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Abstract

Sulfur dioxide (SO2) impacts climate by influencing the cloud condensation

nuclei budget, particularly in the remote marine troposphere, thereby con-

tributing to uncertainties in climate model estimates of effective radiative

forcing. It is thus crucial to accurately and precisely quantify trace levels

of SO2 in these environments, however, typical commercial instruments

lack the necessary sensitivity. This thesis describes the development and

validation of the University of York’s laser-induced fluorescence (LIF) instru-

ment, the second in the world, for highly sensitive in situ measurements of

SO2 based on custom fibre-laser technology. Its performance is then demon-

strated through airborne and ship-based measurements in the remote North

Atlantic and Arctic respectively.

Aircraft SO2 measurements were made by the York LIF instrument in

the remote and ship-polluted marine troposphere, providing a wide range

of target concentrations. These were compared to simultaneous SO2 mea-

surements from a commercial pulsed fluorescence (PF) analyser and iodide

chemical ionisation mass spectrometer (I�CIMS). Given their limits of de-

tection (LoD, 3 � ) of 0.07, 0.4 and 2 ppb at 10 seconds for the LIF, PF and

I�CIMS respectively, the percentage of data below their LoDs across the

three flights were 9, 91 and 98 % respectively. Therefore, a comparison of

instruments could only be made in polluted environments where the LIF, PF

and I�CIMS agreed well, once an interference affecting the sensitivity of the

I�CIMS was accounted for.

The first ship-based LIF-SO2 measurements were performed to obtain a

unique dataset of SO2 in the Arctic, and used to explore its potential sources.

Peaks of enhanced SO2 were accounted for by local shipping activity while

background measurements were attributed to oxidation of dimethyl sulfide,

emitted from the open ocean and sea ice edge.
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Chapter 1

Introduction

1.1 Why do we want to measure SO 2?

Sulfur dioxide (SO 2) plays a pivotal role in the chemistry of the troposphere,

in�uencing regional and global air quality and climate. SO 2 is the predomi-

nant anthropogenic sulfur-containing air pollutant, posing risks to human

health, and a major contributor to acid rain (Likens et al., 1979), which can

have detrimental e � ects on aquatic and terrestrial ecosystems. SO2 is also a

precursor to aerosols, which are of particular health concern since they can

penetrate deep into the lungs, leading to respiratory issues, cardiovascular

problems, and exacerbating conditions such as asthma and bronchitis. Since

these harmful e� ects were realised following signi�cant emissions during

the Industrial Revolution, global SO 2 emissions have been declining since

the 1970s (Smith et al., 2011) and are now below many countries' emission

limits. However, even at these low concentrations, SO2 still plays an impor-

tant role in the production cloud condensation nuclei (CCN), especially in

remote marine environments, which a � ect the Earth's radiation balance and

climate (Williamson et al., 2019).
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1.1.1 Sources

Sulfur dioxide (SO 2) is released into the atmosphere from both anthropogenic

and natural sources. The major source of SO2 to the troposphere is from

anthropogenic emissions, which account for 70 % of global sulfur emissions

(Penner et al., 2001). This is mainly due to primary SO 2 anthropogenic

emissions from fossil fuel combustion in power plants, industrial facilities,

and petroleum re�neries, where coal, oil, and other sulfur-containing fuels

are burned and metal smelting, particularly from the processing of sul�de

ores in copper, zinc, and lead production. Additionally, the shipping sector

is a signi�cant contributor to primary anthropogenic emissions, estimated

to be responsible for 13 % of global SO2 emissions (Watson-Parris et al.,

2022). The natural primary sources of SO2 to the troposphere are volcanoes

and biomass burning. Large volcanic eruptions can also eject SO2 into the

stratosphere where it exists on much longer timescales compared to in the

troposphere. SO2 can also be formed through secondary biogenic emissions

from the oceans, which release dimethyl sul�de that undergoes oxidation

in the troposphere to SO2 (more on this in section subsection 1.1.6). Both

anthropogenic and natural sources of SO2 can have signi�cant implications

for air quality, acid rain formation, and human and ecosystem health.

1.1.2 Gas phase removal

The major sink of atmospheric SO2 is oxidation to sulphuric acid (H 2SO4)

and ultimately sulfate (SO 4
2� ) aerosols. SO2 oxidation can occur either in

the gas or aqueous phase, with average branching ratios of 24 % and 76 %

respectively (Faloona, 2009). Firstly, the gas-phase oxidation of SO2 in the

atmosphere primarily takes place through its reaction with the hydroxyl

radical (OH) (Blitz et al., 2003). This highly reactive radical is produced

in the atmosphere from the photolysis of ozone to form O( 1D) followed

by reaction with water vapour, or through other mechanisms such as the
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photolysis of nitrous acid (HONO) and hydrogen peroxide (H 2O2). Therefore,

SO2 oxidation by OH is largely restricted to the daytime when the production

of OH radicals is most favoured. The predominant reaction is given below,

which yields HOSO 2 adducts (Blitz et al., 2003):

OH + SO2 + M ���! HOSO2 + M (1.1)

where M is a molecule of O2 or N2 that removes the energy liberated in the

reaction. These adducts react quickly with O 2 to form SO3 (Atkinson et al.,

2004), which is transformed into H 2SO4 in the presence of water vapour

(Seinfeld et al., 1998):

HOSO2 + O2 ���! HO2 + SO3 (1.2)

SO3 + H2O ���! H2SO4 (1.3)

However, other oxidants can contribute to the gas-phase oxidation of SO 2 (O3 ,

Criegee intermediates, O (3P), HO2). For example, Mauldin et al., 2012 pro-

posed that another compound, likely a stabilised Criegee intermediate or

its derivative, may have a considerable oxidative capacity for SO 2. Based on

their observations from a boreal forest region, they estimated that this non-

OH source may contribute up to 50 % of the total H 2SO4 budget (Mauldin

et al., 2012), demonstrating the importance of alternative oxidants for SO 2,

especially during evening and night when OH concentrations are lower.

Other important gas phase oxidants include the nitrate radical as a nighttime

oxidant and halogen species, which may be particularly important in the

remote marine boundary layer.

Since gaseous H2SO4 is hygroscopic and has extremely low volatility (Pye

et al., 2020), it rapidly condenses either through heterogeneous nucleation

onto pre-existing aerosols (Pham et al., 1995) found in more polluted envi-

ronments, or via homogeneous nucleation to form new particles in cleaner
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conditions where pre-existing aerosol loading is low (Kulmala et al., 1998).

Homogeneous nucleation and growth of new aerosol particles from trace at-

mospheric vapours is thought to provide up to half of global CCN (Merikanto

et al., 2009), for which H 2SO4 is a signi�cant source gas. However, since

theory suggested that peak concentrations of H2SO4 in the boundary layer

(106 - 107 cm� 3, Kerminen et al., 2010) are too low for the binary nucleation

of H 2SO4-H2O to proceed (Kirkby et al., 2011), there was an increase in

experimental research in this area which found that nucleation rates are en-

hanced by the presence of ternary vapours, such as ammonia, amines, as well

as ion-induced nucleation. The most comprehensive laboratory experiments

to directly measure homogeneous nucleation rates under atmospheric condi-

tions have been made by the CLOUD (Cosmics Leaving OUtdoor Droplets)

chamber at CERN Proton Synchrotron. Firstly, Kirkby et al., 2011 found that

atmospherically relevant ammonia mixing ratios of 100 pptv, or less, increase

the nucleation rate of sulphuric acid particles more than 100–1,000-fold.

However, concentrations of ammonia and sulphuric acid alone were insuf-

�cient to account for observed boundary-layer nucleation. More recently,

Almeida et al., 2013 demonstrated that dimethylamine concentrations >

3 pptv can enhance particle formation rates by over 1,000-fold compared

to ammonia, adequately explaining particle formation rates observed in

the atmosphere. Even more recently, condensable vapours such as highly

oxygenated organics and iodine oxoacids have also been found to play key

roles in homogeneous nucleation (Sarnela et al., 2018; He et al., 2021; Kirkby

et al., 2023). After nucleation, there is generally insu � cient H 2SO4 to grow

the clusters to CCN sizes, so other supersaturated substances, especially low

vapour pressure organics often take part in the subsequent aerosol growth

(Boy et al., 2005; Wang et al., 2010).
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1.1.3 Aqueous phase removal

Aqueous phase oxidation of SO2 plays a more important role than its gas

phase counterpart in sulfate formation (Faloona, 2009), especially under

high humidity conditions (McMurry et al., 1982) and during nighttime when

gas phase pathways are reduced (Middleton et al., 1980). It proceeds with

SO2 dissolution in water from cloud, fog and aerosol particles. Acidity,

de�ned by pH, is a crucial component of aqueous chemistry because it in�u-

ences the solubility of various gases, their phase partitioning, and chemical

reaction rates (Pye et al., 2020). Therefore, the solubility of SO2 in water

produces three dissolved S(IV) species depending on the pH of the solution:

SO2.H2O, HSO3
� , SO3

2� , as shown below.

