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Popular summary in English

Recent technological advancements have led to the creation of highly specialized systems
across various industries, enabling tasks that were once beyond imagination. As the global
demand for sustainable and efficient energy solutions grows, the urgency for innovation
in technology has never been greater. These advancements are not simply incremental but
represent transformative changes that are reshaping entire sectors. From the expansion of
renewable energy sources like solar and wind to the improvement of traditional fossil fuel
systems and nuclear power, technology is driving a more sustainable and efficient future.

Methods for analyzing and developing energy systems are critical for enabling efficient
and sustainable alternatives to conventional energy production. Progress in optical dia-
gnostics is essential for advancing such sustainable energy systems, especially as the global
shift toward clean energy accelerates. These non-invasive techniques use photons to access
difficult-to-reach areas without disrupting the system under investigation and can capture
and quantify complex phenomena that conventional tools often miss. Conventional meas-
urement techniques, while useful, often lack the spatial and temporal resolution needed to
capture fine-scale phenomena in plasma and combustion environments. In contrast, laser
diagnostics offer a higher degree of precision, allowing for the detection of rapid changes
in temperature, pressure, and species concentrations with unparalleled detail. This special-
ized information is crucial for understanding the intricate dynamics within energy systems,
making laser diagnostics indispensable for refining models and optimizing system perform-
ance. The ability to measure and optimize performance in real-time without compromising
system integrity is increasingly vital. Hence, further study of these techniques is essential
to push the boundaries of what is currently achievable in energy research.

These innovative measurement techniques are more than just tools for analysis; they are
catalysts for further innovation. By providing detailed insights into the performance and
efficiency of new technologies, they enable researchers and engineers to refine and improve
these systems, pushing the boundaries of possibility. Thus, measurement techniques play
a dual role: validating current advancements and laying the groundwork for future break-
throughs.

This work utilizes laser diagnostics to investigate the temporal response of laser induced
signals, allowing for the determination of temperature and relative number densities. The
work presented here contributes to the advancement of sustainable energy systems by ap-
plying and developing laser diagnostic techniques to improve the efficiency of hydrogen-
powered gas turbines. The transition to hydrogen as a fuel source is crucial for reducing car-
bon emissions and mitigating climate change, but it requires precise control and a deep un-
derstanding of combustion processes. In this research, laser diagnostics are used to develop
and characterize thermographic phosphors for inline temperature measurements within

viii



these hydrogen turbines, aiding optimization and minimizing environmental impact.

Advanced laser and optical measurement techniques are proving invaluable in the study
of non-thermal plasmas, or cold plasmas, which are increasingly utilized in various indus-
trial processes due to their ability to initiate chemical reactions at low temperatures. This
capability is particularly beneficial in fields such as combustion control, pollution control,
surface treatment, and medical applications. However, accurately measuring the physical
properties of these plasmas such as electron density, temperature, and chemical composition
remains challenging due to their dynamic and non-equilibrium nature. To address these
challenges, advanced laser diagnostic techniques, including fluorescence imaging and 3D
tomography, have been employed to study gliding arcs, a type of non-thermal plasma with
significant potential in environmental and energy applications. These techniques provide
detailed insights into the behavior and characteristics of gliding arcs, enabling further op-
timization of these systems. Additionally, photofragmentation laser-induced fluorescence
has been used to study methyl radicals in a Dielectric Barrier Discharge (DBD) reactor, a
widely used tool in plasma chemistry. This method allows for the selective and sensitive de-
tection of methyl radicals, offering deeper insights into the chemical processes within DBD
reactors and contributing to the development of more efficient and sustainable industrial
practices.

Together, these innovations in laser diagnostics and optical measurement techniques are
not only pushing the frontiers of scientific understanding but are also directly contributing
to the development of future energy systems. These systems promise to be more efficient,
sustainable, and capable of meeting the global energy challenges of the coming decades.
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Populärvetenskaplig sammanfattning på svenska

De senaste teknologiska framstegen har lett till skapandet av högspecialiserade system in-
om olika industrier, vilket möjliggör uppgifter som tidigare varit otänkbara. I takt med
att den globala efterfrågan på hållbara och effektiva energilösningar ökar, har behovet av
innovation inom teknik aldrig varit större. Dessa framsteg representerar transformativa för-
ändringar som omformar hela sektorer. Från utbyggnaden av förnybara energikällor som
sol- och vindenergi till förbättringen av traditionella fossila bränslesystem och kärnkraft,
driver teknologin en mer hållbar och effektiv framtid.

