for optimum reflectance, and the cell realigned. Further detail on the multipass 

setup is provided in Section 2.4.3. 

 

 

Figure 2.1: Cut-out schematic of the reaction chamber without the bulkhead partitioning the source (right) and 
scattering (left) chambers. The key experimental components are highlighted: blue – molecular beam source with 
electric discharge; green – liquid-coated wheel assembly; magenta – in-vacuum multipass cell. 
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2.1.2 Source and scattering chambers 

The entire chamber could be partitioned into two smaller sections, the source and 

scattering chambers, with the addition of a bulkhead. Both source and scattering 

chamber portions were pumped to base pressure ca. 10−8 mbar by two 

turbomolecular pumps (Edwards, nEXT 400D and nEXT 300D respectively) backed 

by a dry scroll pump (Edwards, XDS 10iC). This pressure typically increased to (3-

6) × 10−5 mbar when running the molecular beam.  

 

The source chamber is where the supersonically expanded molecular beam was 

produced. As such, at one end it contained a pulsed solenoid valve (Parker, series 9, 

1 mm aperture), onto which the custom-made discharge assembly could be 

mounted for creating radical species in situ. The individual elements of the valve and 

discharge will be described in more detail in Sections 2.2.1 and 2.2.2 respectively. 

The larger turbo pump (Edwards, nEXT400) was positioned directly beneath the 

source region. The scattering chamber contained all aspects of the experiment 

relevant to gas-liquid surface scattering and detection. The liquid surface was 

positioned at the far end of the chamber, along the 𝑧 axis, complete with commercial 

𝑧-axis translation stage which allowed its introduction to and retraction from the 

scattering region (see Section 2.3.1 for further details). The second turbomolecular 

pump (Edwards, nEXT300) was attached to the bottom face of the chamber, directly 

in front of the liquid surface, via a right-angle DN100 nipple to prevent any liquid 

spilled from damaging the pump. This chamber also contained the multipass cell 

used to increase the path length of the spectroscopic probes (see Section 2.4.3). 

 

The bulkhead partitioning these chambers included space for mounting a skimmer 

and collimator assembly. Without a skimmer, the molecular beam was classed as a 

free jet as opposed to a skimmed beam. Skimming markedly improves the nascent 

velocity distribution and rotational distribution of a molecular beam, but is not 

always practical. In some instances, the surface-scattered number densities are too 

reduced for adequate detection. Free-jet mode was hence required for experiments 

with radical beams; for closed-shell species a 2 mm diameter skimmer was selected.  
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2.1.3 Geometrical parameters 

A diagram of the source and scattering chambers is provided in Figure 2.2, with the 

following key experimental geometries:  

 

A. valve nozzle to wheel distance  

B. valve nozzle to skimmer distance  

C. skimmer to wheel distance  

D. distance between the centre of the probe region and the wound-in wheel  

E. distance between the multipass mirrors 

F. wheel retraction distance (difference between wound-in and wound-out 

positions) 

 

Parameters A – C varied depending on the system being studied and could be 

adjusted via the length of the valve rods 𝑥. Parameter A was applicable when 

running the system in free-jet mode, while parameters B and C were important 

when running in skimmed mode. Distance B was determined by the general rule that 

the optimal skimmer position should be approximately 40 times the valve nozzle 

diameter. [98] This rule has been tested by other gas-gas and gas-liquid scattering 

experiments in our group, which are a crossed molecular-beam assembly with 

velocity-mapped imaging (CMB-VMI) and a gas-liquid scattering LIF experiment, 

respectively. [49,99] Empirically, the best performance was indeed observed with 

the valve-skimmer distance set to 40 nozzle diameters, and so for these experiments 

B =  40 mm. Distance D was typically 20 mm, and E = 400 mm (see Section 2.4.3 

for details). The retraction length F of the liquid-coated wheel was also considered. 

This had to be large so that the liquid surface could be considered absent from the 

chamber when fully retracted, and was therefore set to 100 mm. This is far enough 

away that, as far as the molecular beam is concerned, it is effectively absent.  
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Figure 2.2: Not-to-scale bird’s-eye-view illustration of the source and scattering chambers with the skimmer and 
bulkhead. The molecular beam, multipass cell and liquid surface regions are colour-blocked using the colours in 
Figure 2.1. Key dimensions A – F and 𝑥 are described in the text. The dashed-line between the two multipass mirrors 
shows the chamber 𝑥-axis. The dashed box at the far right represents the wound-out wheel position. 

2.2 Cold molecular and radical beams 

The use of molecular beams is ubiquitous in studies of reaction dynamics. 

Supersonic expansions of the gas of interest, often seeded within a neutral carrier 

such as helium or neon to define speeds, reduce molecular dimerisation and 

preserve the chemical identities of reactive particles, provide a well-established way 

to internally cool the vibrational and rotational modes. This method provides a 

degree of control over the initial velocity and internal quantum state, unravelling 

collision-specific dynamics by correlating information from the scattered species.  

2.2.1 General gas handling 

A purpose-built gas-handling manifold was constructed from stainless steel 

Swagelok components to prepare gas mixes and deliver these to the pulsed valve. 

Vacuum conditions in the manifold were maintained by a scroll pump (Edwards, 

nXDS 10iC) when required, and the seeder and carrier gas pressures respectively 

measured using a capacitance manometer (Inficon, Sky® CR090/15921, 1000 Torr) 

and a spring (Ham-Let, IMPG63LT1/4N-EP010D, 0-10 bar) gauge. A pair of 

1 L stainless-steel storage cylinders (Swagelok, 304L-HDF4-1000) were used to 

store the mixtures. Depending on the specific experiment, the backing pressure was 
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regulated to between 1 − 3 bar as monitored by a spring gauge (Ham-Let, 

IMPG63LT1/4N-EC005D, -1–5 bar with respect to one standard atmosphere).  

2.2.2 Discharge production of radical beams 

Supersonic radical beams are more practically challenging to produce than their 

closed-shell molecular equivalents, unless the radical is stable in its gaseous form 

and may be stored, like NO. Otherwise, a method of creating radicals in situ is 

required. The two principal radical-generation techniques are laser photolysis or 

electric discharge of a suitable precursor. Photolytic radical production has been 

used extensively in the literature to create molecular beam sources of 

CH(X2Π), [100] CN(X2Σ+), [101] CS(X1Σ+), [102] NH(X3Σ−), [103] OH(X2Π) [104] 

and SH(X2Π) [105] radicals, to name a few examples. For a more comprehensive 

review of this technique and the range of radical beams produced, please see 

references [106,107]. Photolysis is a precise, targeted method, as specific bonds can 

be selected for dissociation, eliminating the undesirable possibility of creating other, 

unwanted radical fragments in the process. However, this selectivity comes at a 

price. Quite literally, the cost of acquiring another laser for this purpose, and 

generally for this purpose alone, is a considerable barrier, as is the increased 

experimental complexity. Electric discharge designs have also been used to great 

success and can be broadly divided into three categories: corona-excited, [108] 

Dielectric Barrier (DBD) [109] and direct-current (DC) electric (otherwise known as 

glow discharges, after the light emitted from the produced plasma). [110] Here, this 

was achieved via a pulsed DC electrical discharge of a chosen radical precursor 

seeded in helium carrier gas.  

 

The discharge design was based on another currently used within the group to 

conduct similar gas-liquid scattering experiments with OH/D radicals, [111] which 

in turn was based on those used by ter Meulen and van Beek [112] and by Ikejiri et 

al. [113] The entire discharge assembly was mounted directly onto the pulsed-valve 

faceplate. It comprised two stainless-steel electrodes: a conical electrode, located 

closest to the valve and held at ground, and a ring electrode, to which a highly 

negative pulsed DC voltage was applied. The electrodes were partitioned from one 

another and isolated from the valve by custom-machined MACOR® ceramic spacers. 

This produced a barrier discharge when gas was allowed to flow between the live 

electrodes. As shown in Figure 2.3, these components were housed within bespoke 
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Teflon cases. The exact specifications of all individual parts were previously 

optimised quite extensively, and further detail may be found in reference [111]. As 

proven to stabilise electrical discharges, the negative polarity was aligned against 

the molecular beam flow. [114] The design for the pulser box used to regulate the 

high DC voltage, which was delivered by a Bertran model 353 power supply, was 

based on a commercially available push-pull fast switch (Behlke GmbH HTS-41-06-

GSM). The relevant circuit diagram may be found in Figure 2.4. The timings, which 

defined when the discharge fired within the broader gas pulse, were externally 

controlled via a digital delay generator (Stanford Research Systems, DG535) and 

optimised for the other discharge parameters, such as the optimal DC voltage, 

precursor of choice and gas mixture ratio. 

 

 

Figure 2.3: Diagram of the electric discharge components and their connectivity. Adapted from reference [115]. 

 

The discharge stability was observed via a photodiode outside the chamber 

viewport, which monitored the light emitted by the plasma of metastable, high-

energy He atoms produced during a successful discharge pulse. During stable 

operation, this was consistent shot-to-shot; when unstable the light levels flickered 

and often no light was observed for several shots in succession. In order to improve 

the stability, a tungsten filament (Agar Scientific, A054) was introduced into the 

source chamber to seed the discharge with electrons. [116] It was positioned ~2 cm 

in front of and ~2 cm to one side of the discharge assembly outlet and supplied with 

a constant ~2.1 A current via a power supply (Digimess, PM3006). On a day-to-day 

basis, the tension behind the valve was adjusted for optimal discharge stability and 

radical production. The final optimal conditions and discharge stability are radical-

dependent and shall be covered in more detail in Chapter 3. 
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Figure 2.4: Circuit diagram for the pulser box used to create the electric discharge (symbolised by the lightening 
bolt). A and B are the two fast switches, 𝐶𝐵 the capacitor, and 𝑅𝑆 the series resistors. The resistance of resistor 𝑅𝑂 
was empirically varied and finally set to 1.5 𝑘𝛺 for optimal discharge performance. 

 

2.3 The liquid-vacuum interface 

As previously discussed in Section 1.2.1, the challenge of creating a robust and 

uncompromised liquid-vacuum interface has not gone unnoticed by 

experimentalists, and several methods are either currently established or under 

ongoing development. The following sections will discuss the chosen method and 

describe the particular experimental conditions pertinent to this work. 

2.3.1 Liquid surface generation 

The now well-established liquid-wheel technique, pioneered by John Fenn [27] and 

introduced in Chapter 1, was used in all experiments reported here. In its most basic 

form, it comprises a rotating wheel of solid substrate suspended in a bath of the 

chosen liquid such that the lower portion of the wheel is covered. When the wheel 

is rotated, its entire surface is coated in an even layer (estimated to be between 0.5 

and 1 mm thick) of continually refreshed liquid.  
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Figure 2.5: Labelled photograph of the liquid-coated wheel apparatus inside the scattering chamber. 

 

As shown in Figure 2.5, the particular apparatus consisted of a 10 cm diameter, 

stainless-steel wheel. The wheel was positioned such that the 𝑧 axis, which marked 

the centre of the incident molecular beam trajectory, struck halfway up the exposed 

portion of the wheel, and centrally in 𝑥, i.e. 25 mm directly above the wheel’s axis of 

rotation. The wheel was rotated via a motor at 0.5 Hz whilst partially submerged in 

a copper bath with a maximum capacity of ~35 mL which could be reduced by 

introducing spacers. To regulate the liquid temperature, silicon oil was circulated by 

a heater/chiller unit (Cole-Parmer® Polystat® WZ-12122-34) through the copper 

block containing the bath, providing a working liquid temperature range of −28 to 

100 °C. For the measurements presented in subsequent chapters the bath liquid 

temperature was maintained at 25 °C, as monitored by a thermocouple. The entire 

wheel and bath apparatus was secured onto a heavy-duty mechanical 𝑧-translator 

(LewVac, M-HDZ101-160CF) which was wound by hand along 𝑧 over a 10 cm range. 

This allowed the surface to be retracted into and away from the scattering region 

accurately and reliably. This facilitated independent surface-in and surface-out 

measurements, with the liquid surface present either 2 cm from or 12 cm from the 

multipass probe centre line respectively, which in turn enabled the incident and 

scattered signals to be separated. 
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Of course, an alternative technique for generating the liquid-vacuum interface may 

have been used instead. However, this choice has distinct advantages. It is a hugely 

versatile method that facilitates study of a wide range of surface/projectile 

combinations, thanks to its straightforward integration with molecular beams and 

both MS and spectroscopic detection methods. Furthermore, since it is relatively 

easy to construct a large liquid surface area, simply by scaling up the wheel and bath 

assembly, this method greatly improves the absolute scattering-signal intensities 

relative to its main competitor, the liquid-microjet technique. Other practical issues 

unique to the microjet technique include frequent nozzle clogging or freezing, and 

difficulties in data analysis presented by having a curved liquid surface rather than 

a flat one. The wheel technique was also well-suited to the chosen liquids, which 

have sufficiently low vapour pressures (~10−7 mbar) to be compatible with large 

surface areas under high-vacuum conditions.  

2.3.2 Properties of investigated liquids 

When choosing appropriate liquids for dynamics studies it is important to consider 

experimental practicality alongside the academic relevance, application and 

interest. Hydrocarbon systems offer the opportunity for chemical dynamicists to 

study reactive processes, such as interfacial H-abstraction mechanisms. More 

broadly, they are also academically and industrially relevant, as aerosols present in 

the atmosphere typically have an outer organic layer, [117] and hence liquid 

hydrocarbons may be used as proxies for such surfaces. [47]. To then satisfy the 

practical restrictions imposed by operating under vacuum, the chosen hydrocarbon 

liquid for experiments was squalane (Sigma-Aldrich, 234311-500G, 99% pure), a 

long-chain, branched, saturated hydrocarbon with the formula C30H62. To contrast 

this, and to calculate relative survival probabilities for species encountering a 

potentially reactive surface, a complementary, chemically inert surface was 

required. Furthermore, inert surfaces facilitate the study of purely inelastic 

scattering dynamics, which is academically interesting in its own right. A perfect 

candidate for such studies is perfluoropolyether (PFPE, Krytox® 1506), with the 

chemical formula (F-[CF(CF3)CF2O]14ave-CF2CF3) as supplied by DuPont. Both liquids 

have comparable vapour pressures (~10−7 mbar), which are sufficiently low to 

avoid compromising their liquid phase under the requisite high-vacuum conditions 

but are not so low that their viscosities prevent them from sufficiently coating the 
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rotating wheel. The molecular structures of these liquids are illustrated in Figure 2.6 

and their chemical properties listed in Table 2.1. 

 

To maintain the liquid purities, they were stored in sealed bottles which were 

wrapped in parafilm before capping and kept in a refrigerator. Prior to use, a 

degassing procedure was followed to remove any water or air. An appropriate 

sample (~50 mL) of the relevant liquid was extracted with a needle and syringe and 

placed in a clean beaker of large diameter to maximise the liquid surface area. This 

beaker was then introduced into a small vacuum chamber, pumped down to a base 

pressure of ~10−2 mbar with a dry scroll pump (Edwards, nXDS 10iC) and left for 

at least two days ahead of use in the main reaction chamber. The liquid was then 

added to the copper bath just prior to sealing the main chamber to minimise 

exposure time to ambient conditions. This was then gently pumped down from 

atmosphere; it was important to pace this step appropriately to avoid excessive 

bubble formation, which would vigorously agitate the liquid in the bath and cause it 

to overflow from the reservoir. Therefore, the wheel assembly was retracted during 

this step and the liquid bubble level monitored by eye to prevent coating of the 

Herriott cell mirrors. To aid degassing the wheel was left rotating from pump down 

for ca. 12 hours, and the bath heated slightly (to 40 °C) during this time. 

 

Property PFPE Squalane 

Molecular weight / amu 2160 422.8 

Melting point / °C −60 (pour point) −38.0 

Density / g cm−3 1.88 0.81 

Vapour pressure / Torr 4 × 10−7 2 × 10−8 

Viscosity / mm2s−1 80 28 

Surface tension / dyn cm−1 17 30 

Table 2.1: Bulk liquid properties for PFPE and squalane. PFPE data are from Table 1 in reference [118] and is valid 
for 20°𝐶, except for the viscosity which is taken from reference [42] and is valid for 25°𝐶. Squalane data are also 
from reference [42]. 
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Figure 2.6: The molecular structures of PFPE (left) and squalane (right). 

 

2.4 Detection 

This section describes the spectroscopy fundamental to all experiments presented 

in subsequent chapters. The basic underlying detection methods are universal 

regardless of the TFMAS probe wavelength, though specific variations between the 

systems will be highlighted appropriately. 

2.4.1 Frequency Modulation Spectroscopy 

Modulation spectroscopies are a family of absorption methods which have been 

used to great effect in several fields, including trace-gas detection, as discussed in 

Section 1.3. The variant pertinent to this work is known as transient frequency 

modulation absorption spectroscopy, which has been used to study reaction 

dynamics and kinetics, including photodissociation dynamics in the gas phase and 

collisional energy transfer dynamics. [91,92] This section serves to discuss the 

general theory of modulation spectroscopy, while its application to transient species 

is described in the following section. 

 

The time-dependent electric field, 𝐸(𝑡), of an unmodulated laser with frequency 𝜔0 

is described by: 

 𝐸(𝑡) = 𝐸0𝑒−𝑖𝜔0𝑡 (2.1) 

where 𝐸0 is the electric field amplitude of the beam and 𝑡 is time. This electric field 

may be modulated at frequency 𝜔𝑚. This process transfers intensity from the central 
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carrier frequency (𝜔0) into frequencies spaced above and below the carrier by 

integer steps of the modulation frequency (𝜔0 ± 𝑛𝜔𝑚), which are known as 

sidebands, without affecting the overall amplitude. The integer 𝑛 here describes the 

order of the sideband pairs. Modulation thus gives: 

 𝐸(𝑡) = 𝐸0𝑒𝑖(𝜔0+𝑀𝜔𝑚)𝑡 (2.2) 

where 𝑀 is the modulation index, which describes the sideband intensities relative 

to the central carrier.  

 

The frequency components within the overall FM spectrum produce heterodyne 

beat signals by interacting with their neighbours. For example, a first order set of 

positive and negative sidebands (𝜔0 ± 𝜔𝑚) creates a pair of beat frequencies by each 

heterodyning with the carrier wave. However, the phase relationship between these 

results in an overall sine wave with periodically and sinusoidally varying 

instantaneous frequency and a constant amplitude. This instantaneous frequency 

can be described as oscillating around the carrier at the rate of the modulation 

frequency up to a maximum of 𝑀𝜔𝑚. Another way of expressing the instantaneous 

frequency is as the time derivative of the phase, 𝜔0 + 𝑀cos (𝜔𝑚𝑡).  

 

The modulated wave can therefore be described as a sum of its frequency 

components, including the carrier and the newly introduced sideband pairs. As such, 

the previous equation may be expanded to: 

 𝐸(𝑡) = 𝐸0𝑒𝑖𝜔0𝑡 ∑ 𝐽𝑛(𝑀)

+∞

𝑛=−∞

𝑒𝑖𝑛𝜔𝑚𝑡  (2.3) 

where 𝐽𝑛 represents a series of spherical Bessel functions, which characterise the 

frequency components of the modulated light spectrum up to 𝑛𝑡ℎ order of 

sidebands. Mathematically, the perfect phase and amplitude balance created by the 

sidebands arises from the relation:  

 𝐽−𝑛(𝑀) = (−1)𝑛𝐽𝑛(𝑀) (2.4) 

which describes the symmetries of negative-order Bessel functions. Therefore, 

sidebands of the same order 𝑛 have equal intensities. Furthermore, odd-ordered 
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sidebands are exactly opposite in phase while those of even order are precisely in 

phase.  

 

This balance may be disrupted by either preferential absorption or phase shifting of 

one of the sidebands. This is achieved by introducing the modulated electric field to 

a sample and scanning the probe across an accessible spectroscopic transition with 

width Γ. The effect this has on the electric field is given by the complex transmission 

function: 

 𝑇(𝜔𝑛) = 𝑒−𝛿𝑛−𝑖𝜙𝑛  (2.5) 

where 𝛿𝑛 is the amplitude attenuation due to absorption and 𝜙𝑛 is the optical phase 

shift at the specific frequency 𝜔𝑛. These terms are further defined as:  

 𝛿𝑛(𝜔𝑛) =
𝛼𝑛(𝜔𝑛)𝐿

2
 (2.6) 

 𝜙𝑛(𝜔𝑛) =
휂𝑛(𝜔𝑛)𝐿(𝜔0 + 𝑛𝜔𝑚)

𝑐
 (2.7) 

where 𝛼𝑛 is the absorption coefficient, 𝐿 is the optical path length, 휂𝑛 is the 

frequency-dependent refractive index and 𝑐 is the speed of light.  

 

This modifies Equation 2.3 above to produce an expression for the transmitted 

electric field, 𝐸𝑇(𝑡): 

 𝐸𝑇(𝑡) = 𝐸0𝑒𝑖𝜔0𝑡 ∑ 𝑇(𝜔𝑛)𝐽𝑛(𝑀)

+∞

𝑛=−∞

𝑒𝑖𝑛𝜔𝑚𝑡 (2.8) 

The parameters 𝑀 and 𝜔𝑚 can be appointed to define two limiting cases for 

modulation spectroscopy: wavelength modulation (WM) and frequency modulation 

(FM). In the archetypal WM regime, 𝑀 ≫ 1 while 𝜔𝑚 ≪ Γ. The large modulation 

index introduces several sideband pairs (many with stronger intensity than the 

carrier itself) while the relatively low modulation frequency (typically a few kHz) 

results in closely spaced sidebands. Conversely, the limiting FM regime is 

characterised by 𝑀 ≲ 1 and 𝜔𝑚 ≫ Γ. Furthermore, the carrier bandwidth 𝜔0 ≪ 𝜔𝑚. 

Therefore only one pair of sidebands is introduced, and these are sufficiently spaced 

to allow full probing of the spectral transition by each sideband individually.  
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Figure 2.7: Visual real space and Fourier representations of the electric field as it undergoes modulation followed 
by preferential absorption of the 𝜔0 − 𝜔𝑚 sideband. EOM = electro-optic modulator.  

 

In the classic FM regime, where 𝑀 ≪ 1, the expression for the time-variant 

transmitted field is simplified as only first order (𝑛 = 1) sidebands require 

consideration: 

 𝐸(𝑡) = 𝐸0 [𝑇0𝑒𝑖𝜔0𝑡 +
𝑀

2
𝑇1𝑒𝑖(𝜔0+𝜔𝑚)𝑡 −

𝑀

2
𝑇−1𝑒𝑖(𝜔0−𝜔𝑚)𝑡] (2.9) 

For an illustration of the transformations made to the initial carrier electric field 

𝐸(𝑡) by modulation and preferential sideband absorption in this regime, see Figure 

2.7. Note that the overall result of breaking the sideband symmetry is amplitude 

modulation of the FM wave at 𝜔𝑚.  

 

With a fast square-law photodetector a meaningful FM signal may be coherently 

detected from the transmitted wave. The electronic signal 𝑆(𝑡) will be directly 

proportional to the time-varying intensity envelope 𝐼(𝑡) incident on the detector, 

which depends on the square modulus of the electric field, and is expressed: 

 𝐼(𝑡) =
𝑐|𝐸𝑇(𝑡)|2

8𝜋
 (2.10) 

Subsequently, in the classic FM limit, the absolute square of the transmitted electric 

field is therefore: 

 |𝐸𝑇(𝑡)2| = 𝐸0
2𝑒−2𝛿0[1 + 𝑀(𝛿−1 − 𝛿1) cos(𝜔𝑚𝑡) + 𝑀(𝜙−1 + 𝜙1 − 2𝜙0) sin(𝜔𝑚𝑡) ]  (2.11) 

resulting in: 
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 𝐼(𝜔) =
𝑐𝐸0

2

8𝜋
𝑒−2𝛿0[1 + (𝛿−1 − 𝛿1)𝑀 cos(𝜔𝑚𝑡) + (𝜙−1 − 2𝜙0 + 𝜙1)𝑀 sin(𝜔𝑚𝑡) ] (2.12) 

The above expression contains both DC and AC components. When the sideband 

symmetry remains unbroken only the DC output term is observed. If either the 

absorption or phase terms is disrupted, additional radio frequency (RF) heterodyne 

signals appear at 𝜔𝑚. Electronic signal processing can then enable the separation of 

the DC and AC components.  

 

Of the AC terms, the cos(𝜔𝑚𝑡) part is proportional to the difference in attenuation 

experienced by the upper and lower 1st order sidebands, i.e. the absorption. In 

contrast, the sin(𝜔𝑚𝑡) part is proportional to the difference in phase shift 

experienced by the carrier and the mean shift experienced by the sidebands i.e. the 

dispersion. Separating the absorption and dispersion FM lineshapes therefore 

requires phase-sensitive signal processing electronics. Typically, an I&Q 

demodulator is used, which comprises 0° and 90° splitters and a pair of double-

balanced mixers as shown in Figure 2.8. A reference signal at 𝜔𝑚 is supplied to the 

demodulator, which is known as the local oscillator (LO). Therefore, the relative 

phase between the LO and the RF AC signal input becomes significant, and this phase 

angle, 휃, determines the ratios of the absorption and dispersion data separated into 

orthogonal in-phase (I) and quadrature (Q) channels.  

 

 

 

Figure 2.8: Circuit diagram for an I&Q demodulator. RF = Radio Frequency, LO = Local Oscillator, I = In-phase and 
Q = Quadrature. 
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The output of the I&Q demodulator is therefore a linear combination of the 

absorption (𝐴) and dispersion (𝐷) components weighted by 휃. 

 𝐼𝐹𝑀(𝜔) = 𝐴𝐹𝑀(𝜔) cos(휃) + 𝐷𝐹𝑀(𝜔) sin(휃) (2.13) 

 

 𝑄𝐹𝑀(𝜔) = 𝐴𝐹𝑀(𝜔) cos (휃 −
𝜋

2
) + 𝐷𝐹𝑀(𝜔) sin (휃 −

𝜋

2
) 

= 𝐴𝐹𝑀(𝜔)sin(휃) − 𝐷𝐹𝑀(𝜔)cos (휃) 

 

(2.14) 

where: 

 𝐴𝐹𝑀(𝜔) = 𝐸0
2𝑒−2𝛿0𝑀[𝛿−1 − 𝛿1] (2.15) 

 𝐷𝐹𝑀(𝜔) = 𝐸0
2𝑒−2𝛿0𝑀[𝜙−1 + 𝜙+1 − 2𝜙0] (2.16) 

In the ideal scenario, the phase angle of the FM input signal is set precisely to 0° (or 

multiples of 𝜋) to separate the absorption and dispersion signals into I and Q 

channels exactly, without mixing. Often this is practically challenging, and 휃 is 

instead precisely measured. The technique employed to determine 휃 will be 

described in Section 2.6.2. 

 

It is well known that FM heterodyne techniques have superior sensitivity with 

respect to direct absorption methods. When no sample is present, and the sidebands 

balance perfectly, the amplitude of the FM spectrum is constant. When one of the 

sidebands is preferentially absorbed or phase-shifted, as is the case when a sideband 

is coincident with a spectral transition, this perfect balance is broken and the beat 

frequency generated by the other, unaffected sideband is observed as periodic 

amplitude modulation of the overall wave. This transforms the measurement from 

being differential (characterised by detecting small changes in large signals) to 

having zero background. Note, this is the same advantage that LIF has over regular 

absorption methods. Furthermore, by modulating the probe laser at frequency 𝜔𝑚, 

the centre frequency of the detected AC signal is therefore transferred from 𝜔0 to 

𝜔𝑚. This phenomenon circumvents most sources of low-frequency electrical noise 

by operating at a far-removed frequency band around 𝜔𝑚. 
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2.4.2 General setup 

The FMS instrumentation common to all experiments in this work is described here, 

while details relevant to the specific NIR and MIR probes shall be discussed in 

Chapter 3 and Chapter 4 respectively. In the context of the above theory, the 

necessary components for constructing a basic FMS probe are: tuneable, single-

frequency CW laser; RF signal generator; modulator; fast photodetector; a means of 

shifting the phase of the detected RF signal, and an RF mixer. A diagram illustrating 

the component connectivities is given in Figure 2.9. This basic method may be easily 

upgraded to TFMAS by the inclusion of a pulsed molecular-beam source and co-

triggered data acquisition. This could take the form of chopping a stable gas pulse 

into appropriately short time-gates, pulsed photoexcitation of the species of interest 

or triggered photodissociation of a chemical precursor. Here, this was achieved with 

discharge production of radical species, or simply by using a pulsed gas source. 

 

 

 
Figure 2.9: Diagram of a basic Frequency Modulation Spectroscopy setup. Red lines – laser beam; black lines – 
electric signal wires. EOM = electro-optic modulator. 

 

In a TFMAS setup, a CW single-mode laser is required to monitor fluctuations in 

signal over time (in this instance, over the course of each valve shot). It must also be 

sufficiently narrowband to acceptably resolve the spectral transitions of interest 

and accurately describe the absorption and dispersion lineshapes. For the same 

reason, fine control over the wavelength steps is necessary, as provided by the 

inherent laser tunabilities. In order assess this control, a setup for measuring and 

monitoring the laser frequency was also required. For the NIR and MIR probes, 

coarse live monitoring and precise measuring of the probe wavelengths were 

respectively enabled by a shared wavemeter (Angstrom, WS-6) and separate 



Chapter 2 – Experimental Methodology 

37 

scanning Fabry-Pérot Interferometers. Both probe setups included a pickoff which 

directed a small (few %) portion of each beam to the wavemeter, coupled via optical 

fibres. This wavemeter, which had its own dedicated PC, was used to monitor the 

wavelengths while scanning the laser frequencies themselves via their own controls 

programmed into bespoke LabVIEW data acquisition ‘tune-up’ code. This was used 

as a coarse wavelength tuner of the probe lasers when switching between known 

transition wavelengths during experimental tune-up. Both NIR and MIR probe 

setups also included second pickoffs to direct small (few %) fractions of the 

modulated laser beams to separate Fabry-Pérot Interferometers. This had two 

functions: first, this provided conclusive evidence of successful laser frequency 

modulation and provided details of the modulation quality, such as the modulation 

depth. Secondly, during experiments, the lasers were frequency-scanned and a 

Fabry-Pérot trace was recorded with each step via the custom-written LabVIEW 

data acquisition code. This was used to check for mode-hops and allowed exact laser 

step sizes to be calculated via a procedure described in Section 2.6.2. Details of all 

tune-up and data acquisition LabVIEW software are provided in Section 2.5.1. 

 

Modulation may be achieved directly in the case of diode lasers by modulating the 

diode current. However, this method generally introduces significant residual 

amplitude modulation (RAM) onto the laser probe, degrading the experimental 

signal-to-noise by providing a source of amplitude modulation at the modulation 

frequency without the presence of a sample. The preferred method, as applied here, 

is to modulate the carrier beam externally via an electro-optic phase modulator 

(EOM). As the name implies, these operate on the principles of the linear electro-

optic effect. Also known as the Pockels effect, this is the modification of the refractive 

index of a nonlinear medium by an applied electric field in proportion to the field 

strength. In the context of modulators, the applied electric field takes the form of a 

sinusoidally oscillating voltage. With specific respect to phase modulators, correct 

alignment of the laser polarisation with respect to the crystal is important. With a 

static voltage applied to the crystal, and the laser polarisation perfectly aligned with 

the specified crystal axis, the laser experiences a set phase delay. Therefore, 

modulating the applied voltage in turn modulates the phase delay, resulting in the 

transfer of laser carrier intensity to discrete sideband frequencies. These are 
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separated equally about the carrier at integer multiples of the applied modulation 

frequency.  

 

However, even when using external modulators, FM experiments are not immune 

to RAM noise. This is often a result of imperfect polarisation alignment with respect 

to the crystal axis. Any off-axis polarisation components passing through the crystal 

will be modulated not in phase but in polarisation. Any subsequent polarisation-

sensitive optical component will then introduce amplitude modulation to the beam. 

Precise alignment of the laser polarisation relative to the modulator crystal axis 

minimises this effect, though in reality it is challenging to remove all traces of RAM. 

For both the NIR and MIR probes, a half-wave plate and a polariser were used in 

tandem to efficiently control the laser polarisation incident on the EOM crystal and 

align it appropriately. Both EOMs required linearly polarised light; in practice, the 

polarisation was vertically aligned with respect to the laser table. Where possible, 

transmissive optics were either wedged (e.g. the vacuum-chamber windows) or 

anti-reflection coated (e.g. focussing lenses) to avoid inducing RAM via étalon 

effects. Further to polarisation alignment, it was also important that the incident 

laser beam propagated through the modulator crystal as close to the centre as was 

practically possible, which was achieved by aligning the laser through a pair of irises. 

The input faces of both EOM crystals were anti-reflection coated for their respective 

incident beam frequencies. With transient FM signals, additional discrimination 

against RAM effects is possible. AC coupling of the data acquisition directly removes 

very-low frequency RAM signals, and the use of background and signal gates on the 

acquired time-dependent I and Q signals will further remove RAM signals that occur 

on timescales that are substantially slower than the transient experiment. 

 

The FM regime used herein was not as extreme as the classic regime described in 

the previous section, though it is undeniably still characteristic of the technique. 

Here, 𝜔𝑚 was indeed large relative to the width of the spectral feature of interest Γ, 

but generally not such that each sideband may probe the transition entirely 

independently; 𝑀 is small, but contributions from second and third order sidebands 

must be considered in the analysis. More specifically, it was characterised by 𝜔𝑚 =

Γ 4⁄ , and 𝑀 ≅ 1, introducing well-resolved and low-order (𝑛 ≤ 3) sidebands to a 

probe with bandwidth much narrower than the spectral linewidths. The first-order 
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sidebands at 𝜔0 ± 𝜔𝑚 each had approximately 33% of the initial carrier intensity. 

Similarly, the relative intensities of the smaller second- and third-order sidebands 

at 𝜔0 ± 2𝜔𝑚 and 𝜔0 ± 3𝜔𝑚 were approximately 2% and 0.1% respectively. 

2.4.3 Multipass cell 

As with all absorption measurements, the Beer-Lambert Law applies. In its most 

basic form: 

 𝐴 = 휀ℓ𝑐 (2.17) 

where 𝐴 is the absorbance of light, 휀 is the molar attenuation 

coefficienct (m2 mol−1), ℓ is the optical path length (m) and 𝑐 is the concentration 

of the species (mol m−3). In the optically thin limit, the absorbance is linearly 

proportional to both concentration and path length and hence the experimentalist 

is presented with two options for increasing the signal. In the context of gas-liquid 

scattering experiments, the latter is more sensible. To increase the concentration of 

the scattered gas, the incident beam backing pressure or seeder/carrier gas ratio 

may be increased. However, increased concentration has implications on the 

dimerisation of stable molecules or reaction of unstable species seeded within the 

beam, as well as incident speed. Increasing the path length through the scattering 

sample available may be achieved by introducing a multipass cell. Here, the laser 

probe is directed multiple times through the scattering region between a minimum 

of two mirrors, and within the optically thin limit, the absorption signal is directly 

increased by a factor of the number of passes through the sample.  

 

There are various types of multipass cell, and many are named after their creators. 

The variant chosen in this work was the Herriott cell, after Donald. R Herriott, who 

first published its design in 1965 from work conducted with his colleague Harry J. 

Schulte at Bell Laboratories. [119] Others include: the Pfund cell, [120] the White 

cell, [121] and more complex circular multipass cells. [122] The Pfund cell is a 

particular design of triple-pass cell, and therefore unsuitable given the short total 

path length. The sheer complexity of circular cells makes them inappropriate for the 

application here. The White cell is constructed with three mirrors and has a variable 

number of passes in multiples of four. Although the number of traversals is easily 

controlled, and path lengths can reach many hundreds of meters, the resulting 

pattern does not overlap well with a small scattering volume. Furthermore, the 
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Herriott cell is notably more stable than the White cell, involving a simpler 

construction of just two identical concave mirrors, and so was the preferred option. 

 

The basic Herriott cell comprises two parallel, directly opposing confocal spherical 

mirrors. The beam is typically allowed entry/exit either through a hole bored into 

the centre of the mirror, or alternatively a hole or slit cut into its edge. Theoretically, 

providing multiple entry/exit holes therefore allows for several separate probe 

beams to be supported by the cell simultaneously. The number of internal 

reflections is controlled by adjusting the spacing between the mirrors, 𝐷. The 

simplest spot patterns are circular, but elliptical and parabolic patterns are also 

possible. To successfully fulfil the re-entrant conditions of the circular Herriott cell, 

the following equation applies: 

 𝑁휃 = 2𝑀𝜋 (2.18) 

where 𝑁 is an even integer corresponding to the total number of internal reflections, 

휃 is the angle (rad) made between successive passes, and 𝑀 is also an integer. 

Therefore, the angle made on an individual mirror between visible beam spots is 2휃. 

From the circular Herriott cell pattern, small adjustments to the angle of the input 

beam and the cavity mirror angles produce elliptical or parabolic variants as 

desired. [123,124]  

 

The Herriott cell design used herein had the following constraints: 

1. That the pattern converges to a small volume at the centre of the cell (i.e. at 

the centre of the chamber in the 𝑥 dimension) and that the width of the spot 

pattern in the 𝑧 dimension be particularly narrow. This was important for 

observing the incident beam and preserving the time resolution of the 

experiment. In real terms, this meant that the spacing 𝐷 was fixed at around 

twice the radius of curvature of the mirrors, 𝑅, where 𝑅 = 2𝑓. 

2. That the chosen mirrors maximise the pathlength. Longer pathlength 

Herriott cells with clearly distinguishable spots require larger mirrors; 

however, the spacing of the mirrors was set by the chamber dimensions, and 

large diameter spot patterns would provide poorer overlap with the 

molecular beam. Therefore, out of the commercially available options, the 

purchased mirrors were 2” in diameter with focal length 𝑓 = 10 cm. 
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3. That the number of passes be as high as possible. In practice, this resulted in 

14- and 16-pass Herriott cells for the NIR and MIR probes respectively, 

producing upper limits for the pathlength of ~5.6 m and ~6.4 m within the 

chamber. Given the 10 cm wheel diameter, and the fact that the molecular 

beam hit the wheel 2.5 cm above the centre point, this corresponds to 

pathlengths of ~1.2 m and ~1.4 m above the liquid surface respectively. 

 

For both the NIR and MIR probes, the resulting Herriott cell was therefore 40 cm 

long, with the centre axis between the mirrors aligned with 𝑥. To maximise scattered 

signal sizes and the range of detectable scattering angles, the relative position of the 

Herriott cell with respect to the fully-wound-in wheel was kept short, at 2 cm, as 

shown in Figure 2.10. In the 𝑥𝑧 plane, the widest-possible scattering angles from 

rebounding molecules that could be detected by the Herriott cell (휃A, 휃B and 휃C) are 

illustrated for three different collision sites on the wheel (the near edge, centre and 

far edge respectively). Assuming the Herriott cell beams all lie perfectly along 𝑥, 

geometry dictates that 휃A = 83°, 휃B = 84° and 휃C = 85°, indicating that the 

experiment can observe nearly all possible scattering angles. The probe lasers were 

introduced to and from the Herriott cell via separate windows in the vacuum 

chamber, which were wedged by 0.5° to minimise étalon effects. For the NIR and 

MIR probes the windows were made from UV grade fused silica and CaF2 

respectively, and the specific corresponding spot patterns are provided in Sections 

3.2.2 and 4.2.2 respectively.  

 

 

 

Figure 2.10: The Herriott cell relative to the liquid wheel in the 𝑥𝑧 plane. The widest-possible scattering angles 휃𝐴, 
휃𝐵  and 휃𝐶  which may be observed from three points on the wheel’s surface (the near edge, centre and far edge 
respectively) and relevant geometries required to calculate these angles are labelled. Note that the diagram is not 
to scale. 
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2.4.4 Detector assemblies 

To resolve the FM signal at 𝜔𝑚, a fast photoreceiver was required. The method used 

to simultaneously monitor the DC and RF signals varied between the NIR and MIR 

probes. In the NIR case, suitable electronics capable of separating the photodiode 

DC voltage from the high-frequency AC signal were available within the detector 

electronics, meaning that the AC and DC signals from the same detector could be 

independently processed. In the MIR case, a second DC detector was necessary. 

Further details may be found in the relevant experimental sections of Chapter 3 and 

Chapter 4. 

2.5 Data acquisition and signal processing 

Each TFMAS probe was equipped with its own data acquisition equipment, 

including a laboratory computer and bespoke LabVIEW software. The procedures 

for recording data, demodulating the FM signals and general instrument control are 

explained in this section. As before, the underlying methodologies for acquiring and 

processing experimental data are universal to all experiments presented herein, 

though the precise setups themselves may display subtle differences depending on 

the laser probe used. Any relevant experimental considerations that were necessary 

when acquiring data are duly noted. 

2.5.1 Instrument control 

Custom LabVIEW software was written to control the experimental instruments 

from the laboratory PCs. There were separate programs, based on the same 

underlying code, for experimental tune-up and data acquisition. The NIR and MIR 

experiments were treated as separate, and as such had their own sets of software, 

which were tailored to reflect the different parameters (such as the modulation 

index) and specific technologies used within the setups. Before experiments, the 

tune-up programmes were used to view the live FM signals and optimise parameters 

such as the valve tension, valve pulse length, and (where appropriate) the discharge 

parameters. As previously mentioned, these were also used to tune the FM probes 

to the correct wavelength before scanning over individual transitions. The data 

acquisition programmes then provided laser step-scanning and waveform file-

saving. The data was collected via two 350 MHz bandwidth digital storage 

oscilloscopes (DSOs), one for each probe. The DSOs were used to average the I and 

Q waveforms over an appropriate number of valve shots for each wavelength step. 
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In all experiments, the stepsize was maintained at ~ 𝜔𝑚 4⁄  to provide sufficient data 

points to accurately measure the Doppler lineshapes (around 60 − 80).  

2.5.2 Frequency modulation and demodulation 

The principles of signal demodulation are identical regardless of modulation 

frequency and carrier probe wavelength. For ease of language, the frequency-

dependent components (such as the demodulator and phase shifter) are labelled 

according to the NIR setup, along with other specifications of power levels and 

component models. A short summary of the subtle differences in the MIR equivalent 

is then provided in Section 4.2.2.  

 

First, the 400 MHz output of a frequency generator (Aim TTi, TGR1040) was split 

via a 0° splitter (Mini-Circuits, ZFSC-2-1-S+). One arm of this signal was attenuated 

appropriately before being directed to the input of a high-power RF amplifier 

(Quantum Technologies Inc., 3520P). The amplified signal was then applied to the 

EOM to modulate the laser carrier frequency at 𝜔𝑚 = 400 MHz. The modulated light 

was subsequently passed to the vacuum chamber for experiments before finally 

being detected by the fast photoreceiver. The AC signal component, containing the 

desired FM information, was amplified by a low-noise amplifier (Mini-Circuits, ZFL-

500LN+) before being directed to the RF input of an I&Q demodulator (Pulsar 

Microwave Corporation, ID-10-412). The second arm of the split 400 MHz signal 

from the frequency generator was passed through another low-noise amplifier 

(Mini-Circuits, ZFL-500HLN+) to supply the +10 dBm level required for the local 

oscillator (LO) input of the I&Q demodulator. To provide control over the LO signal 

phase and maintain it close to 0° (±5°) with respect to the measured RF signal 

phase, a phase-shifter (Pulsar Microwave Corporation, ST-10-411) was also 

incorporated into the LO arm, pre-amplifier. The phase shifter was controlled via a 

16-bit analogue output of a Multifunction I/O device (National Instruments, USB-

6211). This provided a control voltage range of 0 − 10 V DC, where a change of 0.1 V 

corresponded to a 5° shift in phase angle. The method used to determine the relative 

phase angle between the RF and LO signals is covered in Section 2.6.2. Subsequently, 

the generated in-phase (I) and quadrature (Q) signals were low-pass filtered (Mini-

Circuits, BLP-1.9+) before being directed to the DSO (LeCroy, Waverunner-2 

LT264). The DC monitor output was also recorded by the oscilloscope on a separate 

channel. A full diagram of the electronics is given in Figure 2.11. 
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Figure 2.11: Exemplary diagram of the demodulation electronics setup, in this case with the specifics applied to the 
NIR setup. Black numbers – power level (dBm), green – frequency (MHz). 

2.6 Experimental data 

The TFMAS gas-liquid scattering experiments in this thesis provided three main 

forms of dynamical information: Appearance profiles, Doppler profiles and 

rotational state distributions. From these, secondary data was extracted, such as 

relative scattered survival probabilities. This section outlines the form of the raw 

data, followed by the data processing procedure, and finally the three processed 

outputs listed above. 