SO2(g) + H2O(l) ��� *) ��� SO2 �H2O(aq) (1.4)

SO2 �H2O(aq) + H2O(l) ��� *) ��� HSO3
� (aq) + H3O+(aq) (1.5)

HSO3
� (aq) + H2O(l) ��� *) ��� SO3

2� (aq) + H3O+(aq) (1.6)

(Ho� mann, 1986; Seinfeld et al., 1998; Hobbs, 2000)

Although there are many pathways for the oxidation of dissolved SO 2 to

sulfate, the two most signi�cant are its reaction with dissolved H 2O2 and

O3. In fact, H 2O2 has been found to play the dominant role in aerosol

aqueous sulfate formation on a global scale (Gao et al., 2024) due to its high

solubility. The rate of aqueous oxidation of dissolved SO 2 by H2O2 is largely

pH-independent for pH's above 2 (Hobbs, 2000). This is because the e� ects

arising from the pH dependence of the SO 2 solubility o � set the reaction rate

constant (Liu et al., 2020; Gao et al., 2024). Hence, H2O2 mainly reacts with

HSO3
� and SO3

2� which are formed at pH >2, and their overall reactions
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are shown below (which occur via the sulfuric acid intermediate) (Hobbs,

2000).

H2O2(aq) + HSO3
� ���! SO4

2� + H2O + H+ (1.7)

H2O2(aq) + SO3
2� ���! SO4

2� + H2O (1.8)

In contrast, aqueous phase oxidation by O3 is strongly pH dependent. Since

O3 reacts most rapidly with SO 3
2� , the O3 oxidation pathway becomes

particularly signi�cant in regions of high alkalinity (Seinfeld et al., 1998;

Hobbs, 2000; Gao et al., 2024) and follows the following reaction.

O3(aq) + SO3
2� ���! SO4

2� + O2 (1.9)

Alternative aqueous reactions are generally limited by either the lower sol-

ubility of other oxidants or their slower reaction rates with dissolved SO 2 .

However, the hypohalous acids (HOBr, HOCl, HOI) are thought to play a

signi�cant role in aqueous-phase sulfate production in the marine bound-

ary layer (Chen et al., 2016; Sherwen et al., 2016). Some reactions are also

catalysed in the presence of metals, which can in�uence the yield of products.

Sulfate ions within aerosols can be base-stabilised by ammonia and other

organic amines (as mentioned previously), contributing to the persistence of

sulfate aerosols in the atmosphere. This determines the pH of the aerosol,

which, in addition to the physical and chemical properties of the aerosol,

governs its scavenging e� ciency and ability to serve as CCN (Turnock et al.,

2019). If aerosols reach diameters of approximately 60 nm via coagulation

and condensation, they can act as CCN and can in�uence cloud brightness,

albedo, lifetime, precipitation etc., which subsequently impacts the Earth's

radiative balance.

30



Chapter 1. Introduction

1.1.4 Physical removal

SO2 can also be removed from the atmosphere via dry and wet deposition

(Seinfeld et al., 1998; Pham et al., 1995) that operate at di� erent stages of

its atmospheric lifetime. It is estimated that about half of the SO 2 emitted

into the atmosphere is removed by dry deposition through its interaction

with surfaces, such as vegetation, soil, buildings, or water bodies (Garland

et al., 1978). Additionally, SO 2 can be converted to aerosols in the atmo-

sphere, leading to its removal when the aerosols are deposited, either by dry

or wet deposition. If aerosols composed of sulfuric acid and its salts (am-

monium bisulfate, ammonium sulfate) are incorporated into precipitating

clouds, then the deposition of these species can be faster than that of gaseous

SO2 (Kerr et al., 1985).
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Figure 1.1: Schematic diagram of the aerosol indirect e� ects. TOA referes to

the top-of-the-atmosphere. [Reproduced from the IPCC Fourth Assessment

Report (Denman et al., 2007)]

1.1.5 Climate impacts

Sulfate aerosols a� ect the Earth's radiation balance and hence climate through

the direct scattering of sunlight (Charlson et al., 1992), and also indirectly via

modi�cation of cloud albedos, lifetimes, and precipitation cycles (Twomey,

1977; Jones et al., 2001; Penner et al., 2001). As shown in Figure 1.1, the

cloud albedo e� ect describes the cloud droplet number concentration for

a given cloud liquid water content, where an increase in aerosol particles

results in the water being distributed among more particles, leading to

a greater number of smaller cloud droplets. This makes clouds optically

thicker and whiter (Twomey, 1977), increasing their re�ectivity and creating

a larger cooling e� ect than the aerosol particles would on their own. As a
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result of this albedo e � ect, subsequent feedback e� ects in the climate system

can arise. For example, smaller cloud droplets decrease precipitation forma-

tion, resulting in longer-lasting clouds that maintain high re�ectivity (cloud

lifetime e � ect). Additionally, the presence of absorbing aerosols e.g. black

carbon can lead to localised atmospheric heating, which can reduce cloud

formation or inhibit cloud ascent by stabilising the surrounding air (semi-

direct e� ect), thus further in�uencing the cloud dynamics and radiative

properties. The direct and indirect e � ects for sulfate aerosols have a cooling

e� ect on the planet and contribute to the net negative e � ective radiative

forcing (ERF) estimates for aerosols, given in Figure 1.2 (Forster et al., 2021).

As outlined in the IPCC's Fifth Assessment Report (Myhre et al., 2013), ERF

is a better metric for quantifying the climate response compared to radiative

forcing since it accounts for rapid adjustments of the Earth's surface and

troposphere, such as the impact of aerosols on atmospheric temperature

pro�les and cloud properties. This is because in contrast to greenhouse

gases (CO2, CH4, N2O and halocarbons) which last for decades to centuries,

aerosols have a relatively short lifetime of days to weeks and thus exhibit

a spatially inhomogeneous distribution. Therefore, aerosol e � ects change

much more quickly than those of greenhouse gases, meaning they are a more

powerful player in global climate extremes. For example, aerosols were

a major driver of the late-twentieth-century Sahel drought, which led to

a famine that claimed 100,000 lives (Persad et al., 2022). Therefore, it is

important to include aerosol impacts in regional estimates of risk from cli-

mate change, as current near-term climate evaluations used by policymakers

either overlook aerosols or merely average their e� ects globally, failing to

address their critical in�uence on regional climate dynamics (Persad et al.,

2022).
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Figure 1.2: Change in e� ective radiative forcing (ERF) from 1750 to 2019

by contributing forcing agents. Solid bars represent best estimate, and very

likely (5 - 95 %) ranges are given by error bars. [Reproduced from the IPCC

Sixth Assessment Report (Forster et al., 2021)]

Long-lived greenhouse gases that do not undergo major reactive loss

processes generally exhibit a homogeneous distribution throughout the tro-

posphere, and hence their concentrations can be modelled using emission

inventory data and also measured through point sampling for estimating

global scale radiative forcing potentials. Therefore, since this is relatively

accurately known, the error bars associated with ERF estimates for green-

house gases are fairly small, for example spanning +1.90 to +2.41 W m � 2

for CO2. In contrast, aerosol ERF has a signi�cantly larger error bar, pre-

dominantly driven by the indirect e � ect, which ranges from -1.45 to -0.25

W m � 2 and accounts for 80 % of the total aerosol ERF. The aerosol indirect

ERF represents the largest source of uncertainty in climate model simula-

tions, and is masking global warming to an unknown extent. Carslaw et al.,

2013 performed a sensitivity analysis on a global model and found that

the uncertainty in aerosol indirect ERF is dominated by the uncertainty in
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natural aerosols. This is because to estimate the magnitude of anthropogenic-

induced warming, climate models constrain to a baseline, for which the

pre-industrial atmosphere is used. The closest present-day analog to a pre-

industrial atmosphere, with only natural aerosols, can be found in pristine

environments, such as the remote marine troposphere. The importance of

natural aerosols has also been highlighted by subsequent modelling studies

(Gryspeerdt et al., 2023; Lee et al., 2016; Ghan et al., 2016; Fung et al., 2022).