Metoder för att analysera och utveckla energisystem är avgörande för att möjliggöra ef-
fektiva och hållbara alternativ till konventionell energiproduktion. Framsteg inom optisk
diagnostik är viktiga för att främja sådana hållbara energisystem, särskilt när den globa-
la övergången till ren energi accelererar. Dessa icke-invasiva tekniker använder fotoner för
att komma åt svåråtkomliga områden utan att störa systemet som undersöks, och de kan
fånga och kvantifiera komplexa fenomen som konventionella verktyg ofta missar. Konven-
tionella mättekniker, även om de är användbara, saknar ofta den rumsliga och tidsmässiga
upplösning som krävs för att fånga småskaliga fenomen i plasma- och förbränningsmiljöer.
Laserdiagnostik, å andra sidan, erbjuder en högre grad av precision, vilket gör det möjligt
att upptäcka snabba förändringar i temperatur, tryck och koncentrationer av ämnen med
oöverträffad upplösning. Den här specialiserade informationen är avgörande för att för-
stå de komplexa dynamikerna inom energisystem, vilket gör laserdiagnostik är ett viktigt
verktyg för att förfina modeller och optimera systemens prestanda. Förmågan att mäta och
optimera prestanda i realtid utan att kompromissa systemets integritet blir allt viktigare.
Därför är vidare studier av dessa tekniker nödvändiga för att driva gränserna vidare för vad
som för närvarande är möjligt inom energiforskning.

Dessa innovativa mättekniker är mer än bara analysverktyg; de fungerar som katalysatorer
för ytterligare innovation. Genom att tillhandahålla detaljerade insikter i prestanda och ef-
fektivitet hos nya teknologier gör de det möjligt för forskare och ingenjörer att förfina och
förbättra dessa system, vilket driver gränserna för vad som är möjligt. Således spelar mät-
tekniker en dubbel roll: de validerar nuvarande framsteg och lägger grunden för framtida
genombrott.

Detta arbete använder laserdiagnostik för att undersöka den temporala responsen hos laser
inducerade signaler, vilket möjliggör bestämning av temperatur och relativa antaldensite-
ter. Arbetet som presenteras här bidrar till utvecklingen av hållbara energisystem genom
att tillämpa och utveckla laserdiagnostiska tekniker för att förbättra effektiviteten hos vät-
gasdrivna gasturbiner. Övergången till vätgas som bränslekälla är avgörande för att minska
koldioxidutsläppen och mildra klimatförändringarna, men det kräver exakt kontroll och
djup förståelse av förbränningsprocesser. I denna forskning används laserdiagnostik för att
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utveckla och karakterisera termografiska fosforer för inline temperaturmätningar inom des-
sa väteturbiner, vilket bidrar till optimering och minimering av miljöpåverkan.

Avancerade laser- och optiska mättekniker visar sig ovärderliga i studier av icke-termiska
plasman, eller kalla plasman, som alltmer används i olika industriella processer på grund
av deras förmåga att initiera kemiska reaktioner vid låga temperaturer. Denna kapacitet
är särskilt fördelaktig inom områden som förbränningskontroll, föroreningskontroll, och
ytbehandling. Dock är det svårt att noggrant mäta de fysiska egenskaperna hos dessa plas-
man såsom elektrondensitet, temperatur och kemisk sammansättning på grund av deras
dynamiska och icke-jämviktskaraktär. För att hantera dessa utmaningar har avancerade la-
serdiagnostiska tekniker, inklusive fluorescensavbildning och 3D-tomografi, använts för att
studera glidbågar, en typ av icke-termiskt plasma med stor potential inom miljö- och ener-
giområden. Dessa tekniker ger detaljerade insikter i glidbågarnas beteende och egenskaper,
vilket möjliggör ytterligare optimering av dessa system. Dessutom har fotofragmentering-
laserinducerad fluorescens använts för att studera metylradikaler i endielektrisk barriär ur-
laddnings reaktor (DBD-reaktor), ett verktyg som ofta används inom plasmakemi. Denna
metod möjliggör selektiv och känslig detektion av metylradikaler, vilket ger djupare insikter
i de kemiska processerna inom DBD-reaktorer och bidrar till utvecklingen av mer effektiva
och hållbara industriella tillämpningar.

Tillsammans driver dessa innovationer inom laserdiagnostik och optiska mättekniker in-
te bara gränserna för vetenskaplig förståelse, utan bidrar också direkt till utvecklingen av
framtidens energisystem. Dessa system lovar att vara mer effektiva, hållbara och kapabla att
möta de globala energifrågorna under de kommande decennierna.
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Introduction

This report, by its very length,
defends itself against the risk of being read.