2.6.1 Raw data 

The raw data recorded for each transition was 2-dimensional, as illustrated by a 

typical example of a scan over a single spectroscopic line (of CN(X), in this case) in 

Figure 2.12. Step-scanning the CW probe over spectroscopic transitions provides 

data corresponding to signal as a function of frequency at each step. Combining the 

probe with a transient source introduces time as a second axis, since a full timetrace 

is recorded for each valve shot. The resulting 2D data can then be orthogonally sliced 

across either the time or frequency dimension to give Appearance profiles and 

Doppler profiles respectively. However, the Appearance profiles obtained in this 

way are crude: to avoid the positive and negative signal lobes averaging to zero, 

gating over either one or the other is necessary. Furthermore, signal sizes between 

𝑗 states cannot be compared if the lineshapes vary significantly with 𝑗. So that the 

signal intensities may be directly related to the 𝑗-state populations the FM 

lineshapes require transforming into integral lineshapes. As such, these time slices 
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are merely representative Appearance profiles. The fitting method applied to 

transform the data into true Appearance profiles which may then be used to extract 

𝑗-state populations is clarified in the following section.  

 

 

Figure 2.12: Illustration of 2D data collected and the resulting representative Appearance and Doppler profiles. 
Horizontal slices in the frequency domain (red) are known as Doppler profiles, while vertical slices in the time 
domain (blue) are representative, unprocessed Appearance profiles. 

 

2.6.2 Data processing and fitting 

There were several steps to the data processing procedure, which ultimately 

transformed the raw I and Q traces into the more-useful Doppler and Appearance 

profiles, and finally into rotational state populations. These steps may be broken 

down as follows: 

 

1. Find the experimental phase angle, 휃, for the datasets. 

2. Use 휃 to rotate the I and Q traces into pure FM absorption (𝐴) and dispersion 

lineshapes (𝐷) i.e. Doppler profiles. 

3. Linearise the 𝑥-axis and correct the Doppler profiles for changes in the DC 

laser power. 

4. Time-slice the data into appropriate signal gates and subtract background-

gate signals from the time-sliced Doppler profiles. 

5. Baseline-correct the time-sliced Doppler profiles. 

6. Fit the time-sliced Doppler profiles to calculate their corresponding 

transverse speed distributions. 
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7. Integrate the speed distributions to produce the total signal as a function of 

time, i.e. the Appearance profile. 

 

In step 1, the experimental 휃 value for individual datasets was found using a self-

consistent iterative method reported by Hall and North, [125] which was coded into 

a tailor-written LabVIEW program. [126] This method circumvents the 

demodulation problem presented by the phase angle: unless set perfectly to 0 or 

integer multiples of 𝜋, the I and Q channels are 휃-weighted linear combinations of 

both 𝐴 and 𝐷 signals. Practically, it is essentially impossible to set the phase angle 

with the level of accuracy and precision required to fully extract the absorption 

without some convolution of the lineshape from the dispersion, and vice-versa. The 

presented alternative method determines the relative phase, and then rotates the 

measured lineshapes to satisfy 휃 = 0. As well as forming an integral part of the data 

fitting, this procedure was applied to test I and Q waveforms during experimental 

tune-up: the applied phase voltage was adjusted to set 휃 = (0 ± 5)° before whole 

datasets were recorded. Once set, this only required minor adjustments as the 

relative RF and LO signal path lengths do not vary significantly over time. A flow 

diagram documenting the phase-angle finding procedure is provided in Figure 2.13.  

 

For an arbitrary phase angle the orthogonal 𝐼(𝜔) and 𝑄(𝜔) waveforms are linear 

combinations of the absorption and dispersion Doppler profiles according to the 

mathematical expressions in Equations 2.13 and 2.14. Visually, these relationships 

are represented by the phase clock in Figure 2.14. To determine the true 

experimental value of 휃 from measured 𝐼(𝜔) and 𝑄(𝜔) traces, first a trial value for 

휃 is selected and used to numerically rotate the waveforms to turn the measured I 

and Q signals into trial absorption, 𝐴𝐹𝑀(𝜔), and dispersion, 𝐷𝐹𝑀(𝜔), lineshapes in 

FM space: 

 𝐴𝐹𝑀(𝜔) = 𝐼𝐹𝑀(𝜔) cos(휃) + 𝑄𝐹𝑀(𝜔) sin(휃) (2.19) 

 𝐷𝐹𝑀(𝜔) = 𝐼𝐹𝑀(𝜔) sin(휃) − 𝑄𝐹𝑀(𝜔) cos(휃) (2.20) 
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Figure 2.13: Fitting algorithm for accurately determining 휃 from experimental FM data. 

 

 

 

Figure 2.14: A phase angle clock adapted from reference [125] demonstrating the relationship between the I and Q 
FM lineshapes and 휃. Here, 휃 = 32°. 
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Next, the trial FM absorption lineshape is inverted to generate a trial integral 

absorption lineshape, 𝛿(𝜔). The Kramers-Kronig transform is then applied to 

convert 𝛿(𝜔) into a trial integral dispersion lineshape, 𝜙(𝜔). The Kramers-Kronig 

transform relates the integral dispersion and absorption functions as follows, where 

℘ is the Cauchy principal value: 

 𝜙(𝜔) = −
1

𝜋
℘ ∫

𝛿(𝜔)

𝜔 − 𝜔′

∞

−∞

𝑑𝜔 (2.21) 

Subsequently, the finite difference of 𝜙(𝜔) is calculated to convert it back into FM 

space. The FM Doppler absorption and dispersion profiles are related in this way to 

the integral lineshapes by weighted sums of the absorption and dispersion 

experienced by the FM spectrum frequency components: 

 𝛿𝐹𝑀
′ = ∑ 𝐽𝑛(𝑀)𝐽𝑛+1(𝑀)[𝛿−𝑛−1 − 𝛿𝑛+1 + 𝛿−𝑛 − 𝛿𝑛]

∞

𝑛=0

 (2.22) 

 𝜙𝐹𝑀
′ = ∑ 𝐽𝑛(𝑀) 𝐽𝑛+1(𝑀)[𝜙−𝑛−1 + 𝜙𝑛+1 − 𝜙−𝑛 − 𝜙𝑛]

∞

𝑛=0

 (2.23) 

This provides a second trial FM dispersion lineshape, which is compared with the 

first, and the fit between the two characterised by 𝜒2. To distinguish them from one 

another in Figure 2.13, the two 𝐷𝐹𝑀(𝜔) lineshapes are labelled as transformed and 

trial respectively. 𝜒2 is minimized by stepping sequentially in angle, as the phase 

angle must lie within the range 0-360°. A bracketing algorithm, in which the phase 

angle is stepped in one direction until the minimum is passed, then smaller reverse 

steps are taken, is used to converge to within ±0.1°. 

 

A separate custom fitting program, also written in LabVIEW, carried out the 

remaining steps in the process outlined in the above list. The calculated 

experimental phase angles from step 1 were used to rotate the I & Q waveforms into 

pure A and D lineshapes using Equations 2.19 and 2.20 (step 2). Then, the mean DC 

signal was calculated for each wavelength step and used to correct the I and Q 

channels to remove all dependence of the FM signal on instantaneous laser power 

(step 3). In this same step, the exact step sizes were calculated by applying an 

algorithm to the étalon traces recorded by the Fabry-Pérot Interferometers. 

Consider two sequential traces recorded by scanning one step with the modulated 
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probe. The algorithm first finds the peaks resulting from the carrier and 1st order 

sidebands. It then appropriately assigns the peaks as either carrier or sideband 

through knowledge of their relative heights, because the sidebands intensities will 

be ~30% of the carrier intensity. Since the distance between the carrier and the 1st 

order sidebands is precisely and accurately defined by 𝜔𝑚, this is used to calculate 

the frequency scale in each trace. Comparison of the traces then allows for the exact 

step size to be determined, and the frequency 𝑥 axis to be linearised. This 

linearisation was carried out on a 100 MHz stepsize basis by spline interpolation. 

Furthermore, the 𝑥 axis was also converted from MHz to Doppler shift in m s−1, and 

the line centred at zero. This line centre was assigned in an initial processing step 

within the fitting code, by determining the positive- and negative-going peaks of the 

FM signal, integrated across the entire signal time. The line centre must be 

equidistant between the peaks. 

 

The A and D lineshapes were then averaged over appropriate time gates (step 4). 

From these, a wide background slice (recorded at very early times and before any 

signal was remotely present) was subtracted to account for any DC offset in the 

timetraces (step 5). Typically, the background gate was 100 − 200 μs wide. Further 

baseline correction was carried out to correct for any fluctuations on the timescale 

comparable to the time slice width, such as those caused by RAM signals, which were 

not well subtracted in the previous step (step 6). This was based on the knowledge 

that FM Doppler profiles must be antisymmetric and integrate to zero – therefore, it 

was possible to average each of the A and D lineshapes and subtract the results to 

improve the baseline. This was done for each time slice, and separately for both A 

and D lineshapes. 

 

The next step was to fit the data (step 7). Unfortunately (see Section 3.2.4), as a 

consequence of the code being reused from a prior data analysis, [91] an error was 

present in the way this code represented the relationship between the speed 

distribution and the integral lineshape. This was assumed to have the following 

form, where 𝑓(𝑣)𝑣2 is the speed distribution and 𝑣𝑝 is the measured Doppler speed:  

 𝛿(𝑣𝑝) = ∫
𝑓(𝑣)𝑣2

2𝑣
𝑑𝑣

∞

𝑣𝑝

 (2.24) 
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This is appropriate for an isotropic speed distribution, such as that formed by adding 

together Doppler profiles probing photodissociation products. However, it is not 

correct for these experiments, which probe the anisotropic velocity distribution of 

a molecular beam scattering from a liquid surface. This is discussed in further detail 

in Section 3.2.4. 

 

However, proceeding on this basis, an initial trial speed distribution was determined 

by assuming that the FM profile was the derivative of the integral lineshape, and 

hence that the speed distribution could be approximated by dividing the FM 

lineshape by 2𝑣. The trial speed distribution stepsize was made to match that of the 

measured FM profiles, and for subsequent iterations its values were constrained 

between 0 − 1600 m s−1. Next, the speed distribution was used to calculate the 

integral absorption lineshape, 𝛿(𝑣𝑝), using Equation 2.24. The integral dispersion 

lineshape was found by application of the Kramers-Kronig transform to the 

absorption lineshape. Both lineshapes were then transformed to FM lineshapes, 

considering contributions from 1st, 2nd and 3rd order sidebands. Absorption and 

dispersion FM lineshapes were then fitted to the data using a simplex algorithm to 

vary every 6th data point in the speed distribution while the remaining points were 

interpolated by applying a cubic spline function, with a constraint to lie positive. 

This avoided introducing unphysical oscillations and reproducing experimental 

noise in the fit, which would occur if each data point was allowed to float. The fitting 

code parameters (e.g. spacing of spline points, range of speed distribution) were 

previously optimised by a colleague, through thorough testing of the parameter 

space. [115] The fitting code produced as outputs the processed data slices, their 

accompanying fits, the fitted speed distributions, and the resulting Appearance 

profile. Note that this fitting procedure was modified when analysing the MIR data, 

as described in more detail in Section 4.4.5  

 

2.6.3 Appearance profiles 

The processed Appearance profiles (see Figure 2.15 for an example) are integrals of 

the speed distributions, whose signal intensity as a function of time is directly 

proportional to the population for the given rotational state. The Appearance 

profiles also supply information on the speeds in the longitudinal (𝑧) direction and 

hence the incident and scattered translational energies. It is intuitive that scattered 
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species travelling faster will rebound into the detection region sooner than those 

leaving the surface with less translational energy, and this may be observed in the 

shape of the scattering signal profile. Moreover, correlation between total incident 

and scattered signals for the same species allows for the calculation of survival 

probabilities from impact with different liquid surfaces. 

 

Figure 2.15: An example Appearance profile, i.e. instantaneous column density measured as a function of time, for 
a molecule in a particular rovibrational state. In this case, the wheel was wound in, and therefore both the incident 
and scattering peaks may be observed at ~160 𝜇𝑠 and ~200 𝜇𝑠 respectively. 

 

Absorption methods produce signals which depend on the instantaneous density 

within the probe volume. By definition, this depends on the velocities of the 

absorbing particles. Correcting for such flux-density effects, which may be present 

in the data, would be challenging. There is ambiguity in the scattering angle 

distribution and its interaction with the complex multipass probe geometry of the 

Herriott cell which cannot be experimentally resolved. However, if the shapes of the 

measured Appearance profiles are comparable regardless of final 𝑗 state, as is the 

case for the results presented in Chapter 3, it is appropriate to assume that the 

required flux-density correction would have similar effects on the rotational 

populations irrespective of 𝑗. Hence, the measured densities are proportional to the 

rotational state populations. Therefore, the populations derived from the 

Appearance profiles are presented without flux-density correction.  
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2.6.4 Doppler profiles 

The experimental Doppler lineshapes produced by step-scanning the probe 

wavelength over transitions are a direct result of the transient nature of the FMS 

technique and a carefully selected modulation index. Their linewidths directly 

correlate with the transverse speeds of the detected molecules. The fitting 

procedure also affords the information presented in the Doppler profiles in the more 

intuitive form of transverse speed distributions. Strictly speaking, these are 

transverse projections of the velocity distributions where the term transverse 

pertains to the previously defined 𝑥 dimension, aligned with the centre axis of the 

Herriott cell. Ergo, in experimental setups where the incident velocity distribution 

is tightly defined, the Doppler profiles and transverse speed distributions contain 

information on the angular spreading of the scattered products. This is best 

observed in experiments conducted with a skimmed molecular beam. In free-jet 

mode, many of these nuances are largely lost due to geometric blurring: the effects 

of the broad incident angular spread, coupled with the range of possible detectable 

scattering angles demonstrated in Figure 2.10, cannot be disentangled from the 

experimental data.  
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Chapter 3 – Inelastic scattering of CN radicals from PFPE and 

squalane 

3.1 Introduction 

The CN radical has undergone extensive spectroscopic study due to its relevance in 

various real-world settings, including combustion environments, interstellar space 

and the atmosphere of Titan. In 1940 it was one of the first-discovered chemical 

species in the interstellar medium. [127] Although CN radicals have long been 

observed in cometary atmospheres, they were detected for the first time in situ just 

last year. [128–130]  

 

Their most fascinating location is probably on Saturn’s largest moon, Titan, which is 

of great interest to astrophysicists due to its geographical similarities with Earth. 

Titan was the subject of the Cassini mission (1997-2017) carrying the Huygens 

probe, which studied its surface and confirmed its dense, mildly reducing 

atmosphere comprised nitrogen (95%), methane (5%) and other trace carbon-

containing compounds. This far-flung moon therefore bears a striking resemblance 

to primaeval Earth and has been postulated as a ‘virtual laboratory’ for prebiotic 

chemistry since 1992. [131,132] Its atmospheric systems have been 

photochemically modelled, [133–136] but in many instances important 

experimental parameters such as rate constants are lacking. Observing this 

nitrogen-rich primordial soup in situ is the primary focus of the Dragonfly mission, 

scheduled to launch in 2027. In the meantime, experimentalists may continue to 

provide data by studying elementary reactions and recreating Titan’s atmosphere 

in the laboratory. [137–140] In a system driven by photoinitiated radical chemistry, 

the CN radical is a crucial component. In this environment, it is known that 

CN(X2Σ+) is primarily produced via the UV-instigated photodissociation of HCN, 

where it then goes on to participate in rich and complex organic chemistry. Small, 

gaseous molecules containing the CN moiety are postulated sources of nitriles and 

cyanopolyynes which subsequently form amino acids and nucleobases: life’s 

building blocks. [138,140,141]  
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Although understanding the link between prebiotic chemistry and biology is 

fundamentally interesting, it is arguably not the most immediately important 

system involving CN radicals. Our home planet is in the midst of man-made climate 

crisis, primarily caused by our insatiable demand for fossil fuels, [142] which 

contributed to 81% of global energy demand in 2018. [143] Considering current 

policies and energy targets, the International Energy Agency predicts that global oil 

demand will flatten by the 2030s, [143] but we are far from relinquishing our 

dependence on these unsustainable resources. Burning hydrocarbon fuels, 

including coal, [144] and even trees, [145] is known to produce CN radicals. [146–

151] Certain studies have linked CN emission strength to NOx formation, [144,149] 

revealing its role in pollutant production.  

 

The CN radical is often considered a pseudohalogen owing to its strong triple C–N 

bond (7.77 ± 0.05 eV) [152] and large electron affinity (3.862 ± 0.004 eV). [153] It 

is highly reactive, and has been studied extensively in the gas and solution phases 

via the following reaction: 

 CN(X2Σ+) + RH → HCN(𝑣1𝑣2𝑣3) + R R2 

where RH is a saturated alkane. This reaction is extremely exothermic (Δ𝐻 ≈

10000 cm−1) and occurs in N2-rich combustion environments, the interstellar 

medium (ISM) and on Titan. Gas-phase reactions R2 are rapid regardless of the 

alkane size, except with methane, and have small or submerged barriers. [154] For 

secondary alkanes the rate constants approach the gas-kinetic collisional 

limit. [155] CMB scattering studies have shown that the alkyl fragments are 

predominantly backwards scattered and show little translational excitation. [156] 

Typically for CN, the triple-bond stretching mode merely spectates during the 

reaction, with significant vibrational energy deposited instead into the C–H stretch 

(𝑣3 < 2) and bend (𝑣2 ≤  6) modes of the newly formed HCN. [157,158] This is 

characteristic of an attractive PES with either a small or nonexistent barrier early in 

the entrance channel. [159] 

 

As discussed in the context of FMS applications to chemical dynamics in Chapter 1, 

specific studies of the inelastic gas-phase rotational energy transfer have been 

conducted for both CN(X2Σ+) and CN(A2Π) states by Costen and co-workers. 

Further discussion of these experiments and their results lies outwith the scope of 
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this work, and additional detail may be found in the doctoral thesis of Dr. Stephen 

McGurk [93] and the references therein. 

 

In the solution phase, ultrafast, broadband-IR spectroscopy experiments have 

measured nascent HCN vibrational distributions resulting from the reaction of 

CN(X) radicals with c-C6H12 in CDCl3. The vibrationally excited HCN (0𝑣20) and 

(0𝑣21) states, with 𝑣2 ≤ 2, were found to relax to ground (000) on a 100 − 300 ps 

timescale via bimodal decay. [160] Supporting MD simulations indicated that the 

rapid relaxation was initially possible due to the close proximity between the HCN 

and alkyl fragment products. At early times an HCN–cyclohexyl complex forms 

within the solvent cage. Not only does this complex absorb excess vibrational 

energy, but it also channels it into the surrounding solvent molecules. The timescale 

of this rapid relaxation is faster than the experimental temporal resolution and was 

computationally determined to be 7.0 ± 0.2 ps. [161] Then, the complex dissociates 

and the partially-relaxed HCN diffuses into the bulk. Despite frequent collisions with 

neighbouring solvent molecules (one every ~100 fs), the secondary relaxation is 

much slower. The choice of solvent was found to affect this process: experiments 

demonstrated tetrahydrofuran (THF) to be a much more efficient vibrational 

dampener, with the relaxation completing in < 10 ps. [162]  

 

Perhaps surprisingly, these experiments show that the Polanyi rules developed for 

gas-phase reactions may also apply in solutions. Both experiment and theory show 

that, regardless of physical state, the vibrational energy available to the produced 

HCN molecules is deposited across the same modes: the C–H stretch and the bend. 

MD simulations expected that the nascent solution-phase HCN should be just as 

vibrationally excited as observed in the gas-phase. The experiments described 

above directly contradict this prediction, indicating instead that the solvent does 

partially influence the post-transition state dynamics by acting as a dampening 

force. However, it is unclear whether the solvent modifies the PES itself. Inelastic-

and reactive-scattering dynamics studies at the gas-liquid interface provide a means 

towards answering these questions, building a bridge between the well-established 

gas- and solution-phase equivalents. Such experiments apply the benefits of gas-

phase CMB experiments (single-collision conditions, control over initial internal 

quantum states and velocities) to exploring the influence of the condensed-phase on 
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interfacial dynamics. If a rovibrational fingerprint of confirmed, solution-phase 

dynamics is detected from molecules rebounding into the gas-phase, it would be 

possible to unravel the scattering mechanisms at play on the surface.  

 

Energetically speaking, the interfacial system most-resembling R2 that has 

previously undergone experimental investigation is that studied by the Nesbitt 

group: F( P 
2 ) + squalane → HF. [77,78] Here, the F atoms were produced via a 

200 μs-long electric discharge of an approximate 10% mix of F2 in Ar at the exit of 

their pulsed valve, resulting in a centre-of-mass (COM) collision energy of 

2.9 kJ mol−1. The produced HF was probed via double-balanced IR absorption 

spectroscopy and observed to be largely translationally cold, with bimodal 

rotational distributions. A rotationally thermalised fraction described by the 

squalane surface temperature was observed, particularly for 𝑣 = 0. The HF was 

vibrationally hot (𝑣 ≤ 3), but not to the extent of energetically similar gas-phase 

reactions between F atoms and ethane. [163] The authors estimated that ~60% of 

the available collision energy was transferred into HF vibration in gas-phase 

reactions, versus < 40% at the gas-liquid interface. These results were interpreted 

as evidence for a thermally desorbed mechanistic channel characterised by full-

rotational and partial-vibrational accommodation of the HF at the liquid surface. 

Supporting QM/MM scattering calculations agreed well with the translational and 

rotational distributions and lent support to the idea that rotational thermalisation 

occurs via secondary collisions with the surface. [84,85] However, they predicted a 

hotter vibrational distribution, one akin to the gas-phase reaction, reflecting the 

discrepancy between the gas- and solution-phase results described above for H-

abstraction by CN. Therefore, conducting gas-liquid scattering experiments for R2 

would reveal whether the surface-specific dynamics are unique, or if they may apply 

to either the gas or solution phases, hence unravelling mechanistic details. It is 

possible that the liquid surface may mimic partial-solvation environments, as MD 

simulations of squalane-vacuum interfaces demonstrate surface roughness at the 

molecular level, including indentations containing accessible but comfortably-

surrounded reactive sites. [83,164]  

 

However, gas-liquid interfacial dynamics cannot be fully understood without 

knowledge of the unreactive collisions that take place. Comparison of inelastically 
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scattered rovibrational distributions at both inert and potentially reactive surfaces 

allows the calculation of relative survival probabilities (𝜎). The inelastic fraction 

intrinsically describes collisions that are not subject to reaction, nor lost to the bulk 

liquid phase, but on impact with the surface undergo a reshuffle of their internal 

energy distributions. These are responsible for the constant redistribution of energy 

that occurs within a dynamic system and as such are worthy of study in their own 

right. Energy exchange, whether it be translational, electronic, vibrational or 

rotational, is responsible for particle behaviour at a given moment and influences 

subsequent reactivity. Inelastic scattering experiments are advantageous in their 

inherent convenience, in that both the incident and scattered particle state 

distributions are fully characterised by the same probe. Therefore, such studies 

form the foundations of the experimental gas-liquid scattering dynamics field, as 

discussed extensively in Section 1.2.2.  

 

In this work, the experimental technique described in Chapter 2 was used to study 

the inelastic scattering of CN(X2Σ+) radicals from liquid PFPE and squalane 

surfaces, representing both the first application of TFMAS to gas-liquid scattering 

and a new supersonic source of CN(X) radicals. PFPE was assumed to be inert, but 

squalane certainly presented reactive potential via R2, and hence the relative 

survival probability of CN(X) from squalane was deduced by comparing the 

scattered rotational populations. As well as contributing towards the understanding 

of inelastic collisions and energy transfer at liquid surfaces, these experiments 

represent a first step towards unravelling the reactive interfacial dynamics of 

CN(X2Σ+) + RH systems. 

3.1.1 Spectroscopy of the CN radical 

Cyanogen radicals possess two experimentally accessible electronically excited 

states. These are A2Π and B2Σ+, which may be excited from the ground X2Σ+ state 

via infrared (𝑐𝑎. 780 nm) and blue (𝑐𝑎. 390 nm) wavelengths respectively. The 

A2Π − X2Σ+ system renders the CN radical an excellent candidate for TFMAS 

detection, as probing is possible via commercially available CW diode lasers in the 

NIR. Therefore, in this work, rovibrationally cooled CN(X) radicals were probed via 

the A2Π − X2Σ+ (2,0) band on the R1 branch, corresponding to transitions within a 

778 − 795 nm range. The CN(X2Σ+) state has the electron configuration 

(1σ)2(1σ∗)2(2σ)2(2σ∗)2(2π)4(3σ)1. When excited to the A2Π state, one of the 2π 
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electrons is promoted to the 3σ orbital. The X- and A-state electronic configurations 

are illustrated by molecular orbital diagrams in Figure 3.1.  

 

Electronic-state term symbols are a direct result of electronic structure, electronic 

wavefunction symmetries and electron spin. In the case of linear molecules, such as 

diatomics, they take the general form ℒ (2𝑆+1)|Λ|
Ω,(𝑔/𝑢)
(+/−)

 where 𝑆 is the total spin and 

Λ the projection of the orbital angular momentum on the internuclear axis 𝑟. Ω 

represents the spin-orbit coupling, i.e. the projection of the total coupled spin and 

orbital angular momenta along 𝑟. The subscript 𝑔/𝑢 is the parity with respect to 

inversion, which is omitted for heteronuclear diatomics, which naturally belong to 

the 𝐶∞𝑣 point group. The superscript +/− represents the reflection symmetry in a 

plane containing the internuclear axis 𝑟, and is only required when Λ = 0, i.e. for Σ 

states. Finally, ℒ is an alphabetic label given to distinguish electronic states of the 

same symmetry: the ground state is labelled X, and higher energy states follow the 

alphabet from the beginning in order of increasing energy. Capital letters A, B, C… 

etc. are used for states of the same multiplicity and lower-case letters a, b, c… etc. for 

those with different multiplicities.  

 

It follows that, for the ground state of CN, the initial label will be X. The unpaired 

electron will contribute spin 𝑠 = 1 ⁄ 2, and therefore the total spin angular 

momentum is 𝑆 = 1 ⁄ 2 and the spin multiplicity (2𝑆 + 1) = 2. This partially filled 

σ orbital has zero orbital angular momentum, resulting in zero projection of the 

orbital angular momentum, i.e. Λ = 0, and thus a Σ term. The orbital reflects 

symmetrically with respect to a plane containing 𝑟. The resulting term is therefore 

X2Σ+. The multiplicity of the first-excited state is unchanged with respect to the 

ground state, and so ℒ = A. The half-filled orbital is a π-type, resulting in Λ = 1 as 

represented by Π. The unpaired electron may therefore exist in both symmetric and 

antisymmetric states with respect to reflection, depending on the orientation of the 

plane, or on which of the two degenerate Π orbitals the electron occupies. Therefore, 

the reflection symmetry superscript becomes redundant. The overall term is 

therefore A2Π. 
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Figure 3.1: Molecular orbital diagrams for the ground 𝑋2𝛴+state (left) and first excited 𝐴2𝛱 state (right) of the CN 
radical. The y-axis represents energy, in arbritary units. Note that this is purely for visualisation, and energy levels 
are not to scale.  

 

The total spin and orbital angular momenta of the CN radical may also couple with 

the nuclear rotational angular momentum of the diatomic in various ways. Idealised 

coupling limits are described by Hund’s cases for diatomics, which are characterised 

by the relative strengths of electrostatic (coupling of 𝑳 to the internuclear axis, 𝒓), 

spin-orbit (the magnetic interaction between 𝑳 and 𝑺) and rotational (coupling of 𝑳 

and S to the total angular momentum of the system, J) interactions. A summary of 

the possible cases (a)–(e) is provided in Table 3.1, and the corresponding relevant 

angular momenta in Table 3.2. Note that the two cases presented by (e) are 

degenerate as they are described by the same good quantum numbers. Cases (d) and 

(e) are rarely observed but are applicable to certain high-lying Rydberg states. Case 

(c) best describes heavy-atom diatomics, containing a large number of electrons, 

which increases the influence of spin-orbit coupling. Cases (a) and (b) are applicable 

to light diatomics, including CN, and are illustrated in Figure 3.2: (a) is a better 

approximation for low-𝑗 states; as 𝑗 increases, the rotational coupling becomes 

stronger and (b) becomes more appropriate. 
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In case (a), there is strong electrostatic coupling between 𝑳 and the internuclear 

axis, 𝑟. Significant spin-orbit interaction causes 𝑺 to couple with 𝑳, with the result 

that both have well-defined projections of their angular momenta on 𝑟. These are 

denoted by 𝜮 and 𝜦 respectively and combine to give 𝜴 = |𝜦 + 𝜮|. The total angular 

momentum of the system is simply the result of 𝜴 coupling with the nuclear rotation, 

𝑵, i.e. 𝑱 = 𝜴 + 𝑵, as illustrated in (a).  

 

For high-𝑗 states, the system is better described by case (b). As in case (a), 𝑳 is 

strongly coupled to 𝒓 producing projection 𝜦. However, rotational coupling 

supersedes spin-orbit interactions, which are considered negligibly weak, and so 𝜦 

couples instead to 𝑵. The resultant vector 𝑲 describes the total angular momentum 

of the system without spin, and this subsequently couples with 𝑺 to give the total 

angular momentum 𝑱 as demonstrated in (b). 

 

Hund’s Case 
Coupling 

Electrostatic Spin-Orbit Rotational 

(a) strong intermediate weak 

(b) strong weak intermediate 

(c) intermediate strong weak 

(d) intermediate weak strong 

(e) weak 
intermediate strong 

strong intermediate 

Table 3.1: Summary of Hund’s cases (a) – (e). 

 

Angular Momentum Quantum Number Projection onto 𝒓 

electronic orbital 𝑳 𝚲 

electronic spin 𝑺 𝚺 

total electronic 𝑱𝒆 = 𝑳 + 𝑺 𝛀 

nuclear rotation 𝑵 𝟎 

total without spin 𝑲 = 𝑳 + 𝑵 𝚲 

total 𝑱 = 𝑳 + 𝑺 + 𝑵 𝛀 

Table 3.2: Angular momenta and their associated quantum numbers as relevant to Hund’s cases. 
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Figure 3.2: Hund’s cases (a) and (b) describing angular momenta coupling in light diatomics. See Table 3.2 for 
vector notation.  

 

 

Figure 3.3: The origins of 𝛬-doublet splitting in the 𝐴2𝛱 state of CN as a result of A’ and A’’ symmetries of the unfilled 
2𝜋 orbital with respect to the plane of rotation (in light green).  

 

For non-rotating diatomics, all states with 𝚲 > 0 are doubly degenerate. However, 

molecular rotation lifts this degeneracy to produce a pair of closely spaced 𝚲-

doublets. This is relevant to the A2Π state of CN, where 𝚲 = ±1 due to the unpaired 

electron in a 2𝜋-type orbital. In Hund’s case (b) the 𝚲-splitting may be understood 

by reflecting the unfilled orbital in the molecular plane of rotation: the unfilled 2𝜋 

orbital may either lie within (A’ symmetry) or perpendicular to (A’’ symmetry) the 

plane, as demonstrated in Figure 3.3. As 𝑗 decreases the 𝚲-doublets become 

weighted sums of the symmetry contributions, and at the case (a) 𝑗 = 0.5 limit are 

described as linear combinations of the two states, i.e. by mixtures of (A′ + A′′)/√2 

and (A′ − A′′)/√2 . 
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3.2 Experimental 

The broad experimental approach detailed in the previous chapter was applied to 

study the inelastic scattering of CN(X) from liquid PFPE and squalane surfaces. This 

chapter serves to describe the specific instrumentation and technique relating to 

these experiments and the subsequent results. Note that the same Cartesian 

coordinate system defined in Chapter 2 will be used here, where 𝑧 lies along the 

molecular beam centre, 𝑥 the centreline of the multipass cell and 𝑦 the laboratory-

frame vertical axis. 

3.2.1 Producing CN(X) radicals 

In this work, the discharge assembly described in Section 2.2.2 was used to produce 

rovibrationally cold, temporally well-defined packets of CN radicals seeded within a 

molecular beam of helium. Alternative methods of creating internally cold molecular 

beams seeded with CN radicals have been described in the literature. For example, 

photodissociation of an appropriate precursor in the expansion at the valve exit, 

such as C2N2 or BrCN has been used to generate CN radical beams by the groups of 

Heaven [165] and Suits [156,166]. Dissociation of BrCN requires UV/VUV which is 

generally provided by ArF excimer lasers. The photolysis wavelength affects the 

extent of vibrational cooling, which is much more efficient at 193 nm than 

234 nm. [166] The generated CN is rotationally excited as a result of the BrCN 

bending motion in excited electronic states.  

 

Alternatively, Kaiser et al. have produced a supersonic CN(X) radical beam via 

photoablation of a graphite rod at 266 nm and subsequent downstream reaction 

with N2, which also acts as the carrier gas. [167] The rod is placed just inside a valve 

extension channel so that both the ablation and reaction with N2 occur in the 

expansion region, thus cooling the entrained CN. The ablation yields high CN 

number densities (2 − 3 × 1011 radicals cm−3) within the beam, which may be 

subsequently velocity-selected via a chopper from the produced 900 − 1920 m s−1 

range. These velocities suggest that the ablation produces a very high energy 

environment from which the expansion proceeds, and at greater velocities still 

(> 1920 m s−1), higher vibrational states are found to be significantly populated; 

the authors propose that 𝑣 = 4 − 6 may be populated at the highest velocities 

(2540 m s−1). 
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A continuous CN(X) beam produced by a high-power RF discharge of premixed 

CO2(0.8%)/N2(2.5%)/He and characterised via LIF has been reported by 

Casavecchia et al. [168] The discharge acted at the tip of a quartz nozzle and was 

optimised to avoid radical recombination. Therefore, collisional quenching was 

limited. The authors note that any electronically excited CN produced should quickly 

decay to ground, but that the same cannot be said for the rotational and vibrational 

excitation. The partially relaxed rotational distributions for low-𝑣 states were 

clearly bimodal, with a first peak at 𝑁 = 6 and a second at 𝑁 = 39 − 44 for 𝑣 = 0. 

Vibrational relaxation was inefficient and the resulting hot distribution 

characterised by 𝑇𝑣𝑖𝑏 = 6500 K. 

 

The photoablation and photodissociation methods were deemed unfavourable for 

this work as they both involve investing in a separate laser, significantly increasing 

both the complexity and expense of the experiment. Furthermore, the RF discharge 

inherently produces a continuous radical beam; this is less than ideal for TFMAS 

experiments, which inherently require a transient molecular source to measure the 

time-dependent signal. The RF discharge and a chopper wheel could have been used 

in combination, but again this solution presents additional and unnecessary 

experimental difficulty, including the extreme pumping requirements imposed by 

continuous supersonic molecular beams. Furthermore, as discussed in detail in 

Section 3.3.1, the DC-discharge design produced an internally colder CN(X) beam 

than the literature RF source. As such, this design, which was previously optimised 

for pulsed OD radical production, [49] was tested and reoptimised for CN(X). To the 

best of our knowledge this is the first use of a DC electric discharge source to 

produce an internally cold beam of CN(X) radicals.  

 

For subsequent gas-liquid scattering experiments to be successful, the resulting 

beam had to be cold, the radical packets temporally short, and the shot-to-shot CN 

number density consistent. Rather than re-evaluating the entire discharge design 

for CN, optimisation was achieved by systematically exploring the in-situ discharge 

conditions. These parameters were: the CN precursor mole fraction, valve backing 

pressure, valve repetition rate, valve tension, poppet material, poppet wear-in time, 

gas pulse length, discharge pulse length, discharge delay (the nominal discharge 

firing time with respect to the gas pulse), discharge voltage and stabilising filament 
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current. Many of these parameters were co-dependent, creating a large and complex 

parameter space which was optimised simultaneously for the peak incident FM 

signal size and the shot-to-shot discharge stability. 

 

Therefore, BrCN was selected as a suitable precursor molecular for CN(X) radicals 

based on the following criteria:  

1. It contained the CN moiety. 

2. Its vapour pressure was sufficiently high at room temperature and under 

vacuum conditions to prepare gas mixes in the gas handling manifold. 

3. It comprised small discrete molecules (to minimise the creation of fragments 

other than CN, particularly avoiding heavily carbonaceous compounds).  

4. It was convenient and safe enough to handle in the laboratory.  

Other potential precursors which were found to be sub-optimal were ICN, whose 

vapour pressure is approximately 10 times smaller than that of BrCN, and 

acetonitrile (CH3CN), which formed a debilitating quantity of carbonaceous solids in 

the discharge. This therefore ruled out any larger precursors with higher carbon 

fractions. BrCN/He mixes were then prepared accordingly. First, BrCN (Sigma-

Aldrich, 97% pure) was allowed to vapourise at room temperature while under 

vacuum in the gas-handling manifold, filling the stainless-steel bottle to a controlled 

pressure of ~25 Torr as measured by a capacitance diaphragm gauge (Leybold 

Vacuum, CR090, 15921). Helium (BOC gases, CP grade, 99.999% pure) was then 

added to provide an 8 bar mix with 0.4% mole fraction of BrCN. All experiments 

were conducted with a regulated backing pressure of 3 bar. 

 

The workable valve running time was markedly improved by replacing the standard 

polytetrafluoroethylene (PTFE) poppets with those made from polyether ether 

ketone (PEEK). Valve poppets have a finite lifetime; with continued use, the plastic 

material degrades and eventually causes leakage. The degradation rate depends on 

the valve design, repetition rate, poppet material and level of use. When new, 

poppets also require breaking in, i.e. a period of running the valve to wear the 

surface of the poppet slightly. Therefore, there is a sweet spot between the two 

limits where experiments may be conducted without valve maintenance. As PEEK is 
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a harder, more mechanically durable material than PTFE, switching material 

extended the running time from a few weeks to several months.  

 

All other parameters were optimised by monitoring the discharge performance in 

tune-up. The discharge performance was monitored by two independent methods: 

first, a high-voltage probe was used to monitor the electric discharge performance; 

second, an avalanche silicon photomultiplier (SPM) (SensL, MicroFM-10035-X18) 

was positioned to record the light emitted by the plasma during a successful 

discharge strike through a viewport. Assuming stable discharge operation (e.g. 

without arcing) and linear photodiode response without saturation, the SPM signal 

should correlate directly with the produced CN number density, and hence with the 

incident FM signal size. The output of either discharge-stability monitor was 

recorded alongside experiments via channel 3 of the DSO where required.  

 

 

Figure 3.4: (a) Exemplary shot-to-shot raw FM (incident beam, 𝑗 = 0.5) and HV probe signals. The FM traces cover 
the entire x-axis (𝑢𝑝 𝑡𝑜 250 𝜇𝑠) while the HV probe traces (offset below) range from −10 𝜇𝑠 𝑡𝑜 + 20 𝜇𝑠. (b)-(i) 
Zoomed-in versions of the HV probe traces for the individual shots in (a). 
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Ideally, the discharge would be stable across four timeframes: at the shot-to-shot 

limit, over the course of a measurement (~40 minutes), over a working day and in 

the long-term. Example raw shot-to-shot FM lineshapes (incident-beam only, 𝑗 =

0.5) and corresponding HV probe traces, measured with the DSO in sequence mode, 

are provided in Figure 3.4. These demonstrate an unstable discharge with very few 

shots successfully providing an incident CN(X) packet. The blown-up HV probe 

traces in Figure 3.4(b)-(i) highlight the difficulty in using this method to monitor 

stability: the differences between a successful and unsuccessful discharge strike are 

unclear, and incredibly subtle, relying on a keen eye for observing the precise rise-

time and shape across the pulse.  

 

The SPM was therefore the preferred stability-monitoring method. Examples of 

analogous shot-to-shot FM and SPM traces are provided in Figure 3.5, which 

demonstrate the superior discharge-performance monitoring provided by the 

photodiode. In (a), the discharge was largely stable but not perfect: shot 4 partially 

strikes while shot 8 fails completely. Furthermore, larger SPM peaks clearly 

correspond with greater FM signals, while no SPM peak yields no FM signal and 

clearly indicates a failed discharge strike. Figure 3.5(b) shows improved reliability, 

owing to the introduced filament, as all the shots strike successfully. However, (b) 

also shows that SPM peaks above a certain threshold correspond to reduced FM 

signal sizes, indicating that less CN is produced when the discharge operates in this 

fashion. This effect is exhibited more clearly in Figure 3.5(c), which shows the 

inversely correlated SPM and FM signal peak areas for the shots in plot (b). This 

behaviour was observed during tune-up, and consequently the shot-to-shot 

discharge stability was optimised day-to-day via the valve tension. 

 

The best judge of discharge stability over a measurement is the antisymmetry of the 

recorded FM lineshapes. Inconsistent CN number densities during a scan over a 

transition would be observed as varying FM signal sizes at different data 

(frequency) points. An example Doppler profile (incident 𝑗 = 0.5) is provided in 

Figure 3.6. Its clearly antisymmetric lineshape is testament to the discharge stability 

over the course of a measurement and confirms that inconsistent CN(X) production 

was not an issue at the employed level of experimental averaging. 
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Figure 3.5: Exemplary shot-to-shot raw FM (incident beam, 𝑗 = 0.5) and SPM signals with the filament off (a) and 
on (b). The FM traces cover the entire x-axis (𝑢𝑝 𝑡𝑜 250 𝜇𝑠) while the SPM traces (offset below) end at 100 𝜇𝑠. In 
(a) the discharge performs poorly at shot 4 and fails to fire at shot 8. In (b) the discharge always fires, but the FM 
signal correlates negatively with the SPM signal as shown in (c).  

 

Figure 3.6: Example Doppler profile for incident 𝐶𝑁(𝑋2𝛴+), 𝑗 = 0.5. The data (squares) were measured with the 
surface out and are presented with the resulting fit (solid line). The antisymmetric lineshape is testament to the 
stability of the discharge during acquisition. 
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Despite the above measures, it was difficult to sustain ample and consistent CN(X) 

production, particularly in the long term. Introducing the bulkhead and skimmer 

reduced the scattered signal sizes below the signal-to-noise limit. Consequently, the 

experiments reported here were conducted with a free-jet expansion rather than a 

skimmed molecular beam. This maintained adequate CN(X) scattering signal sizes 

for subsequent detection. In this regime, the molecular beam source was positioned 

317 mm from the wheel. Its radius expanded to > 10 cm at the liquid surface 𝑧-

position, as estimated from Doppler lineshape analysis of the incident 𝑗 = 0.5 state 

within the jet. With the free jet operating at 5 Hz, and a liquid surface present, the 

average pressure in the scattering chamber was of order 2 − 5 × 10−5 mbar. In situ 

optimisation of the free jet resulted in the following final discharge parameters. 

Around 100 μs into the gas pulse, the ring electrode was rapidly switched between 

ground and −2 kV in a pulse with a rise time of a few 10s of nanoseconds (see 

Section 2.2.2). This negative high voltage was held for 10 μs before returning to 

ground, thus providing a sharply defined packet of CN radicals (FWHM ≈ 16 μs) 

within the longer (nominally 260 μs) gas pulse. Absorption measurements in the 

experimental probe region confirmed the mean laboratory-frame kinetic energy of 

the packet to be 43.5 kJ mol−1. The previously optimised OD and final CN discharge 

parameters are compared in Table 3.3. 

 

Parameter OD Discharge CN Discharge 

Precursor molecule  D2O BrCN 

Precursor mole fraction in He / % ~3 0.4 

Valve backing pressure / bar 3 3 

Valve repetition rate / Hz 10 5 

Poppet material PTFE PEEK 

Gas pulse length / μs 300 260 

Discharge pulse length / μs 10 10 

Discharge delay / μs 100 100 

Discharge voltage / kV 2(1) 2 

Filament current / A 1.7(1) 2.6 

Incident beam speed / m s−1 1811 1900 

Table 3.3: The optimised OD and CN discharge parameters. (1) Modal values quoted from long-term operation. 
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3.2.2 Probing CN(X) radicals 

CN(X) radicals were probed by NIR-TFMAS via the A2Π − X2Σ+ (2,0) band on the R1 

branch. The probe laser was a tuneable external-cavity diode laser (Sacher, TEC500) 

with a maximum power output of 35 mW. The laser operated in the Littman-Metcalf 

configuration, which is illustrated in Figure 3.7. Adjustments made to the angle of 

mirror M therefore controlled the wavelength tuning, in this case providing a 

wavelength range spanning 778 − 795 nm. The mirror could be manually rotated 

using a conventional threaded actuator for coarse wavelength adjustments, while 

subsequent fine-tuning resulted from applying a control voltage (0 − 10 V) to a 

piezo element on the tip of the actuator, as provided by another 16-bit analogue 

output of the Multifunction I/O device. The laser polarisation was aligned parallel 

with the EOM crystal axis, both of which were vertical in the laboratory frame, via a 

half-wave plate (Thorlabs, AHWP05M-980) and polariser (Thorlabs, GT5-B) pair. A 

broadband EOM (Quantum Technologies, TWAP-10) modulated the laser at 𝜔𝑚 =

400 MHz. As previously noted, the stepsize was maintained at ~𝜔𝑚/4, i.e. ~100 MHz 

here. The exact stepsizes were calculated via the procedure outlined in Section 2.6.2 

using a scanning Fabry-Pérot Interferometer (CVI Technical Optics, FSR = 2 GHz) to 

record étalon traces at each step. 