Therefore, improving the model representation of pre-industrial aerosols

requires a better understanding of aerosols and their formation processes in

remote marine environments.

1.1.6 Remote marine chemistry

Dimethyl sul�de (DMS) is the most signi�cant precursor of oxidised sulfur

gases in the marine atmosphere (Andreae et al., 1985; Andreae, 1990; Bates

et al., 1992), which originates from the breakdown of dimethylsulphonio-

propionate (DMSP) produced by marine organisms, particularly phytoplank-

ton (Carslaw et al., 2010). It undergoes e� cient oxidation to sulfuric acid

(H2SO4) and methane sulfonic acid (MSA), which can facilitate the formation

of new particles, making it a major contributor to aerosols and hence CCN.

The idea that DMS can have a profound impact on the populations of CCN

over the world's oceans has been long recognised and has become known as

the CLAW hypothesis after the authors of Charlson et al., 1987. However,

they hypothesised that DMS could provide a feedback mechanism to sta-

bilise the Earth's climate in response to climate change. Although a feedback

mechanism has not been identi�ed, this hypothesis has spurred numerous

studies to ascertain the e� ects of DMS on climate (Ayers et al., 2007). De-

spite this, the oxidation mechanism of DMS to sulfate aerosols still remains

poorly understood. It was only recently that a previously unquanti�ed DMS

oxidation product: hydroperoxymethyl thioformate (HPMTF) was measured
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in the lower troposphere and marine boundary layer by Veres et al., 2020,

after being proposed as a possible formation process by Wu et al., 2015, and

�rst measured in the laboratory by Berndt et al., 2019. Therefore, sulfate

aerosol formation from DMS oxidation contributes to uncertainties not only

in global model estimates of the impact of DMS emissions on CCN (Lucas

et al., 2002; Chen et al., 2018; Faloona, 2009; Quinn et al., 2011; Carslaw

et al., 2013), but also in the pre-industrial aerosol budget. Thus, accurately

representing the DMS oxidation mechanism in models is crucial for reducing

these global uncertainties, and for that, we need measurements.
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Figure 1.3: A schematic summary of the expanded atmospheric chemistry

of DMS oxidation in CAM6-chem. Key relatively long-lived species (DMS,

MSA, HPMTF, SO2 , and sulfate), with lifetimes of > 0.5 d, are highlighted in

bold. The blue shadings denote species and reactions in the aqueous phase

in interstitial aerosols and cloud droplets. DMS (highlighted in green) can

undergo OH addition (rightward path) or H abstraction (upper paths). The

H-abstraction pathway further diverts into the isomerisation branch (top

path) and the MSA-producing branch. SO 2 is the dominant product of most

gas-phase pathways, while MSA is formed mainly via the aqueous-phase

oxidation of DMS. Oxidation of SO 2 to sulfate or sulfuric acid is handled

by the CAM6-chem standard chemistry. The resultant particulate MSA and

sulfate (highlighted in red) are key species with important radiative impacts.

[Reproduced from Fung et al., 2022]

Figure 1.3 by Fung et al., 2022 provides a summary of our current under-

standing of the DMS oxidation mechanism, as implemented in their Com-

munity Atmospheric Model version 6 with chemistry (CAM6-chem). DMS

oxidation in the atmosphere is a � ected by temperature, NOx, the distribution
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of oxidants including OH, NO 3 and halogen compounds (Butkovskaya et al.,

1995; Chen et al., 2018; Patroescu et al., 1998), and the availability of water

for multiphase oxidation in aerosols and droplets (Ho � mann et al., 2016;

Ho� mann et al., 2020). The major loss process of DMS is oxidation in the

gas phase by OH (Faloona, 2009). Two OH oxidation pathways compete: OH

addition to form DMSO and H atom abstraction to form MSP. The branching

ratios of these pathways are highly temperature dependent. At low tempera-

tures, DMS oxidation proceeds more via the OH addition pathway, forming

abundant DMSO and MSIA, and consequently, a large amount of MSA (Shen

et al., 2022). Therefore, MSA may be the dominant oxidation product in

high-latitude marine atmospheres. On the other hand, the hydrogen abstrac-

tion pathway becomes more important at high temperatures. Approximately

95 % of MSP undergoes isomerisation to HPMTF (Berndt et al., 2019), which

subsequently increases H2SO4 production through the oxidation of HPMTF

in clear conditions (Berndt et al., 2019; Ye et al., 2021). This is because in

cloudy conditions, HPMTF is rapidly lost to clouds, which was measured

by both Veres et al., 2020 and Novak et al., 2021, hence terminating DMS

oxidation to SO2. However, in warmer conditions, MS � /MSA in the aqueous

phase can thermally decompose to H2SO4 (Ho� mann et al., 2016; Shen et al.,

2022), which becomes more important in cloudy conditions. Overall, MSIA

and HPMTF are useful intermediates that serve as markers for OH addition

and hydrogen abstraction pathways respectively (Shen et al., 2022).

Realistically, other oxidants contribute to the loss of DMS. The nitrate

radical (NO 3) is an important nighttime oxidant (Yin et al., 1990) and in

the remote marine atmosphere, halogens could be an important additional

sink for DMS oxidation. For example, BrO would signi�cantly enhance the

contribution of the addition pathway (Toumi, 1994; Barnes et al., 2006),

thereby decreasing the yield of SO2 from DMS (Glasow et al., 2004).

Global and regional models often simplify the DMS oxidation mechanism
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for the sake of computational costs. For example, previous versions of the

CAM-chem model only include OH and NO 3 as oxidants of DMS, directly

forming SO2 which further oxidises to produce sulfate (Lamarque et al., 2012;

Emmons et al., 2020). Therefore, many important reaction intermediates

which have varying lifetimes, including HPMTF, are unaccounted for in

models. This not only a � ects the spatial distribution of sulfate aerosols

but also the e� ective sulfate yield from DMS. Veres et al., 2020 developed

a model constrained to their HPMTF measurements, using the gas phase

oxidants OH and BrO and known kinetic data, to simulate the various

DMS oxidation pathway contributions. They showed that more than 30

% of oceanic DMS emitted into the atmosphere forms HPMTF. Therefore,

including HPMTF in model simulations is thought to cause a 60 % reduction

in the yield of SO 2 from DMS (Veres et al., 2020), which is consistent with

a more recent study (Khan et al., 2021). However, this represents an upper

limit in reduction since the oxidation of HPMTF to SO 2 was not included in

the model (Veres et al., 2020). When accounting for HPMTF chemistry, Khan

et al., 2021 found that sulfate aerosol increased in the upper troposphere,

in addition to the expected signi�cant decrease in boundary layer levels of

SO2 and H2SO4. Furthermore, it has been reported that the global HPMTF

and sulfate burdens are relatively insensitive to the assumed isomerisation

rate of MSP (Fung et al., 2022), however, as aforementioned, the fate of

HPMTF is very sensitive to a potential additional cloud loss. Novak et al.,

2021 showed that SO2 production from DMS is reduced by 35 % globally

and near-surface (0 to 3 km) SO2 concentrations over the ocean are lowered

by 24 % when accounting for HPMTF cloud loss. As demonstrated here,

improvements in model accuracy to align better with observations have only

been possible through the availability of measurements. Therefore, gaining

a deeper understanding of the DMS oxidation mechanism will require direct

observations of DMS and its oxidation products.
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1.2 SO2 measurement techniques

In the remote marine troposphere, mixing ratios of SO 2 are largely between 0

and 200 pptv. Even at these low concentrations, SO2 may still be the primary

source of CCN in the marine atmosphere, hence impacting global climate.

Therefore, it is crucial that we can accurately quantify SO 2 concentrations

in these environments. However, current commercial SO 2 detection tech-

niques lack the sensitivity and selectivity to quantify trace levels of SO 2 at

a reasonable sampling rate for moving platforms (airborne and ship-based

measurements), which are essential for better spatial representation and

altitude gradients of SO 2. The techniques currently used to measure SO2 con-

centrations in the remote marine troposphere are pulsed �uorescence (PF),

di � erential optical absorption spectroscopy (DOAS), chemical ionisation

mass spectrometry (CIMS), and more recently laser-induced �uorescence,

which are described herein and summarised in Table 1.1.