 

The Herriott cell alignment was based on that reported by Kaur et al. as described 

in Section 2.4.3. [124] The cavity was constructed from Ø2" dielectric mirrors 

(Thorlabs, CM508-100-E03) spaced 40.1 cm apart. These were 99.5% reflective for 

the region 750 − 1100 nm and had a radius of curvature of 20 cm, resulting in 𝑓 =

10 cm. The final spot pattern was parabolic, featuring 14 passes amounting to a total 

path length of 5.6 m (corresponding to ~1.2 m above the liquid surface) and a 

central pattern width (in 𝑧) of ~8 mm. The laser probe geometry is presented 

graphically in Figure 3.8, illustrating (a) the entire cell, (b) the 𝑦𝑧 projection of the 

passes and (c) the beamspot coordinates at the centre (𝑥 = 0) of the cell. Note that 

the 𝑦𝑧 axis ratio is real, thus illustrating the Herriott cell proportions in these 

dimensions, with the caveat that the real-life laser beam diameters are actually ca. 

2 mm. The 𝑥-axis of the Herriott cell was nominally 20 mm from the liquid surface.  
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Figure 3.7: The Littman-Metcalf tuneable external-cavity laser diode design. LD = laser diode, L = lens, DG = 
diffraction grating and M = mirror. 

 

 

Figure 3.8: Graphical representations of (a) the 14-pass NIR Herriott cell geometry; (b) the yz projection of all laser 
passes and (c) yz beam coordinates at the centre of the cell i.e. x = 0. The 𝑦𝑧 ratio is real, though with larger 𝑦 and 
𝑧 scales than that for x. Beamspots on mirrors are labelled from 0 (spot entering cell) to 14 (spot leaving cell); 
beamspots at x = 0 are labelled by their corresponding laser pass e.g. pass 1 is the vector between spots 0 and 2 at 
the mirrors. Beamspot diameters are not to scale; the real-life laser-beam diameters are ca. 2 mm. 
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3.2.3 Detecting CN(X) radicals 

The output laser beam was directed onto a 1 GHz Silicon Optical Photoreceiver (New 

Focus, 1601FS-AC) providing both RF and DC outputs. This enabled a simple way to 

conduct experiments while simultaneously monitoring the laser power as a function 

of wavelength, and hereby normalise the FM signal to mitigate against laser power 

fluctuations. The AC RF signal was demodulated according to the procedure 

described in Section 2.5.2. The I, Q and DC channels were recorded via a 4-channel 

DSO (LeCroy, Waverunner-2 LT264), with a 1 GSample s−1 sampling rate, which was 

controlled via a general-purpose interface bus (GPIB) interface. The total acquisition 

timebase was 500 μs with a time-step of 200 ns, and the I and Q waveforms were 

averaged over 250 shots for each laser wavelength step. Between 60 − 80 

wavelength points were typically recorded for each scan with an average laser step 

size of ~100 MHz. Experimental control and acquisition of the I, Q, DC and Fabry-

Pérot étalon traces was realised with custom-written LabVIEW software as 

discussed in Section 2.5.1. 

3.2.4 Isolating the scattering signal 

Distinguishing incident and scattered signals is much simpler if they are separated 

in time. This requires that the incident CN packet be temporally shorter than the 

minimum round-trip time from the probe region to the surface and back. In these 

experiments, the temporal packet length was determined to a first approximation 

by the discharge pulse length. However, this control was limited: reducing the pulse 

length down to a minimum of 1 μs, from 10 μs, did not significantly improve the 

temporal packet resolution. In this limit, the temporal resolution is instead defined 

by the breadth of the nascent CN speed distribution, which spreads the packet out 

over the flight distance. When optimising the experiment, this effect was taken into 

account and balanced alongside the additional discharge stability gained with longer 

discharge pulse lengths. Consequently, the final FWHM of the incident CN packet, 

and effective time resolution, was ~16 μs. 

 

The incident beam was extracted from the time-varying signals in order to isolate 

the purely surface-scattered data by subtracting surface-in and surface-out 

measurements for each rotational state. Surface-in denotes that the liquid-coated 

wheel was nominally 20 mm from the probe region and available for scattering; 

surface-out indicates it was retracted 10 cm back from the scattering region along 
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the surface normal and that, therefore, only the incident beam was measured. A pair 

of surface-in and surface-out measurements for a particular 𝑗 were bookended by 

surface-out ground rotational level (𝑗 = 0.5) measurements, which were made to 

normalise the Appearance profiles recorded throughout the day for drifts in 

discharge performance and the corresponding CN number-density fluctuations. A 

full dataset for a particular 𝑗 state would therefore take the form: surface-out 𝑗 =

0.5, back-to-back pair of surface-in and surface-out 𝑗, and surface-out 𝑗 = 0.5. The 

final inclusion within the measurement sequence was an element of randomness to 

avoid introducing any systematic errors into the data, either due to the order of 

surface-in vs. out measurements within a back-to-back pair or the overarching order 

of measured rotational levels. For rotational levels where the measured incident-

beam population was negligible (𝑗 ≥ 14.5), subsequent surface-out measurements 

were deemed unnecessary and were therefore omitted. Scattering signals were 

measured for selected even rotational states in the range 𝑗 = 4.5 − 24.5.  

 

The fitting procedure described in Section 2.6.2 was then followed for each 

individual measurement recorded in a dataset. However, the ground-state 

measurements were integrated over the entire Appearance profile to quantify the 

CN available in the incident beam for scattering. Furthermore, it transpired that the 

fitting code assumed an incorrect functional form for the transverse speed 

distributions when fitting the Doppler profiles. This routine was originally written 

to analyse previous experiments in the group, namely the FMS-probed collisional-

energy transfer experiments of bulk, photolytically-generated CN radicals. [91,92] 

In those experiments, composite Doppler profiles were constructed from 

measurements with different photolysis and probe polarisations, in which the 

cylindrically symmetric angular distributions were cancelled, leaving profiles that 

depended purely on the isotropic speed distributions. In contrast, in this work the 

experimental profiles are sampling the transverse projection of a cylindrically 

symmetric velocity distribution. Consequently, the shapes of the speed distributions 

determined by the fitting routine were systematically wrong. Nevertheless, this 

error should not affect the resulting relative populations since all subsequent steps 

were mathematically linear, i.e. the relative areas of the fitted speed distributions 

are correct. Fortunately, this mistake was recognised. To correct the speed 

distributions in time for this thesis, a separate LabVIEW routine was written by Prof. 
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Matt Costen to transform the fitted absorption Doppler lineshapes into transverse 

velocity projections via the Hall and North recursion method described in Chapter 

2. [125] All transverse speed distributions reported in this chapter were thus 

constructed in this manner. 

 

Finally, additional background measurements were made as a precaution, to ensure 

that the observed scattering signals were exclusively from scattering at the surface 

of the liquid-coated wheel, and not from the liquid reservoir. For these experiments 

the wheel assembly was present 20 mm from the probe region as before, but with 

the wheel itself physically removed from the chamber. In this regime, no measurable 

scattering signals were detected, proving that the observed surface-in scattering 

signals arose solely from the presence of the liquid-coated wheel. Illustrative 

Appearance profiles, including surface-in (red) and surface-out (blue) CN(X) 

measurements and their subtraction, the difference profile (black), are shown in 

Figure 3.9. The latter should show scattering only, but has a peak at ~150 μs due to 

gas-phase RET in the incident beam, as explained in further detail in Section 3.3.1. 

Note that the Appearance profiles presented here are measures of the instantaneous 

column density of CN(X) as a function of time. As discussed in Section 2.6.3, the 

Appearance profile structures are reasonably invariant with 𝑗, and therefore the 

derived rotational-state populations are presented without flux-density correction. 

 

 

Figure 3.9: Example Appearance profiles with the surface in (red) and the surface out (blue). The black trace shows 
the difference between these, and therefore shows the scattering signal. The residual peak at ~160 𝜇𝑠 is a product 
of gas-phase scattering as described in Section 3.3.2. 
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3.3 Results 

3.3.1 Characterisation of the incident CN(X2 Σ+) molecular beam 

To the best of our knowledge, the DC electric discharge method applied to generate 

the molecular beam source of CN(X2Σ+) has not been previously reported in the 

literature. To characterise this new method, Appearance profiles were determined 

for even-𝑗 states in the range 0.5 − 14.5; signals for higher states were 

immeasurably small, indicating negligible population, and thereby omitted. Three 

independent measurements were conducted for each 𝑗 state, and errors are 

reported as 1𝜎 standard error of the mean. As evident in Figure 3.10(a), the CN 

column density for each rotational state rises sharply to a narrow peak at ~150 μs 

discharge-probe delay, before declining slowly to zero by ~230 μs. The 𝑗 = 0.5 

profile also exhibits a clear shoulder between ~175 − 185 μs.  

 

For 𝑗 = 0.5, which is by far the dominant rotational state, the 10% to 90% rise time 

is 7 μs. This is comparable to the electric discharge pulse length, providing strong 

evidence that this signal corresponds to the front of the CN(X) packet within the 

incident molecular beam pulse entering the probe region. The Appearance profile 

peaks at 156 μs, which for the valve-probe distance of 29.7 cm indicates an 

incident CN(X) speed of approximately 1900 m s−1 at the peak of the distribution. 

Elsewhere in the group, experiments conducted with the identically-designed 

discharge, optimised for OD radicals from D2O in He, produced a comparable 

molecular beam speed of 1811 m s−1. [49] Both discharge sources exhibit modestly 

quicker velocities than conventional molecular beams, i.e. expansions from room 

temperature reservoirs. The thermodynamic prediction for a 100% He room-

temperature expansion is 𝑐𝑎. 1750 m s−1. [169] This behaviour is consistent with 

additional heating of the gas within the discharge by the applied current. Note that 

the beam reported here has an average laboratory-frame kinetic energy of 

43.5 kJ mol−1 along the 𝑧-axis, as calculated from the entire Appearance profile.  

 

The incident-beam rotational-state distribution is provided in Figure 3.10(b). This 

shows the total 𝑗-state populations, in the 𝑓1 spin-rotation manifold, relative to that 

in the ground 𝑗 = 0.5 state, which is by far the most populous level. Furthermore, 

the population decreases with increasing 𝑗, confirming a substantial degree of 

rotational cooling of the discharge-generated CN within the expansion. The 
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populations were clearly bimodal and therefore fitted to the two-temperature 

Boltzmann distribution introduced in Section 1.2.2, as shown as a logarithmic inset 

plot in Figure 3.10(b). The two-temperature fit equation, reproduced here for 

convenience, is: 

 𝑃(𝑗) = (2𝑗 + 1)𝐶 [(
𝛼

𝑇1
) 𝑒

−
𝐸𝑟𝑜𝑡(𝑗)

𝑘𝐵𝑇1 + (
1 − 𝛼

𝑇2
) 𝑒

−
𝐸𝑟𝑜𝑡(𝑗)

𝑘𝐵𝑇2 ] (3.1) 

Here, 𝑃(𝑗) and 𝐸𝑟𝑜𝑡(𝑗) represent the relative population and rotational energy for a 

given 𝑗 state, respectively. 𝑇1 and 𝑇2 are the fitted temperatures, weighted by the 

factor 𝛼, and 𝐶 is an arbritary overall scaling parameter. The results of the fit, given 

in Table 3.4, demonstrate that the majority (70%) of the incident beam is well 

described by a sub-10 K rotational temperature. The remainder is warmer, but still 

~150 K below room temperature. These results confirm that the new DC-discharge 

method successfully creates a rotationally cold supersonic molecular beam of CN(X) 

radicals, hereby providing a cost-effective alternative to a photolysis or ablation 

laser-based source.  

 

𝑻𝟏 / K 𝑻𝟐 / K 𝜶 

6.0 ± 0.8 127 ± 13 0.70 ± 0.05 

Table 3.4: The values of 𝑇1, 𝑇2 and 𝛼 obtained by fitting the incident beam rotational populations to a two-
temperature Boltzmann fit. Confidence intervals are 1𝜎 standard errors. 

 

 

Figure 3.10: (a) Surface-out Appearance profiles for even 𝑗 states between 0.5 and 14.5. For clarity, the inset shows 
states 6.5 − 14.5 with a smaller y scale. (b) Rotational state distribution of the incident 𝐶𝑁(𝑋) beam from a two-
temperature Boltzmann fit to the measured populations in (a). Black squares = experimental data; red bars = fit. 
The two-temperature fit is displayed in the inset, again with squares as the data and red line as the fit. 
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However, because the molecular beam was operated as a free jet, the Appearance 

profiles do not contain the full information on the molecular beam velocity 

distribution. This is a consequence of the wide angular distribution of the beam, 

which produces a spread of velocities with significant components in the transverse 

(𝑥 and 𝑦) dimensions. To demonstrate this, peak-normalised transverse (𝑥) velocity 

projections for various discharge-probe delay steps across the incident-beam 𝑗 =

0.5 Appearance profiles are provided in Figure 3.11. The selected steps are marked 

on the Appearance profile in Figure 3.11(a), and were 2 μs-wide. At the main signal 

peak, the transverse speed distribution has a HWHM of ~465 m s−1. This is 

consistent with a discrete packet of CN radicals within an overwhelmingly He-based 

free-jet, with the transverse speed distribution defining the cone angle of the 

expanding beam. This widens to ~630 m s−1 by the 50% drop off point, suggesting 

that radicals produced by the discharge at later times follow more divergent paths 

with respect to the 𝑧-axis. The distribution then steadily narrows to a HWHM of 

~420 m s−1 at the shoulder peak, before broadening again to ~670 m s−1 at the tail 

of the packet. It is possible that this late-time structure is due to off-axis shockwaves 

produced in the free-jet expansion, compounded with the complex dynamics of the 

plasma created by the pulsed discharge and the subsequent cooling and 

entrainment of the generated CN packet within the greater gas pulse. It would 

require further study to explore the dominant contributing factors in detail. 

Specifically, additional concerted efforts could be made to produce a working 

skimmed DC-generated CN radical beam which would remove the boundary 

shockwaves.  
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Figure 3.11: Peak-normalised transverse speed distributions from for incident 𝐶𝑁(𝑋) in 𝑗 = 0.5 at various 
discharge-probe delays, which are marked on the incident Appearance profile in (a) using the colours denoted by 
the individual legends. (b) Increasing transverse speeds over 156 𝜇𝑠 to 164 𝜇𝑠. (c) Decreasing transverse speeds 
over 168 𝜇𝑠 to 180 𝜇𝑠. (d) Increasing transverse speeds over 184 𝜇𝑠 to 200 𝜇𝑠.  

 

3.3.2 CN(X) scattering: Appearance profiles 

Appearance profiles provide a means of correlating the incident and scattered 

signals in time with respect to the discharge-probe delay. Representative surface-in, 

surface-out and difference Appearance profiles, as described in Section 3.2.4, are 

provided in Figure 3.12. First, consider the early delay behaviour for 𝑗 = 10.5 in 

Figure 3.12(b): the surface-out profile shows a small signal peaking at 160 μs, which 

is noticeably larger in the surface-in profile. At first glance, it would be natural to 

assume that liquid-surface scattering of CN could explain this behaviour. However, 

the chamber geometry dictates that this peak cannot represent CN radicals 
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scattering back from the liquid surface. It would simply not be possible for incident 

lower-𝑗 state CN to reach the surface and scatter back into the probe region with 

higher 𝑗 within the 160 μs delay period. Given the 1900 m s−1 incident beam speed 

and the minimum probe-surface distance of 20 mm, even the fastest, earliest 

radicals would require 10 μs to reach the surface. Their returning speed must be 

slower: assuming a plausible 1000 m s−1, even these early molecules would need at 

least 30 μs in total for the probe-surface-probe round trip. Given that the early 

difference-profile peak at 150 μs in Figure 3.12(b) is only ~10 μs after the earliest 

incident beam signal, it is impossible for this to be the result of surface scattering.  

 

Figure 3.12: Representative Appearance profiles from surface-in (black squares), surface-out (red circles) 
measurements and their differences (blue triangles), for (a) j = 2.5 and (b) j = 10.5 states scattering from PFPE. 
Selected error bars represent 1𝜎 standard error of the mean of three independent measurements.  

 

Contrast this with the low-𝑗 early time structure shown in Figure 3.12(a), 𝑗 = 2.5. Its 

surface-out profile displays a large sharp signal appearing at 142 μs and peaking at 

154 μs. The equivalent surface-in peak is smaller, resulting in a negative difference 

peak at this delay time. The fact that the difference-profile structure around 150 μs 

may be positive or negative is indicative of subtraction errors. This behaviour is 

characteristic of gas-phase scattering. Recall that the temporally short CN packet 

(FWHM ≅ 16 μs, as defined by the electric discharge) is entrained within a much 

longer gas pulse (beginning 100 μs into the ~250 μs long valve pulse). There is 

sufficient time for the leading edge of this longer pulse, which is predominantly 

composed of helium, to reach the liquid surface and rebound into the incoming CN 

packet. Subsequent inelastic collisions between the He atoms and the highly 

populated low rotational states of CN (𝑗 ≤ 4.5) may then transfer part of this 
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population up to the mid-to-high-𝑗 levels. This phenomenon produces negative 

differences at early times for 𝑗 ≤ 4.5 states as well as increased incident beam 

signals, and hence positive differences, for mid-to-high-𝑗 states. The latter effect 

diminishes with increasing 𝑗, as would be expected for scattering events resulting in 

small Δ𝑗. This rationale is supported by the results of OD scattering at liquid surfaces 

using an OD packet entrained in a longer carrier gas pulse, which demonstrate 

similar behaviour. [49] Furthermore, previous studies of CN(X) scattering with He 

note that inelastic collisions characterised by small Δ𝑗 are strongly forward-

scattered and result in very little translational energy transfer. [91] Therefore, 

although some incident 𝑗-state population redistribution will occur, the incident 

beam speed should remain largely unaffected. These gas-phase scattering effects 

were reduced by triggering the discharge as early as possible and optimising the 

valve-surface distance.  

 

Now consider the delay range from ~176 μs to ~266 μs. Here there is ample time 

for CN to make the round trip from the probe to the surface and back again. Of 

course, no scattering is observed without the surface present, and instead the signal 

decays from the early peak to a non-zero minimum at ~240 μs. This is consistent 

across all 𝑗 states with significant population in the incident beam. For surface-in 

measurements, a broad secondary peak appears, centred around 200 μs. This 

structure is only observed when the liquid surface is present and is therefore the 

direct result of a returning wave of inelastically scattered CN radicals which have re-

entered the probe region. The dependence of this secondary structure on 𝑗 is more 

complicated than for the early peak, as shown by the selected difference Appearance 

profiles in Figure 3.13. There are obvious differences in signal intensities as well as 

breadths and fall-off times. For both surfaces, the relative scattering intensity 

increases with 𝑗 up to 𝑗 = 12.5, whereupon it decreases. The rising edges and peak 

times of the Appearance profiles are very similar regardless of final-𝑗 state. Although 

there are variations in the falling edges, no clear 𝑗-dependent trend is apparent.  

 

For PFPE, the delay between the incident and scattered peaks was ~40 μs. For 

squalane, this delay was ~55 μs, indicating that the longitudinal speeds are slightly 

slower. In both experiments the incident beam speed was 1900 m s−1, the probe-

surface distance 20 mm, and therefore the flight time to the surface ~10 μs. 
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Accordingly, a scattered speed from PFPE may be estimated from the remaining 

30 μs flight time as ~650 m s−1. From squalane, travelling this distance over an 

extra 15 μs gives a scattered speed of ~440 m s−1. The latter is rather close to the 

most probable speed of a thermal distribution at 298 K, which is 436 m s−1, while 

the former is clearly superthermal. The other obvious feature in Figure 3.13 is the 

relative lack of scattering signal from squalane with respect to PFPE. This 

phenomenon is elaborated in discussions of the extracted rotational-state 

populations in Section 3.3.4. 

 

 

Figure 3.13: Appearance profiles for 𝐶𝑁(𝑋2𝛴+) inelastically scattering into selected final 𝑗 states from liquid (a) 
PFPE and (b) squalane surfaces. The profiles are the mean of three independent measurements taken on different 
days with populations normalised relative to the incident ground state. For 𝑗 ≥ 18.5 the surface-in measurements 
are presented; for all other 𝑗 these are surface-in/surface-out differences. Selected error bars are 1𝜎 standard error 
of the mean. 

 

Note that the 266 μs cut-off for scattering was chosen to exclusively consider single-

collision events at the surface. Practically speaking, it is challenging to measure the 

probe volume pressure during data acquisition. However, it is possible to estimate 

the CN collision rate in the experiment. The pressure along a representative pulsed 

molecular beam axis is of order 1 mTorr, and a typical gas kinetic rate constant for 

rotational energy transfer is 107 Torr−1 s−1. Assuming the pressure within the free 

jet is comparable to that of the model beam, the CN would collide with another gas 

particle every 100 μs. If this were truly representative of the experimental 

scattering conditions there would be cause for concern. However, the surface-

scattered gases are expanding into a chamber maintained at an average pressure 

during experiments of ~10−2 mTorr, suggesting that the average probe-region 
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pressure at these times is significantly less than 1 mTorr. As such, the surface-

specific dynamics should not be significantly perturbed by secondary gas-phase 

events. 

 

Late time signals (266 − 300 μs) are characterised by featureless, low-level 

plateaus. Without the surface present, this persisting low-level signal at long delay 

times is consistent with a small percentage of incident CN radicals, either following 

off-axis trajectories and rebounding from the vacuum chamber walls, or resulting 

from sub-optimal CN production in a low gas-density discharge region. The latter 

channel would produce translationally slow (𝑧-axis) radicals that are less efficiently 

cooled in the expansion. The observation of these signals is also a direct 

consequence of operating a free-jet molecular beam rather than a skimmed one. 

When the surface is present the late-time signals no longer confidently represent 

nascent gas-liquid scattering and so cease to be of interest in the context of this 

work. Here, secondary gas-phase collisions are likely to disrupt the surface-specific 

scattered rotational populations.  

3.3.3 CN(X) scattering: Doppler profiles 

The Doppler profiles provide a 1D projection of the scattered CN velocity 

distribution in the transverse (𝑥) dimension. This information may be correlated 

with the Appearance profiles by averaging the Doppler profiles over notable time-

slices of interest. For CN scattering signals these were the rising edge (176.0 −

191.8 μs), peak (192.0 − 223.8 μs) and falling edge (224.0 − 266.0 μs) slices of the 

Appearance profiles. Example absorption and dispersion Doppler lineshapes for 𝑗 =

8.5 scattering from both PFPE and squalane surfaces, with integration over the 

entire scattering delay (176 − 266 μs) are presented in Figure 3.14. These show the 

measurements and associated fits for three individual datasets A, B and C and their 

corresponding averages, demonstrating the goodness of fit to the scattering data.  

  



Chapter 3 – Inelastic scattering of CN radicals from PFPE and squalane 

82 

 

Figure 3.14: Exemplary measured Doppler profiles (circles) and their fits (lines) for 𝐶𝑁(𝑋) scattering into 𝑗 = 8.5 
from both PFPE (LHS) and squalane (RHS) surfaces, integrated over the entire scattering delay (176 − 266 𝜇𝑠). 
These are shown for both the absorption (black) and dispersion (red) lineshapes, for each of the three individual 
normalised measurements A, B and C for each surface, as well as their means, as indicated by the labels on the left. 
Selected error bars shown are 1𝜎 standard error of the mean of these independent measurements. 
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Figure 3.15 shows the experimental Doppler profiles (circles) and corresponding 

fits (solid lines) for representative low-, mid- and high-𝑗 states scattering from PFPE 

and squalane. A simulated thermal 298 K CN lineshape is shown alongside the 

results for comparison. Across all measurements, regardless of final 𝑗 state, time 

window, or surface, the Doppler profiles are significantly wider than the thermal 

lineshape, unambiguously indicating the scattered CN is superthermal in the 𝑥 

direction. This implies that the dominant scattering mechanism is impulsive, and 

there is no significant evidence to suggest a distinct thermalised component in the 

data. No clear trend between the Doppler widths and final 𝑗 state was observed for 

either surface. As illustrated in Figure 3.16, the entire scattered Doppler profiles 

(integrated from 176 − 266 μs) were generally slightly wider for squalane than 

PFPE. 

 

For all 𝑗 states scattering from PFPE with reasonable signal-to-noise, the Doppler 

widths decrease with appearance time, demonstrating that the earliest-detected CN 

radicals have the greatest transverse velocities. Since the first-detected CN must 

inherently be the fastest along the surface normal, this trend is consistent with the 

scattered longitudinal (𝑧) and transverse (𝑥) velocity components being strongly 

correlated. For squalane, the story is similar. Again, all Doppler profiles are wider 

than thermal regardless of 𝑗 or appearance time, suggesting impulsive scattering is 

the principal scattering mechanism. At very high 𝑗, the fits look much closer to 

thermal than for PFPE but the signal-to-noise ratio is much poorer, making any such 

inferences difficult to justify. Across all scattered 𝑗, the differences between the 

profiles at different times are much less pronounced than for PFPE. Generally, the 

rising edge and peak profiles are wider than the falling edge, but in many cases the 

differences are minor. This implies that the transverse and longitudinal speeds are 

less-strongly correlated than for PFPE. 

 



Chapter 3 – Inelastic scattering of CN radicals from PFPE and squalane 

84 

 

Figure 3.15: Normalised Doppler profiles and their fits for selected scattered 𝑗 states of 𝐶𝑁(𝑋) from PFPE (LHS) 
and squalane (RHS) at discharge-probe delay times characterising the rising edge (174.0 − 191.8 𝜇𝑠), peak 
(192.0 − 223.8 𝜇𝑠) and falling edge (224 − 266.0 𝜇𝑠) of the scattered signal. Simulated thermal lineshapes for 
𝐶𝑁(𝑋) at 298 𝐾 are included as solid black lines for reference. Selected error bars shown are 1𝜎 standard error of 
the mean of independent measurements. 
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Figure 3.16: Absorption (LHS) and dispersion (RHS) measured lineshapes (squares) and their associated fits (lines) 
for 𝐶𝑁(𝑋) scattering into selected 𝑗 states from PFPE (black) and squalane (red) surfaces, integrated over the entire 
scattering delay (176 − 266 𝜇𝑠). Selected error bars shown are 1𝜎 standard error of the mean of independent 
measurements. 

 

Transverse speed distributions were extracted from the Doppler fits as described in 

Section 3.2.4. These inherently contain the same information present in the Doppler 

profiles, but in a more convenient form that facilitates comparison between final-𝑗 

states, liquid surface and Appearance profile integration time, i.e. the rising edge, 

peak and falling edge. Figure 3.17 exhibits peak-normalised transverse speed 
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distributions for a representative rotational state (𝑗 = 10.5) for both surfaces as a 

function of discharge-probe delay slices, alongside reference 298 K thermal curves, 

whose most probable speed is 436 m s−1. For PFPE, the distributions are clearly 

wider, and therefore hotter, such that rising edge > peak > falling edge. A similar 

trend is generally seen in the squalane data, only there is much less difference 

between the rising edge and peak times. The general trend is that, regardless of 𝑗, 

the distributions narrow across the scattered Appearance profile structure but 

remain superthermal, supporting the conclusion that the scattered CN(X) is 

translationally hot perpendicular to the surface, and even more so at early detection 

times. This may also be seen in Figure 3.18, which shows peak-normalised 

distributions for all final 𝑗 states for the selected discharge-probe delays. Relative to 

PFPE, the squalane distributions demonstrate preferentially hotter scattered CN(X) 

at low 𝑗 for earlier times. However, otherwise there is no clear 𝑗-dependent trend in 

the data. 

 

 

Figure 3.17: Peak-normalised transverse velocity projections for CN(𝑋) scattering into 𝑗 = 10.5 from (a) PFPE and 
(b) squalane for the rising edge (red), peak (green) and falling edge (blue) time slices of the associated Appearance 
profiles. A thermal (298 𝐾) distribution is shown for comparison in black. 
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Figure 3.18: Peak-normalised transverse velocity projections for CN(𝑋) scattering into various final-𝑗 states (see 
legend) from PFPE (left) and squalane (right) for the rising edge (top), peak (middle) and falling edge (bottom) 
time slices of the associated Appearance profiles. A thermal (298 𝐾) distribution is shown for comparison in black. 
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3.3.4 Global populations 

The relative scattered rotational populations were calculated by integrating the 

Appearance profiles over the 176 − 266 μs delay period and normalising to the 

incident 𝑗 = 0.5 state. Signals later than 266 μs were omitted to ensure that 

secondary gas-phase collisions did not contribute to the final rotational state 

distributions. One- and two-temperature fits were trialled for both surfaces as 

shown in Figure 3.19. The resulting linear and two-temperature fit parameters are 

presented in Table 3.5 and Table 3.6 respectively. For both surfaces, the scattered 

rotational populations fit reasonably well to a one-temperature model, producing 

rotational temperatures 𝑇𝑅(PFPE) = 1035 ± 100 K and 𝑇𝑅(squalane) = 720 ±

120 K. However, the Boltzmann plot for squalane clearly shows a possible outlier 

point for 𝑗 = 14.5, where the measured population is much lower than that 

suggested by the rest of the data. No specific reason was apparent in the raw data or 

fits. However, a further fit was made with this point excluded (Figure 3.19(d)). This 

improved the 𝑅2 value, and reduced the errors in the gradient and intercept by 

around a factor of three, but did not affect 𝑇𝑅 within the precision limits. Similarly, 

the PFPE plot in Figure 3.19(a) has an outlier at 𝑗 = 24.5. This data point already 

comprised only two measurements, the third being excluded due to the poor quality 

of the Appearance profile. It’s likely that the signal-to-noise constrained accurate 

measurement of the limited population for this high-𝑗 state. Thus, the point was also 

excluded and a further linear fit performed (Figure 3.19(c)).  

 

Parameter 
PFPE 

(𝐚𝐥𝐥 𝐝𝐚𝐭𝐚) 

PFPE  

(−𝒋 = 𝟐𝟒. 𝟓) 

Squalane  

(𝐚𝐥𝐥 𝐝𝐚𝐭𝐚) 

Squalane  

 (−𝒋 = 𝟏𝟒. 𝟓) 

R2 0.93415 0.9738 0.83679 0.98222 

𝑚 / 10−3 cm −1.39 ± 0.14 −2.35 ± 0.16 −2.00 ± 0.33 −2.01 ± 0.11 

𝑐 −6.11 ± 0.06 −5.82 ± 0.06 −7.31 ± 0.18 −7.20 ± 0.06 

𝑇𝑅 / K 1035 ± 100 610 ± 40 720 ± 120 720 ± 40 

𝑓𝑅 0.20 ± 0.02 0.12 ± 0.01 0.14 ± 0.02 0.14 ± 0.01 

Table 3.5: Parameters relating to the single-temperature Boltzmann plots of 𝐶𝑁(𝑋) rotational distributions 
scattered from PFPE and squalane. Two different fits for each liquid are provided: one with all data included, and 
the other with the outlying points at 𝑗 = 24.5 (PFPE) or 𝑗 = 14.5 (squalane) excluded. Confidence intervals are 1𝜎 
standard errors. 𝑚 = gradient, 𝑐 = 𝑦-intercept. 
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Parameter 
PFPE 

(𝐚𝐥𝐥 𝐝𝐚𝐭𝐚) 

PFPE 

(−𝒋 = 𝟐𝟒. 𝟓) 

Squalane  

(𝐚𝐥𝐥 𝐝𝐚𝐭𝐚) 

Squalane  

 (−𝒋 = 𝟏𝟒. 𝟓) 

R2 0.96024 0.97541 0.86785 0.98223 

𝑇1 / K 298 ± 0 298 ± 0 298 ± 0 298 ± 0 

𝑇2 / K 2670 ± 2300 720 ± 260 1580 ± 1750 720 ± 130 

𝛼 0.28 ± 0.07 0.15 ± 0.23 0.33 ± 0.13 0.01 ± 0.18 

C 2.90 ± 1.11 1.86 ± 0.14 0.56 ± 0.18 0.54 ± 0.03 

Table 3.6: Parameters from the two-temperature Boltzmann plots for 𝐶𝑁(𝑋) scattering from PFPE and squalane. 
Two different fits for each liquid are provided: one with all data included, and the other with the outlying points at 
𝑗 = 24.5 (PFPE) or 𝑗 = 14.5 (squalane) excluded. Confidence intervals are 1𝜎 standard errors.  

 

 

Figure 3.19: Boltzmann plots for 𝐶𝑁(𝑋2𝛴+) scattering from PFPE and squalane surfaces and their associated one- 
and two-temperature fits. Error bars are 1𝜎 standard errors. (a) PFPE: all data, (b) squalane: all data, (c) PFPE: 
point 𝑗 = 24.5 excluded and (d) squalane: point 𝑗 = 14.5 excluded. 
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Without excluding any data points, the two-temperature fits failed to converge 

(𝜒2 tolerance = 10−9) when all four parameters (𝑇1, 𝑇2, 𝛼 and the scaling parameter 

𝐶) were allowed to float. The fits were successful when 𝑇1 was fixed at 298 K, 

representing a potential TD scattering fraction characterised by the liquid surface 

temperature. Fitting to all of the squalane data resulted in a substantial TD fraction 

(𝛼 = 0.33) but an essentially non-determined T2. A second two-temperature fit to 

the squalane data was trialled with the 𝑗 = 14.5 point excluded. This resulted in 

effectively a single-temperature fit, with no TD component (𝛼 = 0.01) and 𝑇2 =

720 K, consistent with the single temperature fit previously described. Similarly, a 

2-𝑇 fit to the complete PFPE data set resulted in a high T2 with very large errors. 

When the 𝑗 = 24.5 point was excluded, only ~15% of the distribution was described 

as TD, and a lower superthermal temperature was determined (𝑇2 = 720 ± 260 K), 

albeit still with significant error bars.  

 

The single-temperature Boltzmann plots for CN(X) scattering from PFPE and 

squalane are compared in Figure 3.20. Plots (a) and (c) were for the all data and 

outlying points excluded scenarios, where the latter indicates the identified outlier 

points for each liquid have been excluded. Rotational state populations were 

simulated using the rotational temperatures extracted from the linear fits and 

normalised to the measured sum of the experimentally observed levels. Figure 

3.20(b) and (c) show the comparison between measured and simulated populations 

for both surfaces, again for all data and outlying points excluded scenarios 

respectively. These simulated populations were used to calculate the relative 

survival probabilities for CN(X) scattering from squalane, where PFPE was assumed 

to be inert. Populations for both surfaces were simulated for 𝑗-states up to 𝑗 = 80.5, 

where the population was negligible. The survival probability (𝜎) was therefore the 

total population ratio over these states for squalane relative to PFPE. When all the 

data points were used in this calculation, the CN(X) surviving fraction was 𝜎𝑎𝑙𝑙 =

(21 ± 4)%. Excluding the outlier squalane 𝑗 = 14.5 and PFPE 𝑗 = 24.5 points 

increased this to 𝜎𝑒𝑥𝑐𝑙. = (32 ± 3)%.  
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Figure 3.20: (a) Compared single-𝑇 Boltzmann plots for 𝐶𝑁(𝑋) scattering from PFPE and squalane. (b) Scattered 
𝑗state populations relative to the incident 𝑗 = 0.5 level for the same measured populations. These are compared 
with simulated distributions based on 𝑇𝑅(𝑃𝐹𝑃𝐸) and 𝑇𝑅(𝑠𝑞𝑢𝑎𝑙𝑎𝑛𝑒) determined from the fits in (a). All error bars 
are 1𝜎 standard error of the mean of independent measurements. (c) and (d) are equivalent to (a) and (b) 
respectively, but with the outlier points removed as discussed in the text. See separate legends for plot pairs (a) and 
(c), and (b) and (d), respectively. 

 

Finally, the rotational temperatures from the single-temperature Boltzmann fit 

were multiplied by the ideal gas constant (𝑅) and divided by the incident kinetic 

energy in the molecular beam to approximate the fraction of the available energy 

converted into rotation of the scattered products upon collision with the surface, 𝑓𝑅 . 

In the all data scenario, the values are 𝑓𝑅(PFPE) = 0.20 ± 0.2 and 𝑓𝑅(squalane) =

0.14 ± 0.02 respectively; in the outlying points excluded case these are 𝑓𝑅(PFPE) =

0.12 ± 0.01 and 𝑓𝑅(squalane) = 0.14 ± 0.01. These are also tabulated in Table 3.5. 
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3.4 Discussion 

3.4.1 The CN(X) free jet 

The free jet used in these experiments reports the first supersonic expansion of 

CN(X) radicals produced in situ via a pulsed, DC electric discharge. The rotational 

distribution of the resulting radicals was probed by NIR-TFMAS and fit to a two-

temperature Boltzmann distribution (Figure 3.10), thus quantifying the beam-

cooling efficiency: the incident radicals belonged predominantly (70 ± 5%) to an 

extremely cold fraction characterised by 𝑇1 = 6.0 ± 0.8 K. The remainder was 

hotter, but still subthermal, with 𝑇2 = 127 ± 13 K. Population in 𝑗 ≥ 14.5 was 

therefore negligible, and the dominant initial state was 𝑗 = 0.5, whose surface-out 

Appearance profile displayed the presence of a shoulder peak at later times. The 

corresponding transverse speed distributions across this structure (Figure 3.11) 

illustrate the varying relationship of 𝑥-axis speed and discharge-probe delay, which 

is a likely consequence of complex discharge behaviour. These show conclusively 

that the tail of the profile has larger transverse velocity components. This evidence, 

along with the minor rotationally hot fraction, is consistent with the discharge 

striking in low-pressure gas regions. This fraction of the generated CN(X) would be 

less-well entrained in the expansion, and its nascent energy distribution less-

efficiently channelled into translation along 𝑧, thus leaving significant fractions of 

energy to molecular rotation and transverse motion.  

 

The resulting beam speed was estimated to be 1900 m s−1, and, from analysis of the 

𝑗 = 0.5 Appearance profile, the mean laboratory-frame kinetic energy as 

43.5 kJ mol−1. The molecular-beam quality could be improved by introducing a 

skimmer, which would curtail the hotter rotational and transverse-velocity 

components from entering the probe region. This was trialled, but the scattered 

signals were truncated to immeasurable levels. Ideally, the signal-to-noise would be 

improved and this attempted again. There is room for the discharge performance to 

be optimised further for greater and more consistent radical production, which 

would produce larger signals. The discharge did, however, ensure good temporal 

resolution, with the FHWM of the incident packet measured to be ~16 μs. 
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3.4.2 General scattering trends 

As introduced in Chapter 1, surface scattering is commonly analysed in terms of two 

limiting mechanisms, IS and TD. In instances where there is a clear binary divide, a 

TD fraction may easily be fit to a Maxwell-Boltzmann distribution characterised by 

𝑇𝑙, and the remainder is assigned as IS. However, there was no obvious bimodality 

in the Appearance profile structures, nor in transverse speed distributions, that 

would justify assigning a specific TD component. The Appearance profiles, 

comprising a single peak, were very similar in shape, regardless of final 𝑗 state. As 

shown in Figures 3.15, 3.16, 3.17 and 3.18, the Doppler lineshapes and transverse 

distributions are substantially broader than thermal, indicating superthermal 

transverse speeds regardless of liquid surface. Generally, the profiles were broadest 

for the rising edge of the scattered peak, becoming narrower at later delays, as 

consistent with correlation of the longitudinal and transverse speeds. This 

correlation is consistent with an IS mechanism: the particles arriving earliest are 

inherently faster in all directions. The free-jet geometry also enables impulsively 

scattered trajectories to have larger transverse speed components, via the available 

range of incident and final scattering angles.  

 

Now consider the rotational-state distributions presented in Figure 3.20. The 

scattered distribution from each surface was reasonably well described by a single, 

superthermal Boltzmann fit. Since fitting to two temperatures with the colder one 

fixed at 𝑇𝑙 = 298 K did not improve the fits and actually introduced large errors to 

the temperatures, the single-temperature fits are considered better representations 

of the scattering dynamics. For the all data scenario, the single-Boltzmann fits 

produced 𝑇𝑅(PFPE) = 1035 ± 100 K and 𝑇𝑅(squalane) = 720 ± 120 K. The fits 

were markedly improved by removing the apparent outlying points at 𝑗 = 24.5 

(PFPE) and 𝑗 = 14.5 (squalane). Although there is no obvious experimental reason 

why this data should be poorer quality, its exclusion significantly reduced the error 

in the rotational temperatures. Excluding the outlier points, at 𝑗 = 24.5 and 𝑗 = 14.5 

from the PFPE and squalane datasets respectively, altered these rotational 

temperatures to 𝑇𝑅(PFPE) = 610 ± 40 K and 𝑇𝑅(squalane) = 720 ± 40 K. With the 

outlying points excluded, the corresponding fractions of the incident kinetic energy 

converted to rotation due to scattering with PFPE and squalane surfaces were 

𝑓𝑅(PFPE) = 0.12 ± 0.01 and 𝑓𝑅(squalane) = 0.14 ± 0.01 respectively. These results 
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indicate that at most a modest TD fraction is present in the data, and support the 

conclusion that the scattering is overwhelmingly impulsive. 

 

The lack of a discrete TD component echoes the results of OD inelastic scattering 

from PFPE. [50] However, several other gas-liquid scattering experiments, notably 

CO2 and NO scattering from PFPE conducted by the Nesbitt group, have successfully 

assigned specific IS and TD components to their translational and rotational 

distributions. [41–43,45,170–172] This disparity is as yet unexplained, although it 

is notable that all of the species in which TD components have been observed are 

stable, rather than reactive radicals. Further experiments would help clarify this 

issue. An obvious next step would be to improve the molecular-beam quality by 

skimming and collimation, which would narrow the incident transverse speed 

distribution and further limit the populated rotational levels. This would require 

improvements to the signal-to-noise to be made in tandem to provide adequate 

signal sizes with a skimmed beam. Subsequently, experiments at different surface 

temperatures and/or incident kinetic energies would confirm or deny the existence 

of a discrete thermalised component to the CN(X) scattering for both surfaces.  

3.4.3 Relative survival probabilities 

The survival probabilities for CN(X) radicals scattering from squalane relative to 

PFPE were calculated from the fitted rotational populations in Section 3.3.4. 

Considering all squalane data, the survival probability was 𝜎𝑎𝑙𝑙 = 21 ± 4%. 

Excluding the outlier data points, this increased accordingly to 𝜎𝑒𝑥𝑐𝑙. = 32 ± 3%. 

This suggests that the overwhelming majority of the incident CN is lost at the 

squalane surface. Given the large exothermicity of reaction R2, it is highly probable 

that reaction to form HCN is the primary loss channel. It is theoretically possible that 

for N-ended collisions the alternative hydrogen abstraction reaction occurs: 

 CN(X2Σ+) + RH → HNC(𝑣1𝑣2𝑣3) + R R3 

However, the C-terminal of CN is more reactive, and reaction barriers at the N-

terminal ~21 kJ mol−1 higher for various RH. The R2 reaction pathway has been 

shown to dominate at low-to-moderate temperatures for RH = H2, CH4, with R3 

becoming more significant at 𝑇 > 350 K, [154] and is therefore much more likely.  
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3.4.4 Effect of the liquid on the dynamics 

From the estimated scattered 𝑧-axis speeds, it is possible that a larger thermalised 

component is present for squalane relative to PFPE, though within the experimental 

signal-to-noise ratio there is no strong evidence for assigning a specific TD fraction 

to either distribution. This would be consistent with previous results, which indicate 

squalane is microscopically soft and rough and therefore favours thermalisation 

relative to PFPE. However, as a result of geometrical and temporal blurring the 

Appearance profiles are not true ToF profiles, and so caution is required before 

attributing concrete meaning to these speeds. There are various effects that cannot 

be disentangled: the Appearance profiles are strongly convoluted by the incident 

radical packet length, which is similar to the scattered flight time; both the incident 

and return signals are convoluted with the ~8 mm 𝑧-width of the Herriott cell 

geometry; and, as described schematically in Figure 2.10, a wide variety of 

scattering angles and flight paths are possible since the rebounding CN(X) may 

originate from anywhere on the exposed portion of the wheel and be detected 

anywhere along any of the Herriott cell laser passes. Monte-Carlo simulations are 

better-suited to addressing these effects and further speculation is left to Chapter 5. 

 

The Doppler profiles and transverse speed distributions for CN(X) scattering from 

squalane were consistently slightly wider than those for PFPE. This could be 

attributed to the comparative roughness of the hydrocarbon surface, which would 

promote a less-specular scattering distribution. Furthermore, the squalane profiles 

for the rising edge and peak delay times were similar, and both broader with respect 

to the thermal profile and the falling edge, whereas the PFPE data showed a clearer 

correlation between the scattered longitudinal and transverse speeds. There was 

also a preference for low-𝑗 states scattering from squalane to have hotter transverse 

distributions relative to PFPE. These trends could have mechanistic roots. Given the 

low survival probability, there is an implication that the CN most likely to survive an 

encounter with the potentially reactive hydrocarbon surface is that which rebounds 

the fastest i.e. via an impulsive interaction. In other words, the CN which is more 

accommodated at the surface is more likely to react. TD distributions are more likely 

to be observed at lower 𝑗; therefore, the absence of these trajectories could be 

ascribed to the invisible reactive channel. 
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When examining the differences in 𝑇𝑅 , the outlying points excluded fits may be 

considered better representations of the gas-liquid scattering. Under this 

assumption, scattering from squalane produced a hotter rotational temperature. 