1.2.1 Pulsed �uorescence (PF)

PF is a popular in situ spectroscopic technique for measuring SO 2, typically

using commercial instruments (Thermo Fisher Scienti�c, previously Thermo

Electron). A broad UV excitation wavelength of 190 - 230 nm, corresponding

to a strong absorption band of SO2, is used to electronically excite SO2,

produced from the output of a pulsed zenon �ash lamp (130- � s pulses at

10 Hz repetition rate) and passed through a series of re�ective interference

�lters (Luke, 1997). Three processes compete for the fate of the excited

SO2 intermediate: �uorescence, quenching by a third body, M (typically O 2,

N2, or H2O), and photolysis, therefore limiting the measured �uorescence.

Excited SO2 �uoresces in a broadband continuum from 240 – 420 nm, with

an emission peak at approximately 320 nm (Okabe, 1971). A bandpass �lter

is used to isolate the emitted radiation, which is monitored by a gated PMT.

The sampling window gate is delayed by 30 � s from the start of the Xe �ash
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lamp trigger to avoid the electrical noise associated with the �ash (Luke,

1997). This minimises baseline drift and dark current noise associate with

the PMT.

Due to the broad nature of the excitation wavelength, the PF technique is

susceptible to interfering species which absorb UV radiation at 190 – 230

nm and subsequently �uoresce at 240 – 420 nm. Of particular concern

are aromatic hydrocarbon compounds, which tend to be highly �uorescent

at this excitation wavelength. To reduce/eliminate these interferences, a

semipermeable hydrocarbon “kicker” membrane is installed in the com-

mercial instruments. Also, the sample airstream is typically dried before

detection to minimise water vapour quenching - a relative humidity of 65

% at 25 °C and 1 atmosphere pressure can decrease the response of the

instrument by 25 - 35 % (Okabe, 1971; Stelson et al., 1988). Therefore, this

limits the selectively of the PF technique, and hence its sensitivity to SO 2.

Luke, 1997 modi�ed the commercial Thermo Electron instrument (model

43S), details of which are described in subsection 3.3.2. They were able

to detect as little as 30 pptv SO2 in a 25-minute sampling interval. More

recently, modi�cations to newer models (43i-TLE) of the Thermo Fisher

Scienti�c instrument have reported limit of detections (LoDs) of 400 ppt at

10 s (subsection 3.3.2) and 25 pptv at 5 minutes (Yang et al., 2016). However,

even at these values, the PF technique has a lower sensitivity compared

to CIMS and LIF and struggles to achieve fast sampling rates required for

airborne measurements.

1.2.2 Di � erential optical absorption spectroscopy (DOAS)

DOAS is a remote sensing spectroscopic technique that allows contact-free

measurements of atmospheric species, �rst described by Platt et al., 1979. It

uses either sunlight or arti�cial light to measure the absorption of speci�c

wavelengths by atmospheric gases along a known path length in the open
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atmosphere. Therefore, `slant' column densities (SCD) are derived, making

DOAS well-suited for satellite applications, as well as for ground-based and

aircraft measurements.

DOAS uses the Beer-Lambert law, which relates the ratio of the light

intensity in the absence (I0) and presence (I ) of the absorbing species to a

SCD via the absorption cross section of the absorber,� at wavelength, � and

the light's path length, l (Equation 1.10).

SCD =
ln( I0

I )

� � � l
(1.10)

The transmitted light intensity (with the absorber, I ) is measured over a

relatively broad spectral range compared to the width of the absorption band

of the gas species. However,I is also a� ected by other atmospheric e� ects,

such as Rayleigh scattering by air molecules and Mie scattering by larger

particles like aerosols or cloud droplets, which contribute to broad band

features of the absorption spectrum. Therefore, high-pass �ltering of the

spectra is used to isolate the narrow-band absorption features speci�c to the

species, determining the di � erential absorption signal. This signal is then

compared to the reference light intensity (without the absorber, I0) which

can be determined via clear-condition measurements, laboratory calibrations,

theoretical models, baseline observations, or signal processing techniques.

For measuring atmospheric SO2, Platt et al., 1980 acquired the absorption

spectrum by a rapid scanning technique, using a broadband high-pressure

Xe lamp (XBO 450) light source. This absorption technique makes DOAS

the only measurement method that does not require calibration. It also

avoids potential sampling inlet SO 2 losses due to its open path nature. The

theoretical accuracy of this technique is thus limited only by the accuracy of

the absorption cross-section and the path length. The light is then re�ected

between mirrors several kilometres apart, giving an average mixing ratio

over this distance. While longer path lengths enhance sensitivity, they also
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limit spatial resolution, making DOAS di � cult to compare with supporting

point measurements (although perhaps easier to compare to models and

satellite which incur a large degree of averaging). However, recent designs

use multi-pass white cells to greater reduce the measurement distance whilst

retaining the sensitivity. However, even with this advancement, the DOAS

technique typically has a lower sensitivity compared to CIMS and LIF, as

shown in Table 1.1.

1.2.3 Chemical ionisation mass spectrometry (CIMS)

CIMS is an indirect in situ technique that relies on the chemical conversion

of a species into its ion derivative that is more easily detected. In the case

of SO2, CIMS typically uses the fast ion-molecule reaction of selectively

produced CO3
� (H2O)n ions (mostly with n >= 1) to convert SO 2 to SO5

�

(via the reactions below), a process �rst demonstrated in the laboratory

by Möhler et al., 1992b. The CO3
� (H2O)n ion was used by Möhler et al.,

1992a, Thornton et al., 2002, Faloona et al., 2009, and Speidel et al., 2007 in

Table 1.1, and gives the best reported sensitivity to SO2 in the literature. As

an alternative, Huey et al., 1996 demonstrated in the laboratory that CF 3O�

could produce SO2F� ion for SO2 determinations in the atmosphere, and has

been used in subsequent �eld studies, including Bian et al., 2024 (Table 1.1).

In addition, the use of iodide ions (IO 3
� ) has been reported by Eger et al.,

and a I� CIMS was also employed in this work to measure SO2 during an

aircraft campaign (more details are given in subsection 3.3.3).

CO3
� (H2O)m + SO2 ���! SO3

� (H2O)p + (m � p)H2O + CO2 (1.11)

SO3
� (H2O)n + O2 ���! SO5

� (H2O)m + (n � m)H2O (1.12)

A high-frequency gas discharge ion source is used to ionise an oxygen

�ow to produce the primary reagent ions O � , O2
� and O3

� , with O 3
� ions
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being rapidly converted to CO 3
� (H2O)m by reaction with CO 2 and H2O.

CO3
� (H2O)m then further reacts with SO 2 to SO3

� (H2O)p which forms the

SO5
� ion by reaction with excess O2. SO5

� ions are then separated by their

mass-to-charge ratios, either by time-of-�ight via ion velocities (Bian et al.,

2024, this work) or quadrupoles mass �lter, using oscillating electric �elds

(Thornton et al., 2002; Faloona et al., 2009; Möhler et al., 1992a) (with

Speidel et al., 2007 using two octapoles).

As can be seen in Table 1.1, CIMS can achieve low LoDs, much better than

the PF and DOAS techniques. However, CIMS typically exhibits a humidity

dependence, with the sensitivity decreasing with increasing water vapour

concentration. To maintain a nearly constant low humidity, Faloona et al.,

2009 and Thornton et al., 2002 used a dryer, keeping the formation of ion-

hydrates in check. Thornton et al., 2002 found that this strategy completely

removed the in�uence of water vapour on the instrument performance

even in the highly humid tropical marine boundary layer. Another strategy

would be to quantify the humidity dependence via a calibration either in-

�ight (Speidel et al., 2007) or in the laboratory over the humidity range

experienced in situ (Bian et al., 2024, subsection 3.3.3). However, Bian et

al., 2024 reported that the ambient water vapour concentrations in remote

ocean regions may be su� ciently high that their CIMS SO 2 precision of 130

pptv at 1 second, using the CF3O� ion, is insu � cient for measuring ambient

SO2 concentration < 100 pptv.