This supports the above idea that IS trajectories are more likely to survive an 

encounter with the potentially reactive hydrocarbon. However, the temperatures 

were not drastically different, especially considering the errors. Ergo, there could be 

a balancing act between the usual result, where scattering from PFPE produces a 

higher rotational temperature as the stiffer surface favours impulsive scattering, 

and the above hypothesis. One final interpretation is possible, though it is less likely: 

assuming that the 𝑗 = 24.5 data point in the Boltzmann plot was real, then perhaps 

further measurements at higher 𝑗 would indicate that the PFPE scattering was 

indeed bimodal. However, further speculation beyond this is futile without 

additional measurements.  

 

Pertinent future work, alongside the aforementioned improvements to the 

molecular beam, would be to investigate reactive CN(X) scattering to form HCN at 

the surface. As HCN is closed-shell molecule, TFMAS is an obvious probe choice over 

LIF or REMPI. However, the NIR range used here is unsuitable, requiring ~3.3 μm to 

probe the C–H stretch. Building such a MIR-TFMAS probe suitable for this purpose, 

amongst others, is the subject of the next chapter. Monte-Carlo simulations of the 

experiment are discussed in Chapter 5, with the goal of providing further insight 

into the scattering mechanisms. Specifically, these aim to investigate whether a TD 

fraction really exists in the data, and the validity of the assumption that PFPE 

provided a purely inert surface with 𝜎 ≈ 100%. 

 

3.5 Summary 

 

1. A new methodology for producing a pulsed supersonic source of 

rovibrationally cold CN(X2Σ+) radicals has been developed. This DC electric 

discharge source was then applied in situ to gas-liquid scattering 

experiments with PFPE and squalane. 

2. As determined from both the rotational and transverse speed distributions, 

the mechanism for rotationally inelastic CN(X2Σ+) scattering with PFPE and 

squalane was predominantly impulsive. A thermalized scattering component 
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could not be confirmed within the signal-to-noise ratio. The scattered 

rotational distributions from PFPE and squalane are characterised by 𝑇𝑅 =

610 ± 40 K and 𝑇𝑅 = 720 ± 40 K respectively. 

3. For the respective PFPE and squalane surfaces, rotational energy transfer in 

CN(X2Σ+) accounted for approximately 12 ± 1% and 14 ± 1% of the 

available kinetic energy. A similar quantity is converted into CN(X2Σ+) 

translation and the remainder lost to the surface. 

4. The upper limit on the survival probability for CN(X2Σ+) scattering from 

squalane (relative to PFPE) is 32 ± 3%. A major, unobserved loss channel is 

the H-abstraction reaction forming HCN, which could explain the preference 

for hotter transverse distributions for CN(X2Σ+) scattering with low 𝑗 from 

the potentially reactive hydrocarbon.  

5. These experiments demonstrate the first instance of gas-liquid scattering 

probed by Transient Frequency Modulation Absorption Spectroscopy. The 

technique is sensitive, effective and has enormous potential in the field for 

application to various other gas-liquid scattering systems.  
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Chapter 4 – Development and optimisation of a new TFMAS probe 

in the MIR 

4.1 Introduction 

The results presented in Chapter 3 describe purely the inelastic interactions of the 

He-seeded CN(X2Σ+) radicals with liquid PFPE and squalane surfaces. Although 

these do not chemically change the system, they are responsible for energy transfer 

between projectile and surface and thus a redistribution of the internal quantum 

states of the colliding CN(X) radicals. However, the experiments conducted with a 

squalane liquid surface and NIR probe were unable to detect the simultaneously 

available reactive channel (R2) which produces the stable triatomic hydrogen 

cyanide. Without thorough characterisation of this scattering mechanism the full 

dynamical picture remains incomplete. This presents a common problem 

encountered by experimentalists. For example, other studies from our group detect 

inelastic OH/D scattering from squalane and squalene via LIF, but cannot observe 

the reactive channel producing water. [49,50] Similarly, secondary reactions of 

O( P 
3 ) and O( D 

1 ) with squalane, which initially form OH via H abstraction, are also 

invisible to LIF.  

 

Typically, the generated product from a radical reacting at a liquid surface will be a 

stable, closed-shell molecule. As such, techniques such as LIF and REMPI are often 

unsuitable for their detection. Many stable molecules do not have attainable higher 

states from which they may fluoresce, or experimentally accessible REMPI schemes. 

Of course, it is possible to produce an open-shell species during a chemical reaction, 

and these instances allow the possibilities of LIF or REMPI detection. For example, 

O( P 
3 ) + squalane → OH/D(X2Π) was observed via LIF by the McKendrick group 

(see Section 1.2.3 for details). [24,35,74,76,164,173–176] 

 

As discussed in Chapter 1, ToF-MS techniques provide survival probabilities and 

translational energies without being limited by the chemical nature of the scattered 

products. If the mass spectrometers are rotatable, the angular scattering 

distribution may also be measured. This method has been used to study a variety of 

reactive systems, most notably by the Minton group. Reactive systems with available 
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H-abstraction channels are the most common, including O( P 
3 ) + squalane, [82] 

Cl( P 
2 ) + squalane, [36] and F with the common ionic liquid [C4mim][Tf2N]. [177] 

Although these experiments provide excellent velocity measurements, the MS 

technique is inherently unable to afford the quantum-state information that 

narrowband spectroscopic techniques provide as the state-of-the-art.  

 

Eliminating unsuitable techniques singles out absorption spectroscopy methods, 

which fulfil these twinned conditions of quantum-state resolution and applicability 

to closed-shell species. As described in Sections 1.2.2 and 3.1, dual-detection IR-

absorption spectroscopy has been used by the Nesbitt group to study inelastic 

CO2 [41–45,170,178] and CO [40] scattering, and the reactively produced diatomic, 

HF, from F( P 
2 ) + squalane. [77,78] To this end, the principal aim of this chapter was 

to develop a MIR-TFMAS probe to complement the NIR equivalent employed in 

Chapter 3. This would provide a means of detecting a variety of stable closed-shell 

molecules scattering from liquid surfaces. Any species, whether inelastically or 

reactively scattered, containing a C–H, O–H/D or N–H bond would be accessible. For 

example, one pertinent use of a MIR-TFMAS probe would be to complete the 

dynamical picture of the CN(X) + squalane system. The focus of this chapter is 

initially on the design specifications and optimisation process of this apparatus, and 

subsequently on the results from characterising and testing the probe, with 

emphasis on its potential and scope for future application.  

4.1.1 CW-MIR laser radiation sources 

In the literature, the MIR spectral region has many definitions across the 2 − 50 μm 

spectrum. The International Organization for Standardization (ISO) has it formally 

defined as 3 − 50 μm, [179] though something around the 2 − 10 μm range is more 

commonly cited. Numerous CW MIR sources have been developed in recent decades 

and fall into two categories: these may be produced directly as lasers or via 

nonlinear frequency conversion processes. There are various sub-groups of MIR 

laser, each with their own characteristic specifications. These include: CO and CO2 

lasers, colour-centre lasers, diode lasers, quantum cascade lasers (QCL), fibre lasers, 

and interband cascade lasers (ICL). The most common nonlinear frequency 

conversion processes used to produce coherent MIR radiation are optical 

parametric oscillation (OPO) or amplification (OPA) and difference frequency 

generation (DFG). 
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CO2 lasers span 9 − 12 μm with principal bands centred at either 9.6 or 10.6 μm, 

though these can be tuned by adjusting the carbon and oxygen isotopic ratios in the 

gas mix. They may be operated in CW-mode at very high powers (up to hundreds of 

kW) and are therefore regularly used as precision engineering tools to cut, weld or 

engrave materials, and have even replaced scalpels in soft-tissue surgery. Their 

relative lack of wavelength tunability makes them generally less common in 

spectroscopic applications, bar photoacoustic spectroscopy, where they have been 

used extensively as trace-gas detectors. For example, they have been recently used 

to detect biomarkers such as acetone in the breath of lung cancer patients. [180] CO 

lasers are of interest in similar applications, as their lasing efficiency is theoretically 

twice that of CO2 lasers and they emit in the 5 − 6 μm range. [181] Although they 

are now commercially available, their development has lagged due to practical 

issues: cooling was required to achieve high powers and efficiencies, and their 

operation lifetimes were short. 

 

Historically, there were some commercially available, optically pumped solid-state 

lasers, e.g. colour-centre lasers, which have even seen application to gas-liquid 

scattering dynamics, [78] but these are no longer available. Research into new solid-

state lasers is ongoing; different substrates and lasing media are trialled and 

reported in the literature of this budding field. However, this technology has not 

been sufficiently developed for commercial enterprise, and no such MIR lasers are 

available to buy. 

 

Diode lasers are ubiquitous as NIR lasers, and advancements over the last two 

decades have extended this technology to cover 3 − 30 μm. In fact, the earliest MIR 

lasers were lead-salt diode lasers, which have been available for over two decades 

and have also been applied to gas-liquid scattering dynamics. [42] As essential for 

their long wavelength output, their bandgap energies are small, which has the 

unfortunate side-effect of carrier excitation at room temperature. Therefore, 

cryogenic cooling of the diode is necessary. Furthermore, their typical power 

outputs are low (of order 1 mW), they are difficult to tune and experience frequent 

mode-hops. Consequently, they have largely been superseded by other laser 

technologies, such as QCLs.  
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QCLs are a special variant of semiconductor lasers which exploit inter-subband 

transitions as opposed to the more usual interband transitions. They were first 

invented in 1994 [182] and are now widely available to buy. [183–186] Historically 

they required cryogenic cooling, and still do to produce optimal, watt-level powers. 

At the current state-of-the-art, room-temperature QCLs produce several-milliwatt 

CW beams with ~1 MHz linewidths and 10 cm−1 tunability around a chosen design 

wavelength in the 4.3 − 9.5 μm MIR region. Their narrow linewidths make them 

well suited to absorption spectroscopy, with common application to trace-gas 

sensing in atmospheric and medical fields. [187–190] Interband cascade lasers are 

a similar class of semiconductor laser which exploit transitions between the 

conduction and valence bands to produce MIR over ~3 − 5.5 μm. Their 

development is of interest as they have lower threshold powers than QCLs. [191] 

ICLs are also available to buy, but are currently less common than 

QCLs. [185,192,193]  

 

Progress in MIR fibre laser technology has also seen significant breakthrough in 

recent years, as spurred on by the development of MIR-compatible fibres, which act 

as the laser gain material. Both CW and pulsed fibre lasers are on the market, [194–

196] and are the subject of ongoing research and innovation. [197,198] The fibre 

gain medium geometry is advantageous as it facilitates laser beam alignment, and is 

more efficiently cooled allowing operation at high powers (tens of watts) without 

experiencing damage. However, the current materials limit the output to shorter 

wavelengths, covering ~1.6 − 3.5 μm. 

 

Evidently, these direct MIR lasers are often fraught with practical drawbacks or 

limitations, making nonlinear conversion sources of MIR attractive to both academia 

and industry. These typically take advantage of robust NIR laser technologies and 

precisely engineered quasi-phase matched nonlinear materials. MIR may be 

produced either by optical parametric oscillation (OPO) or difference frequency 

generation (DFG). Quasi-phase matching is discussed extensively in Section 4.2.4. 

For the purposes of this section, it suffices to note that this provides the necessary 

conditions within the nonlinear material for efficient frequency conversion, and that 

these conditions are often fine-tuned via a temperature-controlled oven.  
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The premise of OPO is the exploitation of optical gain from parametric amplification 

within a nonlinear medium. OPOs essentially comprise a pump laser, an optical 

resonator and a nonlinear crystal. Two output waves are produced, via a second-

order nonlinear interaction, whose frequencies sum to that of the input. The outputs 

are conventionally known as the signal and idler, where the former term refers to 

the higher-frequency wave. The resonator typically has an out-coupling optic that 

partially transmits the desired output, and the cavity is usually resonant with either 

the signal or idler. The interaction of all three waves in the crystal serves to amplify 

the signal and idler waves present while simultaneously deamplifying the pump; for 

every pump photon converted, a pair of signal and idler photons is produced. Widely 

tuneable MIR at watt-level powers can therefore be accessed via tuneable NIR pump 

sources, allowing OPOs to compete with more conventional MIR lasers. OPOs may 

be used to produce pulsed and CW MIR radiation, with ~1 − 5 μm wavelengths 

accessible in the latter case. [199]  

 

Packages involving either OPO or DFG conversion techniques for MIR production 

have seen limited commercial application due to the inherent expense and 

complexity of the multiple components. Some companies are beginning to offer 

mixing modules that may be combined with commercial laser sources as well as 

integrated systems including the pump laser(s), nonlinear medium and associated 

temperature control. [200–203] However, given the cost it is still common practice 

to buy the parts separately and construct the assembly in-house, and various 

designs of OPO- and DFG-based MIR sources with potential in many spectroscopic 

applications have been reported in the literature. [97,199,202,204–209] Since 

quasi-phase matched DFG was the methodology was applied here, the underlying 

principles of both DFG and quasi-phase matching are discussed in greater detail in 

Sections 4.2.3 and 4.2.4 respectively. 

4.1.2 Spectroscopy of the ν3 band of CH4 

Methane belongs to the highly symmetric tetrahedral point group, 𝑇𝑑, whose 

character table is provided in Table 4.1. The configuration for the ground state of 

CH4 is (1a1)2(2a1)2(1t2)6, giving rise to 𝐴1 
1  character for this state. For transitions 

from 𝑣 = 0 to 𝑣 = 1, the symmetries of the upper and lower vibrational states must 

be considered to know which transitions are allowed. The ground vibrational state 

must have 𝐴1 symmetry. For the first excited state, the symmetry depends on the 
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active vibrational mode. As a nonlinear pentatomic, methane has 9 vibrational 

degrees of freedom. Degeneracy reduces this to four normal modes, which are 

detailed in Table 4.2 and illustrated visually in Figure 4.1. By inspection of the 

character table (Table 4.1) it becomes clear that only 𝑇2 − 𝐴1 vibrational transitions 

are allowed, as the translation operators 𝑥, 𝑦 and 𝑧 transform as 𝑇2, and the direct 

product of this irreducible representation with that of the ground state is 𝐴1 × 𝑇2 =

𝑇2. Therefore, the symmetric stretch (𝜈1) and bend (𝜈2) modes are not IR active, as 

the dipole moment 𝜇 remains unchanged during the motions, but the asymmetric 

equivalents (𝜈3, 𝜈4) are. Here, the 30
1  vibrational band was probed via the 𝜈3 

asymmetric stretch of CH4. 

 

𝑻𝒅 𝑬 𝟖𝑪𝟑 𝟑𝑪𝟐 𝟔𝑺𝟒 𝟔𝝈𝒅   

𝐴1 1 1 1 1 1  𝑥2 + 𝑦2 + 𝑧2 

𝐴2 1 1 1 −1 −1   

𝐸 2 −1 2 0 0  (2𝑧2 − 𝑥2, 𝑥2 − 𝑦2) 

𝑇1 3 0 −1 1 −1 (𝑅𝑥, 𝑅𝑦, 𝑅𝑧)  

𝑇2 3 0 −1 −1 1 (𝑥, 𝑦, 𝑧) (𝑥𝑧, 𝑦𝑧, 𝑥𝑦) 

Table 4.1: Character table for the 𝑇𝑑 point group. 

 

Mode 𝚪(𝑻𝒅) Degeneracy Type �̃�𝟎  𝐜𝐦−𝟏⁄  

𝜈1 𝐴1 1 Symmetric stretch 2917 

𝜈2 𝐸 2 Symmetric bend 1534 

𝜈3 𝑇2 3 Asymmetric stretch 3019 

𝜈4 𝑇2 3 Asymmetric bend 1306 

Table 4.2: The normal vibrational modes of 𝐶𝐻4 and their associated 𝛤(𝑇𝑑) symmetries, degeneracies and band-
centre frequencies (𝜈0). [210] 
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Figure 4.1: The vibrational modes of methane: the symmetric stretch (𝑎1), asymmetric stretch (𝑡2), symmetric bend 
(𝑒) and asymmetric bend (𝑡2). Carbon = black and hydrogen = white, while the atomic motions are represented by 
the red arrows.  

 

Rotationally, methane is classified as a spherical top, and therefore its moments of 

inertia are equal and it is defined by one rotational constant, which for the ground 

vibrational state is 𝐵0 = 5.241 cm−1. Consider rotation about any of the four 𝐶3 axes 

(i.e. about any of the equivalent C–H bonds): this motion exerts centrifugal 

distortion on the remaining three H atoms, displacing them slightly further from the 

𝐶3 axis than at rest. Ignoring rovibrational coupling, the rotational term values 𝐹𝑣(𝑗) 

for a given vibrational state 𝑣 are thus expressed: 

 𝐹𝑣(𝑗) = 𝐵𝑣𝑗(𝑗 + 1) − 𝐷𝑣𝑗2(𝑗 + 1)2 (4.1) 

where 𝐷𝑣 is the centrifugal distortion constant. The molecule’s rotation is fully 

described by the projections of the total angular momentum 𝑱 onto two arbitrary 

axes. Projections 𝑀 are made onto a fixed-space axis, and 𝐾 to another axis 

referenced with respect to the molecular framework. Both are 2𝑗 + 1 degenerate 

and take integer values from −𝑗 through to 𝑗. In this regime, the 𝑀 and 𝐾 levels are 

themselves degenerate.  

 

However, Coriolis forces may lift the 𝐾-level degeneracy. For the ground 𝐴1 state, 

Coriolis coupling is relatively weak and the effects on Equation 4.1 may be 

accounted for, to a first approximation, by an extra term: 

 𝐹𝑣(𝑗) = 𝐵𝑣𝑗(𝑗 + 1) − 𝐷𝑣𝑗2(𝑗 + 1)2 + 𝐷𝑣
𝑡𝑓(𝑗, 𝜅) (4.2) 
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where 𝑓(𝑗, 𝜅) and 𝐷𝑣
𝑡 are the splitting function and proportionality constants 

respectively. For 𝐴1, 𝐷0
𝑡 = 4.0 × 10−6 cm−1 and consequently the Coriolis splitting is 

minor (< 0.01 cm−1 for up to 𝑗 = 5) with respect to the 𝐵𝑣-dependent spacing. 

These Coriolis splittings depend, of course, on the symmetry of the molecule, and 

consequently the now non-degenerate levels may be grouped according to Td 

irreducible representations. The Coriolis-unperturbed 𝐾 levels and their associated 

symmetries in the 𝐴1 state are shown in Figure 4.2. 

 

For the relevant upper vibrational 𝑇2 state, the Coriolis coupling exerts first-order 

effects which are strong enough to split the rotational levels into three separate 

manifolds. These are labelled 𝑇−, 𝑇0 and 𝑇+ respectively, and their corresponding 

rotational level symmetries are also presented in Figure 4.3. Neglecting centrifugal 

distortion, the term value equations for each manifold are: 

 𝐹𝑣
+(𝑗) = 𝐵𝑣𝑗(𝑗 + 1) + 2𝐵𝑣휁𝑗 (4.3) 

 𝐹𝑣
0(𝑗) = 𝐵𝑣𝑗(𝑗 + 1) (4.4) 

 𝐹𝑣
−(𝑗) = 𝐵𝑣𝑗(𝑗 + 1) − 2𝐵𝑣휁(𝑗 + 1) (4.5) 

The Coriolis constant 휁 describes the coupling strength and takes values from 0 to 

1. These equations reveal the absence of 𝑗 = 0 states in the 𝑇− and 𝑇0 manifolds. For 

all other values of 𝑗, the degeneracy arising from the vibrational components and the 

rotational 𝐾 levels is 3(2𝑗 + 1).  

 

This already complicated rovibrational structure is further split by higher-order 

interactions. However, this level of detail is not particularly relevant to the results 

presented here, save one point: although these splittings are small, they produce 

discrete, spectroscopically resolvable levels. This introduces an extra superscript 

label 𝛼, known as the multiplicity index, which takes integer values starting from 1 

to describe levels of the same symmetry in order of increasing energy. Neither do 

these splittings affect the selection rules, which follow below.  
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Figure 4.2: Rotational term values for the ground vibrational 𝐴1 state of CH4 up to 𝑗 = 10. 𝑗 labels are provided on 
the RHS of their respective energy levels, with the corresponding rotational symmetries 𝛤 in the 𝑇𝑑 point group 
marked along the 𝑥 axis. Figure reproduced from data in Table 7 of reference [211]. Note that the 𝐹1 and 𝐹2 labels 
are merely alternative notation to the 𝑇1 and 𝑇2 labels discussed in the text and are exactly equivalent. 

 

However, the nuclear spin couples with 𝑱, having further consequences on the 

symmetry-allowed states. Assuming methane is in its most abundant isotopologue, 

C 
12 H 

1
4, then the carbon atom has a nuclear spin 𝐼 = 0 while each individual 

hydrogen atom has 𝐼 = 1/2 . Therefore, there are three possible values for the total 

nuclear spin: 𝐼 = 2 (no spin pairs), 𝐼 = 1 (one pair) and 𝐼 = 0 (two pairs). These 

nuclear-spin isomers of methane are commonly referred to as meta, ortho and para 

respectively. Since the H atoms are fermions, the Pauli exclusion principle states that 

the total molecular wavefunction (𝜓𝑡𝑜𝑡) must be antisymmetric to their exchange. 

The consequences of nuclear spin on the allowed rotational levels, including 

rotational parity, have been explored by Tanner and Quack. [211] They expressed 

the nuclear-spin coupled levels in a so-called permutation group, 𝑆4
∗, which treats 

the parity-split states individually, labelling them via + and – superscripts. Note that 

the 𝐹 label used below is exactly equivalent to the 𝑇 label used previously, but has 

been adopted henceforth to distinguish the parity-split levels following the 

convention of Tanner and Quack. Of the 𝐴1 and 𝐴2 rotational states, which couple 

with meta nuclear spin states, parity forbids the latter. Similarly, of the 𝐹1 and 𝐹2 

states, which couple with ortho nuclear spins, the former is disallowed. In the case 
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of 𝐸-symmetry rotational states, both parities are permitted; however, the splitting 

is too small to be resolved spectroscopically, and this is instead observed by the 

expected degeneracy effectively being doubled. Therefore, the nuclear spin 

degeneracies are 5, 3 and 2 for the respective meta (𝐴), ortho (𝐹) and para 

(𝐸) states rather than the anticipated 5, 3 and 1 values. Including the parity and 𝐾-

level degeneracies brings the total degeneracy to 5, 9 and 4 respectively.  

 

Selection rules dictate which transitions are allowed within this energy level 

structure. Upon absorption of a photon, the nuclear spin symmetry must be 

conserved whilst the parity must change. This leads to the following allowed 

transitions: 

𝐴2
+ ↔ 𝐴2

− 

𝐸+ ↔  𝐸− 

𝐹1
+ ↔ 𝐹1

− 

The general selection rules are Δ𝑗 = 0, ±1, but there are constraints on which 

transitions may terminate in the discrete manifolds of the upper 𝐹2vibrational state. 

These are: 

Δ𝑗 = +1 for the 𝐹− manifold 

Δ𝑗 = 0 for the 𝐹0 manifold 

Δ𝑗 = −1 for the 𝐹+ manifold 

It follows then that the 𝑅 branch terminates in 𝐹−, the 𝑄 branch in 𝐹0 and the P 

branch in 𝐹+. Exemplary allowed transitions between the lower vibrational 𝐴1 state 

and the upper 𝐹2 vibrational manifolds are illustrated in Figure 4.3. 
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Figure 4.3: Illustrated exemplary allowed rovibrational transitions from the ground vibrational 𝐴1 state to the 
upper 𝐹+, 𝐹0and 𝐹−components of the upper 𝐹2 vibrational state. The level symmetries are denoted for both 𝑇𝑑/𝑆4

∗ 
point groups, and the rotational levels labelled via the colour scheme of the associated 𝑗 values. Figure reproduced 
from reference [211]. 

 

4.2 Experimental 

The underlying FMS methodology has been adequately described in Chapter 2. 

However, specific instances of varying instrumentation or technique from that 

previously discussed are described here. More importantly, the additional 

arrangements made to construct the TFMAS probe in the MIR region are detailed. 

This required a significantly more complex design than its sister NIR probe. 

4.2.1 Design principles 

Engineering a MIR analogue of the NIR-TFMAS probe required several 

considerations. It has already been noted that the laser must be narrowband, 

operable in CW mode and tuneable across the range applicable to the spectroscopic 

transitions of interest. To fulfil the FMS technique, the probe must also be modulated 

at a suitable frequency relative to the molecular linewidths. As such, the premise for 

the new probe design was based on that described in Section 2.4.2. Therefore, it 

possessed the same skeleton comprising a tuneable, single-mode CW laser source; 
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RF signal generator; modulator; fast photodetector; phase corrector and RF mixer. 

The major difference was how the laser source was engineered to operate over the 

desired MIR wavelengths. This was done by combining two narrowband CW lasers 

via DFG, the nonlinear frequency conversion technique discussed in Section 4.2.3. 

Furthermore, the modulation was not applied directly to the generated MIR, but to 

one of the DFG input lasers, with the idea that this modulation be transferred to the 

MIR beam during this process. See Figure 4.4 for a schematic of this apparatus. 

 

At first, this design approach may not seem the most obvious. It is possible to buy 

lasers which are directly tuneable over the MIR, as discussed in Section 4.1.1. 

However, it is much easier to produce either fixed-frequency or pulsed MIR lasers 

than broadly tuneable CW MIR ones, and the wavelengths available are generally >

3.5 μm. Therefore, they may not access fundamental C–H, O–H and N–H stretches. 

The direct laser source most suitable for the application here would be the CW-QCL 

offered by Daylight Solutions, which boasts a < 5 MHz linewidth (over 100 ms), 

TEM00 mode quality and up to 100 cm−1 tunablity depending on the selected central 

wavelength in the < 4 to > 11 μm range. [184] Alternatively, nonlinear frequency 

conversion packages (DFG, OPO or OPA) for MIR generation are commercially 

available. For example, Glasgow-based company M-Squared offer an external 

frequency mixing module (SolsTiS EMM) which may be used in conjunction with 

their other products to produce MIR over a 1.1 − 4.5 μm range. [201] Toptica also 

offer an OPO MIR source with a tuning range over 1.45 − 4.0 μm, with additional 

options for narrow < 2 MHz MIR (idler) linewidth. [200]  

 

However, it is less straightforward to modulate in the MIR, since most materials 

absorb the radiation. Like all MIR technologies, MIR modulators have been subject 

to significant research in the last twenty years, particularly with regards to the 

crystal material. At the time of the grant award which funded this project, such MIR-

operable EOMs with the necessary bandwidth were not commercially available. 

They have since come to market, [212] and have seen first application to single-tone 

FM spectroscopy in the MIR. [97] These new products may therefore present a 

simpler, yet significantly more expensive, means of creating a tuneable TFMAS 

probe in the MIR in the future.  
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Figure 4.4: Simplified diagram for the MIR-TFMAS probe. The new nonlinear frequency conversion part is 
highlighted and a more detailed schematic of this may be found in Figure 4.14. 

 

4.2.2 Specific instrumentation 

The first input laser for DFG was a CW Ti:Sapphire ring laser (M-Squared, SolsTiS 

2000 PSX-F) emitting widely tuneable (725 − 975 nm), linearly polarised light in 

the NIR with a narrow (< 100 kHz) linewidth and up to 2 W output power. It was 

pumped by an 8 W diode-pumped solid-state laser at 532 nm (Lighthouse 

Photonics, Sprout-G-8W). Both the NIR ring and pump lasers were cooled with a 

~10% isopropyl alcohol (IPA)/water mix which deterred bacterial growth in the 

systems. The NIR laser coolant was pumped by an external unit (ThermoTek Inc., 

Nanotherm 3) to the copper block on the laser head and regulated the temperature 

to 20℃. The NIR pump laser had an integrated cooling system. Both H2O/IPA mixes 

were regularly refreshed, and the tubing replaced, to prevent build-up of organic 

growth. The NIR laser wavelength was tuned, locked and scanned using a software-

based user interface which was connected via ethernet connection to a dedicated 

control module (M-Squared, ICE-BLOC®).  
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Figure 4.5: Photographs of the (a) NIR and (b) 1064 nm beam alignment from the lasers up to the MIR generation 
DFG apparatus. The arrows and lines give a representation of the beampath and direction. Solid lines = main 
beampath; dashed lines = small % pickoff beampaths. Optical components are labelled appropriately, and where 
applicable using the same nomenclature and colours as in earlier diagrams. 
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The second input laser was a narrowband linearly polarised CW fibre laser centred 

at 1064 nm (Quantel, EYLSA-L-1064-10-P-SS-W-CO). This laser could be 

wavelength-tuned over a small range around the fundamental by adjusting the 

seeder power supply current and seeder temperature. However, in practice it was 

operated as a fixed frequency source, with all wavelength tuning achieved via the 

NIR laser. Over a 1 ms integration time, the 1064 nm laser linewidth could be as 

narrow as ≤ 700 kHz. Its power output, which was controlled via the fibre booster 

current, was variable up to 10 W, with a stability of ±3% over one hour. The 

collimated emission was quoted to be quasi-Gaussian with a beam diameter of 5 ±

1 mm. This was also remeasured here, as discussed in Section 4.3.5, as 5.33 mm.  

 

As required by the modulator (and by the DFG apparatus, as will become clear later) 

it was important that both lasers be linearly and vertically polarised with respect to 

the table. Therefore, both beampaths included a half-wave plate (NIR: Thorlabs, 

AHWP05M-980; 1064 nm: Thorlabs, WPH10M-1064) and polariser (NIR: Thorlabs, 

GT5-B; 1064 nm: Thorlabs, GT10-C). This arrangement also provided fine control 

over the laser powers without modifying their pumping levels, which could alter the 

beam characteristics. The modulation was applied externally to the tuneable NIR 

laser via an EOM (Thorlabs, EO-PM-NR-C1). As well as the shared wavemeter, which 

monitored the frequencies of both the NIR and the 1064 nm lasers, the NIR 

beampath included a pickoff which was directed to a Fabry-Pérot Interferometer 

(Thorlabs, SA200-5B, FSR = 1.5 GHz, with accompanying controller: Thorlabs, SA-

201). Photographs of the NIR and 1064 nm beampaths and optical components, up 

to the DFG-based MIR generation apparatus, are provided in Figure 4.5.  

 

Once the MIR beam was generated, as discussed in Section 4.3, it was aligned into 

the in vacuo Herriott cell. Alignment of the MIR Herriott cell was not trivial, and so 

initially a dedicated HeNe laser (JDS Uniphase, 1122, 𝜆 = 632.8 nm) was aligned 

onto the path of the generated MIR via a removable mirror so that the MIR beampath 

could be easily visualised. The beam was first focussed into the centre of the cell via 

a lens (Thorlabs, LA5464-E 𝑓 = 522 mm @ λ = 3.308 μm, AR-coated 2 − 5 μm) 

positioned 50 cm away from this centre. The Herriott cell mirrors were equivalent 

to those used in Section 3.2.2, but gold-coated for reflectivity in the MIR region 

(Thorlabs, CM508-100-M01, average reflectivity > 96% for 800 − 2000 nm). 
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The Herriott cell design was adapted from that shown previously in Figure 3.8 to 

further narrow the spot pattern width along the molecular beam axis (i.e. in the 

chamber 𝑥 dimension). This resulted in a final, optimised parabolic spot pattern 

with 16 passes, a close approximation of which is provided in Figure 4.6. This was 

plotted using knowledge of the HeNe beamspot positions on the Herriott cell 

mirrors. The central width of the focussed pattern measured ~1.5 mm, and the 

height ~6 mm. Correspondingly, the cell held much tighter constraints for 

simultaneously fulfilling the beam exit conditions while producing an appropriate 

spot pattern. As such, the alignment was much more sensitive to ambient 

temperature fluctuations in the laboratory, and it was observed that the pattern 

would become misaligned over a cold evening or weekend. To rectify this problem, 

a long section of resistive heating tape was wound round the main cylindrical area 

of the chamber containing the Herriott cell mirrors, which was subsequently 

maintained at a constant temperature, 26.0 ± 0.5 °C, just above that of the room. 

This minimised thermal contraction and distortion of the chamber and/or Herriott 

cell components which resulted in periodic misalignment of the MIR beam. The 

temperature was controlled via a proportional-integral-derivative (PID) controller 

box (CAL 9900) switching a 48 V power supply to provide the current.  

 

A further deviation from the previously described probe geometry was the addition 

of an alternative double-pass beampath through the vacuum chamber. An extra Ø1” 

gold mirror (Thorlabs, PF10-03-M01) was mounted within the chamber, offset from 

the Herriott cell in 𝑧 and so positioned ~3.5 cm closer to the wheel assembly. The 

inclusion of kinematic bases (Thorlabs, KB50/M) in the double-pass beampath 

facilitated switching between the double-pass and Herriott cell probe geometries as 

required. The double pass was included for two reasons. First, it provided a simpler 

geometry for testing the new probe. Second, it guaranteed detection of narrow, well-

collimated incident molecular beams (i.e. skimmed beams) which have the potential 

to pass through complicated central Herriott cell patterns without being sufficiently 

probed.  
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Figure 4.6: Graphical representations of (a) the 16-pass MIR Herriott cell geometry; (b) the 𝑦𝑧 projection of all laser 
passes and (c) 𝑦𝑧 beam coordinates at the centre of the cell i.e. x = 0. The 𝑦𝑧 ratio is real, though with larger 𝑦 and 
𝑧 scales than that for x. Beamspots on mirrors are labelled from 0 (spot entering cell) to 16 (spot leaving cell); 
beamspots at x = 0 are labelled by their corresponding laser pass e.g. pass 1 is the vector between spots 0 and 2 at 
the mirrors. Beamspot diameters are not to scale; the real-life laser beam diameters are ca. 2 mm. 

 

Simultaneous measurement of the RF signal and DC laser power was required. In 

the NIR experiments this was achieved with a single integrated photoreceiver, with 

the photocurrent split into RF and DC components by a bias-T followed by 

subsequent separate amplification, as discussed in Section 3.2.3. Attempts to 

procure such a detector package operable in the MIR were unsuccessful. Initial 

attempts to integrate a commercial fast MIR detector (Vigo, PVI-2TE-4) into a home-
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built package modelled on the NIR system resulted in unacceptable electrical noise 

in the RF channel. The signal detection was therefore split across two separate 

HgCdTe-based photovoltaic detectors. The first, for the AC RF signal, was the fast 

MIR detector mentioned above, which contained an integrated fan, two-stage 

thermoelectric cooling system with accompanying controller (Vigo, PTCC-01-BAS) 

and a transimpedance preamplifier. The preamp was supplied with the requisite 

power via a separate supply (Vigo, MPPS-01). The second measured the DC (Vigo, 

PV-4). The DC signal from the detector was separately pre-amplified via a second 

transimpedance amplifier (Vigo, VIP-DC-1M-S) and power supply (Vigo, PPS-03-15). 

This system had much improved performance over the first attempt. The AC and DC 

detectors’ responsivities as a function of wavelength, supplied from their final test 

reports from Vigo, are provided in Figure 4.7. The responsivity of the AC detector is 

more important than that of the DC detector, and is reasonably consistent over 3.1 −

3.8 μm. The DC detector operates most efficiently at higher wavelengths but is 

certainly usable over ~2.5 − 4.4 μm. 

 

Photovoltaic detectors are semiconductor devices which operate via the 

photovoltaic effect; when a photon is absorbed by the semiconductor pn junction, 

the electrons in the material are excited from the valence band to the conduction 

band, creating holes. The excited electrons move towards the cathode while the 

holes move towards the anode, generating a voltage between them in the process. 

For these detectors to operate at MIR wavelengths, the semiconductor bandgap 

must be small. HgCdTe detectors have ideal infrared bandgaps, which may be tuned 

by adjusting the precise alloy composition. To avoid the thermal excitation of 

carriers at room temperature, such detectors typically require cooling. 

Furthermore, given the RF signal was modulated at 𝜔𝑚 = 100 MHz, it was 

important that the AC detector had a sufficiently large bandwidth. Larger detector 

areas have smaller bandwidths, and vice versa.  
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Figure 4.7: Detector responsivities as a function of wavelength for the DC (above) and AC (below) detectors. Data 
from the final test reports for the detectors supplied by Vigo.  

 

The dual detection system required that the MIR beam be split. Regardless of probe 

geometry, the chamber-exiting beam was then directed towards an uncoated CaF2 

wedged window (Thorlabs, WW51050, wedge angle = 30 ± 10 arcmin) which acted 

as a 10% beamsplitter for vertically polarised MIR light. The transmitted majority 

of the beam was aligned onto the AC detector, with a focussing lens as required 

(Thorlabs, LA5817-E, 𝑓 = 104 mm ± 1% @ 𝜆 = 3308 nm, AR-coated 2 − 5 μm). 

The low-intensity reflected component was separately focussed via another lens 

(Thorlabs, LA5763-E, 𝑓 = 52 mm ± 1% @ 𝜆 = 3308 nm, AR-coated 2 − 5 μm) onto 

the DC detector. The post-Herriott cell MIR beam was significantly divergent and 

therefore re-collimated (Thorlabs, LA5464-E 𝑓 = 522 mm ± 1% @ λ = 3308 nm, 

AR-coated 2 − 5 μm) before the splitter; for the double pass, this was not necessary. 

Furthermore, geometrical constraints caused the post-Herriott cell beam to exit the 

chamber substantially above the plane of the rest of the optical components. A 

periscope was therefore required to bring the beam back into the optical plane. 
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However, due to space constraints on the optics table this periscope was cross-

faced, thus flipping the MIR beam polarisation from vertical to horizontal. Due to the 

Brewster effect, this reduced the portion reflected by the CaF2 splitter from ~10% 

to ~1%, which was insufficient for reproducible measurement of the DC power. A 

low-order half-wave plate (Thorlabs, WPLH05M-2940, 3𝜆/2 retardance at 2.94 μm) 

was therefore included before the beamsplitter, thereby allowing this reflection to 

be optimised for each beampath via the DC signal.  

 

The DC detector was found to have a consistent offset of 25.44 mV with no incident 

light, and this was subsequently subtracted from the recorded DC signal traces. The 

DC detector linearity was confirmed over the working range of the MIR used in the 

proof-of-principle experiments discussed Section 4.4, as shown in Figure 4.8. As 

evident in Figure 4.9, which shows the final beampaths for both probe geometries 

and their alignments onto the detectors, there was insufficient room for a power 

meter to be placed directly in front of the DC detector. Instead, the 𝑥 axis in Figure 

4.8 corresponds to maximum amount of generated MIR, which was assumed to be 

linear with the subsequent power reaching the detector. Furthermore, measuring 

the power directly after the DFG apparatus had the added advantage of larger 

absolute signals and therefore reduced uncertainty in the individual measurements. 

 

 

Figure 4.8: The DC detector signal as a function of maximum MIR produced i.e., the MIR power immediately after 
the PPLN. It was assumed that this was proportional to the light incident on the detector, which itself could not be 
accurately measured with the power meter. The responsivity is linear as expected. Squares = data; line = linear fit.  
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Figure 4.9: Photograph of the MIR beam alignment for both the Herriott cell (HC) and double pass (DP) beampaths 
coming to and from the chamber and onto the AC and DC detectors. The arrows and lines give a representation of 
the beampath and direction.  
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The demodulation and signal processing diagram for the MIR setup is illustrated in 

Figure 4.10. Aside from the dual-detector assembly, the main deviation from the NIR 

equivalent (Figure 2.11) is that the RF 𝜔𝑚 =100 MHz, not 400 MHz. This impacted 

the specific instrumentation subtly as follows: RF power amp, (Mini-Circuits, ZHL-

100W-52-S+), RF signal generator (Digimess, SG200 DDS), I&Q demodulator (Pulsar 

Microwave Corporation, ID-06-412) and phase shifter (ST-06-411). To achieve the 

desired modulation depth of ~1, an attenuator (Mini-Circuits, VAT-3) was also 

incorporated before amplifying the 𝜔𝑚 signal destined for the EOM. This adjusted 

the input to the RF power amplifier without affecting the LO input level of the I&Q 

demodulator, which was fixed at 10 dBm. The digital oscilloscope (Teledyne LeCroy, 

HDO4034), which had a 200 MHz bandwidth, 12-bit acquisition depth, and a 

maximum sampling rate of 2.5 GSample s−1, was interfaced with the LabVIEW Data 

Acquisition (DAQ) code via transmission control protocol/internet protocol 

(TCP/IP). The DC detector and Fabry-Pérot étalon traces were recorded separately 

via the inputs of the previously mentioned Multifunction I/O device. 

 

 

 

Figure 4.10: Electronics diagram for the MIR setup. Labels are equivalent to those in Figure 2.11. 
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4.2.3 Difference Frequency Generation 

Difference frequency generation is a second order nonlinear optical process, and as 

such is characterised by the 𝜒(2) term in the polarizability (𝑃) equation: 

 𝑃 = 휀0(𝐸𝜒(1) + 𝐸2𝜒(2) + 𝐸3𝜒(3) … + 𝐸𝑛𝜒(𝑛)) (4.6) 

where 휀0 is the vacuum permittivity, 𝐸 is the electric field and 𝜒 is the susceptibility 

with order 𝑛. The first term in Equation 4.6 is linear and describes the ‘normal’ 

interaction of light with matter. The influence of higher order terms under normal 

conditions is negligible and further diminishes with increasing 𝑛, but with the 

intensities provided by laser light sources these can become significant and may be 

used to the advantage of experimentalists. Such nonlinear frequency generation 

processes provide a means of accessing frequency ranges which are otherwise 

difficult or impossible to produce directly as fundamental laser radiation. The most 

common classes are three- and four-wave mixing, which are second and third order 

processes respectively. The referenced number of waves includes the input and 

output frequencies. Although 𝑛 > 3 processes are possible, conversion efficiencies 

are low and the required conditions for successful generation difficult to fulfil.  

 

Three-wave mixing processes include sum frequency generation (SFG) and 

difference frequency generation (DFG). As the name suggests, SFG is the process 

whereby two input waves combine to produce one output wave whose frequency is 

the sum of the inputs. When the input frequencies are identical, this is a special case 

known as second harmonic generation (SHG) or frequency doubling. DFG is the 

complementary process to SFG, in that the output frequency is the difference of the 

two inputs. Optical parametric generation (OPG) is a specific instance, which can be 

considered the reverse of SFG, where two different frequencies are produced from 

one input wave whose frequency is the sum of the outputs. This is similar to OPO 

discussed in Section 4.1.1, and uses the same signal and idler naming convention for 

the output waves, only there is no resonator: high gain is required instead. The most 

common four-wave mixing process is third harmonic generation (THG), where three 

photons of the same frequency combine to produce one photon with triple the 

frequency. Representative wave mixing diagrams for SHG, SFG and DFG are 

provided in Figure 4.11. 
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Figure 4.11: Wave mixing diagrams illustrating the second-order nonlinear processes SHG, SFG and DFG. 

 

Consider the second order polarisability term, 𝑃(2), which is a function of the 

vacuum permittivity 휀0, the second order susceptibility 𝜒(2) and the time-varying 

electric field 𝐸(𝑡). When the input wave contains electric field components at 

frequencies 𝜔1 and 𝜔2 this can be rewritten: 

 

 𝑃(2) = 휀0𝜒(2)𝐸(𝑡)2 

= 휀0𝜒(2) ℜ(𝐸𝜔1
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(4.7) 

 

The polarisability field now contains several additional terms with new frequencies. 

The second harmonics of each initial field appear in the 2𝜔1 and 2𝜔2 terms. SFG is 

represented in 𝜔1 + 𝜔2, and DFG by 𝜔1 − 𝜔2 and 𝜔2 − 𝜔1. Of course, only one of 

these will produce a meaningful answer as the other will provide a negative 

frequency, and so generally the absolute differences are used to eliminate this 

unphysical result. The final two terms represent the phenomenon of optical 

rectification whereby a zero-frequency DC polarisability component is introduced.  
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The concept of susceptibility, 𝜒, can be considered the macroscopic analogue to 

molecular polarisability, 𝛼. These 𝜒(𝑛) terms are described by 𝑛 + 1 rank tensors, 

and thus 𝜒(2) has a maximum of 27 components. However, symmetry constraints 

apply to these tensors as a result of the nonlinear medium. In a centrosymmetric 

environment, all directions are equivalent. As such, 𝜒𝑥𝑦𝑧
(2)

= 𝜒−𝑥−𝑦−𝑧
(2)

. Furthermore, 

taking the opposite direction is equivalent to reversing the axis system, and so 

𝜒𝑥𝑦𝑧
(2)

= −𝜒−𝑥−𝑦−𝑧
(2)

. For both of these conditions to be upheld, 𝜒𝑥𝑦𝑧
(2)

= 0. Consequently, 

processes relying on any even-order susceptibility terms must take place in non-

centrosymmetric nonlinear materials to be observed. 