1.2.4 Laser-induced �uorescence (LIF)

The use of laser light to induce �uorescence makes LIF a highly selective and

sensitive in situ spectroscopic technique. A laser (Light Ampli�cation by

Stimulated Emission of Radiation) generates coherent, monochromatic, and

highly collimated electromagnetic radiation through the process of optical

ampli�cation based on stimulated emission. It comprises a gain medium
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which is capable of amplifying light via stimulated emission, a pump source

which excites electrons in the gain medium to a higher energy state, creating

the necessary population inversion, and an optical resonator which provides

a feedback mechanism to sustain ampli�cation. When an incoming photon

with energy matching the transition between an excited and lower energy

state interacts with an excited electron in the gain medium, it stimulates

the electron to drop to a lower state and release a photon. This emitted

photon has identical phase, frequency and direction as the incident photon,

resulting in coherent ampli�cation and enabling the highly directional and

monochromatic properties characteristic of laser radiation.

The principle of LIF is to use laser light at a wavelength correspond-

ing to a strong peak in the SO2 absorption cross section spectrum to excite

SO2 molecules, followed by detection of the subsequent �uorescence (more

details in Section 2.1). Unlike PF which employs a broad excitation wave-

length range, the coherent and monochromatic properties of a laser means it

has a narrow linewidth, which allows �ne SO 2 spectral details to be resolved.

This reduces the susceptibility of LIF to interfering species, including water

vapour (subsection 3.3.1), and means a greater signal-to-noise ratio and

hence sensitivity can be achieved.

Therefore, from Table 1.1, it is evident that the most popular techniques

for measuring SO2 in the remote marine troposphere are CIMS and more

recently LIF, since they can achieve signi�cantly better LoDs compared to

PF and DOAS. Since the CIMS is restricted by practical measures such as its

large size and heavy weight in addition to high initial and maintenance costs,

the LIF may be more desirable for �eld deployments. Another advantage

of the LIF is its lack of interfering species and humidity independence.

Having said this, all techniques are useful for improving our understanding

of tropospheric SO2 chemistry, but application dependent.
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The University of York laser-induced �uorescence (LIF) instrument is a

custom-built system for the highly sensitive detection of sulfur dioxide

(SO2), based on the system originally demonstrated by Rollins et al., 2016.

The �fth harmonic (216.9 nm) of an in-house built pulsed tuneable �bre-

ampli�ed semiconductor diode laser system (1084.5 nm, 3 ns pulse duration,

200 kHz repetition rate) is used to selectively excite SO 2, and the subsequent

�uorescence photons are detected using a photon counting head (Hama-

matsu, H10682-210). The laser wavelength is tuned on and o� a strong

SO2 transition ( eC(1B2)  eX(1A1)) peak, which is tracked using a reference

cell at a constant SO2 concentration. The di � erence between the number

of �uorescence photons at these positions is directly proportional to the

SO2 concentration within the sample cell. The instrument is controlled

by a LabVIEW project which is deployed on a National Instruments cRIO

computer system.

The instrument is designed for both ground-based and airborne operation

on board the UK FAAM (Facility for Airborne Atmospheric Measurements)

Bae 146 research aircraft. Its ability to measure low SO2 mixing ratios allows

for quanti�cation of SO 2 in remote marine environments where current

measurements are sparse.
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The following sections describe the spectroscopy governing the LIF

method as well as the individual components of both the laser and LIF

system. Characterisation of the York LIF-SO2 instrument is also given from

laboratory experiments.

2.1 Spectroscopy of LIF

Figure 2.1: Jablonski diagram showing the various radiative and non-

radiative emission pathways following excitation.

Laser-induced �uorescence (LIF) is a spectroscopic method which uses laser

light to excite a chemical species from its ground electronic state into an

excited electronic state. The excited species subsequently undergoes �uores-

cence via the emission of a photon as it relaxes back to its ground electronic

state. Hence, the number of �uorescence photons is proportional to the

species concentration. However, various other non-radiative pathways can

lead to the de-excitation of the excited state, as shown by the Jablonski

diagram in Figure 2.1. Firstly, collisional quenching of the excited state
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can occur when excess energy is transferred through collisions with other

molecules, causing the molecule to transition from higher to lower vibra-

tional levels within the same electronic state (vibrational relaxation). Excess

energy can also be dissipated through transitions to vibrational modes in a

lower electronic state (internal conversion). Finally, the excited species can

undergo intersystem crossing into an isoenergetic electronic excited state of

di � erent electron spin multiplicity, leading to a number of slower routes back

to the ground electronic state. In some cases, dissociation of the species can

also occur as a result of crossing into an unbound state. The probability of

these pathways and hence the relative rates of �uorescence versus the various

non-radiative processes depends on the electronic structure of a molecule.

External factors such as temperature and pressure can also in�uence radia-

tive and non-radiative decay rates, most notably that of collisional quenching

which increases with increasing pressure and temperature. These factors are

summarised by the �uorescence quantum yield, given by Equation 2.1.

� f =
kf

(kf + knr + kQ[Q])
(2.1)

where kf , knr , kQ are the rate constants for �uorescence, non-radiative (ex-

cluding collisional quenching), and quenching decay pathways. [Q] is the

concentration of the quenching species de�ned by the ideal gas law (Equa-

tion 2.2).

[Q] =
P

kBT
(2.2)

where P and T are the pressure and temperature of the quencher gas respec-

tively, and kB is the Boltzmann constant (1.38 � 10� 23 J K� 1).

The observed �uorescence intensity for a given excitation laser power also

depends on how well a molecule absorbs light in the �rst instance to excite

it into a higher electronic state. This is again dependent on its electronic

structure since molecules absorb at speci�c wavelengths corresponding to

the energy di� erence between its electronic states. Hence, a molecule can
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be characterised by its absorption cross-section spectrum. Therefore, the

absorption cross section of a molecule and its �uorescence quantum yield

are both considered when identifying a suitable wavelength of laser light to

detect a speci�c molecule via LIF.

The electronic structure of SO2 has been the subject of numerous ex-

perimental and theoretical studies (Manatt et al., 1993; Stark et al., 1999;

Rufus et al., 2003). SO2 absorbs strongly in the ultraviolet region of the

electromagnetic spectrum, characterised by a series of absorption bands at

wavelengths from 403 to 106 nm of generally continuous and increasing ab-

sorption (Figure 2.2). Three SO2 absorption bands resulting from transitions

from the ground electronic state ( eX(1A1)) into di � erent excited electronic

states have relevance for detection. These are:ea(3B1)  eX(1A1) at 340 - 400

nm, eB(1B1)  eX(1A1) at 240 - 338 nm, and eC(1B2)  eX(1A1) at 170 - 235

nm. At wavelengths shorter than this (< 150 nm), although SO 2 may have

a greater absorption cross-section, it will dissociate and hence not undergo

�uorescence. Furthermore, generating laser light in the far UV is challenging,

making these wavelengths inaccessible.

Since the transition into the ea excited state has the lowest absorption

cross section (maximum absorption is below 3.7 � 1022 cm2), the resulting

�uorescence is extremely weak and SO2 detection using this region of the

spectrum has not been reported. Transitions into the eB and eC state have

signi�cantly larger absorption cross sections compared to the ea state (note

the log scale for absorption in Figure 2.2) with maximum absorptions of

1018 cm2 and 1.5 � 1017 cm2 respectively. Due to the Franck-Condon o � set

between the eX and eC states, this maximum absorption occurs � 35 nm below

the 0-0 transition at 235 nm (Rollins et al., 2016). Since the absorption cross

sections have been considered, it is necessary to look into the di� erences

in �uorescence quantum yields between the eB and eC states to identify the

optimal transition for targeting SO 2 .
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Figure 2.2: SO2 absorption cross-sections of SO2 for the gas phase from 106

to 403 nm at 293 � 10 K. [Reproduced from Manatt et al., 1993]