4.2.4 Quasi-phase matching 

All nonlinear phenomena discussed thus far are parametric, which means that the 

quantum state of the nonlinear medium is unchanged by its interaction with light. 

Because of this, photon energy and momentum must be conserved. This momentum 

conservation is known as phase matching, and satisfying this condition dramatically 

increases conversion efficiency. Mathematically speaking, the phase relationship for 

DFG in a nonlinear crystal is: 

 Δ𝑘 = 𝑘𝑝 − 𝑘𝑠 − 𝑘𝑖  (4.8) 

 

 

Figure 4.12: The differences between no phase matching (light orange) and quasi-phase matching (light blue). 
Specifically, (a) the number of photons generated propagating through a crystal of arbitrary length L, (b) a 
visualisation of the summed complex amplitude contributions generated from different parts of the crystal, and (c) 
representations of the unpoled- and periodically poled crystals. 
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where 𝑘 is the wavevector and the subscripts 𝑝, 𝑠 and 𝑖 conventially refer to the 

pump, signal and idler frequencies respectively. Without adequate phase matching, 

nonlinear frequency conversion techniques would be useless to the experimentalist. 

This is fundamentally due to chromatic dispersion, which causes waves of different 

frequencies to experience different refractive indices in the same material. 

Therefore, the input and output waves propagate through the nonlinear medium at 

different speeds, causing phase mismatch (Δ𝑘 ≠ 0). This improper phase 

relationship causes destructive interference of the complex amplitude contributions 

to the produced harmonic at different parts of the crystal, which results in an 

extremely low conversion efficiency as illustrated in Figure 4.12(a). However, 

perfect phase matching is often impossible to achieve as it relies on using a 

birefringent material with perfect refractive indices for the desired application. Of 

course, this endeavour is impossible when producing tuneable light over a broad 

frequency range, and quasi-phase matching presents a workable alternative.  

 

Quasi-phase matching is most commonly achieved by periodic poling of the 

nonlinear material. Careful engineering of the crystal systematically inverts the 

orientation of its ferroelectric domain at regular periods down its length, disrupting 

the nonlinear conversion at these points. When the inversion is set to occur at the 

peak of the sinusoidal frequency conversion efficiency for a given harmonic 

frequency, (see the brown curve in Figure 4.12(a)) phase-mismatch caused by 

destructive interference of the produced out-of-phase photons is effectively 

minimised. This phenomenon is described visually in Figure 4.12(b). The poling 

period Λ is accounted for in the wavevector equation (Equation 4.8) via the grating 

vector, 𝑘𝑔 = 2𝜋/Λ, which modifies the expression accordingly: 

Δ𝑘𝑄𝑃𝑀 = 𝑘𝑝 − 𝑘𝑠 − 𝑘𝑖 − 𝑘𝑔 (4.9) 

In this work, quasi-phase matching was achieved using a commercially available 

crystal of periodically poled lithium niobite (LiNbO3, or PPLN) doped with 5% MgO 

(Covesion, MDFG2-0.5-40). The crystal was 0.50 ± 0.05 mm thick, 10.0 ± 0.5 mm 

wide and 40 ± 0.5 mm long. It was anti-reflection coated, with reflectivity 𝑅 < 1.5% 

over 0.7 − 1.1 μm on the input face and 2.4 − 4.8 μm on the output face. The MgO 

doping in the crystal improved the inherent damage threshold of LiNbO3, allowing 

for higher input powers to be used. Quasi-phase matching conditions were provided 

for a wide range of product MIR frequencies by nine separate 0.5 × 0.5 mm PPLN 
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tracks. These had distinct poling periods ranging from 20.90 − 23.30 μm in 0.30 μm 

increments and were separated from one another by 0.2 mm of unpoled material. 

The poling periods were fine-tuned with an oven (Covesion, PV40) which regulated 

the crystal temperature via a controller (Covesion, OC2) and hence provided precise 

tailoring of the expansion and contraction of the tracks along their lengths. This 

controlled the temperature over 30 − 200℃ with ±0.01℃ precision, providing the 

necessary quasi-phase matching conditions for producing MIR over the 2854 −

4741 nm region. The relevant temperature tuning curves, as supplied by Covesion, 

are illustrated for each track in Figure 4.13. 

 

Figure 4.13: Calculated temperature-tuning curve (supplied by Covesion) for input NIR wavelengths, with the 
second pump laser fixed at 1064 𝑛𝑚, for the nine PPLN tracks with poling periods 𝛬 detailed in the legend. 

 

4.3 MIR generation methodology 

Maximising DFG conversion efficiency requires that the input beams be tightly 

focussed and co-propagating down the centre of an individual PPLN track. For 

Gaussian beams, theoretical maximum efficiency is achieved when the input beams 

are confocal and their Rayleigh lengths equal half the optical path through the 

conversion medium. In practice, optimal focussing depends on the details of the 

input beam profiles. Furthermore, for the DFG to be reproducible the development 

of a stringent alignment procedure was required. This section describes the 
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established methodology, underlying rationale, and the resulting final DFG-MIR 

apparatus. 

 

A different Cartesian coordinate system, distinct from that used to describe the 

vacuum chamber, is required to adequately describe the alignment procedure. In 

the context of MIR generation, the newly defined 𝑧′ axis is aligned with the laser 

beam propagation direction and is parallel to the plane of the table, the 𝑥′ direction 

is also parallel to this plane but is orthogonal to 𝑧′, and the 𝑦′ axis is vertical. The 

primes indicate that the directions are referenced relative to the laser beam 

propagation direction. As such, a schematic of the final MIR generation optical setup 

is provided in Figure 4.14. Throughout this chapter, the numbering and notation 

within this figure is used when referring to the optics.  

 

 

Figure 4.14: Schematic of the MIR generation apparatus. M = mirror, L = lens, F = filter. M = mirror, L = lens, 
F = filter, PPLN = periodically poled lithium niobite, and EOM = electro-optic modulator. 

 

4.3.1 Initial laser alignment  

The first step towards a working MIR-DFG apparatus, before the PPLN assembly was 

introduced, was the coarse overlap of the NIR and 1064 nm beams in space. The 

laser beam polarisations were set to be vertical with respect to the table as 

described in Section 4.2.2, as required by the PPLN. The beam powers were reduced 

to safe alignment levels for this procedure by adjusting the half-wave plates in each 

beampath. First, mirrors M1 and M4 (see Figure 4.14) were used to align the NIR 

beam through a pair of irises placed as far apart from one another on the table as 

realistically possible, ca. 50 cm. Subsequently, mirrors M2 and M3 were used to align 
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the 1064 nm laser through the same iris pair. To allow the 1064 nm beam to co-

propagate along the NIR laser beampath, M4 was a dichroic mirror (Thorlabs, 

DMLP950) designed to reflect NIR and transmit 1064 nm (cut-on wavelength: 

950 nm, reflection band: 420 – 900 nm, absolute and average reflectances: 𝑅𝑎𝑏𝑠 >

90%, 𝑅𝑎𝑣𝑔 > 95%, transmission band: 990 – 1600 nm, absolute and average 

transmission: 𝑇𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 >  85%, 𝑇𝑎𝑣𝑔 > 90%). It is for this reason that the NIR path 

was fixed first, as the 1064 nm alignment was therefore dependent on the precise 

position of M4. This first alignment step was aided by laser viewing cards (Thorlabs, 

VRC4; Quantex, Q-32-R).  

 

However, the beam overlap in physical space was not the only important 

consideration. It was also necessary that the focal points of the two beams be 

matched, and ideally that the Rayleigh lengths be equal to approximately half the 

crystal length, i.e. 20 mm. This depended on the positions of L1 and L2 relative to 

the PPLN centre and their focal lengths, 𝑓1 and 𝑓2 respectively. Both focussing lenses 

were initially introduced to their respective beampaths to minimise disruption to 

the alignment defined in the previous step. This was achieved by monitoring the 

beamspot positions relative to the iris centres. They were mounted in 𝑥𝑦 translation 

mounts within cage structures (Thorlabs) and their focal points adjusted by sliding 

the 𝑥𝑦 mounts along the cage. Initially, the focal points of the two beams were 

approximately overlapped using the laser viewing cards to estimate relative beam 

sizes. When subsequently fine-tuning the overlap, the position of L2 was adjusted, 

and so a z-translatable lens mount (Thorlabs, CXY1) was introduced to the L2 𝑥𝑦 

mount to allow fine-tuning of its position in 𝑧′ once the position of L1 was fixed.  

4.3.2 Precise alignment technique 

Optimisation of the laser beam overlap by eye, as described in the previous section, 

was too imprecise for MIR generation in the PPLN. The second stage of the alignment 

procedure therefore introduced a quantitative measure of the NIR and 1064 nm 

beam positions and focal points via a camera. A webcam (Creative, Live!®Cam Sync 

HD), with the integrated IR filter and focussing lens removed, was mounted to a 

translation stage with 60 mm of movement range along the 𝑧′ axis. The frame of 

reference with respect to the 0 mark on the stage is defined as 𝑧𝑡𝑟𝑎𝑛𝑠
′ . This stage was 

positioned such that the beams focussed at approximately half this range, i.e. at 

𝑧𝑡𝑟𝑎𝑛𝑠
′ = 30 mm. The webcam was then placed such that the beams focussed directly 
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onto the CCD. Care was taken to ensure that the beamspots did not damage or 

saturate the camera by substantially reducing the incident power by means of 

several neutral density filters (NDFs) placed after M4 within a single mount. To 

minimise the effect of the combined filters on the laser alignment, the NDFs were 

positioned normal to the beams such that the NIR back-reflection could be traced 

back to the exit face of the EOM mount, striking just outwith its 3 mm diameter exit 

aperture over an ~140 cm distance. The stage was then scanned across its full range 

to ensure the camera was positioned orthogonally to the beams, i.e. within the 𝑥′𝑦′ 

plane, and that neither individual beam saturated the camera at any point. See 

Figure 4.15 for representative photographs of the NIR, 1064 nm and overlapped 

beamspots. This assembly could then be used to accurately align the beams with 

much improved precision. The stage was translated back and forth between its 

minimum and maximum positions (0 mm and 60 mm respectively). At each position 

the 1064 nm beamspot was overlapped with the NIR using mirrors M2 and M3 via 

the live 𝑥′𝑦′ visualisations of the beamspots on the laboratory PC. This was repeated 

iteratively until alignment was satisfactory. 

 

 

Figure 4.15: Example webcam images of the NIR and 1064 nm beams at immeasurably low powers, and an image 
with both beams present. This latter image demonstrates the quality of overlap that was possible using this method 
and shows an example of clear saturation of the camera due to the combined intensities. 

 

The alignment quality was then assessed at various points along 𝑧𝑡𝑟𝑎𝑛𝑠
′ , and 

reoptimized if required. At various points along the 𝑧𝑡𝑟𝑎𝑛𝑠
′ , (typically every 5 −

10 mm) separate images of the NIR and 1064 nm beamspots were recorded, as well 

as of the background ambient light. Each individual beamspot photograph along 

𝑧𝑡𝑟𝑎𝑛𝑠
′  could then be used to provide measured beamwaists and beamspot centres in 

the in the 𝑥′𝑦′ plane. The images, which were saved as jpegs, were converted into 

text files via imageJ and imported into Origin as 2D arrays of light intensity per pixel, 

with 1280 and 720 pixels in the 𝑥′ and 𝑦′ dimensions respectively. The background 

arrays were then subtracted from the beamspot equivalents, and the resulting 

difference arrays were fitted to 2D Gaussians described by: 
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(4.10) 

where 𝐴 is the Gaussian amplitude, 𝑔0 the amplitude offset, 𝑥𝑐
′  and 𝑦𝑐

′ the centres in 

𝑥′ and 𝑦′ respectively, and 𝑤𝑥′  and 𝑤𝑦′ the corresponding Gaussian widths, which 

are related to the full width half maxima by FWHM = 𝑤√2 ln(2). 

 

At this point, the beam overlap in 𝑥′𝑦′ along 𝑧𝑡𝑟𝑎𝑛𝑠
′  was evaluated quantitatively by 

plotting the differences between 𝑥𝑐
′  and 𝑦𝑐

′ for the input beams, Δ𝑥𝑐
′  and Δ𝑦𝑐

′, as 

shown in Figure 4.16. The alignment was considered unsatisfactory if the either of 

these differences lay outwith a 20 pixel tolerance at any point along 𝑧𝑡𝑟𝑎𝑛𝑠
′ , 

corresponding to a real lab-frame distance of ~40 μm. In these instances, a further 

round of webcam-aided alignment was carried out, and the beamspot imaging and 

fitting process repeated. 

 

Evaluating the focal point overlap along 𝑧′ was slightly more complex. For one beam, 

the beamspot radius parameter 𝑤𝑧′ at a position 𝑧′ (measured with respect to its 

focal point) is given by the following equation, where 𝑤0 is the focussed beamwaist 

and 𝑧𝑅
′  is the Rayleigh length: 

 𝑤𝑧′ = 𝑤0√1 + (
𝑧′

𝑧𝑅
′ )

2

 (4.11) 

Parameter 𝑧′ in Equation 4.11 was found by taking the difference of the 𝑧𝑡𝑟𝑎𝑛𝑠
′  

position for a particular set of images and the distance along 𝑧𝑡𝑟𝑎𝑛𝑠
′  at which the focal 

point was observed, which is labelled 𝑧𝑓
′ . This allowed measurements made with 

respect to the translation stage to be converted to the frame of reference with the 

focal point at zero. For one input beam, at each 𝑧𝑡𝑟𝑎𝑛𝑠
′  position at which the 

beamwaists were measured, a predicted first guess for the beamwaist, 𝑤𝑧′ , was 

generated by trialling reasonable values for 𝑧𝑅
′ , 𝑤0 and 𝑧𝑓

′ . Then, the squared 

differences (𝑤𝑥′ − 𝑤𝑧′)2 and (𝑤𝑦′ − 𝑤𝑧′)
2

 and the sum of all these squared 

differences were calculated. This sum was minimised using a Generalised Reduced 

Gradient solver algorithm in Excel to generate optimal 𝑧𝑅
′ , 𝑤0 and 𝑧𝑓

′ . This was 

repeated for the second input beam. The measured (𝑤𝑥′ , 𝑤𝑦′) and generated (𝑤𝑧′) 

beamwaist parameters were then plotted for both beams against 𝑧𝑡𝑟𝑎𝑛𝑠
′  to visualise 
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their focal points in the laboratory frame, as illustrated in Figure 4.17. The generated 

𝑧𝑓
′  values were then compared to evaluate the focal point overlap. If these lay 

outwith a ± 2 mm tolerance, as was the case in the illustrated example in Figure 

4.17, which has Δ𝑧′𝑓 = 8.1 mm, then the position of the 1064 nm focussing lens L2 

was adjusted appropriately and the webcam alignment process repeated. If they 

were satisfactorily overlapped, the corresponding average 𝑧𝑓
′  position was marked 

on the laser table before the 𝑧-translation stage and webcam assembly was 

removed. Rigorously following this procedure ensured that the beams were well 

aligned and adequately confocal before proceeding onto the next stage.  

 

Figure 4.16: Beamcentre offset between the NIR and 1064 nm beams in 𝑥′ and 𝑦′ as a function of 𝑧𝑡𝑟𝑎𝑛𝑠
′ . 

 

 

Figure 4.17: Example plots of the (a) NIR and (b) 1064 nm beamwaists measured via the webcam as a function of 
distance along the translation stage, 𝑧𝑡𝑟𝑎𝑛𝑠

′ .  
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4.3.3 PPLN alignment 

Once the beam alignment was satisfactory the PPLN crystal apparatus was 

introduced. The PPLN itself was housed in an oven assembly, which was in turn 

mounted on a 5-axis stage. The entire ensemble was secured onto a fixed-height 

stage to match the PPLN height to the lasers. Photographs of the PPLN and its 

ensemble are provided in Figure 4.18, including bird’s eye and front-face views of 

the uncovered PPLN to illustrate the available nine tracks.  

 

The initial PPLN position in the 𝑥′ and 𝑧′ directions was set by eye such that the 

beams propagated approximately down the middle track and the confocal point 𝑧𝑓
′  

was positioned centrally down the length. The initial 𝑥′𝑧′ position was fine-tuned by 

positioning a microscope webcam (RS, RS PRO USB Digital Microscope 196-4074) 

above the PPLN and using low-input laser powers to visualise the beams in the 

crystal. Controlled translation in 𝑧′, as provided by the 5-axis stage, was used to 

improve the PPLN-centre overlap with 𝑧𝑓
′ . Its height (𝑦′ position) was also set via 

the stage so that light propagated through the very top of the PPLN crystal without 

straying into the protective glass layer above, as recommended by Covesion for 

maximum conversion efficiency.  

 

 

Figure 4.18: Photographs of (clockwise from LHS): the PPLN assembly including 5-axis stage and kinesis motor for 
selecting tracks., a bird’s eye view of the uncovered PPLN with a low power input beam illuminating the central 
track, and the view along the 𝑧′ direction showing the front face of the PPLN. 
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As well as translating the PPLN in 𝑥′, 𝑦′ and 𝑧′, it was important to adjust the angles 

to optimise overlap of the co-propagating beams with the track. The yaw (the angle 

in the horizontal 𝑥′𝑧′ plane), and the pitch (the tilt in the 𝑦′𝑧′ plane) were also 

adjustable via the stage and were also initially set by eye using the webcam as a 

visualisation aide. Monitoring the beamshape exiting the PPLN was also effective in 

ensuring the crystal was level with the propagating beams, and that they propagated 

precisely down one track only. If the yaw or pitch were significantly out, the near-

Gaussian exit beamspots would be obviously split in 𝑦′ or 𝑥′ respectively. Finally, 

motorised and PC-controlled scanning in 𝑥′ to select individual PPLN tracks was 

provided over a 13 mm distance (Thorlabs, Kinesis® K-Cube™ Stepper Motor 

Controller). This movement was also used to check that the yaw and tilt were set 

correctly, i.e. that the scanning motion did not affect the alignment or exit beamspot 

quality. The distance between tracks was measured to be 0.7 mm, confirming the 

specifications from Covesion described in Section 4.2.4. 

 

During this process, particular consideration was given to the position of the NIR 

back-reflection from the front face of the crystal, which was a useful monitor for 

fine-tuning the PPLN alignment. When well aligned, this could be traced back to the 

exit face of the EOM mount, i.e. over a distance of ~170 cm, providing evidence that 

the front face of the PPLN was almost perfectly orthogonal to the propagating laser 

beams. The back-reflection was placed as close as possible to the exit aperture 

without re-traversing through the modulator crystal. This was achieved by 

deliberate, minor misalignment of the PPLN pitch and yaw, and was necessary to 

block the back-reflection from re-entering the NIR laser. Otherwise, significant 

interference issues were experienced. These typically manifested in power and 

wavelength instability as characterised by mode-hopping and étalon locking errors.  

 

Following the PPLN alignment, filtration optics were added to remove residual input 

wavelengths from the output MIR. These were a dichroic mirror, F1, (Covesion, 

OPOM5) which reflected the bulk of the residual input NIR and 1064 nm beams into 

a beam block, followed by a Germanium filter, F2 (Thorlabs, WG91050-C9, AR 

coated 1.9 − 6.0 μm). The angle of F1 with respect to the beam propagation 𝑧′-axis 

was optimised for maximum reflected power. In practice, this was consistently 

between 55 − 60°. F2 was set at the recommended 45° angle. See Figure 4.19 for a 
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photograph of the final MIR generation assembly with appropriately labelled 

beampaths and optics. 

 

 

Figure 4.19: Photograph of the final MIR generation alignment. Optics labels, beam colours and line styles are 
equivalent to those used in previous figures. 

 

4.3.4 Generating MIR and final optimisation 

At this point, the MIR generation would be ready for testing. Typically, a central MIR 

wavelength requiring the middle PPLN track would be chosen for this purpose. 

Correspondingly, the NIR would be wavelength-tuned and the PPLN oven set to an 

appropriate temperature (selected from the Covesion track datasheet; see Figure 

4.13). Initial input laser powers were maintained at 1 W each and the produced MIR 

monitored directly after the filtration optics via a thermopile power meter (Gentec-

eo, XLP12-3S-H2-D0, precision: ±0.005 W, repeatability: ±0.5%, power calibration 

uncertainty: ±2.5%, typical power sensitivity: 200 mV/W). The DFG conversion 

efficiency was very sensitive to temperature, and the datasheet temperatures 

carried an error range of ±15 °C. Therefore, if no MIR was initially produced the 

temperature was scanned over a generous ±20 ℃ range. On detecting a measurable 

MIR signal, this temperature was then optimised for produced MIR power to a 

precision of ±0.01 ℃. If no MIR was detected, the alignment procedures detailed in 

Sections 4.3.2 and 4.3.3 were revisited. 

 

The MIR power was maximised by optimising all degrees of freedom controlling the 

PPLN alignment in turn. Since adjusting the angle the beams made through a track 
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altered its experience of the poling period, the temperature and PPLN position then 

required iterative reoptimisation. Therefore, minute adjustments of the 1064 nm 

beam overlap with the NIR were made, using M2 and M3, followed by re-

optimisation of the temperature and PPLN position as necessary. If any of these 

parameters provided a gain in MIR power, the beam alignment was further adjusted, 

and this process repeated until optimal MIR was generated. The position of the NIR 

back-reflection was also considered, and any losses in MIR generation due to the 

necessary intentional misalignment described above were minimised by revisiting 

the pitch and yaw while simultaneously monitoring the NIR back-reflection position, 

generated MIR power and NIR laser stability. This procedure was typically followed 

at least once per day as part of routine experimental tune-up. 

4.3.5 Rayleigh length matching 

According to Covesion, the recommended focussing conditions for their DFG 

crystals stipulate that the input beams be confocal, with their Rayleigh ranges equal 

to half the crystal length, i.e. 𝑧𝑅 = 20 mm in this instance. Therefore, lenses L1 and 

L2 were initially chosen from theoretical Rayleigh length calculations via knowledge 

of 𝑓1 and 𝑓2 and available lens materials. The Rayleigh length equation is:  

 𝑧𝑅
′ =

𝜋𝑤0
2

𝜆
 (4.12) 

where the beamwaist at the focal point, 𝑤0 is defined: 

 𝑤0 =
2𝜆𝑓

𝜋𝑑
 (4.13) 

where 𝜆 is the refractive index modified laser wavelength, 𝑓 is the lens focal length 

and 𝑑 is the diameter of the beam incident on the lens. Note that here the beamwaist 

is the 1/𝑒2 radius. These equations were used to estimate appropriate focal lengths 

for the NIR and 1064 nm lasers.  

 

Measurements of the input beam diameters were therefore required. A general 

method for accurately measuring laser beam profiles, which was universally 

applicable to the NIR, 1064nm and MIR laser beams, is described as follows. A 

narrow iris (diameter = 0.8 mm) was attached to the front of a power meter, which 

was then mounted on a translation stage with movement ranging along the 𝑥′ 

direction. Care was taken to ensure that the active detection area was positioned as 
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orthogonally as possible to the 𝑧′ direction of the propagating beam and that the 

beamspot was well-centred on the iris in 𝑥′ and 𝑦′. When measuring the MIR beam, 

its alignment was aided by detector cards (Thorlabs, VRC6S). The power meter was 

then translated far away from the centre in 𝑥′, allowing sufficient space to record a 

baseline where the beam was not present. The power meter was then scanned over 

the beam profile in small incremental steps (0.25 mm) in 𝑥′ via the stage. At each 

step, after allowing the power meter to equilibrate, readings of the high and low 

power limits were recorded and the average calculated. This was done to mitigate 

for temporal fluctuations in the MIR power (due to the CW nature of the experiment) 

and the precision limits of the power meter itself. To provide a 2D profile, the entire 

procedure could be repeated by appropriately re-mounting the stage and power 

meter and scanning in the 𝑦′ direction. Any non-zero baseline due to imperfect 

calibration of the power meter was subtracted from the resulting profiles before 

fitting them to Gaussians: 

 𝑔 = 𝑔0 +
𝐴

𝑤𝑥′√𝜋/2
𝑒

−2
(𝑥′−𝑥𝑐

′)
2

𝑤
𝑥′
2

 (4.14) 

Recall that 𝑥′ is used for the horizontal direction and that this would be replaced 

with 𝑦′ when considering the vertical. The equation notation is the same as for 

Equation 4.10 and the Gaussian width produced is the 1/𝑒2 beam radius, 𝑤 =

FWHM √ln(4)⁄ . 

 

Measured profiles of the NIR and 1064 nm beams are given in Figure 4.20. These 

were measured after all beam polarisation control optics and pickoffs, to ensure the 

profiles reflected the collimated beams as they were incident on the focussing 

lenses. The NIR profile in plot (a) was measured at full pump laser power, 8.25 W, 

while the 1064 nm profile in plot (b) was measured with a fibre booster current of 

10.00 A. The 1064 nm fibre beam fits well to a Gaussian; the NIR beam is also 

relatively well described in this way, but less so. The latter is distinctly ‘bottle’ 

shaped, demonstrating clear evidence of Airy disks. These were undoubtedly 

introduced by the phase modulator, which had an input orifice smaller than the 

beam diameter, resulting in a diffraction pattern that was observable on the detector 

cards. These measurements and their Gaussian fits produced 1/𝑒2 beam diameters 

𝑑𝑁𝐼𝑅 = 3.78 mm and 𝑑1064 = 5.33 mm. 
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Figure 4.20: Measured (a) NIR and (b) 1064 nm beam profiles. Data points = black squares, Gaussian fits = red lines. 

 

When evaluating the ideal Rayleigh focussing conditions, the wavelength-dependent 

refractive indices were taken from data for N-BK7. This is a commonly used, widely 

available lens material that is cheaper than UV-fused silica. For the NIR wavelength, 

the centre of the tuneable range was used i.e. 𝜆𝑁𝐼𝑅 = 850 nm, and the corresponding 

refractive index 𝑛 = 1.51. For these parameters, including the measured beam 

diameter, a theoretical Rayleigh length of 18.9 ± 0.2 mm is produced for 𝑓1 =

500 mm, which is commercially available (Thorlabs, LA1908-B, 𝑓 = 500 mm ± 1%, 

AR Coated 650 − 1050 nm). The equivalent calculation for the 1064 nm laser 

produced 𝑧𝑅 = 19.6 ± 0.2 mm for 𝑓2 = 600 mm, which is also commercially 

available (Newport, KPX119AR.18, 𝑓 = 600 mm ± 1%, AR coated 1000 −

1550 nm). These lenses were purchased and initially trialled in the MIR generation 

apparatus as described in the previous sections. However, these calculations were 

dependent on the assumption that the NIR and 1064 nm beams possessed perfect 

TEM00 mode quality. In practice, this assumption did not hold, particularly for the 

NIR beam. Consequently, 𝑓1 was effectively significantly longer than specified 

(𝑐𝑎. 750 mm), and the beam was not observed to focus down to a single point.  

 

Ideally, optimal 𝑓1 and 𝑓2 would then be empirically determined by comparing the 

effect of various lens pairs L1 and L2. However, this was not conducted due to time 

constraints. To improve the MIR conversion efficiency quickly, L2 was exchanged 

for a longer focal length lens (Thorlabs, LA1978-C, 𝑓 = 750 mm ± 1%, AR Coated 
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1050 − 1700 nm) which was already in stock in the laboratory. This improved the 

maximum measured conversion efficiency by 7% by providing better Rayleigh 

length matching between the two input beams but does not reflect optimal focussing 

conditions. The final apparatus comprised a pair of N-BK7 lenses, L1 and L2, with 

𝑓1 = 500 mm (Thorlabs, LA1908-B, 𝑓 = 500 mm ± 1%, AR Coated 650 − 1050 nm) 

and 𝑓2 = 750 mm (Thorlabs, LA1978-C, 𝑓 = 750 mm ± 1%, AR Coated 1050 −

1700 nm) respectively. The resulting optimised MIR beam was then collimated by 

introducing lens L3 (Thorlabs, LA5714-E, 𝑓 = 209 mm ± 1% @ 𝜆 = 3308 nm, AR 

Coated 2 − 5 μm) and fully characterised, as described in the following section. 

Subsequently, the probe was aligned through the vacuum chamber and onto the 

dual detector assembly for use in experiments as already discussed in Section 4.2.2. 

 

4.4 MIR characterisation 

Successful MIR generation is only one aspect of creating a workable MIR-TFMAS 

probe by DFG. Of course, the conversion efficiency must be sufficiently high that 

incident molecular beam and scattering signals can be observed, but it must also be 

stable and reproducible. It was for this reason that the alignment methodology was 

so rigorously optimised. Furthermore, the mode quality of the beam was important; 

ideally, the beam would be 100% Gaussian as the optical behaviour, such as the 

focussing in the Herriott cell, would therefore be predictable. It was also vital to 

verify that the modulation introduced to the NIR beam was successfully carried over 

onto the MIR probe. These considerations and their conclusions shall be discussed 

in greater detail in the following sections.  

4.4.1 MIR generation efficiency 

As previously stated, the MIR generation is dependent on the input laser powers, as 

well as all parameters affecting the quasi-phase matching conditions, and the 

particular laser alignment. The DFG conversion efficiency, 𝑛, may be calculated by 

rearranging the following simple equation, where 𝑃 defines power and 𝐿 the optical 

path length through the nonlinear crystal: 

 𝑃𝑀𝐼𝑅 =
𝑛𝑃𝑁𝐼𝑅𝑃1064𝐿

100
 (4.15) 

The linear dependence of 𝑛 on each input laser power was tested. 𝑃𝑁𝐼𝑅 was adjusted 

via 0.5 W increments of its pump laser power, and its the frequency and power were 
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held at �̃�𝑁𝐼𝑅 = 12427.10 cm−1 and 𝑃1064 = 7.96 ± 0.07 W respectively. In the vice-

versa measurement, �̃�𝑁𝐼𝑅 = 12427.10 cm−1 and 𝑃𝑁𝐼𝑅 = 0.424 ± 0.005 W, while the 

1064 nm input power was adjusted via 0.5 A increments of the fibre booster current. 

The laser powers were measured using a thermal power meter (Gentec-eo, UP19K-

15S-VR-D0, precision: ±0.005 W, repeatability: ±0.5%, power calibration 

uncertainty: ±2.5%, typical power sensitivity: 0.34 mV/W), for each increment just 

before entering the PPLN, as well as the MIR power generated under these 

conditions. At high input powers, absorption of the radiation caused direct heating 

of the PPLN. Accordingly, sufficient time was left between each measurement for the 

PPLN temperature to re-stabilise. The resulting linear relationships between the 

input and MIR powers, and the corresponding conversion efficiencies calculated via 

Equation 4.15 are presented in Figure 4.21. The uncertainty is substantially larger 

at lower powers due to the precision of the power meter and its fluctuating baseline. 

 

 

Figure 4.21: DFG conversion efficiency, 𝑛, as a function of input laser powers. In (a) the 1064 beam was kept at a 
constant power of 8 W and the NIR power varied. In (b) the NIR beam was kept at a constant power of 0.42 W and 
the 1064 power varied. The conversion efficiency is constant at ~0.025 % 𝑊−1 𝑐𝑚−1. 

 

Typical conversion efficiencies with the final focussing conditions ranged from 

0.0250 − 0.0280 % W−1 cm−1. As demonstrated by Figure 4.22, with appropriate 

optimisation this was consistently observed in the long term despite extended 

periods of laboratory shutdown. This plots MIR conversion efficiency data for the 

period following the proof-of-principle experiments in Section 4.4.4 up to mid-2021, 

when the funding for this PhD scholarship ended and the experiments in Section 

4.4.5 were complete. Periods of laboratory shutdown are marked by 𝑥-axis breaks, 

including the several month lockdown period due to the COVID-19 pandemic and a 
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subsequent period due to equipment failure. The conversion efficiency was clearly 

consistent and reproducible despite these disruptions. 

 

 

Figure 4.22: Typical optimised MIR conversion efficiencies from the period 26/07/19 to 18/05/21. Lab shutdown 
periods are marked by the 𝑥-axis breaks.  

 

4.4.2 MIR beam quality 

The extent to which the MIR beam had TEM00 mode quality was dependent on the 

input beam mode qualities and the alignment precision. This was evaluated by 

profiling the MIR beam as described in Section 4.3.5, which was typically done with 

the power meter positioned as close to the PPLN as possible, i.e. 20 cm from the 

PPLN centre. Measuring the beam profile highlighted alignment issues that were 

encountered before the methodology described in Section 4.3 was perfected. 

Misalignment of the input beams with the PPLN was observed to result in bimodal 

MIR profiles, an example of which is provided in Figure 4.23. The experimentally 

measured profile fit well to two Gaussian curves, the principal peak resembling a 

typical MIR profile and a wider, secondary, overlapping curve around half the 

intensity of the first. This result prompted refinement of the alignment procedure. 

Once perfected, this bimodal nature was no longer an issue, as demonstrated by the 

remeasured profiles shown in Figure 4.24. Beam profile measurements proved a 

reliable and effective way to quality-check the MIR beam.  
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Figure 4.23: Problematic bimodal MIR beam profiles (in 𝑥′) due to imperfect alignment at two different MIR 
pathlengths: (a) 0.2 m from the PPLN and (b) 2.2 m from the PPLN. 

 

Figure 4.24: Measured Gaussian MIR beam profiles (black squares) and their fits (red lines) in (a) 𝑥′ and (b) 𝑦′. 
These profiles were measured 2 m from the PPLN. 

 

Measuring MIR beam profiles was also used to evaluate the beam collimation before 

aligning the probe into the Herriott cell. A plano-convex collimating lens, L3, 

(Thorlabs, LA5714-E, 𝑓 = 200 mm ± 1%, AR-Coated 2 − 5 μm) was introduced 

directly after the crystal (~20 cm away) and the profiling procedure followed for 

three different distances from the PPLN centre: 49 cm, 150cm and 200 cm. The 

resulting measured FWHM are provided in Figure 4.25. The results demonstrate 

that the beam was loosely focussed, with the FWHM reducing by 0.68 mm over a 

2 m distance, suggesting that the beam was sufficiently collimated for alignment into 

the vacuum chamber.  
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Figure 4.25: Measured FWHM (black squares) of the MIR beam for three distances from the PPLN with a collimating 
lens in place, and corresponding linear fit (red line).  

4.4.3 Static CH4 test experiments 

To test the MIR beam as a spectroscopic probe, various experiments with methane 

gas were conducted. Methane was chosen because, owing to its role as one of the 

principal greenhouse gases in Earth’s atmosphere, [142] it is an extremely well 

characterised molecule. Furthermore, the apparatus was designed to probe C–H 

stretches, and so methane was an obvious choice for testing the probe. Hence, CH4 

spectral lines could act as a fingerprint, i.e. a way of wavelength-checking the MIR. 

Furthermore, methane is commercially available, inexpensive and easy to safely 

handle in the laboratory. Other interesting closed-shell molecules with accessible 

fundamental stretches in the MIR were eliminated for these preliminary studies as 

they introduced unnecessary complexity (D2O) or were too toxic to safely handle in 

bulk (HCN). The test experiments conducted with methane may be categorised as: 

 

1. Static CH4 FMS absorption measurements with a miniature, custom-built cell 

2. TFMAS measurements in the free-jet regime 

3. TFMAS measurements with a 2 mm skimmed molecular beam 

 

These three distinct sets of experiments were carried out at different stages during 

the building of the MIR probe, its associated FMS electronics and detection 

assembly, to evaluate various aspects of the apparatus. The first set of experiments 

facilitated testing the MIR probe validity without requiring access to the vacuum 

chamber, which was being used for the Chapter 3 experiments at the time. This had 

the added benefit of verifying the success of the MIR frequency modulation before 
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the probe was wholly optimised and without requiring the complex Herriott cell 

alignment to be complete. Furthermore, the wavelengths produced for a given set of 

generation parameters could be confirmed.  

 

Therefore, a miniature gas cell was built from standard CF40 components and 

mounted directly onto the laser table. The cell was 90 cm long and was pumped 

down to ca. 10 ×−7  mbar via a turbomolecular pump (Edwards, EXT75DX) backed 

by a scroll pump (Edwards, nXDS6i). The probe was aligned through the cell via two 

wedged and uncoated CaF2 windows (Thorlabs, WW51050, wedge angle = 30 ± 10 

arcmin) in a single pass and onto the AC detector. At this time, the FMS and detection 

instrumentation were still very much a work in progress. The DC detector was not 

aligned and the I&Q demodulator for 100 MHz was not available; hence, the phase 

angle could not be accurately determined from the data. Furthermore, the DAQ code 

was at an early stage and the fitting and analysis code as-yet unwritten. Instead, a 

double-balanced mixer (Pulsar Microwave Corporation, X2L-03-411) was used to 

demodulate the RF signal. The phase angle was varied by manually changing the 

cable length in the LO signal arm to maximise the signal. It was assumed that with 

relaxed Gaussian lineshapes, this would result in a phase angle near 0°, and hence 

absorption lineshapes. FMS absorption measurements were then conducted for a 

series of four adjacent Q-branch CH4 lines in a distinctive sequence identified via 

HITRAN, [213] the details of which are provided in Table 4.3. Each measurement 

recorded all four lines in a single scan, and was repeated at various static methane 

pressures as measured by a capacitance manometer (Inficon, Sky® CDG025D/379-

000, 0.1 − 1000 Torr).  

 

Lower state Upper state 
Strength / 𝟏𝟎−𝟐𝟎 

𝐜𝐦𝟐 𝐜𝐦−𝟏 𝐦𝐨𝐥𝐞𝐜𝐮𝐥𝐞−𝟏 
�̃� / 𝐜𝐦−𝟏 

4A1
(1)

 4A2
(5)

 16.6 3017.711713 

5E(1) 5E(14) 6.25 3017.763047 

4F1
(1)

 4F2
(17)

 9.87 3017.814871 

5F1
(2)

 5F2
(20)

 9.40 3017.825468 

Table 4.3: CH4 lines (𝑣3 band, Q branch) measured in direct absorption experiments. Quantum states are written in 

the form 𝐽𝐶(𝛼), where 𝐽 is the rotational quantum number, 𝐶 the irreducible symmetry label for the state from the 
Td point group, and 𝛼 is the multiplicity index. Line positions and strengths are from the HITRAN database. [213] 
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The results of these experiments are therefore presented without correction for MIR 

power fluctuations, or frequency linearisation, in Figure 4.26. The 𝑥-axis in Figure 

4.26(a) was plotted using knowledge of the 4A1
(1)

 and 5E(1) line centres from 

HITRAN. As the laser stepsizes were not identical, the overlapping higher-frequency 

lines are not perfectly centred. However, successful detection of methane and the 

resultant antisymmetric FM lineshapes in Figure 4.26 (a) are testament to a fully 

functional FMS probe, confirming successful modulation of the MIR beam. 

 

Figure 4.26(b) demonstrates the dependence of the FM signal size, which was 

characterised via the area of the integral absorption signal (determined by a running 

integral of the FM signal), on the static methane pressure, 𝑃𝐶𝐻4
. The 𝑦 intercept was 

set to zero and lines 4F1
(1)

 and 5F1
(2)

 omitted due to their significant overlap. As 

expected, the signal size increased linearly with 𝑃𝐶𝐻4
. However, although the signal-

to-noise in the FM spectra is excellent, even at the lowest pressures, the individual 

points in Figure 4.26(b) show some scatter and therefore do not form a perfect 

straight line. This is very likely due to a leak in the cell, meaning that the measured 

partial pressures were not purely from methane but also included contributions 

from ambient air. The varying slopes reflect the different linestrengths and relative 

rotational-state populations. However, it later transpired that the LO was not being 

driven by the proper amplifier and hence not at the required power, which 

substantially reduced signal sizes and prevented the data from being used to 

calculate a meaningful limit for the experimental detection sensitivity.  

 

These measurements could easily have been improved by leak-testing the cell and 

using the correct amplifiers in the demodulation electronics. However, this was not 

a priority. These preliminary experiments provided confidence in the FMS probe 

functionality, but highlighted issues with the MIR generation that required attention 

before progressing onto experiments in the vacuum chamber. The stability of the 

MIR production was poor and there were issues with the alignment precision, 

making day-to-day optimisation difficult. Furthermore, the beam profile was 

discovered to be bimodal as described in Section 4.4.2. Solving these issues took 

precedence, and hence the MIR generation methodology was revised and the full 

laser alignment optimised from scratch. Finally, the double-balanced mixer was 

replaced by the I&Q demodulator. 



Chapter 4 – Development and optimisation of a new TFMAS probe in the MIR 

143 

 

Figure 4.26: a) Absorption signal as a function of static 𝑃𝐶𝐻4
 over four Q-branch transitions. b) The linear 

relationship between 𝑃𝐶𝐻4
 and integrated peak areas for Q-branch lines (4)𝐴1

(1)
 (data = red circles, linear fit = red 

line) and (5)𝐸(1)(data = black squares, linear fit = black line). 

 

4.4.4 Free-jet proof-of-principle experiments 

Once these improvements were made it was possible to test the MIR probe in the 

vacuum chamber. Initial MIR-TFMAS experiments were conducted with a 

supersonic expansion in free-jet mode. The MIR probe was introduced to the 

vacuum chamber with the first Herriott cell mirror removed and the beam retro-

reflected from the centre of the far Herriott cell mirror, forming a simple double 

pass, before being aligned onto the detectors. Experiments probing CH4 were then 
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performed for Q-branch lines up to 𝑗 = 6 both with and without the presence of a 

squalane liquid surface. For these experiments, the CH4 concentration in helium was 

2%, which was empirically determined to maintain the signal-to-noise ratio whilst 

efficiently cooling the free-jet expansion. Experiments were conducted with a 2 bar 

backing pressure and nominal 270 μs valve pulse. Each measurement comprised 

several states, which have been plotted together to form complete surface-in and -

out spectra as shown in Figure 4.27. Note that again, the 𝑥 axis was not linearised, 

and has been set using the known HITRAN linecentres. Despite this, the results show 

clear evidence of RET at the squalane surface. Surface-in signals, which directly 

reflect rotational-state populations, are greater for higher-𝑗 states than those 

observed for the incident beam alone.  

 

Unfortunately, however, the incident and scattered signals cannot be efficiently 

disentangled due to the limited time resolution of the experiment. Here, this is 

limited by the long gas pulse length, as opposed to the discharge width (~16 μs) in 

the experiments reported in Chapter 3. This results in a temporal overlapping of the 

incident and scattered signals in the Appearance profiles, which are provided in 

Figure 4.28 for Q(1)F1, Q(4)A1 and Q(6)A2 transitions. Note that since the fitting 

code had not yet been written at this stage, these Appearance profiles are raw 

timetraces, i.e. they are the result of gating consistently over one half of the unfitted 

Doppler lineshapes. To visualise the differences between the surface-in and surface-

out data more clearly, second-order Savitzky-Golay smoothing was applied (in 

Origin) to remove experimental noise. Despite the lack of temporal distinction 

between incident and scattered peaks, the surface-in measurements clearly show 

greater signals in higher 𝑗 states than the surface-out equivalents, consistent with 

RET caused by gas-liquid scattering.  

 

The geometrical blurring of the free jet also limited the useful information which 

may be obtained from transverse speed distributions. There were also several non-

optimal experimental parameters left outstanding. At this point the probe beam was 

not focussed onto the detectors. Given their small active areas this substantially 

limited the light detected and hence the signal-to-noise. Although improvements to 

the DAQ code had been made, it transpired that there was an issue with the DC trace 

acquisition, and so correction for MIR power fluctuations was not possible. Note that 



Chapter 4 – Development and optimisation of a new TFMAS probe in the MIR 

145 

the LO amplification issue had not been discovered at this stage. Finally, the data 

processing code was still a work in progress, and therefore x-axis linearisation was 

not possible, nor phase-angle determination. Despite these issues, the signal-to-

noise at 2% CH4 was of order 30:1. These results were therefore extremely 

encouraging and provided strong evidence for the opportunity to gain several 

orders of magnitude improvement in the signal-to-noise by optimising the detection 

assembly and aligning a multipass Herriott cell to substantially increase the path 

length.  

 

 

Figure 4.27: Measured surface-in (red, offset by −3 𝑚𝑉) and surface-out (black) CH4 spectra from test TFMAS 
experiments in the free-jet regime. Comparison of the spectra shows evidence of RET at the liquid squalane surface: 
when the surface is present there are increased signals for higher 𝑗 states. 
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Figure 4.28: Raw Appearance profiles for Q-branch transitions (a) 𝑄(1)𝐹1, (b) 𝑄(4)𝐴1 and (c) 𝑄(6)𝐴2. To show the 
differences between the surface-in (red) and surface-out (black) measurements more clearly, second-order 
Savitzky-Golay smoothing has been applied to the data to remove experimental noise. 

 

4.4.5 Skimmed-beam proof-of-principle experiments 

Preliminary tests with a 2 mm skimmer introduced to the molecular beam were 

made with all other aspects of the experiment as described in Section 4.4.4, before 

proceeding with the Herriott cell alignment and detection optimisation. As 

stipulated in Section 2.1.3, the valve-skimmer distance was maintained at 4 cm 

(≅ 40 × valve diameter). The resulting valve-liquid surface and skimmer-liquid 

surface distances were 121.5 mm and 81.5 mm, respectively. A 2 mm diameter 

skimmer was selected to significantly improve the incident beam velocity and 

rotational state distributions by selecting only the internally coldest inner core of 

the molecular beam for scattering.  
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Figure 4.29 compares representative measured surface-out I and Q lineshapes for 

the R(0)A1
(1)

 transition of CH4 in (a) free-jet and (b) skimmed regimes. The 

lineshapes are drastically different. The free-jet lineshapes are broad, characteristic 

of a near-thermal transverse speed distribution. Conversely, the skimmed-beam 

lineshapes exhibit multiple narrow positive and negative peaks. This unusual, 

pointy lineshape is a result of significantly narrowing the incident transverse 

velocity distribution via the skimmer, as discussed in more detail later. 

 

 

Figure 4.29: Selected 𝑅(0) CH4 I and Q lineshapes measured via MIR-TFMAS with (a) an unskimmed free jet and (b) 
a 2 mm skimmed beam. Note that these lineshapes are unprocessed: the signals have not had their frequency axes 
linearised, nor their intensities normalised to the DC signal, nor conversion from I&Q to A&D as the phase angle was 
not known and could not be accurately determined at this time.  

 

For the final, and most sophisticated set of proof-of-principle experiments the MIR 

Herriott cell was aligned and optimised as discussed in Section 4.2.2. Unfortunately, 

at this stage the laboratory required complete shutdown due to the imposed COVID-

19 lockdown restrictions, which were in place for several months. During this time, 

the temperature fluctuations in the laboratory caused alignment drifts. When the 

restrictions were lifted, significant time and effort was required to realign the entire 

apparatus. The additional double-pass beampath was also introduced, as well as the 

necessary half-wave plate. Focussing lenses were added in front of both the AC and 

DC detectors to maximise overlap of the MIR with their respective detection areas. 

The DC traces were acquired by the DAQ code, and the I&Q demodulator was driven 

correctly. 
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For these preliminary inelastic scattering experiments, the 6 bar mixtures of 10% 

methane (BOC, Research Grade, 99.995% pure) in helium were stored in upgraded, 

larger (2 L) manifold bottles (Swagelok, 304L-HDF4-2250). The backing pressure 

was regulated to 2 bar. The valve was triggered internally at a rate of 20 Hz, with a 

nominal 260 μs pulse length. The DSO was triggered synchronously from the valve 

driver. Experiments were conducted with both the new double-pass and Herriott 

cell probe geometries. To account for the displacement in 𝑧 between the two, 

surface-in double-pass measurements were made with the wheel 20 mm further 

away from the probe, though it later transpired that this distance should have been 

25 mm. The sharp skimmed-beam lineshapes made determining the phase angle 

difficult; a modified version of the phase-angle finding code used in Chapter 3 could 

not fit to the lineshapes. Instead, static CH4 measurements were made in the 

chamber, providing thermally broadened lineshapes which were then used to 

extract phase angles for the final MIR TFMAS apparatus. This was used to set the 

phase angles to ~180° for both probe geometries. 

 

Post-data acquisition, the fitting code was written by a colleague (in 

LabVIEW), [126] generally followed the procedure described in Section 2.6.2, except 

for the following deviations. First, the program also enabled direct measurement of 

the phase angles from the sharp lineshapes. Rather than determining this separately 

at the start, 휃 was simultaneously fitted alongside the A and D lineshapes as another 

floating parameter (i.e., steps 1 and 2 in Section 2.6.2 were amalgamated into step 

7). Furthermore, the mistake previously made in fitting to the CN(X) data had been 

identified. Therefore, this program recognised that the 𝑥-axis speed distribution is 

measured directly via the integral Doppler profile. To then generate a symmetric 

integral absorption Doppler profile, the trial speed distribution was simply reflected 

around zero. The integral dispersion, and the subsequent FM-space absorption and 

dispersion lineshapes, could then be calculated as before. 

 

Within this program, the signal and background gates were selected using the peak 

R(0)A1
(1)

 signal as a reference. The signal start time was defined by initial signals 

with 1% peak amplitude of the R(0)A1
(1)

 transition. To provide some baseline for the 

Appearance profiles, the signal gates were set to begin 30 μs earlier, thus defining 

the time zero. The signal-gate width was 230 μs, therefore providing 200 μs for 
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incident and scattering signals to be observed. Anything later than this was 

discarded as there was sufficient time for secondary collisions to occur. Background 

gates began at the earliest scope acquisition time and ended 10 μs before the signal 

gate start. The goodness-of-fit to the absorption and dispersion lineshapes for an 

exemplary Q-branch transition is demonstrated in Figure 4.30. These Doppler 

profiles are shown for a surface-out measurement of the Q(2)F2
(1)

 transition with 

integration over 25 − 170 μs. 

 

 

Figure 4.30: Example measured absorption and dispersion lineshapes (black circles and red squares, respectively) 

and their associated fits (black and red lines) for Q-branch transition from initial state (2)𝐹2
(1)

. This measurement 
was recorded using the Herriott cell probe with the surface out, with integration over 25 − 170 𝜇𝑠.  

 

 

Figure 4.31: Surface-out (0)𝐴1
(1)

Appearance profiles via double pass (red) and Herriott cell (black) measurements.  
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Surface-out measurements of the R(0)A1
(1)

 line made with the double pass and 

Herriott cell are compared in Figure 4.31. Clearly, concerns that the skimmed beam 

would not intersect the multi-beam geometry were misplaced, as the Herriott cell 

signals are of order 4 times larger than the double-pass signals. This is thanks to the 

extreme spot pattern illustrated in Figure 4.6. More conventional circular or 

elliptical patterns are likely to have large laser-beam spacings which would be 

unsuitable for skimmed-beam probing. Here, however, the Herriott cell geometry is 

conclusively superior to the double pass; hence all subsequent reported results are 

from Herriott cell measurements. However, the double-pass provided another 

useful function. Through knowledge of the 𝑧-distance between the probe geometries 

and corresponding detection times for incident beam signal (defined by the 1% 

rising edge point), the skimmed CH4 beam speed was estimated to be ≈ 1435 m s−1. 

 

Characterisation of the incident CH4 molecular beam  

To characterise the incident skimmed beam, surface-out measurements were made 

for various CH4 quantum states, which were subsequently fitted using the procedure 

described in the previous section. The resulting DC-normalised and frequency-

linearised absorption and dispersion spectra are provided in Figure 4.32. Clearly, 

the signal sizes decrease significantly with increasing 𝑗 and the incident beam is 

significantly colder than the free jet in Figure 4.27. Again, the sharp lineshapes are 

consistent with a skimmed beam with a narrow transverse velocity distribution. The 

process of fitting the populations to a Boltzmann temperature is complicated by the 

multiple nuclear spin states. Rotational cooling is restricted to the individual nuclear 

spin manifolds, hence effectively producing three distinct rotational distributions, 

each limited by their respective lowest levels, (0)A1, (1)F1 and (2)E. The presence 

of significant population in the (1)F1 and (2)E states is therefore not indicative of a 

high rotational temperature. In fact, given the relative rotational linestrengths and 

nuclear-spin statistics, at 𝑇 = 0 K the R(0)A1, Q(1)F1 and Q(2)E transitions appear 

with a 15 ∶ 9 ∶ 2 ratio. [214] This same ratio for the measurements here (with 

integration over the first 100 μs of signal) is 15.6 ∶ 9.7 ∶ 2. Experiments by Quack, 

with a supersonic expansion of neat CH4 through a 100 μm-diameter nozzle showed 

a similarly cold rotational state distribution characterised by 𝑇𝑅 = 11 ± 2 K. [214]  
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Figure 4.32: Measured CH4 incident beam (surface-out) absorption (black) and dispersion (red) Doppler profiles, 
for various quantum states (see above labels). For clarity, the smaller signals have been magnified by the factors 
indicated underneath the spectroscopic-transition assignment labels, and the dispersion spectrum is offset from the 
absorption spectrum by -30. 

 

Figure 4.33: Boltzmann plots for the incident-beam rotational-state distributions within each of the nuclear-spin 
states: ortho (black), meta (red) and para (blue). The experimental data points are represented by squares, and the 
associated fits by solid lines. The 𝑗-state energies are offset such that the lowest 𝑗 for each nuclear-spin isomer is at 
zero.  
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To quantify this, Boltzmann plots for the incident-beam rotational-state 

distributions within each of the nuclear-spin states are provided in Figure 4.33. The 

populations were determined by integrating the surface-out Appearance profiles 

over the first 100 μs of signal. Note that the energies of the 𝑗-states have been offset 

such that the lowest level for each nuclear-spin isomer is at zero. The meta (𝐴) and 

para (𝐸) state populations fit well to single-temperature distributions, with 

𝑇𝑅(meta) = 29 ± 2 K and 𝑇𝑅(para) = 50 ± 6 K respectively. However, the ortho (𝐹) 

distribution was clearly bimodal and therefore fit using the two-temperature model 

applied previously to the incident beam in Chapter 3 (Equation 3.1). The majority 

(𝛼 = 0.67 ± 0.11) of the ortho methane was rotationally very cold, with 𝑇1(ortho) =

8.9 ± 2.6 K, and the rest described by 𝑇2 = 97 ± 36 K. Comparatively, for this 

nuclear-spin state the errors from the fit are significantly larger. Nevertheless, these 

results indicate that the rotational distributions within the incident beam were well 

cooled via the supersonic expansion.  

 

Peak-normalised surface-out Appearance profiles are provided in Figure 4.34 for 

the meta, ortho and para nuclear spin states respectively. The lowest states in each 

nuclear-spin manifold are similar, characterised by broad structures with a 50% rise 

time at ~75 μs, a peak at ~120 μs and subsequent decline. For higher states, the 

structure is more complex, with a local maximum at ~50 μs, followed by a dip at 

~75 μs and larger, main peak at ~130 μs. The first peak is generally larger and 

earlier for lower rotational states; indeed, around 𝑗 = 4 this feature is significantly 

diminished. These plots also show selected integration times of interest, which 

characterise the Appearance profile structure without including later times possibly 

contaminated by secondary collisions. These time slices are labelled: 1 = 25 −

50 μs, 2 = 50 − 70 μs, 3 = 70 − 120 μs and 4 = 120 − 170 μs, which correspond to 

the early signals, minor peak, local minimum, and major peak respectively.  
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Figure 4.34: Peak-normalised surface-out Appearance profiles for the incident CH4 molecular beam in (a) meta, (b) 
ortho (curated) and (c) para nuclear spin states. The following integration times of interest are shaded in light blue 
and yellow for reference: 1 = 25 − 50 𝜇𝑠, 2 = 50 − 70 𝜇𝑠, 3 = 70 − 120 𝜇𝑠 and 4 = 120 − 170 𝜇𝑠. 

 

Peak-normalised transverse velocity projections for selected incident beam 

rotational states are illustrated in Figure 4.35 and Figure 4.36. The first figure shows 

the distributions for the lowest rotational states within each nuclear-spin manifold. 

These have very similar forms, characterised by a sharp central peak with fine V-

shaped structure at 0 m s−1, and a pair of smaller (~20%) peaks in the wings at ~ ±

400 m s−1. Figure 4.36 (a) shows the transverse velocities for the three lowest ortho 

states over the total time slice, 25 − 170 μs. The distributions clearly broaden with 

𝑗 within an individual nuclear-spin manifold, though the fine structure centred 

around 0 m s−1 is still visible in all. Naturally, the signal-to-noise also worsens with 

𝑗. Plots (b) – (d) demonstrate the speed distributions for these successive ortho 

states for the individual integration times 1 − 4 described in the previous 
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paragraph. The signal-to-noise is poorer at early times, as expected. Furthermore, 

the distributions are virtually identical regardless of time for the lowest state but 

broaden with time for higher 𝑗 states. This effect is less pronounced for 𝑗 = 2 than 

𝑗 = 3, indicating this phenomenon increases with 𝑗. 

 

Figure 4.35: Transverse speed distributions for the incident CH4 beam in the lowest rotational states within each 

nuclear-spin manifold: (0)𝐴1
(1)

 (black), (1)𝐹1
(1)

 (blue) and (2)𝐸(1) (red), with integration over 25 − 170 𝜇𝑠. 

 

 

Figure 4.36: Transverse speed distributions for the CH4 incident beam. (a) The three lowest ortho rotational states, 
integrated over 20 − 170 𝜇𝑠. Plots (b), (c) and (d) show the speed distributions for different times slices 1 − 4 

across the Appearance profiles (see legend) for these three states, respectively: (1)𝐹1
(1)

, (2)𝐹2
(1)

and (3)𝐹2
(1)

. 
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CH4 scattering from squalane  

The CH4 Appearance profiles with the squalane surface in and out are directly 

compared in Figure 4.37. Regardless of whether the surface is present or not, there 

is no consistent trend in signal size or shape. Given the population of the incident 

beam is predominantly distributed in the lowest few rotational states for each 

nuclear-spin isomer, and the likelihood of RET occurring at the surface, scattering 

signals should not be observed in these low-lying levels. Therefore, although it may 

be tempting to ascribe the higher surface-in signals for these states to real 

scattering, this is a result of scan-to-scan variation. This is most probably due to 

valve instability and subtle differences in the exact seeder/carrier gas mixes used. 

Future experiments could account for such effects by measuring multiple datasets 

for each state, including regular repeats of the (0)A1
(1)

 incident beam signal. This 

would allow for normalisation to a standard 𝑗 = 0 level via the same logic prescribed 

in Section 3.2.4 and would provide more accurate results than these single 

measurements. In the absence of these additional experiments, no conclusive 

scattering effect is observed when the surface is present, regardless of 𝑗. To 

determine whether methane was predisposed to scatter into higher 𝑗 states, surface-

in measurements of Q(6)A1
(1)

 and Q(9)A1
(1)

 were also conducted. Signals in the 

former were negligible and thus could not be fitted; in the latter they were absent 

within the observed signal-to-noise, as shown in Figure 4.38. Finally, no effect of gas-

phase scattering was observed; as noted in the previous chapter, this would 

manifest as significantly lower surface-in signals than surface-out at early times for 

low 𝑗. The absence of this phenomenon proves that skimming the beam removes this 

problem, which is consistent with the lower pressures involved.  

 

However, it is conceivable that surface-scattering information which may be hidden 

in the Appearance profiles could be apparent in the time-dependence of the widths 

of the transverse speed distributions. These are presented in Figure 4.39 for 

selected ortho, para and meta Q-branch transitions, (3)F2
(1)

, (4)E(1) and (3)A2
(1)

, over 

the integration times detailed previously in Figure 4.34. Again, there is no conclusive 

evidence of scattering in the speed distributions. Given the results in Chapter 3, it 

would be reasonable to expect the surface-in speed distributions to be broader than 

the surface-out equivalents, but this is not observed across the available 

measurements regardless of integration time. 
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Figure 4.37: Surface-in (red) and -out (black) Appearance profiles for CH4 scattering experiments with squalane. 

Note that the linestrength factor of 3 has been taken into account in the 𝑅(0)𝐴1
(1)

 plot so that it may be properly 
compared with the Q-branch transitions, which have linestrengths equal to 1. [214] 
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Figure 4.38: Surface-in absorption (black) and dispersion (red) measurements for CH4 𝑄(9)𝐴1
(1)

 transition over the 
full 0 − 230 𝜇𝑠 signal timegate. No signal is present within the observed signal-to-noise ratio. 
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Figure 4.39: Surface-in (red) and -out (black) transverse speed distributions for selected CH4 Q-branch transitions 

(3)𝐴2
(1)

, (3)𝐹2
(1)

 and (4)𝐸(1) for various integration times in experiments with squalane.   
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Experimental signal-to-noise analysis 

Allan deviation plots are commonly used to characterise frequency noise over time, 

where the Allan deviation is the square root of the Allan variance, 𝜎𝐴
2(𝜏). Consider a 

series of 𝑁 data points of a measured quantity, 𝑦. The data may be divided into 

samples 𝑀 of consecutive data points, and each sample therefore has its own 

averaging period, defined by the number of points in the sample and the data 

acquisition frequency. The Allan variance is a measure of how much the data varies 

over this time interval (𝜏), via the difference between the average data value a given 

sample, �̅�𝑖, and the successive sample, �̅�𝑖+1. Across a finite dataset this is given by: 

 𝜎𝐴
2(𝜏) =

1

2(𝑀 − 1)
∑ (�̅�𝑖 − �̅�𝑖+1)2

𝑀−1

𝑖=0

 (4.16) 

and therefore depends on both the averaging period and the noise on the data. A 

LabVIEW program was written by a colleague to analyse the frequency noise of the 

raw I and Q traces averaged by the DSO. [126] In order to analyse optical and 

electronic noise sources only, it was important to select individual traces from a 

given dataset at a wavelength point far from any spectral transition. Otherwise, the 

absorption measurement itself would contribute to the deviation. Correspondingly, 

the program constructed Allan deviation plots by starting with the deviation across 

the full timebase (1 ms). It would continue by successively dividing the traces into 

smaller time divisions, and averaging the signal deviation of each interval, until the 

limit where each interval is represented by a single time point (0.1 μs in this 

instance) was reached.  

 

Using this program, Allan deviation plots (with a logarithmic time axis) were 

generated for random measurements, at off-transition wavelength points. These are 

provided for four different noise scenarios in Figure 4.40. Typically, Allan deviation 

plots have higher noise at lower and higher frequencies with a minimum in the 

middle. This was generally the case, as shown by plots (a) and (b), which were from 

two points across the same surface-out measurement of the R(0)A1
(1)

 line. In these, 

the deviation is minimised at ~20 − 30 μs. Clearly, even during normal operation 

the noise profile was variable, as the low-frequency noise is clearly significantly 

worse in (b) than in (a). However, plots (c) and (d) demonstrate that sometimes the 

noise was significantly worse, with the deviation forming a local peak between 
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~10 − 50 μs. This was observed during the experiments, but no cause could be 

found. Laser feedback issues due to back-reflection interference were considered, 

as this was a known problem which caused étalon-locking instability in the NIR 

laser. However, since care was taken to align the PPLN back-reflection onto the back 

face of the EOM mount and the noise was sporadic, no obvious source was found.  

 

 

Figure 4.40: Allan deviation in the raw I (black) and Q (red) traces as a function of time for four distinct noise 
conditions (a) – (d). Plots (a) and (b) were from the same measurement at two separate off-transition wavelength 
points. Note that the y-scales vary across the plots.  

 

4.5 Discussion 

The principal aim of constructing the apparatus detailed in this chapter was to 

provide a new Transient Frequency Modulation Absorption Spectroscopic probe 

allowing gas-liquid scattering experiments to be performed with various closed-

shell molecules via their accessible vibrational transitions in the MIR. Such a probe 

was successfully constructed and tested. The various characterisation procedures 
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detailed in Section 4.4 have confirmed that the external modulation on the tuneable 

NIR beam was successfully carried over to the MIR, the MIR probe has Gaussian 

mode quality, it is robust and stable day-to-day, and the alignment and MIR 

conversion efficiency are reproducible even after long periods of inactivity. 

Furthermore, the consistent Doppler lineshapes demonstrate frequency stability; 

the measurements show no evidence of substantial short-term random deviations 

nor steady drifts. The FM spectral resolution is testament to the DFG-produced 

probe’s narrow linewidth. With 5 MHz steps, the sharp structures from the skimmed 

CH4 molecular beam experiments in Section 4.4.5 were clearly resolved.  

 

These latter experiments confirmed that skimming the beam significantly cooled the 

internal-state distribution and narrowed the Doppler profiles relative to the free jet. 

The secondary structure in the wings of the incident beam lowest-𝑗 states in Figure 

4.35 is consistent with skimmer shockwave interference. The edges of the incident 

beam re-scatter on contact with the skimmer walls, resulting in sideways-scattered 

trajectories. This also causes reheating of the internal state distribution, which is 

demonstrated by more pronounced broadening in the speed distributions for higher 

𝑗 states, and at later times, as observed in Figures 4.36 and 4.39. The surface-out 

Appearance profiles in Figures 4.34 and 4.37 support this conclusion. For the 

lowest-lying ortho, meta and para states, which are (0)A1
(1)

, (2)E(1) and (1)F1
(1)

 

respectively, the Appearance profiles structures are broad and peak at ~125 μs. The 

secondary structure observed for higher 𝑗 states, and the earlier onset of these 

signals, is consistent with supersonic expansion dynamics characterised by a long 

valve pulse rise time. At early times, the valve is not fully open and there is therefore 

less pressure at this region of the molecular beam pulse. Here there are fewer gas-

phase collisions resulting in less-efficient cooling of the internal modes.  

 

Surface-in measurements with the skimmed beam did not demonstrate any 

evidence of gas-phase scattering at the squalane surface. Neither the Appearance 

profiles, nor Doppler profiles and associated transverse speed distributions gave 

any indication of larger signals or broader speed distributions with the surface 

present, regardless of 𝑗. There are a few possible explanations for this. First, the 

majority of the methane is trapped by the surface and lost to the bulk. This theory 

seems unlikely, since Nathanson and co-workers successfully detected CH4 
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scattering from squalane with incident energies both below and above that 

employed here, which from the estimated incident velocity is ≈ 16 kJ mol−1. [28] 

Their experiments were conducted with 휃𝑖 = 45°, while in this work 휃𝑖 = 0°. 

Therefore, one would anticipate a greater fraction of thermalisation with the surface 

in these new experiments, but it is highly unlikely that the survival probability 

approaches zero, especially given the solubility of CH4 is 3.6 times lower than that 

of water in comparable hydrocarbons (decane and hexane, respectively). [28]  

 

However, the Nathanson experiments were not sensitive to particular internal 

quantum states. Perhaps methane undergoes inefficient rotational energy transfer 

at the surface. However, given the evidence of scattering in the free-jet experiments 

in Section 4.4.4, and the extreme cooling of the incident molecular beam, it seems 

inconceivable that no scattered population should be found in higher 𝑗 states. It is 

more likely that the experiment requires improved sensitivity to observe scattering 

signals for a given single rotational state. This question may be better answered by 

appropriate Monte Carlo simulations and shall be addressed again in Chapter 5. 

Pertinent future experiments should employ a wider-diameter skimmer to increase 

the overall scattered number densities, while maintaining the cold rotational 

temperature of the incident beam. Furthermore, there is one resoundingly positive 

conclusion from the surface-in measurements with the skimmed beam: the absence 

of negative signals at early times indicates that the problem of gas-phase scattering 

above the liquid surface encountered in Chapter 3 was eliminated.  

 

Naturally, the probe in its current state is not perfect. Gains in the conversion 

efficiency are definitely possible through empirical testing of the focussing 

conditions. This should certainly be considered in the future, but would require the 

purchase of several lenses of varying focal length and significant experimental effort 

in optical realignment. Improvements in the signal-to-noise ratio are more crucial, 

as this would better the chances of detecting scattered signals within individual 

quantum states. The Allan deviation plots in Figure 4.40 demonstrate that, in normal 

operation, the noise is minimised for time intervals comparable to the individual 

gates used to characterise the Appearance profile signal (Figure 4.34). However, the 

deviation is rapidly increasing around 200 − 300 μs, which is similar to the 

separation between the overall signal and background gates. Suppressing the noise 
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in this region would be a valuable step towards improving the signal-to-noise ratio. 

This RAM signal, visible as fluctuations in the baseline in the I&Q traces, can arise 

from multiple experimental sources. A sensible place to start is the input 

polarisation alignment with respect to the modulator, since any off-axis polarisation 

components are directly converted into amplitude modulation of the beam. Other 

subsequent transmissive optics, which may act as étalons and thus contribute to 

RAM, should be checked. Optics with anti-reflection coatings (lenses, the PPLN) and 

wedged faces (chamber windows, CaF2 splitter) should present less of a problem 

relative to uncoated, planar optics. As previously mentioned, another potential noise 

source on this timescale was the observed frequency stability of the NIR laser. 

Shortly after the experiments documented in this chapter were conducted, this laser 

broke. It has since been sent for repair, and once returned this hypothesis may be 

tested. Similarly, the cause of the sporadic noise evident in Figures 4.40(c) and (d) 

around 10 − 50 μs should be investigated and eliminated as much as possible.  

 

As touched upon in Section 4.1.1, current available MIR laser technologies include 

tuneable MIR lasers and external electro-optic phase modulators. These alternatives 

are certainly worth consideration for future application to MIR-TFMAS. If an 

equivalent probe were to be built with the newly commercialised technologies, the 

obvious choice for the modulator is an external electro-optic phase modulator from 

Qubig. [212] Selecting a MIR source is less straightforward. Most of the QCLs and 

ICLs on the market have linewidths of order a few MHz and tuning ranges at most 

20 nm. These are ideal for trace-gas sensing applications, but for TFMAS would 

provide much less broadly applicable systems with poorer spectral resolution. 

However, as also discussed in Section 4.2.1, some nonlinear conversion packages 

are now available, including a fully integrated MIR source from Toptica and an OPO 

mixing module from M2 lasers. The latter would require a compatible input, such as 

the tuneable NIR Ti:Sapphire laser (with 532 nm pump) applied here (M-Squared, 

SolsTiS 2000 PSX-F), to access the specified MIR range (1.1 − 4.5 μm).  

 

These alternatives are certainly appealing: they are efficient, straightforward and 

ready-made, requiring significantly less labour to implement. However, it’s possible 

that the probe presented here has distinct advantages over these new products. An 

EOM from Qubig, with equivalent specifications to that employed here on the NIR, 
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bar the wavelength, costs €3500 for the crystal alone; altogether with a wedged 

front face to reduce RAM effects, shipping costs and VAT, the total comes to ~£3.8k. 

Considering the MIR beam source, the Toptica DCL TOPO system, with an idler 

tuning range of 2.19 − 4.0 μm and the option of < 2 MHz idler linewidth applied, 

costs ~£245k ex. VAT. Similarly, the full M2 system, including EMM and new 

tuneable NIR laser, costs ~£200k ex. VAT. [215] Our group, which already owns the 

requisite pump laser, could exchange the DFG work in this chapter with the EMM 

system for ~£100k ex. VAT [215] plus the ~£3.8k for the Qubig modulator. By 

contrast, the NIR laser and associated pump (£85k, price from 𝑐𝑎. 2016), 1064 nm 

fibre laser (£33.5k, price from 𝑐𝑎. 2016), DFG assembly (~£5.8k) and NIR EOM 

(~£2.4k), which were by far the most expensive components in the optical 

apparatus presented in this work, come to a total of £126.7k. Note that for the Qubig 

EOM, Toptica MIR source and DFG assembly, quotations (valid as of September 

2021) are provided for these components in the Appendix, and the associated prices 

are quoted here including VAT. The NIR EOM price is also quoted including VAT, as 

taken from the Thorlabs website. [216] The M2 product prices are estimates from 

personal email correspondence with the sales team (and are also valid as of 

September 2021). A summary of these expenses, which encompass the main probe 

components for the three different MIR-TFMAS probe designs, is provided in Table 

4.4. Even allowing for price increases in the 1064 nm, NIR and pump laser costs 

since their purchase ~5 years ago, the home-built option is significantly cheaper 

than the alternatives. This gives an indication of the current start-up capital 

required to procure the main probe components for three different designs of MIR-

TFMAS system.  

 

Component Home-built (DFG)  Toptica  M2 Lasers  

NIR laser + pump (M2)(1) / £k 85 − − 

1064 nm laser (Quantel)(1) / £k 33.5 − − 

Modulator (Thorlabs) / £k 2.4 − − 

DFG assembly (Covesion) / £k 5.8 − − 

MIR OPO (Toptica/M2) / £k − 293.1 240 

MIR EOM (Qubig) / £k − 3.8 3.8 

Total cost / £k 𝟏𝟐𝟔. 𝟕 𝟐𝟗𝟔. 𝟗 𝟐𝟒𝟑. 𝟖 

Table 4.4: Cost summary (incl. VAT) for the main probe components required for three distinct MIR-TFMAS designs. 
(1) Prices from original purchase circa 2016. 
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4.6 Summary 

 

1. A new narrowband TFMAS probe tuneable across 2854 − 4741 nm was 

developed for gas-liquid surface scattering experiments. External frequency 

modulation was applied to a tuneable NIR laser, which was then combined 

with fixed-frequency 1064 nm via DFG to produce modulated MIR.  

2. This probe was optimised and characterised and confirmed to have TEM00 

mode quality. Different input beam focussing conditions were trialled, with 

𝑓NIR = 500 mm ± 1% and 𝑓1064 = 750 mm ± 1% used in the final apparatus. 

3. An upper limit of ~0.028 % W−1 cm−1 was consistently observed for the DFG 

conversion efficiency. This was easily re-attainable even after several-month 

periods of laboratory shutdown, which is testament to the stability of the 

probe and its alignment. With optimal pump powers of 2 W and 10 W the 

corresponding upper MIR power limit is ~20 mW. The conversion efficiency 

should be improved by full exploration of the DFG input beam focal lengths 

to uphold the recommended Rayleigh length matching conditions.  

4. Proof-of-principle FMS experiments were conducted with bulk CH4, and 

subsequently via TFMAS with free-jet and skimmed CH4-seeded molecular 

beams inelastically scattering from liquid squalane. The free-jet experiments 

demonstrate clear evidence of RET, but scattered signals were not observed 

with the skimmed beam. This is likely due to detection sensitivity limitations, 

which may be most easily improved by selecting a wider-diameter skimmer. 

Noise sources should also be reduced, including a full exploration of RAM and 

laser feedback issues. 

5. The skimmed CH4 beam had a tightly defined transverse velocity distribution 

and was extremely well cooled, with an approximate incident speed of 

1435 m s−1 corresponding to 𝐸𝑖 ≈ 16 kJ mol−1. 

6. Despite recent advances in MIR technology, the current probe design is 

highly competitive with similarly specified off-the-shelf sources and external 

modulators. These alternative systems are, at best, around twice the cost of 

the home-built system in this work. 
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Chapter 5 – Monte-Carlo simulations of gas-liquid scattering 

5.1 Introduction 

The term Monte Carlo describes a class of computational algorithms which find 

numerical solutions to complex and potentially deterministic mathematical 

problems by virtue of statistical probabilities and the law of large numbers. In 

practice the selection is often pseudo-random rather than purely stochastic, which 

facilitates testing Monte-Carlo programs through re-runs and is often adequately 

random for purpose. Monte-Carlo methods are essential to solving such complex 

mathematical problems in various disciplines: in physics, they are widely applied to 

disordered systems such as liquids, as pertinent to this work; they are often used to 

evaluate risk, [217] with applications in business and finance; in 

telecommunications, they are used to solve network design problems [218] and 

they have even be used to calculate the best possible moves in games such as 

Go. [219]  

 

In the context of gas-liquid chemical dynamics, Monte-Carlo scattering simulations 

present a convenient way to conduct what are essentially virtual experiments, which 

may be used to aid mechanistic analysis of experimental scattering data, comment 

meaningfully on the measurement limitations, and test and influence future design 

modifications. To achieve this, the chamber geometry is parameterised within a 

program, and the trajectory properties of the gaseous projectiles selected randomly, 

or pseudo-randomly, in a Monte-Carlo fashion. This process is repeated with large 

numbers of trajectories (typically ≥ ~106) in order to reach a statistical average for 

the outputs that are close to the expected values. This is particularly useful for 

analysing possible TD fractions in measured Appearance profiles, and in some cases 

appropriately weighted simulations of pure TD and IS fractions that reproduce the 

data can aid mechanistic analysis. 

 

The main proponents of this sort of Monte-Carlo methodology to gas-liquid 

scattering are the McKendrick and Costen group, who first applied it in 2005 to the 

reactive scattering of bulk-photolysis generated, hyperthermal O( P 
3 ) atoms from 

squalane, an H-SAM and an ionic liquid to produce LIF-detectable OH(X). The 
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simulations confirmed a definite, dominating IS component as well as supporting a 

minority TD fraction in collisions with squalane, but essentially negligible TD 

components for the other surfaces. [74,75,176] Similar conclusions were reached 

for O( D 
1 ) reactive scattering with squalane. [79] These methods were also applied 

in analysis of molecular-beam OH(X) scattering inelastically from PFPE and 

squalane. Monte-Carlo simulations of the thermal scattering allowed the authors to 

provide best-estimate TD fractions, which were 22 ± 2% for the reactive surface 

and 9 ± 1% for the inert. Although approximately half the incident OH on squalane 

was lost in the experiments, these results implied that squalane is a more efficient 

accommodator of OH, and that some of this thermalised fraction does survive. [46]  

 

More recently, OD scattering with PLIF detection was simulated using the 

predecessor of the code presented here. The effect of varying the incident-beam 

characteristics and the probe-sheet thickness on the scattered speed and angular 

distributions was explored, including the degree of collimation and the speed 

distribution width. [220] Increasing the incident-beam diameter exerted the most 

detrimental effect on the results. This was the only parameter to distort the angular 

distributions and the most significant in terms of overestimating the peak scattered 

speeds. Increasing the incident speed distribution and relative laser-sheet thickness 

moderately and marginally overestimated the peak scattered speeds, respectively. 

These recent results have informed a new experimental LIF apparatus design within 

the group, which is currently under construction, and hereby have the power to 

improve the quality of future gas-liquid scattering data. 

5.1.1 Theoretical models and simulations 

As touched upon in Chapter 1, gas-liquid scattering has been described by both the 

hard- and soft-sphere models. These are born from the kinematic treatment of a gas 

with defined mass 𝑚𝑔 colliding with a surface component with mass 𝑚𝑙. A schematic 

of a typical collision, with vectors relevant to the gas-liquid interaction between 

these masses, is provided in Figure 5.1. Note that within this figure, and for the 

subsequent discussion, lab-frame velocity vectors are denoted by 𝑣, COM-frame 

vectors by 𝑢, and post-collision vectors distinguished from initial vectors by primes. 

The deflection angle, 𝜒 = 180° − (휃𝑓 + 휃𝑖), describes the change in direction of the 

scattered particle, in the scattering plane, with respect to its initial trajectory. 
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Figure 5.1: Laboratory-frame vectors relevant to scattering of a gaseous projectile with mass 𝑚𝑔 against a liquid 

surface with mass 𝑚𝑙 . The initial and final projectile velocities are denoted by 𝑣𝑔 and 𝑣𝑔
′  respectively. Since the 

surface is stationary, its initial vector equals zero, while its post-collision velocity is given by 𝑣𝑙
′. 𝜒 is the deflection 

angle, which is equal to 180° − (휃𝑓 + 휃𝑖). 

 

Newton diagrams are useful visual devices relating the laboratory and centre-of-

mass frames, which are commonly applied to kinematically analyse gas-phase 

crossed-molecular beam studies. Minton and co-workers elegantly applied the same 

logic to describe collisions of O( P 
3 ) and Cl( P 

2 ) atoms with squalane, creating the 

first liquid surface-scattering Newton diagrams. [36] Later, similar application was 

made to hyperthermal O( P 
3 ) and Ar atoms colliding with PFPE and squalane. [38] 

In these scenarios, ignoring thermal motion of the individual molecules, the liquid 

surface mass is stationary in the laboratory frame. Therefore, the vector 𝑘, which 

describes the relative velocity between the projectile and surface, becomes equal to 

the relative incident particle velocity in the centre-of-mass (COM) frame. This is also 

equal to the measured incident beam velocity, i.e. 𝑘 = 𝑢𝑔 = 𝑣𝑔. The average final 

scattered particle velocities for multiple collisions (𝑢𝑔
′ ) thus lie on a circle with the 

centre of mass at its centre. This is demonstrated visually via a Newton diagram in 

Figure 5.2, constructed by the Minton group for collisions of hyperthermal O atoms 

with squalane where 휃𝑖 = 60° and 𝐸𝑖 = 504 kJ mol−1 and adapted for this 

thesis. [38] The effective surface mass, 𝑚𝑙, may therefore be calculated when the 

incident particle mass and velocities are known via the following expression: 

 𝑚𝑙 = 𝑚𝑔 (
𝑣𝑔

𝑣𝐶𝑂𝑀
− 1) (5.1) 
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Figure 5.2: Example Newton diagram for gas-liquid surface scattering, adapted from reference [38]. Here, 
hyperthermal O atoms were directed towards a squalane surface with 휃𝑖 = 60° relative to the surface normal, 𝑛, 

and 𝐸𝑖 =
1

2
𝑚𝑔𝑣𝑔

2 = 504 𝑘𝐽 𝑚𝑜𝑙−1. The scattered O atoms were detected via MS for various final scattering angles. 

The deflection angles 𝜒 are those made between the initial COM-frame O-atom velocity vector, 𝑢𝑔 (red arrow), and 

the various possible final COM-frame O-atom velocity vectors, 𝑢𝑔
′  (green arrows, of which two are shown). The 

corresponding data points (yellow circles) lie along a circle centred at the COM with a radius equal to 𝑢𝑔
′ . The lab-

frame scattering vectors are represented by black arrows. 

 

As discussed in Section 1.2.2, the soft-sphere model is a modified form of the hard-

sphere model that accounts for energy lost to internal motions upon collision. This 

model was constructed as part of the same kinematic treatment that led to the 

Newton diagram in Figure 5.2. [38] With respect to the initial direction of 𝑚𝑔, 

momentum is conserved such that: 

 𝑚𝑔𝑣𝑔 = 𝑚𝑔𝑣𝑔
′ cos 𝜒 + 𝑚𝑙𝑣𝑙

′ cos 휃𝑓  (5.2) 

in the perpendicular direction, conservation also requires: 

 𝑚𝑔𝑣𝑔
′ sin 𝜒 = 𝑚𝑙𝑣𝑙

′ sin 휃𝑓 (5.3) 

Allowing for a fraction of the collision energy lost to internal motions of the collision 

partners, and assuming that the initial energy of the surface is negligible with 

respect to that of the incident particle, conservation of energy also requires: 
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1

2
𝑚𝑔𝑣𝑔

2 =
1

2
𝑚𝑔𝑣𝑔

′ 2
+

1

2
𝑚𝑙𝑣𝑙

′2
+ 𝐸𝑖𝑛𝑡 (5.4) 

Manipulation of Equations 5.3 and 5.4 produces an expression for the ratio between 

the final and initial projectile velocities, squared: 

 (
𝑣𝑔

′

𝑣𝑔
)

2

=
1 − 𝐸𝑖𝑛𝑡 𝐸𝑖⁄

1 + 𝜇
sin2 𝜒
sin2 휃𝑓

 (5.5) 

where 𝜇 = 𝑚𝑔/𝑚𝑙 . This ratio is related to the fractional energy transfer via: 

 
Δ𝐸

𝐸𝑖
=

𝐸𝑖 − 𝐸𝑓

𝐸𝑖
= 1 − (

𝑣𝑔
′

𝑣𝑔
)

2

  (5.6) 

Similarly, Equations 5.2 and 5.3 may be used to find the angular ratio: 

 
sin2 𝜒

sin2 휃𝑓
= 1 + (

𝑣𝑔

𝑣𝑔
′
)

2

− 2
𝑣𝑔

𝑣𝑔
′

cos 𝜒 (5.7) 

which, upon substitution, provides an alternative form of Equation 5.5. The 

combination of Equations 5.5, 5.6 and 5.7 produces a final expression for the soft-

sphere collision model: 

 

 
(

Δ𝐸

𝐸𝑖
)

𝑆𝑆

=
𝐸𝑓 − 𝐸𝑖

𝐸𝑖
 

≈
2𝜇

(1 + 𝜇)2 [1 + 𝜇 sin2 𝜒 − cos 𝜒 √1 − 𝜇2 sin2 𝜒 −
𝐸𝑖𝑛𝑡

𝐸𝑖

(𝜇 + 1)

+
𝐸𝑖𝑛𝑡

𝐸𝑖

𝜇 + 1

2𝜇
 ] 

(5.8) 

 

Minton et al. successfully applied this model to their ToF-MS scattering data as a 

function of 𝜒, with fit parameters 𝜇 and 𝐸𝑖𝑛𝑡/𝐸𝑖. This provides a picture that is 

convenient for dynamical modelling of gas-liquid collisions, and hence this model 

was employed in Monte-Carlo simulations here as described in Section 5.2.1.  
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5.2 Methodology 

A previous incarnation of the code was written by Adam Knight to simulate OH 

scattering experiments with planar LIF detection. [221] This consisted of several 

Fortran modules, though the core program was applicable to the experiments 

relayed here, as the code was flexible with respect to the fundamentals of the gas-

liquid systems and vacuum chamber designs. The code was then modified as 

required, and separate detection and data-binning modules written by colleagues to 

simulate Doppler-resolved, multipass TFMAS data from virtual scattering 

events. [115,126] The final version used here comprised a sequence of four 

programs. These were the main scattering code, which performed the Monte-Carlo 

simulations themselves and output both Appearance profiles and transverse speeds, 

and three data-processing programs which transformed the latter into simulated 

integral absorption lineshapes and subsequently into FM-space Doppler profiles for 

comparison with the experimental data.  

5.2.1 Program Functions and Process 

Various user-defined experimental parameters, which governed everything from 

the experimental timings, chamber and laser probe geometries, projectile mass, 

surface temperature and scattering mechanism, were written into a series of input 

files which were passed to the main program. Note that the chamber geometry 

existed within the same Cartesian system defined in Chapter 2: 𝑧 lay along the 

molecular beam centre, 𝑦 the lab-frame vertical axis and 𝑥 the centreline between 

the Herriott cell mirrors. The origin was defined as the point where the 𝑧 axis struck 

the liquid-coated wheel. For computational efficiency, each particle was considered 

sequentially: the incident trajectory was generated followed by the scattered (if 

applicable) and these processed by the detection module before beginning again 

with the next particle in the simulation. There was also an option to turn off 

scattering to simulate the incident beam only. Once all particles were treated in this 

way, the user could process the output data via the subsequent programs if desired. 

An overview of the entire program sequence is provided in Figure 5.3. 
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Figure 5.3: Detailed flowchart describing the processes of the program sequence. Incident and scattered trajectory 
generation processes are in red boxes, the detection module in orange, and a description of the final written outputs 
from the main simulation program in green. In blue are the subsequent data-processing programs, usually run in 
tandem via a script. 
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In generating the trajectories, each particle was approximated as a single point with 

a user-defined mass, and the longitudinal (𝑧) incident speeds were generated using 

one of two approaches. In the first approach, the form of the signal as a function of 

time was initially chosen: here the experimental Appearance profile was either 

described by a sum of 𝑛 time-domain Gaussians, or the measured Appearance 

profile itself was used. This chosen form was then cumulatively integrated (in 

Origin) and the resulting curve normalised to unity. This cumulative probability 

distribution was then fitted (in Origin) to the following sigmoidal function: 

 

 

𝐶(𝑡) = 𝐴𝑚𝑖𝑛 +
𝐴𝑚𝑎𝑥 − 𝐴𝑚𝑖𝑛

(1 + (
𝑡
𝑡0

)
−ℎ

)
𝑠 

(5.9) 

Here, 𝐴𝑚𝑖𝑛 and 𝐴𝑚𝑎𝑥  are the lower and upper bounds of the cumulative probability 

function and were therefore constrained to 𝐴𝑚𝑖𝑛 ≤ 0 and 𝐴𝑚𝑎𝑥 ≥ 1. The particle 

arrival time at the probe region is denoted 𝑡, and the specific time 𝑡0 related to the 

time at which 𝐶(𝑡) = (𝐴𝑚𝑎𝑥 − 𝐴𝑚𝑖𝑛)/2 via the following equation: 

 𝑡0 = ((𝐴𝑚𝑎𝑥 − 𝐴𝑚𝑖𝑛)10
(1

ℎ⁄ ) log(2(1
𝑠⁄ )−1)) 2⁄  (5.10) 

Parameter 𝑠 defines the curve symmetry in 𝑡 on either side of 𝑡0, and was 

constrained to 𝑠 > 0. Finally, parameter ℎ governs the steepness of the sigmoidal 

slope between 𝐴𝑚𝑖𝑛 and 𝐴𝑚𝑎𝑥 . With the parameters from the Origin fit supplied to 

the Monte-Carlo code, a random number 0 ≤ 𝐶(𝑡) ≤ 1 could then be generated and 

used to find the corresponding time 𝑡, which could then be converted into a speed 

via 𝑠 = 𝑑/𝑡 where 𝑑 in this instance is the valve-to-probe distance.  

 

However, as shall be discussed in Section 5.3.1, this sigmoidal function was not 

universal. It often failed to fit to the cumulative integrals, regardless of whether the 

original signal was characterised by experimental Appearance profiles, or Gaussian 

sums approximating the data. Additional functionality was therefore introduced so 

that the arrival times could instead be selected directly from the sum of 𝑛 time-

domain Gaussians describing the signal, without the need for the function in 

Equation 5.10. The Monte-Carlo-selected arrival times were then converted into 

speeds via the valve-to-probe distance as before. Typically, these Gaussian sums 

were initially constructed by fitting (in Origin) to the experimentally determined 
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Appearance profiles as a first best guess. Subsequently, their means, standard 

deviations and centres in 𝑡 were modified to mitigate flux-density effects.  