Here we consider the rates of decay from the respective pathways. The

�uorescence decay rate constants for the eB and eC transitions are 0.5 � 0.3 �

104 s� 1 (Sidebottom et al., 1972) and 7.4 � 106 s� 1 (Hui et al., 1972) respec-

tively. At zero pressure, the non-radiative decay rates for the eB transition are

minimal, however, at wavelengths shorter than 219.2 nm for the eC transition,

photochemical predissociation competes with �uorescence (Okabe, 1971),

evidenced by the sharp drop in �uorescence intensity in Figure 2.2(b). Based

on experimental and theoretical results, Katagiri et al., 1997 proposed that

dissociation proceeds primarily through both vibronic mixing between the

eC state vibronic levels with the quasi-bound dissociation continuum of the

electronic ground eX(1A1) state, and crossing into dissociative singlet and

triplet states where they cross the eC state. Hui et al., 1972 determined this

predissociation rate constant to be 9.643 � 107 s� 1 for excitation at 216.9
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nm. However, in this work, the range of cell pressures used are 400 - 600

mbar (for reason discussed in subsection 2.5.4), and hence quenching e� ects

are important. Okabe, 1971 reported similar quenching rate constants for

the two transitions in argon (5.2 � 10� 11 cm3 s� 1 for the eB state and 5.0 �

10� 11 cm3 s� 1 for the eC state) and therefore, for pressures around 500 mbar

(which give suitable �uorescence lifetimes of around 1.5 ns), the �uorescence

quantum yield can be calculated using Equation 2.1. These are 0.0008 % and

1 % for the eB and eC transitions respectively at 500 mbar and 298.15 K and

hence it is apparent that the preferable state to excite SO2 to is the eC state.
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Figure 2.3: (a) Absorption of 0.3 Torr of SO 2 , path length 6.95 cm, in the

region from 2000 to 2300 Å, resolution 3 Å. (b) Fluorescence intensity (undis-

persed) of 0.3 Torr of SO2 as a function of incident wavelength, resolution

3 Å, scanning speed 10 Å/min, time constant 5 sec. An arrow shows the

thermochemical threshold of dissociation, corresponding to 2192 Å. (c) Fluo-

rescence intensity as a function of incident wavelength of a mixture of 0.3

Torr of SO2 and 400 Torr of Ar. (d) Fluorescence intensity as a function of

incident wavelength of 0.3 Torr of SO 2 in ambient air. The dashed lines

indicate the wavelengths 216.9 nm (yellow) and slightly longer than 220 nm

corresponding to greatest �uorescence intensity (green). [Reproduced from

Okabe, 1971]

In terms of which wavelength to target SO 2 within the eC(1B2)  eX(1A1)

transition, it is apparent from Figure 2.2(b) that wavelengths slightly longer

than 220 nm are optimal since it corresponds to the greatest �uorescence

intensity, signi�cantly so at zero pressure and minimally so at 400 Torr ( �

533 mbar) of argon (Figure 2.2(c)) and at ambient pressure (Figure 2.2(d)).

Although predissociation reduces the �uorescence quantum yield at wave-

lengths below 220 nm, at pressures of 500 mbar, the quenching rate is 6

times that of the predissociation and hence collisional quenching dominates

the non-radiative pathway. Therefore, at low pressures, it would be ideal to

excite SO2 with � 220 nm light to maximise the �uorescence quantum yield.

Previous studies demonstrating LIF as a sensitive technique for mea-

suring SO2 utilised laser light around 220 nm. Bradshaw et al., 1982 �rst

generated 10 mW of tunable light at 222.2 nm by mixing the 1064 nm output

of a Nd:YAG laser with the frequency-doubled output of a dye laser at 10

Hz. Experiments were carried out in atmospheric conditions of pressure and

composition and a limit of detection (LoD) of 4 ppt at an averaging time of

20 minutes was reported. However, no measurements in the atmosphere
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were made. Matsumi et al., 2005 used the third harmonic of a 10 Hz Nd:YAG

laser to pump the frequency-doubled output of an optical parametric oscil-

lator to achieve 10 mW of laser light at 220 nm. A cell pressure of 10 Torr

(� 13 mbar) was used and hence a better LoD of 5 ppt at 60 seconds was

attained. Matsumi et al., 2005 obtained two hours of atmospheric measure-

ments which showed good agreement with a pulsed �uorescence instrument

between SO2 mixing ratios 3.5 - 12 ppb. Despite their high pulse energies

(as a result of high laser power and low laser repetition rates), these studies

were limited by the use of noisier analog detectors since the typical rate

of photons arriving at the detector was much higher than the laser repe-

tition rate. Also the use of low repetition rates restricted their sampling

rate and hence suitability for airborne measurements. Additionally, tradi-

tional Nd:YAG and dye-based lasers are limited by their large size, heavy

weight and high power requirements in addition to their temperature and

vibrational sensitivity and use of often toxic dye materials, making them

unsuitable for aircraft deployment. Airborne instruments are important

for allowing in situ measurements at a range of altitudes to improve our

understanding of tropospheric SO 2 chemistry, for example, exploring the

potential uptake of SO 2 to clouds. Therefore, an alternative approach to

UV laser light generation for SO 2 detection has been developed by Rollins

et al. which makes use of the advantages of �ber-ampli�ed based laser sys-

tems. This advancement has led to greatly reduced size, weight and power

requirements and signi�cant reductions in the sensitivity of the laser to the

vibration and temperature environment of operation. Also, the use of higher

repetition rates allows fast sampling rates and single photon counting can

be used for measuring �uorescence, therefore overcoming the other limi-

tations of the previous studies. However, compromised by the availability

of suitable laser technology, the �fth harmonic of the tunable Yb 3+-doped

�ber-ampli�ed laser at 1084.5 nm is used, determining the excitation wave-

length as 216.9 nm. Therefore, at this wavelength, a larger proportion of
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excited SO2 molecules undergo predissociation compared to 220 nm, but

for the pressures we work at (500 mbar), quenching competes more with

�uorescence, including at wavelengths � 220 nm. The Frank-Condon o� -

set between the ground and electronic excited state means that e� cient

absorption occurs into a vibrationally excited level of the eC state, and hence

the molecules undergo vibrational relaxation followed by red-shifted �uo-

rescence. The �uorescence spans� 100 nm between 300 - 400 nm which

is collected via a photon counting head (Hamamatsu H10682-210). The

schematic in Figure 2.4 summarises the spectroscopy of SO2 at 216.9 nm.

Figure 2.4: Schematic of the relevant SO2 electronic structure and LIF pro-

cess. Excitation from the ground state, eX, to above the dissociation threshold

in the eC state at 216.9 nm (purple line) leads to predissociation in the

majority of SO 2 molecules. A small fraction undergo internal vibrational

relaxation (dashed blue arrow) followed by red-shifted �uorescence (red

arrows). [Reproduced from Rollins et al., 2016]

56



Chapter 2. Experimental

2.2 The laser

2.2.1 Principle of operation

The requirements of a laser for LIF to target SO 2 are:

1 Pulsed: To allow for collection of �uorescence light outside of lasing

times which would otherwise contribute to the counts and reduce

the signal-to-noise ratio (SNR). Also, to allow for high peak pulse

powers for nonlinear optics conversion to the �fth harmonic (sub-

section 2.3.1).

2 High UV power: To improve the SNR, hence achieving better preci-

sion and lower limits of detection (LoD).

3 Narrow linewidth: To selectively excite SO2, avoiding interferences

from other species which absorb and �uorescence in a similar wave-

length region to SO2 and improving the instrument sensitivity and

LoD.

4 Rapid wavelength tunability: To measure the counts on and o� the

strong SO2 transition of interest for targeting SO 2 and minimising

background counts.

5 Field deployable: Small size, relatively light weight, low power

requirements, low vibrational sensitivity, no chemical use.

As explained in Section 2.1, traditional YAG-pumped dye lasers that have

been used previously to detect SO2 via LIF do not satisfy the latter require-

ment. Hence, a �ber optics-based ampli�cation system using semiconductor
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laser diodes that satis�es all the above requirements has been developed

by Rollins et al., 2016. However, laser diodes that have su� ciently narrow

linewidth for resolving the SO 2 spectrum in addition to su � ciently high

power for sensitive ppt level detection are not commercially available in the

UV wavelength range near 220 nm to target SO2. Therefore it is necessary

to amplify pulsed infrared light and generate the �fth harmonic of this

ampli�ed light using a series of nonlinear crystals to get to the UV.

Figure 2.5: Absorption and emission cross-sections of ytterbium(Yb 3+)-

doped germanosilicate glass, as used in the cores of ytterbium-doped �bers

(data from spectroscopic measurements by Paschotta et al., 1997). [Repro-

duced from RP Photonics (Ytterbium-doped Laser Gain Median.d.)]