 

Next, a creation time for the particle was assigned. Originally, a random time was 

selected from within the bounds of the square wave defining the discharge width. 

Additional modifications were made so that the user could choose between this 

method, which was well suited to representing short, discharge-created molecular 

packets, and one which could better describe the slow opening characteristics of 

pulsed valves. In the latter case, 𝑛 time-domain Gaussians were parameterised to 

represent the molecular number density variation with valve opening time. Again, 

for a given particle a creation time was randomly selected from this distribution.  

 

The speed was then transformed into a velocity by selecting its point of origin and 

direction. Initial direction vectors were generated by considering the chamber 

geometry constraints and drawing straight lines which successfully passed through 

two orifices, which were usually taken to be the valve aperture and skimmer. For 

the free jet, the second orifice was defined by the exit nozzle cone of the discharge 

assembly. Depending on user specification, these trajectories were either used as 

calculated, or a transverse blurring effect was applied. In the latter case, the 𝑧 

velocity component remained unchanged, but the 𝑥 and 𝑦 components from the 

molecular beam geometry were overwritten (preserving 𝑥𝑦 symmetry) by 

randomly selecting from a defined Gaussian speed distribution. This allowed the 

simulation of distributions modified in the real experiment by skimmer-induced 

shockwaves, or as will be shown below, of free-jet expansions. Finally, a third orifice 

representing the inner chamber diameter between the source and scattering 

sections was used to filter out any trajectories physically blocked from being probed 

by the chamber dimensions. 

 

If scattering was user-allowed, then the impact point on the 𝑥𝑦 plane at the liquid 

surface and associated flight time were calculated before generating the scattered 

particle properties. The scattering could be fully IS or TD or a mixture of the two. 

For the TD scattering, the speed was selected from a Maxwell-Boltzmann 

distribution: 
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 𝑃(𝑠) = 4𝜋𝑠2 (
𝑚

2𝜋𝑘𝐵𝑇𝑙
)

3/2

𝑒
−

𝑚𝑠2

2𝑘𝐵𝑇𝑙 (5.11) 

where 𝑃(𝑠) is the probability of a particle travelling with speed 𝑠, 𝑚 is the particle 

mass and 𝑇𝑙 is the liquid surface temperature. The Maxwell-Boltzmann speed was 

randomly selected from the range between zero and the user-selected fastest 

allowed speed using a rejection routine. Accepted speeds were transformed into 

vectors by selecting scattering angles from an azimuthally symmetric cos 휃 

distribution about the surface normal. The azimuthal angle, 𝜙, was generated as a 

random angle between zero and 2𝜋. Calculating 휃 was more complicated. Many 

implementations of cos 휃 probability distributions are incorrect, as they fail to 

account for the volume element above the surface. To ensure its application here 

was correct, the cosine law was implemented after the work of Greenwood, who 

demonstrated that 휃 = sin−1 √𝑛 , where 𝑛 is a random number generated between 

0 and 1. [222] The spherical coordinate system is illustrated in Figure 5.4.  

 

 

Figure 5.4: The polar, 휃, and azimuthal, 𝜙, angles describing a vector 𝑣 scattering from surface 𝑆 with normal 𝑛. 

 

The IS mechanism was described by the soft-sphere collision model (Section 5.1.1, 

Equation 5.8). In the Monte-Carlo program, the effective surface mass 𝑚𝑒𝑓𝑓 = 𝑚𝑙 

and the particle mass 𝑚𝑔 were used as inputs for the mass ratio 𝜇. The user also 

controlled the fraction of energy lost by the particle during the collision, 𝐸𝑖𝑛𝑡/𝐸𝑖, and 

the specular deflection angle. In these experiments, the latter was universally equal 

to 180° i.e. back-scattering along the surface normal, n. The angular spread about 

the normal was modelled as a cos𝑛 휃 distribution, whose precise form was 

controllable via the cosine power 𝑛. The code could then Monte-Carlo select a 

deflection angle 𝜒 from this distribution for implementation in the soft-sphere 



Chapter 5 – Monte-Carlo simulations of gas-liquid scattering 

176 

model. A simplified illustration of the entire particle trajectory generation process 

is shown by the red boxes in Figure 5.3.  

 

At this stage, all information was available to calculate a particle’s position at any 

time and so the trajectory data could be passed to the detection module. The primary 

goal of this module was to calculate the intersection positions and times of particle 

trajectories with the probe laser passes, and hence simulate experimental data 

based on the detectable fraction. Specific Herriott cell probe geometries were 

defined via knowledge of the lab-frame spot positions on the Herriott cell mirrors, 

the mirror spacing and the number of passes through the chamber. The beamspot 

coordinates (including the entry and exit beamspots) on the mirrors were listed 

relative to a lab-frame origin, which was placed at the centre of the Herriott cell. A 

separate Fortran program written by Dr. Paul Lane was then used to convert these 

lab-frame mirror beamspots into the simulation frame. [115] The 𝑧-axis was flipped 

as appropriate to ensure the beamspots on both mirrors shared the same coordinate 

system, which was necessary if both sets of mirror-centric coordinates were plotted 

with respect to either the front or the back faces of the mirrors. In all instances, the 

mirror spacing was 400 mm and so the mirror 𝑦𝑧 planes placed at 𝑥 = ±200 mm 

respectively. The resulting output file contained the number of laser passes, the 𝑦𝑧 

beamspot coordinates with respect to the origin at the wheel and the corresponding 

angles made by passes between successive beamspots. This file was then used as an 

input for the detection module and could be edited to explore the effects of probe 

geometry on the simulated outputs. It also included the laser beam radius, which 

was generally approximated to 1 mm. 

 

With the simulation-frame Herriott cell constructed, the detection module could 

then begin by calculating the intersection positions. Following the logic previously 

applied to particle trajectories, the program would conduct this on an iterative basis 

per laser pass. For scattered trajectories only, the module would consider the 

geometry of the liquid surface and calculate whether it originated within this 

physical area – if not, it would ignore it. These intersection positions would then be 

used to calculate the particle entry and exit times with respect to the laser pass, and 

subsequently the particle duration in that probe volume. The simulated signal as a 

function of time and transverse speeds were then binned into 1 𝜇𝑠-wide bins, with 
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appropriate weighting to account for the duration of the particle-laser pass 

interaction with respect to these set integer bins. This process is represented by the 

orange boxes in Figure 5.3. 

 

Once both incident and scattered trajectories had been considered in this way with 

respect to each laser pass, all required information was available for that particle. 

Once all particles were considered, this information could then be written to file. 

The main Monte-Carlo program output the following data (illustrated by the green 

boxes in Figure 5.3): 

 

1. Simulation Statistics, including: 

i. the fraction of incident trajectories probed. 

ii. the fraction of scattered trajectories missing the wheel. 

iii. the fraction of scattered trajectories probed. 

2. Appearance Profile: the signal as a function of time, in 1 μs-wide integer bins 

3. Transverse Speeds: the signals at successive 1 m s−1 𝑥-component velocities 

in 1 μs-wide integer bins. 

4. Trajectory 𝑥𝑦 coordinates at various positions of interest, including: 

i. the probed incident and scattered trajectories at the point where 𝑧 = 

the centre of the Herriott cell.  

ii. the incident and scattered trajectories at the centre of the Herriott 

cell, regardless of whether they were probed or not. 

iii. the scattered trajectories which miss the wheel, at the wheel plane 

(𝑧 = 0). 

iv. the scattered trajectories at the wheel plane (𝑧 = 0), regardless of 

whether they miss the wheel or not. 

 

To interpret the transverse speeds and compare them to experimental results, these 

required processing via the remaining three programs, whose processes are 

described by the blue boxes in Figure 5.3. The first step was to re-bin the transverse 

speeds over user-specified time intervals. Generally, these were chosen to 

characterise the structure of the simulated Appearance profile signal analogously to 

the experimental data. For example, for CN inelastic scattering simulations 

appropriate time bins would be 130 − 175 μs (incident beam), 176 − 191 μs 
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(scattered signal rising edge), 192 − 223 μs (scattered signal peak) and 224 −

266 μs (scattered signal falling edge). For each time-binned output, the summed 

transverse speed intensities at each speed would then be compared with the laser 

step size converted from frequency in MHz to Doppler shift in m s−1. This created 

an 𝑥-axis in m s−1 for the transverse speeds. At this stage, the laser bandwidth could 

be applied as a Lorentzian function with a specified MHz width. If so, then at each 

laser step the bandwidth weighted the contribution from the speed bins around the 

step frequency. The resulting integral-space Doppler profile was then converted 

into an FM Doppler lineshape, with the option to peak normalise both if desired.  

 

5.3 Results 

Various aspects of the program, which by virtue of separate detection modules is 

applicable to more than one experiment, have been previously tested by other 

members of the group, and will form part of future unpublished theses. Any new 

functionalities introduced by colleagues as a result of investigations during the 

course of this work are explained here. Furthermore, given the nature of the 

experiments and chamber geometry, several program parameters were constant 

regardless of scattering molecule or surface. These are summarised in Table 5.1. 

 

Parameter Value 

Angle of incidence / ° 0 

Soft-sphere model exit angle / ° 0 

Valve radius / mm 0.5 

Surface radius / m 0.050 

𝑧-distance: surface – Herriott cell centre / m 0.020 

𝑦-distance: surface centre – 𝑧-axis / m −0.025 

𝑦-distance: liquid bath top – surface centre / m 0.010 

Time stepsize / μs 1 

Speed stepsize / m s−1 1 

Table 5.1: Universal input parameters applicable to all simulations in this work. 
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5.3.1 The incident CN(X2 Σ+) free jet 

The characterised experimental incident CN(X) free jet detailed in Section 3.3.1 was 

reproduced by Monte-Carlo simulations. This was important as it allowed for 

inelastic CN(X) scattering to then be simulated under conditions akin to the 

experiment and hence clarify the experimental sensitivities and limitations, 

providing further insight into the observed scattering dynamics. As previously 

discussed in Section 3.3.1, the incident CN(X) radicals were predominantly in the 

ground rovibrational state. Specifically, the two-temperature Boltzmann fit revealed 

that 40% of the jet was in 𝑗 = 0.5, and a further 33% in 𝑗 = 1.5. Since the simulated 

results were independent of 𝑗, it was therefore appropriate to select the 𝑗 = 0.5 

Appearance and Doppler profiles as a starting point and reference for the 

simulations. Certain parameters, listed in Table 5.2, were universally applied when 

simulating the incident CN(X) beam unless otherwise stated.  

 

Parameter Value 

No. incident trajectories 1 000 000 

Molecular packet temporal width defined by Square wave, user-defined width 

Herriott cell geometry Coordinates in Figure 3.8 

Time range / μs 100 − 500 

𝜔𝑚 / MHz 400 

Laser stepsize / MHz 10.0 

Transition frequency / cm−1 12644.18 

MCN / kg mol−1 0.026 

Table 5.2: Universal parameters for simulating the incident 𝐶𝑁(𝑋) molecular beam. 
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Figure 5.5: Experimental peak-normalised experimental surface-out measurements of the 𝑗 = 0.5 state of 𝐶𝑁(𝑋) 
with discharge pulse lengths of 1 𝜇𝑠 (red) and 10 𝜇𝑠 (black). The latter is offset by 26 𝜇𝑠 to match the peak positions 
in time. 

 

𝒛-distance parameter 
Incident 𝒋 = 𝟎. 𝟓 Appearance profile 

𝟏 𝛍𝐬 discharge 𝟏𝟎 𝛍𝐬 discharge 

‘skimmer’ – surface / m 0.327 0.277 

valve – surface / m 0.367 0.317 

valve – Herriott cell centre / m 0.347 0.297 

Table 5.3: Chamber geometries used when reproducing the two 𝑗 = 0.5 incident beam datasets with different 
discharge pulse lengths. These reflect the real chamber geometries used when conducting these experiments. 

 

The first simulations focused on reproducing the experimental Appearance profile, 

leaving the Doppler profile till later. To simplify this, initial simulations attempted 

to reproduce an experimental Appearance profile that was recorded with a nominal 

1 μs discharge pulse. It could be safely assumed that the observed Appearance 

profile width was solely determined by the incident beam speed distribution. Figure 

5.5 shows that the 1 μs-discharge measurement replicates the main peak of the 

10 μs-discharge measurement reported in Chapter 3, and is therefore a good 

approximation for the leading edge and main peak of the incident CN(X) Appearance 

profile. Note that because these measurements were recorded at different valve-to-

surface distances, the 10 μs-discharge data has been offset by 26 μs to match the 

peaks in time. To further simplify initial investigations, a 2 mm diameter skimmer 
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was placed 40 mm from the valve, even though no such skimmer was present in the 

experiments. Furthermore, the option to blur the incident transverse speeds was 

not selected. The geometrical parameters relevant for simulating the 𝑗 = 0.5 data 

with 1 μs and 10 μs nominal discharge pulse lengths are provided in Table 5.3. 

 

However, the first step was to test the code veracity via a set of simple clearly 

defined inputs: these were three separate single Gaussians, labelled 1, 2 and 3, with 

widths similar to the main peak in the Appearance profile data. At this point, the 

direct-Gaussian sampling functionality was not yet implemented in the code, so the 

cumulative integrals of these Gaussians were constructed and fit to Equation 5.9 to 

parameterise the incident speeds. The Gaussians are shown with respect to the 𝑗 =

0.5 data (1 μs discharge pulse) in Figure 5.6(a), and their parameters listed in Table 

5.4. The resulting simulated Appearance profiles, labelled as Simulations 1, 2 and 3, 

are provided in Figure 5.6(b) alongside their input Gaussians for comparison. The 

simulated Appearance profiles are only slightly different to their associated input 

distributions. This is a clear indication that the relative spread of probed incident 

skimmed-beam trajectories in 𝑧, as defined by the Gaussians and the discharge pulse 

length, is small relative to the valve-probe distance. Therefore, in idealised 

molecular beam conditions the Herriott cell geometry provides near single-point 

measurements of the Appearance profiles. 

 

 

Figure 5.6: (a) Peak-normalised single Gaussians 1, 2 and 3 (dark purple, blue and green respectively) used to 
parameterise incident speed distributions in Simulations 1 − 3, compared with the measured surface-out 
Appearance profile for 𝑗 = 0.5 (1 𝜇𝑠-long discharge pulse). (b) Comparison between Gaussians 1, 2 and 3 and their 
corresponding simulated Appearance profiles, Simulations 1, 2 and 3 (light purple, blue and green respectively). 
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Gaussian No. 𝑨 / 𝝁𝒔 𝒕𝒄 / 𝝁𝒔 𝝈/ 𝝁𝒔 

1 13.55 182 5.40 

2 10.03 182 4.00 

3 7.52 182 3.00 

Table 5.4: Gaussian parameters used to generate incident trajectory speeds in simulations 1 − 3. Note that the 
Gaussians are numbered according to their respective simulations.  

 

However, in reality the molecular beam was not ideal. In attempts to replicate the 

measured 1 μs-discharge 𝑗 = 0.5 Appearance profile, different methods for 

generating the incident 𝑧 speeds were trialled. First, the form of the experimental 

Appearance profile itself was parameterised via Equation 5.9 to generate the speeds. 

The result, Simulation AP, failed to reproduce the data as shown in Figure 5.7(b). 

The simulation produced an Appearance profile that was too broad, not accounting 

for the steepness in both the rising and falling edges of the incident profile. The 

cumulative probability distribution of the experimental Appearance profile and its 

associated fit via Equation 5.9 are shown in Figure 5.7(a). Although by eye, the match 

between the two curves is reasonable, the sigmoidal function does not perfectly fit 

the probability distribution. Given the results of Simulation AP, clearly the simulated 

incident speed distribution is very sensitive to the precise slope of the cumulative 

probability curve.  

 

This result prompted the aforementioned amendments to the program, allowing for 

the option to directly sample the incident speeds from sums of Gaussians as 

described in Section 5.1.1. As such, the experimental Appearance profile was fit to a 

sum of three Gaussians in Origin, which shall be called Gaussian Sum 4. The 

individual Gaussians comprising this sum are labelled 4i, 4ii and 4iii respectively, 

and their parameters may be found in Table 5.6 along with parameters for 

subsequent simulations as discussed later. Figure 5.7(c) demonstrates that the 

match between Gaussian Sum 4 and the data is near quantitative, and therefore 

appropriate for use in the Monte-Carlo code. Simulation 4 used these parameters, 

along with the direct Gaussian selection method, to generate the incident 𝑧 speeds. 

As is clear in Figure 5.7(d), sampling the trajectory speeds in this way demonstrably 

improved the simulation-data fit. This new functionality was further tested by 

running three separate simulations with each of the individual input Gaussians 4i, 
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4ii and 4iii. Manually summing the resulting simulated Appearance profiles, with the 

appropriate weighting, produced exactly the same result as Simulation 4. This sum 

of Simulations 4i, 4ii and 4iii is also shown in Figure 5.7(d), proving that the new 

speed-selection method was functioning correctly. As a consequence of these 

informative findings, the direct Gaussian sampling method for generating incident 𝑧 

speeds was henceforth used in all simulations. 

 

 

Figure 5.7: (a) Comparison between the experimental 𝑗 = 0.5 (1 𝜇𝑠 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒) data (black) and Simulation AP 
(blue), which does not reproduce the data well. (b) The normalised cumulative probability distribution of the 
experimental 𝑗 = 0.5 (1 𝜇𝑠 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒) data (black) and its corresponding sigmoidal fit to Equation 5.9 (blue). (c) 
Gaussian Sum 4, which itself comprises three Gaussians 4𝑖, 4𝑖𝑖 and 4𝑖𝑖𝑖. This was constructed to replicate the form 
of the experimental Appearance profile, which it achieves very well. (d) The result of Simulation 4, which used the 
direct Gaussian sampling method to generate the incident speeds. This is identical to the weighted sum of simulation 
results 4𝑖, 4𝑖𝑖 and 4𝑖𝑖𝑖, demonstrating that the direct Gaussian sampling method works as expected. Both results in 
(d) provide a good fit to the 𝑗 = 0.5 (1 𝜇𝑠 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒) data. 

 



Chapter 5 – Monte-Carlo simulations of gas-liquid scattering 

184 

Having demonstrated that speed selection from a three-Gaussian sum could 

effectively reproduce the experimental Appearance profile measured with a short 

discharge pulse, this approach was therefore applied in simulations of the 

experimental, incident 𝑗 = 0.5 data reported in Chapter 3. This data, which was 

recorded with a 10 μs-long discharge pulse, is reproduced for convenience in Figure 

5.5. Initially, the data was fit to Gaussian Sum 5 in Origin as shown in Figure 5.8(a), 

with relevant parameters in Table 5.6. However, simulating with this sum 

parameterising the incident speeds did not perfectly reproduce the data, 

particularly at later times, as evident in Figure 5.8(b). This is a consequence of flux-

density effects, which manifest both in the data and simulations. The Appearance 

profiles, both simulated and real, are measures of instantaneous column density and 

have not been flux-density transformed. Such effects therefore need to be accounted 

for when generating the input speed parameters from experimental Appearance 

profiles.  

 

 

Figure 5.8: (a) Gaussians 5𝑖, 5𝑖𝑖 and 5𝑖𝑖𝑖, which sum to Gaussian Sum 5 (red), resulting from fitting to the 
experimental 𝑗 = 0.5 (10 𝜇𝑠 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒) data (black). Although the fit between Gaussian Sum 5 and the data is 
good, the corresponding simulated Appearance profile in (b), Simulation 5 (red) does not reproduce the 
experimental Appearance profile (black) due to flux-density effects. 

 

The flux-density effects observed in simulations are more plainly demonstrated in 

Figure 5.9. A manually constructed sum of three Gaussians with identical standard 

deviations and weights, separated by 15 μs, was used to generate incident speed 

distributions for Simulation FD. The resulting Appearance profile was then fit to 

three further Gaussians. The individual input and output Gaussian parameters are 
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presented in Table 5.5, where the latter are marked by primes. Both these 

parameters and their corresponding curves in Figure 5.9 clearly demonstrate that 

the relative weights and standard deviations of the post-simulation Gaussians 

increase with time. Since the Gaussian centres scale with the areas, i.e. 

𝑡𝑐(FDiii′) 𝑡𝑐(FDi′)⁄ = 𝐴(FDiii′) 𝐴(FDi′)⁄ = 1.20, this bias towards later times is 

indicative of flux-density effects. Such effects were mitigated against, to a first 

approximation, by dividing the experimental 𝑗 = 0.5, 10 μs data by time, 𝑡 (μs) and 

refitting the result to Gaussian Sum 6, which is illustrated in Figure 5.10(b). Using 

this sum in corresponding Simulation 6 was much more effective than its 

predecessor and reproduced the data well as exhibited in Figure 5.10(b). The 

parameters for individual Gaussians 4i − 6iii are provided in Table 5.6. 

 

 

Figure 5.9: The input Gaussians in Table 5.5 (𝐹𝐷𝑖, 𝐹𝐷𝑖𝑖 and 𝐹𝐷𝑖𝑖𝑖) were used to parameterise the incident 𝑧 speeds 
in Simulation 𝐹𝐷 (black), which was itself fit to three Gaussians (𝐹𝐷𝑖′, 𝐹𝐷𝑖𝑖′ and 𝐹𝐷𝑖𝑖𝑖′) to explore flux-density 
effects in the simulations. The fit Gaussians increase in width and area in time. 

 

Gaussian 

No.  

Relative 𝑨 / 𝛍𝐬  

(i, ii and iii sum to 1) 
𝒕𝒄 / 𝛍𝐬 𝝈 / 𝛍𝐬 

FDi 1 3⁄  150 3 

FDii 1 3⁄  165 3 

FDiii 1 3⁄  180 3 

FDi’ 0.30216 ± 0.00016 149.6 ± 0.0 3.02731 ± 0.00182 

FDii’ 0.33377 ± 0.00016 164.6 ± 0.0 3.03226 ± 0.00166 

FDiii’ 0.36407 ± 0.00016 179.5 ± 0.0 3.03402 ± 0.00152 

Table 5.5: Gaussian parameters used as inputs to test flux-density effects in the simulation (exact numbers), and the 
corresponding parameters from fitting Gaussians to the resulting simulation shown in Figure 5.9. Uncertainties in 
the Gaussian fits are 1𝜎 standard errors. 
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Figure 5.10: (a) Gaussians 6𝑖, 6𝑖𝑖 and 6𝑖𝑖𝑖, which sum to Gaussian Sum 6 (red). These were constructed by fitting to 
the flux-density corrected 𝑗 = 0.5 (10 𝜇𝑠 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒) data, which is shown for comparison (black). (b) Simulation 
6 (red), which reproduces the uncorrected experimental data (black) well. 

 

Simulation 

No. 

Gaussian 

No.  

Relative 𝑨 / 𝛍𝐬  

(i, ii and iii sum to 1) 
𝒕𝒄 / 𝛍𝐬 𝝈 / 𝛍𝐬 

4 

4i 0.46254 181.0 3.6 

4ii 0.37459 188.0 6.75 

4iii 0.16287 202.0 10.0 

5 

5i 0.34072 154.8 3.8 

5ii 0.25394 161.6 6.0 

5iii 0.40534 180.9 13.0 

6 

6i 0.36237 154.6 3.8 

6ii 0.25990 161.3 5.9 

6iii 0.37773 179.8 13.1 

Table 5.6: Gaussian parameters used to generate incident trajectory speeds in simulations 4 − 6. Note that the 
Gaussians are numbered according to their respective simulations. 

 

Experimentally, the nominal discharge pulse length was 10 μs; however, it is likely 

that the real discharge pulse length was shorter. As discussed in Chapter 3, 

variations in the discharge striking efficiency caused the electric-pulse duration to 

be longer than the successful discharge striking time, resulting in an effective 

shorter average pulse length in practice. In order to choose an appropriate value for 

the simulations, the effect of varying this length on the simulations was explored via 

the width of the square-wave input parameter, as presented in Figure 5.11. 



Chapter 5 – Monte-Carlo simulations of gas-liquid scattering 

187 

Transverse blurring of the incident trajectory speeds was not applied. The other 

input parameters, such as geometries and speeds, were those optimised to 

represent the experimental incident beam 𝑗 = 0.5 data. With increasing discharge 

pulse length, the Appearance profiles broaden slightly, and the relative shoulder 

height increases. Going forward, a 5 μs discharge pulse width was selected, as this 

provided reasonable fit to the data without being unrealistically short.  

 

With the 𝑗 = 0.5 Appearance profile reproduced, attention was turned to the 

Doppler profiles. These initial simulations employed skimmed beams, and as 

expected produced simulated Doppler profiles with very different lineshapes to 

those from free-jet experiments (Figure 5.11(b)). These are identical regardless of 

discharge pulse length and are evidently exceedingly sharp. Placing the ‘skimmer’ at 

the liquid-surface 𝑥𝑦 plane and varying its diameter then allowed the pure 

simulation geometry of the molecular beam to be investigated, ranging from tightly 

skimmed to completely free jet. For these simulations, the discharge pulse length 

was 5 μs, transverse blurring was not applied, and the other geometrical parameters 

were those listed for 10 μs-discharge experimental data in Table 5.3. The incident 

speeds were generated using the parameters from Gaussian Sum 7, which is 

described later in this section. For the purpose here, it is only a slightly modified 

version of Gaussian Sum 6 and may be regarded as essentially identical. 

 

 

Figure 5.11: Varying the square-wave pulse width, which characterises the discharge, on the simulated incident 
beam. (a) Simulated Appearance profiles and experimental 𝑗 = 0.5 (10 𝜇𝑠 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒) data. (b) Simulated Doppler 
profiles integrated over 130 − 175 𝜇𝑠, with the analogous 𝑗 = 0.5 (10 𝜇𝑠 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒) fit to the experimental data 
(black) for comparison. Note that the simulated Doppler profiles in (b) are all identical and so only the 10 𝜇𝑠 result 
is visible.  
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The results of varying the skimmer diameter in this way, which effectively simulates 

a free-jet-like beam, are provided in Figure 5.12. Colour-coded trajectory-coordinate 

plots at the wheel 𝑥𝑦 plane in Figure 5.12(c) demonstrate that the molecular beam 

diameter increases as expected. A similar plot of the subsection of incident 

trajectories which were successfully probed, with their coordinates at the centre of 

the Herriott cell, is shown in Figure 5.12(d). These probed trajectories produced the 

simulated Appearance and Doppler profiles in Figures 5.12(a) and (b) respectively. 

Apart from alterations in the particular flux-density effects at play, the forms of the 

Appearance profiles are similar regardless of ‘skimmer’ diameter. However, the 

Doppler lineshapes vary systematically with increasing diameter. At the smallest 

diameters, the tightly collimated virtual beam produces sharp lineshapes, consistent 

with a narrow transverse speed distribution probed in the isolated-sideband limit. 

As the diameter is increased, they become significantly wider with distinct, flat-

topped structures. As an upper limit, a 200 mm diameter simulation was run, 

consistent with a free jet near-filling the 250 mm diameter chamber and estimates 

of the experimental free-jet radius from analysis of the measured 𝑗 = 0.5 Doppler 

lineshape. This simulation is directly compared to the Doppler profile fit to the 

experimental data as shown explicitly in Figure 5.13. Although the geometry 

replicates the rough Doppler profile peak positions and breadths, like all the 

simulations in Figure 5.12(b) it does not reconstruct the lineshape well. These 

results indicate that manipulating the geometry alone cannot reproduce the 

experimental FM absorption lineshape, and that introducing Lorentzian or Gaussian 

transverse blurring was therefore required. 
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Figure 5.12: The effect of varying the skimmer diameter, where the skimmer is placed in the liquid surface 𝑥𝑦 plane. 
(a) Appearance profiles, (b) Doppler profiles, (c) incident trajectory coordinates in the liquid-surface 𝑥𝑦 plane that 
missed the wheel itself and (d) incident probed trajectory coordinates in the 𝑥𝑦 plane at the centre of the Herriott 
cell. In (c) and (d), each trajectory is represented by a small dot, and results for different diameters are represented 
via the corresponding colours in (a) and (b). 

 

Figure 5.13: Simulated Doppler profile for ‘skimmer’ diameter = 200 𝑚𝑚 (blue), as in Figure 5.12(b), compared 
with 𝑗 = 0.5 (10 𝜇𝑠 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒) experimental fit to the data (black) integrated over 130 − 175 𝜇𝑠. 
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Subsequent simulations set out to improve the reproduction of the experimental 

fitted Doppler profile by considered design of the incident jet geometry and 

transverse blurring. Accordingly, the ‘skimmer’ diameter was set to 5.64 mm, and 

the ‘skimmer’-surface distance varied. This precisely selected value corresponds to 

the real nozzle cone diameter at the exit of the discharge assembly in the apparatus. 

The incident speeds were generated from Gaussian Sum 6 and transverse blurring 

was applied, using a Gaussian with its mean at zero and a standard deviation (𝜎) of 

309 m s−1, representing a standard thermal distribution of CN(X) at 298 K. A 

discharge pulse length of 5 μs was applied as discussed previously, and the other 

geometrical parameters those listed for 10 μs-discharge experimental data in Table 

5.3. The results, which are presented in Figure 5.14, show that although the angular 

spread in trajectories increases with skimmer-surface distance as expected, the 

effect on the Doppler profiles is negligible. The differences in peak-normalised 

Appearance profile structures may be attributed to variations in flux-density effects. 

Here, the incident 𝑗 = 0.5 data are shown for comparison, as well as a theoretical 

thermal Doppler profile for CN at 298 K. The simulations match the thermal profile 

very well, all of which are narrower than the experimental data, demonstrating that 

the transverse blurring was correctly applied by the program but that higher 

incident transverse speeds were required to reproduce the data. 
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Figure 5.14: The effect of varying the skimmer-surface distance on the simulated (a) Appearance and (b) Doppler 
profiles, integrated over 100 − 500 𝜇𝑠. (c) Trajectory coordinates in the 𝑥𝑦 plane at the centre of the Herriott cell. 
(d) As (c) but excluding all those not probed by the simulated experimental geometry. In (c) and (d), which are 
plotted on drastically different 𝑦 scales, each trajectory is represented by a small dot, and results for different 
diameters are represented via the corresponding colours in (a) and (b). The experimental incident 𝑗 = 0.5 data are 
shown for comparison, where the experimental Doppler profile fit has been integrated over the incident signal gate 
(130 − 175 𝜇𝑠). In (b) a theoretical thermal 𝐶𝑁(𝑋) lineshape is also included for reference. 

 

Figure 5.15 shows the effect of varying the standard deviation of the Gaussian 

defining the transverse speed blurring from subthermal (209 m s−1 ≤ 𝜎 <

309 m s−1) to greatly superthermal (309 m s−1 < 𝜎 ≤ 909 m s−1). The simulated 

results are compared with the experimental, fitted Doppler profile for the incident 

free jet in 𝑗 = 0.5. Clearly, a standard deviation between 359 − 409 m s−1 best fit the 

data. To improve precision in selecting the final parameter value, subsequent 

simulations were conducted with intermediate standard deviations in 10 m s−1 

increments, the results of which are presented in Figures 5.15 (c) and (d). All four 

results match the data well, but a final standard deviation of 379 m s−1 was selected 

for its fit to the entire Doppler profile, including the peaks and the wings out at larger 

absolute transverse speeds.  
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Figure 5.15: Varying the standard deviation of the Gaussian used to apply transverse blurring to the incident 
trajectory speeds. Simulated (a) Appearance profiles and (b) Doppler profiles integrated over the full time gate 
(100 − 500 𝜇𝑠) for standard deviations ranging 209 − 909 𝑚 𝑠−1 (see legend). (c) As (b) but with finer variation 
of the standard deviation. (d) Zoomed-in view of the positive peaks whose boundaries are defined by the dashed 
grey box in (c). The experimental incident 𝑗 = 0.5 (10 𝜇𝑠 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒) data are shown for comparison in black, with 
integration over the incident signal gate (130 − 175 𝜇𝑠) for the associated Doppler profile fit (also black). 

 

Figure 5.15(a) shows that varying the standard deviation had very little effect on the 

Appearance profiles. However, introducing the transverse blurring clearly altered 

the exact magnitude of the flux-density effects, as the simulated Appearance profiles 

were no longer as well matched to the 𝑗 = 0.5 experimental data. Simulations were 

run with transverse blurring, and the parameters of the individual Gaussians in 

Gaussian Sum 6 iteratively adjusted until the simulation satisfactorily reproduced 

the experimental data. These modifications produced Gaussian Sum 7, whose 

parameters are in Table 5.7. The final result of these adjustments is shown in Figure 

5.16(b), with the final geometry and transverse blurring parameters in Table 5.8, 

displaying excellent, essentially quantitative agreement with the experiment. 
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Figure 5.16: Best-fit simulated results (red lines) compared with experimental incident 𝑗 = 0.5 
(10 𝜇𝑠 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒) data (black) after iterative adjustments were made to Gaussians 6𝑖 − 6𝑖𝑖𝑖 to produce new 
Gaussians 7𝑖 − 7𝑖𝑖𝑖. (a) Peak-normalised Appearance profiles. (b) Doppler profiles, with the simulation integrated 
over the full time gate (100 − 500 𝜇𝑠) and the fit to the experimental data (black) integrated over the incident 
signal gate (130 − 175 𝜇𝑠). For both (a) and (b), the fit between simulation and experiment is excellent. 

 

Parameter 
Gaussian 

7i 7ii 7iii 

Relative 𝐴 / μs 0.30282 0.25822 0.43897 

𝑡𝑐 / μs 155.3 161.3 181.0 

𝜎 / μs 3.3 5.9 13.8 

Table 5.7: Final simulation parameters used to characterise the incident 𝐶𝑁(𝑋) trajectory speeds which, when used 
in conjunction with the parameters in Table 5.8, reproduce the experimental incident 𝐶𝑁(𝑋) 𝑗 = 0.5 free-jet.  

 

Parameter Value 

Transverse blurring Gaussian/Lorentzian fraction 1.00 

Transverse blurring Gaussian Standard Deviation / m s−1 379 

Valve 𝑧-position / m 0.317 

Skimmer 𝑧-position / m 0.304 

Skimmer radius / m 2.82 × 10−3 

Discharge pulse length / μs 5.0 

Herriott cell number of passes (parabolic) 14 

Table 5.8: Final simulation parameters characterising the chamber and probe geometries, discharge timing and 
incident trajectory transverse speed blurring which, when used in conjunction with the parameters in Table 5.7, 
reproduce the experimental incident 𝐶𝑁(𝑋) 𝑗 = 0.5 free-jet Appearance and Doppler profiles. 
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5.3.2 Inelastic CN(X2 Σ+) scattering from PFPE and squalane 

With the experimental CN(X) free jet successfully reproduced, Monte-Carlo 

scattering could be simulated in virtual experimental conditions. As described in 

Section 5.1.1, the program simulated scattering in a binary fashion, with discrete IS 

and TD channels defined by their own respective scattering models. These may not 

exactly represent reality, as the fraction of scattered trajectories with intermediate 

behaviour between these two extremes on the mechanistic spectrum were not 

explicitly characterized due to the computational complexity this would pose.  

 

Thermal desorption of CN(X) scattering was simulated with a cos 휃 angular 

distribution about the surface normal, and a Maxwell-Boltzmann distribution of 

speeds defined by a surface temperature of 298 K. As expected, the simulated TD 

scattering Appearance profile is characterised by a broad signal as shown by the red 

lines in Figure 5.17. In Figures 5.17(a) and (b), the simulated TD Appearance profiles 

are compared with representative CN(X) state 𝑗 = 12.5 for both PFPE and squalane 

surfaces, respectively. This state was chosen as it is low enough for a significant TD 

fraction to be present, and for its relatively high signal levels in experiments with 

both surfaces. In both cases, the TD fraction has been scaled to the maximum level 

consistent with the peak-normalised experimental data. Regardless of the liquid 

surface, the TD curve peaks noticeably later than the data, though this is less true 

for squalane. In Figure 5.17(c) and (d), the comparison between simulated and 

experimental Doppler profiles is made. Both the experimental data and fit are 

shown, to demonstrate that the poor match between the simulated TD Doppler 

profile with the latter is not due to a poor fit. Though it is possible that a TD fraction 

could be present for scattering with either surface, there is no evidence to explicitly 

assign such a fraction.  
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Figure 5.17: (a) Comparison between peak-normalised experimental (black) difference Appearance profiles for 
𝐶𝑁(𝑋) scattering from PFPE in 𝑗 = 12.5, and the relative maximum possible simulated TD scattering (red) for this 
state. (b) As (a) but for squalane. (c) Relative experimental Doppler profile (black squares) and associated fit (black 
line) for 𝐶𝑁(𝑋) scattering from PFPE compared to the simulated TD scattering (red). The integration time is 223 −
266 𝜇𝑠, which characterises the time period most likely to contain TD scattering without the possibility of 
contamination by secondary gas-phase collisions. (d) as (c) but for squalane. Error bars are 1𝜎 standard error of 
the mean of 2 or 3 independent measurements. 

 

Simulating the impulsive scattering was significantly more complex, given the wide 

variety of behaviours depending on the gas-liquid system properties. Various 

combinations of 𝑚𝑒𝑓𝑓, 𝐸𝑖𝑛𝑡/𝐸𝑖 , and the power 𝑛 of the cosine scattering angle 

distribution are possible. The effect of independently varying each of these 

parameters on the simulated Appearance and Doppler profiles is demonstrated in 

Figure 5.18. First, consider perfectly elastic collisions scattering with a cos 휃 

distribution about the surface normal, where by definition 𝐸𝑖𝑛𝑡/𝐸𝑖  equals zero. The 

simulated Appearance and Doppler profiles in this regime are shown in Figures 
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5.18(a)–(c). With increasing 𝑚𝑒𝑓𝑓, the Appearance profiles appear earlier and the 

Doppler profiles broaden, peaking at larger shifts. This is consistent with expected 

behaviour: at infinitely large mass, scattering is at its fastest possible in 𝑥 and 𝑦 as 

well as in 𝑧. This increase in particle rebound velocity in all directions also explains 

why the absolute Appearance profiles seem to diminish with increasing 𝑚𝑒𝑓𝑓: this a 

consequence of flux-density effects, which cause faster particles to spend less time 

in the probe volume and biases the detection against such trajectories.  

 

For studies varying 𝐸𝑖𝑛𝑡 𝐸𝑖⁄ , in Figures 5.18(d)–(f), again the scattering distribution 

was characterised by cos 휃, and an 𝑚𝑒𝑓𝑓 = 142 g mol−1 was selected as this was a 

previously reported value for Ar atoms scattering from PFPE. [38] As the particle 

energy fraction lost to internal excitation of the collision partners increases, so too 

does the absolute signal size, which is again a consequence of flux-density effects. 

The Appearance profiles peak at later times and become broader, while the Doppler 

profiles narrow. Essentially, the effect is the qualitative opposite of increasing 𝑚𝑒𝑓𝑓. 

Again, this is intuitive: if more energy is lost during the collision to internal 

excitation, then less is available for translation of the particle. This results in slower-

moving scattered species in all Cartesian directions, which therefore spend longer 

in the probe volume.  

 

The effect of the angular scattering distribution was explored by varying the cosine 

power, 𝑛, with fixed 𝑚𝑒𝑓𝑓 = 200 g mol−1 and 𝐸𝑖𝑛𝑡/𝐸𝑖 = 0.1. The results, in Figures 

5.18(g)–(i), show that narrower angular distributions produce temporally narrower 

Appearance profiles with larger peak signals. By definition, of course, the cos 휃 

Doppler profile is broader than the cos4 휃 equivalent, but what is interesting is the 

disparity in lineshape. The latter has the appearance of an FM lineshape that, when 

converted to integral space, would more closely resemble a Gaussian, while the 

former would produce a much broader and more flat-topped integral lineshape.  
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Figure 5.18: (a)–(c) Varying 𝑚𝑒𝑓𝑓  for 𝑐𝑜𝑠 휃 scattering with 𝐸𝑖𝑛𝑡/𝐸𝑖 = 0, i.e. purely elastic collisions. (d)–(f) Varying 

𝐸𝑖𝑛𝑡/𝐸𝑖  for 𝑐𝑜𝑠 휃 scattering with 𝑚𝑒𝑓𝑓 = 142 𝑔 𝑚𝑜𝑙−1. (g)–(i) Varying the cosine power 𝑛 for 𝑚𝑒𝑓𝑓 = 200 𝑔 𝑚𝑜𝑙−1 

and 𝐸𝑖𝑛𝑡/𝐸𝑖 = 0.1. See row-wise legends for details. (a), (d), (g): absolute Appearance profiles; (b), (e), (h): peak-
normalised Appearance profiles; and (c), (f), (i): Doppler profiles (100 − 500 𝜇𝑠).  

 

These three variables produce a large parameter space which was explored with the 

aim of characterising the experimental data. When comparing purely IS simulations 

with experimental scattering from PFPE, the 𝑗 = 14.5 state was chosen as the 

reference state. Although this state was not the most highly populated, its 

Appearance profile carried much less experimental uncertainty than 𝑗 = 12.5. 

Furthermore, its general shape was representative of the full dataset, with a rising 

edge and peak that appeared at typical times. The same was true for comparisons 

with squalane-scattering data, for which the selected experimental reference was 

𝑗 = 12.5 as it was the most highly populated state and had (relatively speaking) 

reasonable signal-to-noise. These rotational states of CN(X) are inherently 
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attributed with values of rotational energy, which were simulated by Prof. Matt 

Costen. [126] For 𝑗 = 14.5 and 12.5, the associated rotational term values are 

397 cm−1 and 296 cm−1 respectively (3𝑠𝑓). Given the incident beam energy of 

43.5 kJ mol−1, this sets upper limits on the amount of leftover energy available for 

scattered CN(X) translation as 38.8 kJ mol−1 (𝑗 = 14.5) and 39.96 kJ mol−1 (𝑗 =

12.5), which both correspond to 𝐸𝑖𝑛𝑡/𝐸𝑖  = 0.1 when quoted to one significant 

figure.  

 

Due to the complexity of real-world gas-liquid scattering dynamics, and the 

comparative simplicity of the simulations, no single set of IS parameters could fully 

reproduce the PFPE 𝑗 = 14.5 or squalane 𝑗 = 12.5 data. Instead, important features 

of the data were identified and simulated individually. These were the 50% rising 

edge and the scattering peak signals in the Appearance profiles. The PFPE-scattered 

50% rise point of the 𝑗 = 14.5 Appearance profile was reproduced with 𝑚𝑒𝑓𝑓 =

200 g mol−1 and 𝐸𝑖𝑛𝑡/𝐸𝑖 = 0.3, as illustrated in Figure 5.19. The cosine distribution 

power was varied from 1 ≤ 𝑛 ≤ 4, and the narrower cos4 휃 distribution provided 

the best fit to the experimental rising-edge Doppler profile. For analogous 

simulations aiming to reproduce the scattering peak, the effective surface mass was 

fixed at 𝑚𝑒𝑓𝑓 = 200 g mol−1 given the results from the rising edge. This 

simplification was made to avoid varying both 𝑚𝑒𝑓𝑓 and 𝐸𝑖𝑛𝑡/𝐸𝑖 across the 

Appearance profile, given the relationship between these parameters and the 

complexity this would incur. The scattered peak of the data was therefore 

reproduced with 𝑚𝑒𝑓𝑓 = 200 g mol−1 and 𝐸𝑖𝑛𝑡/𝐸𝑖 = 0.6, as illustrated in Figure 

5.20. Here, the fit to the experimental peak Doppler profile is less good regardless of 

𝑛, though cos2 휃 is arguably the best of the four. These results demonstrate the 

complex relationship between the precise IS mechanism with time, but suggest that 

an effective surface mass of approximately 200 g mol−1 is reasonable for PFPE.  



Chapter 5 – Monte-Carlo simulations of gas-liquid scattering 

199 

 

Figure 5.19: Varying the angular 𝑐𝑜𝑠𝑛 휃 distribution, with 𝑚𝑒𝑓𝑓 = 200 𝑔 𝑚𝑜𝑙−1 and 𝐸𝑖𝑛𝑡/𝐸𝑖 = 0.3, in simulations 

of 𝐶𝑁(𝑋) scattering from PFPE. (a) Simulated Appearance profiles and the experimental 𝑗 = 14.5 data (black). (b) 
Simulated rising-edge Doppler profiles (176 − 191 𝜇𝑠) are shown alongside the analogous fit to the experimental 
𝑗 = 14.5 data (black).  

 

Figure 5.20: Varying the angular 𝑐𝑜𝑠𝑛 휃 distribution, with 𝑚𝑒𝑓𝑓 = 200 𝑔 𝑚𝑜𝑙−1 and 𝐸𝑖𝑛𝑡/𝐸𝑖 = 0.6, in simulations 

of 𝐶𝑁(𝑋) scattering from PFPE. (a) Simulated Appearance profiles and the experimental 𝑗 = 14.5 data (black). (b) 
Simulated peak Doppler profiles (192 − 223 𝜇𝑠) are shown alongside the analogous fit to the experimental 𝑗 =
14.5 data (black). 

 

An estimation of the relative simulated scattering signal into the 𝑗 = 14.5 state from 

PFPE was made using the simulations replicating the peak of the experimental data. 

The Boltzmann fit described in Section 3.3.4 was used to extrapolate expected 

populations in all rotational levels, including spin-rotation states, up to 𝑗 = 80.5 

where the predicted population was negligible. This provided an estimate for the 

fractional population within the measured 𝑗 = 14.5 state (0.0248), which was then 

applied to the simulated scattering Appearance profiles as exhibited in Figure 5.21. 
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The highest disagreement in peak signal size is for the simulation with a cos4 휃 

angular distribution, which is a factor of ~1.75 times larger than the measured 

profile. This demonstrates reasonable agreement between simulation and 

experiment, consistent with the assumption that the uptake of CN(X) at the inert 

PFPE surface is negligible.  

 

In an attempt to better describe the entire PFPE 𝑗 = 14.5 Appearance profile, a 

weighted sum of the simulated profiles with 𝑚𝑒𝑓𝑓 = 200 g mol−1 for various 𝐸𝑖𝑛𝑡/𝐸𝑖  

fractions was constructed. To simplify this, a cos4 휃 distribution was assumed, 

though it is possible that a more accurate fit could be obtained by varying both 

𝐸𝑖𝑛𝑡/𝐸𝑖  and 𝑛. The appropriately weighted Appearance profiles, the resulting sum 

and its fit to the PFPE data are illustrated in Figure 5.22. The weighted sum fits the 

data well over ~175 − 240 μs. The relative weights applied to the absolute 

Appearance profile simulations (see Table 5.9) estimate the average 𝐸𝑖𝑛𝑡/𝐸𝑖  across 

the scattering profile as 0.43. Note that the relative weight for 𝐸𝑖𝑛𝑡/𝐸𝑖 = 0.5 is zero, 

demonstrating a lack of sensitivity at this region of energy fractions lost to internal 

motion. 

 

Figure 5.21: Simulated IS and experimental signal sizes for 𝐶𝑁(𝑋) 𝑗 = 14.5 scattering from PFPE. The simulations 
were performed with 𝑚𝑒𝑓𝑓 = 200 𝑔 𝑚𝑜𝑙−1 and 𝐸𝑖𝑛𝑡/𝐸𝑖 = 0.6 as in Figure 5.20, and have been scaled relative to 

the expected 𝑗 = 14.5 signal from the Boltzmann fit in Section 3.3.4. The peak of the 𝑐𝑜𝑠4 휃 simulation is ~1.75 
times larger than the data. 
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Figure 5.22: Weighted simulated Appearance profiles with 𝑚𝑒𝑓𝑓 = 200 𝑔 𝑚𝑜𝑙−1, 𝑛 = 4 and varying 𝐸𝑖𝑛𝑡/𝐸𝑖  

(colours – see legend) and the corresponding weighted sum (pink) in attempts to fit the PFPE 𝑗 = 14.5 scattering 
data (black). For clarity, the individual weighted simulations are scaled so that the largest is peak-normalised. 

 

𝑬𝒊𝒏𝒕/𝑬𝒊 Relative weight  Weighted 𝑬𝒊𝒏𝒕/𝑬𝒊 

0.00 0.07884 0.00000 

0.10 0.11193 0.01119 

0.20 0.10507 0.02101 

0.30 0.13191 0.03957 

0.40 0.09216 0.03687 

0.50 0.00000 0.00000 

0.60 0.24427 0.14656 

0.70 0.10323 0.07226 

0.75 0.07243 0.05432 

0.80 0.06016 0.04812 

SUM 1.00000 0.42991 

Table 5.9: Relative weights applied to simulated absolute Appearance profiles with 𝑚𝑒𝑓𝑓 = 200 𝑔 𝑚𝑜𝑙−1, 𝑛 = 4 

and varying 𝐸𝑖𝑛𝑡/𝐸𝑖  in order to describe the PFPE 𝑗 = 14.5 data. 
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A similar analysis was conducted to draw comparisons with the squalane data. 

However, the rising edge was not specifically reproduced given the poor signal-to-

noise ratio and its proximity to subtraction error signals. Consequently, a reasonable 

mass for squalane was selected from the literature [36] and the peak of the squalane 

𝑗 = 12.5 data therefore successfully reproduced with 𝑚𝑒𝑓𝑓 = 74 g mol−1, and 

𝐸𝑖𝑛𝑡/𝐸𝑖 = 0.3. Using these parameters, the effect of varying 𝑛 was explored. As 

exhibited in Figure 5.23, the simulated Doppler profiles are all narrower than the fit 

to the data, and ergo the broadest is the closest. Therefore, an attempt to reproduce 

the entire squalane 𝑗 = 12.5 Appearance profile was made by producing a weighted 

sum of simulated results for 𝑚𝑒𝑓𝑓 = 74 g mol−1, with a cos 휃 distribution and 

varying 𝐸𝑖𝑛𝑡/𝐸𝑖 . The weighted sum, which is contrasted with the data in Figure 5.24, 

provides a reasonable fit to the data between ~192 − 250 μs. The relative weights 

(see Table 5.10) of the individual simulated Appearance profiles were treated in the 

same way as for PFPE, implying an average energy fraction lost during the collision 

of 0.25.  

 

 

Figure 5.23: Varying the angular 𝑐𝑜𝑠𝑛 휃 distribution, with 𝑚𝑒𝑓𝑓 = 74 𝑔 𝑚𝑜𝑙−1 and 𝐸𝑖𝑛𝑡/𝐸𝑖 = 0.3. Simulated (a) 

Appearance and (b) peak Doppler profiles (192 − 223 𝜇𝑠) are shown alongside experimental 𝑗 = 12.5 data 
scattering from squalane. 
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Figure 5.24: Weighted simulated Appearance profiles with 𝑚𝑒𝑓𝑓 = 74 𝑔 𝑚𝑜𝑙−1, 𝑛 = 1 and varying 𝐸𝑖𝑛𝑡/𝐸𝑖 (colours 

– see legend) and the corresponding weighted sum (pink) in attempts to fit the squalane 𝑗 = 12.5 scattering data 
(black). For clarity, the individual weighted simulations have been scaled so that the largest is peak-normalised. 

 

𝑬𝒊𝒏𝒕/𝑬𝒊 Relative weight Weighted 𝑬𝒊𝒏𝒕/𝑬𝒊 

0.000 0.23136 0.00000 

0.100 0.15124 0.01512 

0.200 0.09919 0.01984 

0.300 0.17975 0.05392 

0.400 0.12534 0.05014 

0.450 0.07093 0.03192 

0.500 0.05068 0.02534 

0.525 0.05904 0.03100 

0.550 0.03247 0.01786 

SUM 1.00000 0.24514 

Table 5.10: Relative weights applied to simulated absolute Appearance profiles with 𝑚𝑒𝑓𝑓 = 74 𝑔 𝑚𝑜𝑙−1, 𝑛 = 1 

and varying 𝐸𝑖𝑛𝑡/𝐸𝑖  in order to describe the squalane 𝑗 = 12.5 data. 
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5.3.3 The incident skimmed CH4 molecular beam 

As was the case for the CN(X) free jet, there were a number of universal parameters 

used when simulating the CH4 incident beam. The experimental chamber geometry 

described in Section 4.4.5 is reflected in these parameters, which are summarised in 

Table 5.11.  

 

Parameter Value 

No. incident trajectories 1 000 000 

Molecular packet temporal width defined by Sum of 4 Gaussians 

Herriott cell geometry Coordinates in Figure 4.6 

Time range / μs 75 − 550 

𝜔𝑚 / MHz 100 

Laser stepsize / MHz 5.0 

Transition frequency / cm−1 3028.75 

MCH4
 / kg mol−1 0.016 

𝑧-distance: skimmer – surface / m 0.0815 

𝑧-distance: valve – surface / m 0.1215 

𝑧-distance: valve – Herriott cell centre / m 0.1015 

Skimmer radius / mm 1 

Incident speed Gaussian 𝑡𝑐 / 𝜇𝑠 75.2 

Incident speed Gaussian 𝜎/ 𝜇𝑠 4.70 

Table 5.11: Universal parameters for simulating the incident 𝐶𝐻4 molecular beam. 

 

The incident trajectory speeds distribution was described by a single Gaussian with 

parameters in Table 5.11, and were calculated as follows. Using knowledge of the 

separation distance between the Herriott cell and double-pass probe geometries 

used in the MIR experiments (25 − 30 mm), and the corresponding delay between 

the incident beam R(0)A1
(1)

 signals (~20.9 μs), a reasonable estimate for the average 

incident beam speed for the experiments reported in Section 4.4.5 is 1350 m s−1. 

This distribution was assumed to have FWHM ≈ 100 m s−1, given measurements of 

comparable molecular beams of NO in He. [223] Since the valve – probe 𝑧-distance 

in the experiment was 101.5 mm, it follows that the incident speed distribution may 

be described by 𝑡𝑐 = 75.2 μs, 𝜎 = 4.70 μs. As proven in subsequent sections, these 

parameters were sufficiently accurate for the simulations to reproduce the data.  
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Given the nominal 260 μs valve pulse, characterised in reality by an unknown 

opening time around three orders of magnitude larger than the discharge pulse 

rising edge, it was highly unlikely that the program in its version at the time could 

model the incident beam with a simple square-wave. With this in mind, the 

aforementioned modifications to the creation-time selection were made, allowing 

the user to define a sum of 𝑛 temporal Gaussians from which the program would 

randomly select a time. This functionality was tested by simulating with the 

optimised CN(X) beam parameters and comparing to the previous results from 

Simulation 8, which was identical to 7 but with 107 trajectories instead of 106. 

Additional incident beam simulations were performed using the modified program, 

with identical parameters to the finalised CN(X) beam in Simulation 8, bar those 

relating to the creation-time selection method, which are detailed in Table 5.12. 

Simulation 9 verified that the original functionality had not been affected by the 

program modifications. For Simulation 10, the appropriate standard deviation for a 

Gaussian with FWHM = 5 μs was calculated via 𝜎 = FWHM 2√2 ln 2⁄ . Both results 

are compared with Simulation 8 in Figure 5.25. These results confirmed that the new 

program functionality was operating effectively.  

 

 

Figure 5.25: Creation-time Gaussian selection-method testing. Simulation 9 (red) is a repeat of 8 (black) with the 
updated program, to verify that the original square-wave method was unaffected by the modifications. Simulation 
10 (blue) was run with the new functionality, parameterising the creation times via a Gaussian with 𝜎 = 2.12 𝜇𝑠.  
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Simulation No. Trajectory creation-time selection method 

8 Square-wave: width = 5 μs 

9 Square-wave: width = 5 μs 

10 Single Gaussian: 𝜎 = 2.12 μs, 𝑡𝑐 = 0 μs 

Table 5.12: Incident trajectory creation time selection parameters for Simulations 8 − 10. 

 

In the CN(X) experiments, the electrical discharge square-wave pulse provided a 

well defined, known start time, 𝑡0. Therefore, in the program the square-wave pulses 

were automatically centred at zero, and hence the centre time, 𝑡𝑐, for the Gaussian 

in Simulation 10 was also set to zero. In the CH4 experiments, this start time was less 

precisely defined by the valve opening time, which for the real experiment cannot 

be known without further measurements. For the CH4 simulations, 𝑡0 was therefore 

defined as the valve trigger time. As such, the creation-time Gaussian centres had to 

be positive numbers of order 300 μs to account for the dead time between the 

trigger and the valve opening. To present the experimental data on the same scale, 

an offset of 190 μs was added, which approximated the delay between the 

trigger/DSO acquisition and the zero on the experimental Appearance profiles. (As 

a reminder, this corresponds to 30 μs before the 1% signal rise time to allow for 

sufficient baseline.) To estimate the required 𝜎 parameter for the simulations, the 

FWHM of the experimental incident beam R(0)A1
(1)

 data was first estimated from the 

Appearance profiles in Section 4.4.5 as ~110 − 118 μs, corresponding to 𝜎 ≈ 45 −

50 μs. Therefore, an initial guess for a single Gaussian characterising the trajectory 

creation times were Gaussian parameters 𝑡𝑐 = 250 μs, 𝜎 = 50 μs. These produced 

the simulated Apperance profile shown by Simulation 11 in Figure 5.26(a). These 

parameters were empirically improved to 𝑡𝑐 = 238 μs, 𝜎 = 45 μs in Simulation 12 

in Figure 5.26(b), which demonstrates the closest match possible between 

experiment and simulation with a single creation-time Gaussian. 
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Figure 5.26: Simulating Appearance profiles for the incident CH4 molecular beam with a single creation-time 

Gaussian, compared to the 𝑅(0)𝐴1
(1)

 incident beam data (black). (a) First guess (red) with 𝑡𝑐 = 250 𝜇𝑠, 𝜎 = 50 𝜇𝑠. 
(b) Best fit with a single Gaussian (blue), 𝑡𝑐 = 238 𝜇𝑠, 𝜎 = 45 𝜇𝑠. 

 

 

Simulation 

No. 

Gaussian 

No. 

Relative 𝑨 / 𝛍𝐬  

(i, ii and iii sum to 1) 
𝒕𝒄 / 𝛍𝐬 𝝈 / 𝛍𝐬 

13 

13i 0.06780 178.2 12.5 

13ii 0.08475 203.2 12.5 

13iii 0.84746 243.2 32.5 

14 

14i 0.06349 178.2 12.5 

14ii 0.07937 203.2 12.5 

14iii 0.79365 243.2 32.5 

14iv 0.06349 295.2 12.5 

15 

15i 0.05882 180.0 10.0 

15ii 0.07353 203.2 12.5 

15iii 0.80882 243.2 32.5 

15iv 0.05882 295.2 12.5 

Table 5.13: Gaussian parameters used to generate incident trajectory creation times in Simulations 13 − 15. Note 
that the Gaussians are numbered according to their respective simulations. 
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To accurately simulate the data, additional complexity was clearly required in the 

form of multiple creation-time Gaussians. Two sums of Gaussians, labelled 13 and 

14 respectively, were empirically constructed with the aim of recreating the main 

peak of the experimental data. These are shown in Figure 5.27, with the individual 

Gaussian parameters listed in Table 5.13. Note that a 76.8 μs flight time was 

subtracted from centres of the Gaussians shown in (a) and (b) so that they could be 

used in the input files. This flight time was calculated as the difference between the 

centre of the Appearance profile from Simulation 12 and the centre of the single 

Gaussian used to define the trajectory creation time distribution in the input file. 

 

 

Figure 5.27: (a) Gaussian Sums 13 and (b) 14 and their individual Gaussians compared to the experimental 

𝑅(0)𝐴1
(1)

Appearance profile (black). The corresponding Simulations 13 and 14 are shown in (c) and (d) 
respectively. Both provide good fits to the data: 13 fits the rising edge more closely, while 14 fits a larger proportion 
of the Appearance profile. 
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The fit between the simulated and experimental Appearance profile was improved 

by empirically adjusting the individual input Gaussian parameters of Gaussian Sum 

14. The result, Simulation 15, is shown in Figures 5.28(a)-(c) and the altered 

Gaussian input parameters in Table 5.13. The simulation fits well to the R(0)A1
(1)

 

Appearance profile up to ~370 μs i.e. approximately 200 μs from the signal start. 

The Doppler profiles are also reasonably well matched over this period. The 

secondary lobes at high Doppler shifts in the experimental data cannot be fully 

reproduced by the simulations, as they are presumed to be the result of boundary 

interactions at the skimmer. Nor is the lineshape centre perfectly simulated, 

indicating that experimental profile is not purely defined by the valve-skimmer 

geometry.  

 

 

Figure 5.28: (a)–(c) Best-fit Simulation 15 (using input parameters defined by Gaussian Sum 15) reproducing the 
incident CH4 Appearance profile, Doppler profile and speed distribution respectively. (d)–(f) Simulation 16: as 
Simulation 15, but with transverse blurring applied as detailed in the text. The data are three measurements of the 

𝑅(0)𝐴1
(1)

 transition. The Doppler profile integration times are, on this time scale, 215 − 360 𝜇𝑠 and 75 − 500 𝜇𝑠 
for the experimental fit profile and simulated lineshapes respectively.  

 

Transverse blurring was applied in Simulation 16, which was otherwise identical to 

Simulation 15, to test whether this could improve the fit to the experimental Doppler 

profile. As with the CN(X) incident beam, the blurring was applied as a Gaussian with 

its mean at 0 m s−1. The Gaussian standard deviation was estimated from the FWHM 
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of the experimental R(0)A1
(1)

 speed distribution as 80.2 m s−1. The results, 

presented in Figures 5.28(d)-(f), show that the Appearance profile is barely altered 

by introducing transverse blurring. Although the simulated Doppler profile peaks 

broaden, the overall lineshape is arguably less well matched to the experimental fit 

than without blurring. Certainly, the transverse-blurred speed distribution, which is 

Gaussian by definition, does not reproduce the data as well as the pure geometry, 

and in particular loses the structure at the centre. Therefore, subsequent 

simulations of CH4 scattering used only the defined valve-skimmer geometry. The 

final parameters for the CH4 incident beam are therefore those listed in Table 5.11, 

combined with those under Simulation 15 in Table 5.13. 

 

5.3.4 Inelastic CH4 scattering from squalane  

TD scattering of CH4 from squalane was simulated as illustrated in Figure 5.29. 

Because nuclear spin is conserved during collisions, [211] RET caused by scattering 

at a liquid surface can only be observed within a set of rotational levels sharing the 

same nuclear spin. For the meta states, the overwhelming majority of the incident 

beam resided in 𝑗 = 0, i.e. the (0)A1
(1)

 state. Assuming that the entire population was 

in 𝑗 = 0, an estimate for the fractional TD population within a higher meta 𝑗 state 

may be calculated by considering a Boltzmann distribution characterised by 𝑇 =

𝑇𝑙 = 298 K. Within this distribution, significant scattered population may therefore 

be anticipated within the higher meta states, such as 𝑗 = 4 state, i.e. the (4)A1
(1)

 level. 

The total population for such a distribution, limited to consider only the meta 

nuclear-spin manifold, was calculated up to 𝑗 = 10. Meta degeneracies for 𝑗-states 

higher than 10 were unknown, hence their exclusion from the sum. Therefore, the 

resulting fractional population in the (4)A1
(1)

 state, which came to be 0.162, is 

slightly overestimated. Nevertheless, when applied to the overall simulated TD 

Appearance and Doppler profiles as a scaling factor it becomes abundantly clear that 

the expected signal sizes for a single quantum state are exceedingly low. Indeed, 

they are comparable with both the experimental surface-in and -out profiles for the 

(4)A1
(1)

 state, as also shown in Figure 5.29.  
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Figure 5.29: (a) Relative simulated Appearance profiles for the incident beam (black), pure IS (cyan) and pure TD 
scattering (magenta), where the scattered simulations have been scaled relative to an estimated population for 𝑗 =
4 within a thermal distribution. (b) As (a) but for the simulated Doppler profiles. (c) The scattered simulations from 

(a) on a smaller scale, with experimental surface-in (red) and -out (black) Appearance profiles for the 𝑄(4)𝐴1
(1)

 

transition. (d) as (c) but for the Doppler profile simulations and analogous fits to the experimental 𝑄(4)𝐴1
(1)

 data. 

 

For IS simulations, in the absence of obvious experimental scattering signals to 

reproduce via simulations with appropriate soft-sphere parameters, the effective 

mass and cosine power 𝑛 were selected based on the conclusions from the CN(X) 

simulations. Therefore, since the liquid in the methane experiments was squalane, 

𝑚𝑒𝑓𝑓 = 74 g mol−1 and a cos 휃 angular distribution were assumed. The energy 

fraction lost to internal motions was chosen to represent an extreme IS limit. For a 

methane molecule scattering with 𝑗 = 4, approximately 7.5% of the kinetic energy 

available within the experimental molecular beam is converted into rotation. Ergo, 

a near-elastic IS scenario was adopted via 𝐸𝑖𝑛𝑡/𝐸𝑖 = 0.1. The results of this 
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simulation were also scaled appropriately by the estimated 𝑗 = 4 population as 

shown alongside the TD results in Figure 5.29. Clearly, the predicted IS signals are 

even smaller than for TD scattering, and are particularly elusive in the simulated 

Doppler profile, given the spread of the absolute signal into a broad range of 

transverse speeds. These results show the difficulty in measuring such signals in 

practice, and demonstrate that improvements in the experimental signal-to-noise 

ratio are required. 

 

 

Figure 5.30: Simulated Appearance profiles of the incident and scattered CH4, where the temporal length of the 
post-skimmer incident-beam packet is made successively shorter (see legends). (a) pure TD scattering and (b) 
extreme IS with 𝑚𝑒𝑓𝑓 = 74 𝑔 𝑚𝑜𝑙−1, 𝐸𝑖𝑛𝑡/𝐸𝑖 = 0.1 and a 𝑐𝑜𝑠 휃 scattering distribution.  

 

One final aspect of the CH4 scattering signals was investigated. The simulated 

scattered Appearance profiles in Figure 5.29 show significant temporal overlap with 

the incident beam, making these signals difficult to distinguish. The program is 

currently being modified to introduce a virtual chopper wheel which could be used 

to test the effects of incident pulse length on the temporal resolution of the 

experiments. As this functionality is currently still under development, an 

alternative feature was quickly introduced to provide an estimate of the ideal 

temporal resolution for the current CH4 experiments without altering the already-

optimised molecular beam parameters. In essence, a time filter, which only allows 

generated incident trajectories to proceed in the simulation if they fall within a user-

specified time window at a defined 𝑥𝑦-plane, was implemented within the code to 

approximate the effects of a chopper wheel on the incident and scattered signals. 

Relative to the skimmer, the filter was positioned 6 cm closer to the surface in the 𝑧-
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dimension. To maximise the chopped signal, the filter start time was selected as the 

50% rise-point of the incident-beam Appearance profile signal for the (0)A1
(1)

 state, 

i.e. 260 μs. Simulations of the incident and scattering trajectories were performed 

for a series of successively shorter filter widths, ranging from 100 μs to 10 μs, for 

both the pure-TD and extreme-IS scenarios described above. The associated 

Appearance profiles are provided in Figure 5.30. When considering both scattering 

regimes, the disentangling of the incident and scattered signal peaks becomes 

effective for incident packet lengths of ~30 μs and below (i.e. approximately 10 

times shorter than the length offered by the pulsed valve). Naturally, this process is 

easier for TD signals, which appear later in time relative to the IS trajectories.  

 

5.4 Discussion 

The general aim of these Monte-Carlo simulations was to provide insight into the 

measured CN(X) and CH4 data reported in Chapter 3 and Chapter 4 respectively. 

New aspects of the program which were introduced to aid these goals were also 

tested. For example, the additional functionality for generating incident trajectory 

speeds via direct Gaussian sampling was shown to operate as expected. Similarly, 

the creation-time selection routine was modified to allow sampling from a sum of 

temporal Gaussians and subsequent simulations behaved as expected. Another 

general conclusion from the simulated Appearance profiles was that the 𝑧-axis 

width of the experimental Herriott cell probe geometries did not limit the temporal 

resolution of the TFMAS measurements, even when a short incident radical packet 

was used. Instead, this was limited by the incident packet/pulse width and velocity 

distribution breadth. 

5.4.1 Simulations of CN(X) inelastic scattering experiments 

In simulating the CN(X) scattering experiments reported in Chapter 3, the 

parameters in Table 5.1 and Table 5.2 were universally applied. Subsequently, 

experimental CN(X) incident-beam data for 𝑗 = 0.5 were excellently reproduced via 

the additional simulation parameters in Table 5.7 and Table 5.8. With this 

preliminary goal achieved, attention was turned to simulated scattering from PFPE 

and squalane surfaces.  
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To address the particularly pertinent question of whether a thermal scattering 

fraction can be confidently assigned to the data, a simulation of pure TD scattering 

was performed. Relative to the experimental Appearance profiles for scattering 

from both PFPE and squalane, the simulated TD signal appeared significantly later 

(Figure 5.17). Furthermore, relative to the measured Doppler profiles and their fits 

the simulated TD lineshape was substantially narrower. It is possible that minor 

thermalised fractions exist in the tails of the Appearance profiles, but within the 

current signal-to-noise these results support the previous conclusion that there is 

no evidence of a significant TD fraction for CN(X) scattering. Therefore, impulsive 

scattering is the dominant mechanism.  

 

Efforts were then made to reproduce the scattered signals using pure IS trajectories 

encoded via the soft-sphere model. Given the relative independence of the 

experimental Appearance profile structures on 𝑗, a representative 𝑗 state was chosen 

from each of the PFPE (𝑗 = 14.5) and squalane (𝑗 = 12.5) datasets for comparison 

with the simulations. structures on 𝑗, a representative 𝑗 state was chosen from each 

of the PFPE (𝑗 = 14.5) and squalane (𝑗 = 12.5) datasets for comparison with the 

simulations. Clearly, the PFPE results were well described by a large effective mass, 

𝑚𝑒𝑓𝑓(PFPE) = 200 g mol−1. Given the limitations of the squalane data, this surface 

was assumed to be lighter, as consistent with prior literature. [36] The assumed 

mass 𝑚𝑒𝑓𝑓(squalane) = 74 g mol−1 was adequate for describing the peak, but 

regardless of associated 𝐸𝑖𝑛𝑡/𝐸𝑖  the rising edge could not be reproduced. The same 

was true for the Doppler profiles, which demonstrated broader lineshapes than 

could be simulated by cos 휃 distributions. Perhaps a slightly heavier mass would 

describe the scattering better, as this would allow for faster-returning trajectories 

across the full range of possible 𝐸𝑖𝑛𝑡/𝐸𝑖  fractions that could reproduce the rising 

edge. Even allowing for a modest increase in 𝑚𝑒𝑓𝑓(squalane), the resulting effective 

masses are generally concordant with the earlier literature, where the general trend 

reports PFPE to be heavier relative to squalane on account of its stiffness. [12,29] 

This contrasts with a newer study by Nathanson and Minton, who reported greater 

effective surface masses within the soft-sphere model for softer, less-dense aliphatic 

surfaces. This counterintuitive result was rationalised by the authors, who proposed 

that the surface hydrocarbon chains interact cooperatively to dissipate the collision 

energy, and therefore a greater number of atoms participate during the interaction 
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with respect to the stiffer surfaces. [38] However, these were the results of atomic 

projectile scattering with significantly greater collision energies than applied here. 

 

In terms of scattering-angle distributions, CN(X) scattering from PFPE was better 

described by a higher-power, and therefore narrower, cosine function. This was 

particularly true for the rising edge, which naturally represents trajectories which 

impart less energy on impact with the surface and are therefore closer to the 

extreme IS limit. More specifically, the Doppler profile corresponding to the 50% 

rising edge point of the PFPE Appearance profile was well represented by a cos4 휃 

scattering distribution. Conversely, as noted above, a simulated cos 휃 distribution 

was insufficiently broad to describe the equivalent squalane Doppler profile. 

Though the reproduction of the squalane profile was not perfect, the observed 

relative trend between the two surfaces is still valid. Since microscopically rougher 

surfaces promote broader angular distributions, the simulated results here lend 

support to the idea that that squalane is rougher than PFPE.  

 

Keeping the above angular distribution and effective mass pairs for each surface, 

attempts were made to reproduce the entire Appearance profiles by varying 𝐸𝑖𝑛𝑡/𝐸𝑖  

and combining the results. The reproduction was good in the case of PFPE, and 

reasonable for squalane. These results produced estimated average 𝐸𝑖𝑛𝑡/𝐸𝑖  

fractions for the two liquids, which were 43% and 25% respectively. Taking the 

rotation of CN into account for the selected final-𝑗 states, these energy fractions 

become 33% and 15% and give an indication of the energy specifically lost to the 

surface. One possible tantalising explanation for this is that only the most impulsive 

CN survives encounters with the squalane surface (most likely due to the 

unobserved H-abstraction channel). This would support the proposed hypothesis in 

Chapter 3, which sought to justify the observation that 𝑇𝑅(squalane) > 𝑇𝑅(PFPE) in 

terms of the low relative survival probability (𝜎 = 32 ± 3%), the propensity for 

squalane to promote thermalisation at the surface, and the low reaction barrier of 

R2. However, these estimated energy-loss fractions cannot be taken too literally. 

Particularly in the squalane case, the signal-to-noise is poor. Furthermore, as 

previously noted, it’s likely that a higher effective surface mass was required to 

better-describe scattering with the hydrocarbon. Finally, although in this analysis 

𝑚𝑒𝑓𝑓 and 𝑛 were fixed, the simulations have shown that there are complex effects 
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that vary across the Appearance profiles. In particular, the best-fit scattering angle 

distribution from the simulations was observed to broaden with appearance time.  

 

The above hypothesis has a dependence on the relative survival probability, which 

itself was dependent on the assumption that PFPE is inert to CN(X) scattering is 

reasonable (i.e. that 𝜎 ≈ 100% in these experiments). The best-fit Monte-Carlo 

simulations of CN(X) scattering in 𝑗 = 14.5 from PFPE for the peak of the 

Appearance profile, shown in Figure 5.21, aimed to test this assumption. The 

agreement between the experimental and the appropriately scaled, simulated signal 

sizes for the scattering peak deviated by a maximum factor of ~1.75, for the selected 

𝑚𝑒𝑓𝑓 and 𝐸𝑖𝑛𝑡/𝐸𝑖. Given the relative simplicity of the simulations with respect to 

reality, this is a positive result, indicating that the assumption was reasonable and 

that due confidence may be placed in the experimentally determined relative 

survival probability. Note that the program does not simulate complete dissolution 

of projectiles into the liquid bulk, so it is possible that this loss channel makes a 

minor contribution in reality. 

5.4.2 Simulations of CH4 inelastic scattering experiments 

The incident CH4 beam experimental data for the predominant quantum state, 

(0)A1
(1)

, was well reproduced by the simulation parameters in Table 5.11, and those 

under Simulation 15 in Table 5.13. The comparison between the simulated and 

experimental-fit Doppler profiles and transverse speed distributions in Figures 

5.28(a)-(c) indicates that the general features of the skimmed beam are well 

represented by purely geometric parameters. However, the simulation did not 

perfectly reproduce the minor signal lobes in the wings of the Doppler profiles 

(±~650 m s−1). In the experiment, the signals at these Doppler shifts are partly the 

result of scanning the narrow velocity distribution from the skimmed beam with 

𝜔𝑚 = 100 MHz. Skimming has evidently narrowed the transition linewidth such 

that each the probe was operating in the isolated sidebands regime. This explains 

why the signals are partially reproduced in the simulations, which take such effects 

into account. As discussed in Chapter 4, it is highly likely that the remaining signal 

at these coincidentally similar Doppler shifts is due to skimmer-boundary 

interactions, which are not included in the simulations and are therefore not 

reproduced.  
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CH4 scattering was also simulated, with the results for the pure-TD and extreme-IS 

scenarios scaled appropriately for a single 𝑗 = 4 meta quantum state. This state was 

selected given the larger population in the meta ground state, and the expectation 

that collisions with the surface may induce significant population in this higher level 

due to RET. Regardless of scattering mechanism, the results indicate that the 

expected scattered signals in a single quantum state are exceedingly small. Indeed, 

the scaling factor applied actually overestimates the predicted scattering fraction, 

since the ‘total’ scattered population was only sampled up to 𝑗 = 10. In particular, 

the simulations demonstrate that an IS channel is especially difficult to observe with 

the experiment in its current form. These results rationalise the observed lack of 

scattered signals from the experiments in Section 4.4.5, and indicate that these 

experiments should be repeated after improvements in the experimental signal-to-

noise are implemented. 

 

The temporal resolution required to effectively distinguish the scattered and 

incident signal peaks from one another in the Appearance profiles was investigated 

as shown in Figure 5.30. A temporal packet length of 30 μs provides a balance 

between the distinction of the incident and scattered signals, regardless of 

scattering mechanism, and the scattered signal size, which of course is reduced as 

the molecular beam is ‘chopped’. Such a chopper wheel [224,225] has in fact been 

procured by the group and could be integrated into the vacuum chamber described 

here. For a given post-chopper incident packet width, 𝑡𝑖, the rotational frequency of 

a chopper wheel, 𝑓, is given by: 

 𝑓 =
𝑑𝑠𝑙𝑖𝑡

𝜋𝑟𝑡𝑖
 (5.12) 

where 𝑑𝑠𝑙𝑖𝑡 is the slit width tangential to the chopper edge and 𝑟 the wheel radius. 

For the particular wheel in question, these values are 1 mm and 35 mm respectively. 

For the desired packet width, 𝑡𝑖 = 30 μs, 𝑓 = 18 000 rpm. However, note that the 

chamber geometry would require alteration if this chopper wheel were to be 

included. Despite this, the calculation demonstrates that shortening the packet 

length for clear distinction of the incident and scattered signals is certainly 

achievable in reality, as the chopper wheel has an approximate rate range of 6 000–

57 000 rpm. [115] An alternative method for achieving this level of temporal 

resolution would be to upgrade the pulsed valve source. A valve suitable for this 
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purpose has been reported by Suits and colleagues, [226] which would have the 

added benefit of greater absolute signal sizes with respect to the chopper-wheel 

method. 

5.5 Summary 

 

1. Monte-Carlo simulations were performed to accompany the experiments 

presented in Chapter 3 and Chapter 4, reproducing both the experimental 

CN(X) and CH4 incident beams well. Subsequently, IS/TD scattering, 

respectively encoded into the program via the soft-sphere model and a cos 휃 

Maxwell-Boltzmann distribution characterised by 𝑇𝑙, was simulated. 

2. For CN(X) scattering, the mismatch between the simulated TD fraction and 

the experimental data reinforced the conclusion drawn in Chapter 3, that the 

scattering is predominantly impulsive for both liquid surfaces. 

3. Similarly, the assumption that 𝜎 ≈ 100% for CN(X) scattering from PFPE was 

justified by the relative simulated and experimental peak scattering signals 

for a single quantum state, which were comparable. In reality, a minor loss 

fraction due to dissolution of trapped radicals into the liquid bulk may exist. 

4. Consistent with hydrocarbon surfaces being soft, CN(X) scattering 

simulations demonstrated that 𝑚𝑒𝑓𝑓(PFPE) > 𝑚𝑒𝑓𝑓(squalane). Given the 

broader angular distribution required to describe the scattering behaviour 

from squalane at earlier times, they also implied that the hydrocarbon was 

the rougher of the two surfaces. 

5. Estimates for the average energy fractions lost to liquid PFPE and squalane 

surfaces were 33% and 15% respectively. The signal-to-noise prohibits these 

values from literal interpretation, but they do imply a propensity for IS-type 

mechanisms from squalane, as consistent with the proposed theory in 

Chapter 3, that squalane trajectories characterised by greater energy loss are 

more likely to be consumed by H-abstraction reactions forming HCN. 

6. Inelastic CH4 + squalane simulations justified the absence of observed 

scattered signals in Section 4.4.5, particularly for IS mechanisms, indicating 

that improvements in the signal-to noise are required.  

7. Given the current CH4 beam source, an ideal incident packet width for good 

temporal resolution would be 30 μs. This could be achieved by the inclusion 

of a chopper wheel. Alternatively, the pulsed valve itself could be upgraded.
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Chapter 6 – Conclusions and future work 

The gas-liquid dynamics community faces common barriers to progress. From an 

experimental perspective, the development of new liquid-vacuum interface 

techniques compatible with high vapour-pressure liquids, such as the aqueous 

phase, is critical. Indeed, within the field a scattering experiment coupling a water 

surface with REMPI-VMI detection represents the elusive, unattainable holy grail. 

Recent advancements in research, including microchannels with custom VMI 

electrodes [39] and thin, flat-sheet microjet configurations, [227–229] may bring us 

incrementally closer to this goal. From the theoretician’s point of view, the task is no 

less difficult. Despite a tremendous wave of technological advancement in the last 

decade, computational physics and chemistry techniques lag behind. Integrating 

modern computational infrastructure with scattering simulations would go a long 

way towards improving the current calculation processes. For example, interactive 

training of reactive PESs is now being established using virtual-reality 

techniques, [230] which could see future application to interfacial dynamics.  

 

Eventually realising blue-sky ideas such as these, which exist only in a distant future, 

requires plenty of experimental and theoretical work. This thesis makes its humble 

contribution to this growing discipline via the following: the pioneering application 

of TFMAS to gas-liquid dynamics through scattering experiments of discharge-

produced CN(X) radicals from PFPE and squalane; second, the construction of a new 

MIR-TFMAS probe with considerable potential in the field; and third, the 

presentation of accompanying Monte-Carlo simulations which delved more deeply 

into the conducted experiments, providing both practical and mechanistic insight. 

 

6.1 NIR-TFMAS and CN(X) scattering from liquids 

One of the principal goals of this thesis was to demonstrate the first application of 

FMS detection methods to gas-liquid scattering experiments. This was achieved via 

the inelastic scattering of CN(X) radicals from PFPE and squalane liquids, which 

demonstrated the potential in coupling TFMAS to interfacial dynamics via NIR 

probing of the X2Σ+ − A2Π (2,0) band on the R1 branch. These experiments also 

introduced a previously unreported method for generating an internally cool pulsed 



 

220 

CN(X) radical source. The radicals were generated at the exit of the pulsed valve via 

a HV DC electric discharge, which produced a short (16 μs) radical packet entrained 

within a longer gas pulse. The majority (70 ± 5%) of the CN(X) was internally 

cooled down to 6.0 ± 0.8 K, with the remainder characterised by a hotter, but still 

subthermal, rotational temperature of 127 ± 13 K. 

For both surfaces, the scattered rotational distributions were superthermal and 

reasonably well-described by single Maxwell-Boltzmann fits, with 𝑇𝑅(PFPE) =

610 ± 40 K and 𝑇𝑅(squalane) = 720 ± 40 K when obvious outlier points were 

excluded from the analysis. These temperatures suggest significant RET due to 

collisions with the surfaces. Constraining 𝑇1 of a bimodal distribution to 𝑇𝑙 did not 

improve the fits, indicating that the scattering was predominantly impulsive. 

Previous studies have shown that stiffer, smoother surfaces like PFPE promote IS-

type collisions, and so the higher rotational temperature for the softer, rougher 

surface is an interesting observation. This may be rationalised by considering the 

reactivity of the aliphatic surface. The low barrier to the following hydrogen 

abstraction (R2): 

CN(X2Σ+) + RH → HCN(𝑣1𝑣2𝑣3) + R ̇ 

and the experimentally determined survival probability for CN(X) scattering from 

squalane relative to PFPE, 𝜎 = 32 ± 3%, alludes that this channel may dominate. 

However, a measurable fraction clearly does survive its encounter with the surface. 

The observed tendency for squalane-scattered CN(X) to have larger transverse 

velocity components at low 𝑗, where any minor TD-like scattering fraction would be 

expected, implies that IS-type trajectories preferentially escape the surface without 

undergoing reaction. Ergo, encounters that impart greater energy fractions with the 

surface through multiple collisions may favour the reactive channel. 

Comparison with accompanying Monte-Carlo simulations of thermal scattering 

reinforced the experimental conclusion that a discrete TD fraction could not be 

justifiably assigned to the data at the current signal-to-noise ratio. They also 

confirmed that assuming PFPE was inert to CN(X) was reasonable, and therefore 

that a determined relative survival probability quoted above was valid. In terms of 

future work in this vein, the most obvious avenue to pursue would be to improve 

the pulsed-valve source, and to narrow the incident radical translational 
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distribution by introducing a skimmer. Performing multiple experiments with these 

same liquids at different 𝑇𝑙 would conclusively answer a pertinent question: does a 

minor, true TD scattering component really exist? 

 

6.2 MIR-TFMAS 

The second, and undoubtedly most challenging, goal was to develop a new TFMAS 

probe in the MIR. A nonlinear frequency conversion technique (DFG) was employed 

to generate MIR as the difference of two input frequencies in a PPLN crystal. This 

probe was successfully built and has desirable characteristics for TFMAS 

applications, including: narrow linewidth, wide tuneable range, Gaussian mode 

quality, vertical polarisation, modulation at 𝜔𝑚 = 100 MHz to a depth of ~1, low 

convergence and long-term stability. A specially designed Herriott cell pattern 

provided a long experimental pathlength and ensured that, even if particularly 

short, transient or pulsed sources were to be used in place of the current pulsed 

valve, the probe geometry should not limit the temporal resolution. Several proof-

of-principle experiments were conducted with methane, which became 

progressively more sophisticated as the probe developed, culminating in 

preliminary inelastic scattering experiments of CH4 from a liquid squalane surface. 

The incident skimmed CH4 beam was characterised, demonstrating efficient cooling 

of the internal energies for all three nuclear-spin isomers, and an approximate 

laboratory-frame speed of 1435 m s−1.  

 

However, scattered signals were not observed when the squalane surface was 

present. Reassuringly, Monte-Carlo simulations found that, for a single quantum 

state of methane, the expected signals in either the TD or extreme-IS channels were 

exceedingly low. This raised questions about improving the current signal-to-noise 

ratio, which should be the main focus of future experimental efforts. First, an 

investigation into the intermittent noise source should be undertaken. In particular, 

RAM is a concern, and if required an additional polariser could be introduced post-

EOM to improve the alignment through the crystal after the work of Friedrichs and 

colleagues. [97] Efforts should be made to ensure that no other transmissive optics 

are acting as étalons, nor providing back-reflections which could cause laser 

feedback issues, which are another possible root cause of the noise. In terms of 

increasing the absolute scattering signals, the first obvious step would be to replace 
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the 2 mm diameter skimmer with a 5 mm equivalent or alter the methane seeding 

ratio. To a first approximation, this would increase the number density by a factor 

of ~6 while still providing a well cooled molecular beam. 

 

As discussed in Chapter 4, other aspects of the current probe are not perfect. The 

conversion efficiency could be improved by empirical testing of various focussing 

lens pairs, L1 and L2, to better-optimise the Rayleigh length conditions of the DFG 

input beams relative to the crystal length. Although this was not discussed in the 

text, another persistent issue was the continual power drop of the input NIR laser 

over time, which failed completely mere weeks after the final experiments 

presented in Section 4.4.5 were conducted. The laser is currently under repair by 

the manufacturer. With this problem solved, the absolute upper limit on the power 

should be significantly greater than reported here. This is true even if a typical, 

current value for the conversion efficiency is used (e.g., 0.025% W−1 cm−1 would 

produce a maximum of ~20 mW).  

 

With these issues addressed, methane scattering experiments should be repeated 

with the larger skimmer diameter. Given the results of Nathanson and co-workers, 

who previously studied the dynamics of CH4 + squalane with MS detection, the 

majority of the scattering should conform to a TD-type mechanism. Indeed, an even 

greater TD fraction would be expected than the ~70% they reported, given the 

incident, laboratory-frame ~16 kJ mol−1 beam energy and 0° incident angle 

employed here. 

 

Furthermore, improving the pulsed source, as suggested in the previous section, 

would also be beneficial to MIR-TFMAS experiments as it would greatly enhance the 

time resolution. Monte-Carlo simulations have demonstrated that currently, the 

incident and scattered signals would not be well distinguished. This was true for 

both the TD and pure-IS limits. To take these upgrades a step further, a chopper 

wheel could be integrated into the source chamber. Such a wheel has in fact been 

procured [224,225] and is undergoing tests. [115] As part of this work, adaptor 

plates were designed to implement this in the next incarnation of the experiment. 

Alternatively, an improved pulsed valve design, such as that reported by Suits and 

colleagues, could be implemented to provide packets as short as 20 μs. [226] 
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Going forward, the new probe could see application to any number of molecular 

projectiles with accessible C–H, N–H and O–H/D stretches. There are certainly too 

many interesting and relevant combinations of projectile and surface to discuss 

here. However, triatomic molecules such as HCN and H2O are attractive starting 

points, as they are relatively simple but significantly more interesting than 

diatomics. A molecular beam seeded with HCN would provide the internally cold 

source with a well-defined translational distribution required for inelastic 

scattering experiments to correlate the pre- and post-collision rovibrational 

distributions. Subsequently, the CN(X) discharge assembly used in Chapter 3 could 

be seeded with hydrogen to produce vibrationally excited, but rotationally cold HCN 

for complementary inelastic studies on squalane, with a focus on vibrational 

relaxation pathways. These experiments would pave the way towards studying the 

unobserved H-abstraction pathway from the Chapter 3 experiments, R2. 

Observing this process is the natural next step, and would be the first gas-liquid 

dynamics study of a reactively produced polyatomic. The vibrational and rotational 

distributions would be determined via the nascent C–H stretch, providing insight 

into the reaction mechanisms and post-reaction vibrational relaxation pathways. In 

particular, it would be interesting to observe whether TD interactions produce 

vibrationally relaxed HCN, as previously suggested for HF. [78] Such a channel could 

be confirmed or denied by repeated measurements at various 𝑇𝑙. A similar pattern 

could be followed for water-scattering experiments: first inelastic studies via 

supersonic expansions of H2O/D2O, followed by discharge-produced OH(X2Π) 

radicals reacting on hydrocarbon surfaces. In this way, the partially-illustrated 

dynamical picture from the previously discussed LIF experiments would be 

complete. [49,50]  
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