The ampli�cation process is achieved through the use of Yb 3+-doped op-

tical �bers as the lasing medium with a population inversion most e � ciently

pumped at 976 nm, as shown in Figure 2.5. The spontaneous emission of

Yb3+ is sharp at the same wavelength (976 nm) and exhibits broader emission

at longer wavelengths (Figure 2.5). However, a tunable seed laser diode is

used to stimulate the relaxation of the excited Yb 3+ ions, causing ampli�ed

stimulated emission at its set wavelength, which can then stimulate the emis-

sion of other Yb3+ ions. In terms of the wavelength of stimulated light, the
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broader emission between 1000 - 1100 nm is of interest as the �fth harmonic

would give wavelengths close to 220 nm, which has been determined as

the optimal excitation wavelength for SO 2 (Section 2.1). Since the emission

cross section maxima of the excited Yb3+ ions lies near 1030 nm (Figure 2.5),

ampli�cation via stimulated emission at 1100 nm (to reach a �fth harmonic

of 220 nm) would be low as it is far from the emission maxima. Due to

ine� ciencies of the harmonic generation processes, minimal �fth harmonic

power would be available for the excitation of SO 2, despite the bene�t of high

�uorescence quantum yield at this wavelength. Therefore, a trade o � has

been struck between �uorescence intensity (max 1100 nm) and laser power

(max 1030 nm) and hence ampli�cation occurs at 1084.5 nm, targeting the

SO2 absorption peak at 216.9 nm. Therefore, since the incoming photon (976

nm) to excite Yb3+ is of higher energy than the emitted photon (1084.5 nm),

some energy is lost via the non-radiative pathway of vibrational relaxation

(Figure 2.1).

The York laser system is based on that originally demonstrated by Rollins

et al., 2016 but more akin to that described in the subsequent NOAA LIF

paper by Rickly et al., 2021. The main di � erences to our laser system include

the methods used to pulse the continuous seed laser diode and tune its

wavelength on and o� the electronic transition of interest. It is worthy to

note that the seed laser wavelength is dependent on both temperature and

current supplied via the laser driver board (Wavelength Electronics, �591

eval). Firstly, Rollins et al., 2016 achieved laser tuning by modulating the

temperature of the seed laser, as opposed to the current. However, since

thermal equilibrium is reached at a slower rate compared to electronic

equilibrium, temperature tuning the seed laser limits the response time

of the wavelength shift from on to o � the transition peak. Rollins et al.,

2016 also pulsed the seed laser directly at 25 kHz via a short-pulse laser

driver (Highland Technology). However, changes in driving current for the
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pulse production introduces slight temperature variations and hence the

wavelength will shift along the pulse (phenomenon of chirping a signal

pulse), hence broadening the laser linewidth. The modulation bandwidth

also limits the laser repetition rate ( Fiber modulator: how to choose the good

technology? Fiber modulator basicsn.d.). Therefore, the second laser iteration

by Rickly et al., 2021 used a current tuning method and also pulsed the

output of the seed laser via a �ber-coupled electro-optic modulator (EOM).

Due to the greater modulation bandwidth of the EOM, higher laser repetition

rates of 200 kHz could be achieved, hence allowing faster sampling times.

The EOM, however, is limited by its insertion loss and requires good external

temperature control ( Fiber modulator: how to choose the good technology? Fiber

modulator basicsn.d.), therefore reducing the reproducibility of the laser

pulse generation. In our work, a semi-conductor optical ampli�er (SOA,

Innolume, SOA-1080-20-PM-40dB) is used in place of the EOM to pulse the

output of the seed laser. The advantages of an SOA over an EOM are that it

is a temperature-independent method of producing consistent pulses since

an internal thermoelectric cooler keeps the SOA at 25 � C, in addition to its

ability to amplify the pulse and hence improve the maximum output power.

Therefore, we pulse the seed laser at 200 kHz and current tune it to alter its

wavelength.

The laser consists of two ampli�cation stages: a single mode regenerative

preampli�er which maximises gain and suppresses ampli�ed spontaneous

emission (ASE), followed by a double-clad power ampli�er which is able to

withstand much larger laser powers. Two stages are necessitated to achieve

the required gain and su � cient pulse energies at 1084.5 nm for generating

�fth harmonic power through the ine � cient process of harmonic generation

(see subsection 2.3.1). The ampli�cation stages also contain components (e.g.

2x2 switch, bandpass �lter) and Yb 3+-doped polarisation maintaining �ber

types that are suited to the laser powers at the respective stage.
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A regenerative design is adopted for the �rst stage since single pass

designs are limited by broadband ASE competing with stimulated emission,

hence depleting the pumped population inversion (Xin et al., 2011). This

prevents energy storage within the system via stimulated emission and

degrades the SNR, especially for small input signals and for applications that

require narrow band optical spectra (Yang, 2006). Therefore, to overcome

these limitations, regenerative ampli�cation enables optical pulses to gain

energy in many round trips, achieving a higher overall gain and improving

the SNR and stability of the system whilst maintaining the beam quality.

Single mode gain �bers are used for this stage which consist of a small, high

refractive index core (5 � m), where the Yb3+ ions reside and the pump and

stimulated light propagate, surrounded by a low refractive index cladding.

The lower refractive index cladding ensures total internal re�ection of the

stimulated and pump light and the small diameter core only allows one mode

of light to propagate (hence single mode), meaning pulse shape distortions

are weak (Tutorial “Fiber Ampli�ers” n.d.). Therefore, the regenerative loop

can achieve a high gain e� ciency with low power pump light ( Tutorial “Fiber

Ampli�ers” n.d.) and we see an average output power of � 20 mW.

The second ampli�cation stage is referred to as the power ampli�er since

it achieves even higher gain e� ciencies compared to the regenerative stage

by using larger pump lasers, increasing the laser power from � 20 mW to

� 1 W. To withstand these greater laser powers, multimode �bers are used

which have a larger diameter core (20 � m) to reduce the light intensity, hence

minimising the potential of nonlinear e � ects e.g. Brillouin and/or Raman

scattering. However, these higher laser powers are unsuitable for some of

the components used in the regenerative ampli�er stage: the 2x2 switch and

hence the power ampli�er is a single-pass design, and the bandpass �lter for

removing residual pump light from the core. Hence an alternative method

of removing pump light is made easier by the use of double-clad multimode
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�bers for the power ampli�er stage. Here, the stimulated light propagates

in a multimode core where the Yb 3+ ions reside, which is surrounded by an

inner cladding in which the pump light mainly propagates. The pump light

is restricted to the inner cladding by an outer cladding with lower refractive

index, and also partly propagates in the core, where it can be absorbed by the

Yb3+ ions (Double-clad Fibersn.d.). Hence, a cladding power stripper can be

used, consisting of a �ber splice with a high refractive index outer cladding

so the pump light is preferentially lost through the outer cladding. Since

the core of the �ber is still multimode (hence allowing multiple modes to

propagate), spectral broadening is introduced as a result of modal dispersion.

Figure 2.6: Schematic of the �ber-ampli�ed diode laser system at 1084.5

nm, followed by the production of the �fth harmonic at 216.9 nm using

nonlinear crystals.
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Figure 2.7: Pulses from the 1 % tap within the regenerative loop triggered

o� the pulse produced by the SOA from the 10 % tap, as displayed by the

oscilloscope.

An overview of the laser system, as summarised in the schematic in

Figure 2.6, is as follows. All components within the system are connected via

a optical �ber splicing technique, more information on which can be found

in subsection 2.2.3. Firstly, a distributed feedback (DFB) continuous seed

laser diode of linewidth < 5 MHz and wavelength 1084.5 nm is used as the

stimulated light to be ampli�ed. The DFB tuning rate is 1.76 pm mA � 1 and

since the current can be controlled to better than � 0.06 mA, the wavelength

precision by current tuning is comparable to that reported by Rollins et al.,

2016 by temperature tuning of < 0.07 pm. After passing through a 70 dB

optical isolator (Haphit, FPIS-1080-DS-2B10-N), pulses are created from the

continuous seed laser via a SOA. Another optical isolator is present after the

SOA to protect the DFB seed laser against feedback from the regenerative

ampli�cation stage. In our setup, a 5 % optical tap follows which means the
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pulse temporal shape after the SOA can be monitored on an oscilloscope (1

GHz) and adjusted via the SOA control board. Then a 2 � 2 optoceramic-

based switch (Boston Applied Technology Inc., FOS2011-4400) is used to

allow a seed pulse into the regenerative loop during its initial, de-energised

state where port 1 is connected to port 3 and port 2 to port 4. The pulse passes

through a wavelength division multiplexer where it combines with 976 nm

continuous light from a wavelength-stabilised 300 mW laser diode (3SP

Technologies) within the core of a Yb 3+-doped single-clad gain �ber (Nufern,

PM-YSF-HI-HP). The Yb3+ ions reside in the core and hence are excited by

the 976 nm light and then stimulated to relax by the 1084.5 nm seed laser

pulses. To remove the residual pump light and any broadband ASE which

peaks near 1030 nm, a tunable bandpass �lter (Agiltron, FOTF-026123331)

is used, therefore only allowing the transmission of the ampli�ed stimulated

emission at 1084.5 nm. This is followed by a 1 % optical tap which allows

the incremental pulse ampli�cation through each pass of the loop to be

monitored. On arrival of the 2 � 2 switch, its current state will enable the

passage of the pulse into the next ampli�cation stage. Therefore, the switch

must be energised at some point during the �rst pass of the regenerative loop

to enable subsequent passes and hence, de-energised again when the optimal

number of passes has been achieved. These timings are controlled by the

software and it has been found that � 8 passes are optimal for this system, as

shown on the oscilloscope display in Figure 2.7. Any additional passes do not

yield further improvement in pulse energy, and with even more passes, pulse

energy decreases since the component loss becomes larger than the gain. For

their regenerative ampli�er, Xin et al., 2011 even limit the number of passes

to below their pulse energy saturation point as even though increases in the

number of passes will further increase the pulse energy, the improvement

in pulse energy slows. This is because at high laser repetition rates, there

is insu� cient time between pulses for the pump light to replenish the Yb 3+

excited state. We now believe this is what was limiting the regenerative gain
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we observed since replacing the 300 mW pump laser diode with a higher

power pump improved the overall gain out of the regenerative loop because

the Yb3+ excited state is repopulated faster.

After the regenerative ampli�cation stage, the single mode �ber is spliced

into a multimode �ber (Nufern, PLMA-GDF-20130-VIII) following passage

through the de-energised switch. The pulses then pass through a 45 dB opti-

cal isolator (Haphit) and into a multimode combiner where the output from

two 5 W wavelength-stabilised 976 nm multimode laser diodes (Innovative

Photonic Solutions) are coupled into the inner cladding of the Yb 3+-doped

multimode �ber (Nufern, PLMA-YDF-20130-VIII). A cladding power strip-

per is used after the gain �ber to remove the residual 976 nm pump light.

The �nal output �ber is encased in an armoured cable to prevent damage to

the exposed �ber which is outside of both the laser and LIF box. Also, the

end of the �ber is capped with a 600 � m core-free �ber, allowing the beam

to expand to � 100 � m before exiting the �ber to avoid optical damage.

There are three di� erent modes of the laser: constant, scan and dither.

These modes are dictated by the LabVIEW software which determines the

current sent to the seed laser diode via its driver board (Highland Technology,

t165-2e). Constant mode holds the laser wavelength at a speci�c value

corresponding to the driving current set by the user. Scan mode allows

the laser wavelength to be scanned between two driving current values,

which is useful for identifying the SO 2 transition peak. Following this, the

driving current values corresponding to the online and o � ine wavelength

positions can be set. Hence, dither mode quickly switches the driving current

(� 10 Hz) between these two values, and the resultant �uorescence counts

are measured. Since the absorption cross section at the online position

is signi�cantly greater than the o � ine, greater noise in the counts at the

online position is seen if SO2 is present, and hence the dither is held at the

online position 4 times longer than the o � ine to improve the statistics. The
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transition peak is tracked by a software algorithm, based on the counts at

the online and o � ine positions. The driving current is stepped (0.1 mA)

across the top of the transition, whilst maintaining the online-o � ine current

di � erence, and its direction changes when the counts have fallen for three

subsequent steps.

2.2.2 Linewidth versus power

As aforementioned in Section 2.2, a su� cicently narrow laser linewidth

is required to resolve the �ne SO 2 spectral detail and high UV power is

necessary to improve the SO2 counting statistics, to overall achieve a low

LoD. However, for the York LIF system, there exists an inverse relationship

between the linewidth and average power of the laser, that is, if the laser

linewidth is broader, the average power obtained is greater. To explore this

relationship, �rstly the factors in�uencing laser linewidth are determined.
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Figure 2.8: The e� ect of laser pulse duration as displayed on the oscilloscope

(left) on the degree of SO2 spectral detail seen in the resulting �uorescence

spectrum. The spectra show three subsequent scans (blue, red, green) and

are compared to a literature absorption spectrum (data from Stark et al.,

1999). The LIF counts are normalised by laser power.

Firstly, the linewidth of a pulse is limited by its temporal width. This is

described by the transform limit of a pulse which refers to the minimum

possible spectral bandwidth of an optical pulse for a given duration. For a

pulse to be transform-limited, its time-bandwidth product must be at the

theoretical minimum dictated by the uncertainty principle (Siegman, 1986).

The general form of this relationship can be expressed as:

� � � � t � K (2.3)

where � � is the spectral bandwidth (full width at half maximum, FWHM),

� t is the pulse duration (FWHM), and K is a constant that depends on the

shape of the pulse. Pulses with little chirp or other internal substructure

will have a value of K close to 0.5 (Siegman, 1986). This e� ect can be seen

experimentally by varying the pulse duration via the SOA driver board
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and measuring the resulting �uorescence spectrum around the transition of

interest, as shown in Figure 2.8. The � 2 ns FWHM pulse does not capture

the �ne structures of the SO 2 transition but an overall transition shape is

detected since the laser linewidth is too broad. Doubling the pulse width to �

4 ns FWHM and hence halving the laser linewidth allows the �ne structures

to be resolved and the obtained �uorescence spectrum matches the detail of

the literature absorption spectrum very closely. For a pulse duration of � 4

ns which gives a narrower laser linewidth, using Equation 2.3, a theoretical

minimum linewidth of 0.11 GHz is obtained. Since the pulse shape contains

internal substructure and has a long tail, this is a very rough approximation

but is useful for a �rst order analysis. Considering the spectral width of

the continuous seed laser diode is � 5 MHz, this means that pulsing the

laser via an SOA broadens the laser linewidth by at least a factor of 22. The

linewidth can be calculated/measured at other points in the ampli�cation

stage to assess this broadening and identify the causes.

The laser power aspect comes into e� ect as a result of this time-bandwidth

product and the e � ciency of the nonlinear harmonic generation process.

As explained in subsection 2.3.1, the e� ciency of �fth harmonic genera-

tion is higher for pulses that are temporally concentrated. Therefore, for a

broader linewidth laser, its temporal width is narrower and hence more �fth

harmonic power is generated.

The laser linewidth was measured experimentally after the regenerative

ampli�cation stage due to suitable laser power ( � 20 mW) and wavelength

for the use of a scanning Fabry-Pérot interferometer (SA210-8B, Thorlabs).

Interferometry is typically used for continuous wave laser linewidth mea-

surements, however, due to our high laser repetition rate of 200 kHz, we

can essentially treat our pulsed laser as continuous (Xue et al., 2016 even

reported interferometry measurements of their 1 Hz pulsed laser). An inter-

ferometer consists of a resonant cavity with two partially re�ecting mirrors
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facing one another, between which the light waves travel a number of times

to produce multiple transmitted waves. To scan the spectra of the laser

beam entering the interferometer, a small displacement is applied to one

of the cavity mirrors mounted on the piezoelectric transducers. The signal

generator sends a ramp voltage to the piezoelectric elements, typically a con-

tinuous saw-tooth wave voltage. When the mirror spacing becomes equal to

an integral number of half the wavelength of the laser, constructive interfer-

ence occurs. This signal is detected by the interferometer's photodiode and

can be visualised with an oscilloscope. A series of periodical peaks due to

constructive interference can be seen and the temporal distance between the

peaks can be measured corresponding to the free spectral range (FSR) of the

interferometer. The interferometer used for these experiments (SA210-8B,

Thorlabs) has a FSR of 10 GHz and highly re�ective mirrors (high �nesse of >

150) to achieve a resolution of 7.5 MHz. Therefore, the FSR allows time-base

of an oscilloscope to be calibrated and hence the spectral width of a laser,

� � FW HM can be calculated via the following relationship:

� � FW HM =
� � FW HM

� � dif f
� FSR (2.4)

where � � FW HM is the temporal FWHM and � � dif f is the temporal di � erence

between two consecutive peaks as displayed on the oscilloscope.
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