–Winston Churchill

This thesis is part of two interconnected research projects: the first focuses on the devel-
opment of phosphor thermometry for high-temperature surface measurements, while the
second involves the development and application of advanced optical techniques for the
study of non-thermal plasmas.

Both projects focus extensively on utilizing laser diagnostics and optical measurement tech-
niques to study the temporal response laser induced signals. Laser diagnostics have become
indispensable tools across a wide array of scientific and industrial applications [1]. Their
non-invasive nature makes them particularly valuable in environments where traditional
physical probes may alter the system being studied, where access is physically constrained
or where there exist no other way of obtaining information about the physical system un-
der study. These optical techniques encompass a broad spectrum of methodologies and
are extensively used to measure parameters such as temperature, molecular composition,
flow velocities, and dimensional scales in various mediums [2]. The adaptability of op-
tical and laser techniques allows for a diverse range of measurement formats, including
point measurements (0D), line measurements (1D), planar measurements (2D), volumetric
measurements (3D), and time-resolved studies, each tailored to meet specific experimental
or industrial needs [3, 4].

The first part of the project concerns the development of high temperature phosphor ther-
mometry for surface temperature measurements in hydrogen powered gas turbines [5].
Surface temperature measurement can be performed through various methods, including
thermocouples and infrared (IR) cameras [6, 7, 8]. However, this thesis concentrates on
laser-induced phosphor thermometry, a method favored for its ability to remotely measure
temperatures with minimal intrusion [9]. In this technique, a phosphor coating is applied
to the target surface. Upon excitation by a laser pulse, the phosphor emits light, known
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as phosphorescence. The temperature of the surface is inferred by analyzing how the char-
acteristics of this phosphorescence specifically, its spectral and temporal properties change
with temperature.

Temperature-dependent spectral changes may appear as changes in the intensity of emission
lines within the phosphorescent spectrum or as shifts in the wavelengths of these lines.
Additionally, the duration of the phosphorescence, known as its lifetime, generally decreases
as temperature rises, offering precise means for temperature determination [9, 10].

The phosphors utilized in this method are typically inorganic ceramics, often doped with
trivalent lanthanide ions or trivalent transition metals. The first part of this thesis concen-
trates on the development of high-temperature phosphor thermometry, beginning with an
introduction to the key concepts of thermographic phosphors. It then details the research
conducted in this thesis on the development and characterization of these high-temperature
phosphors [11]. The primary focus is on the spectral and temporal characterization of ther-
mographic phosphors as a function of temperature, with an emphasis on temporal charac-
terization, as this technique is better suited for high-temperature measurements [12].

The second part of this thesis focuses on the development of laser-based and optical dia-
gnostic techniques for studying plasmas [13]. Plasmas consist of charged particles, including
electrons, ions, and neutral species, which interact in complex, non-linear ways under very
fast time-scales, see Figure 0.1 and are highly sensitive to external conditions. The rapid fluc-
tuations in temperature, density, and electromagnetic fields within a plasma pose significant
challenges to obtaining accurate, stable, and instantaneous measurements. Moreover, the
high-energy environment and the potential for strong electromagnetic interference make
conventional diagnostic tools, such as physical probes, less effective or unsuitable for these
studies.

Dissociative Quenching

Time

Hydrocarbon Chemistry Formation of Products Electron Impact

0-5 ns 0-100 ns 0 - 10 ms 10 ms - 1 ms

Figure 0.1: Illustration of different reaction mechanisms that can occur in a hydrocarbon plasma, this thesis focuses on two
leftmost panels.

Laser diagnostics provide an effective solution to the challenges of measuring physical para-
meters in plasma [14, 15, 16]. By employing focused, coherent light, lasers can probe the
dynamic and often inaccessible regions of a plasma with minimal disturbance [17]. Tech-
niques such as laser-induced fluorescence, Rayleigh scattering, and interferometry enable
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precise measurements of critical plasma properties, including temperature, density, and ve-
locity distributions. These methods allow for non-intrusive, high-resolution diagnostics
that can capture the rapid changes and complex interactions occurring within a plasma
[18]. The ability to measure these properties with high accuracy is particularly important
in understanding and controlling plasma behavior in various applications [19, 20].

Using laser diagnostics in plasma environments presents significant challenges, especially
due to the presence of luminous backgrounds and scattering [21]. Plasmas often emit in-
tense, broad-spectrum light that can interfere with laser-induced signals, complicating the
isolation and accurate quantification of measurements [22]. This research focuses on non-
thermal plasmas, where electrons have much higher temperatures than ions and neutral gas
molecules, leading to an uneven energy distribution. The high energy of electrons, in con-
trast to the lower energy of heavier particles, complicates the quantification of fluorescence
signals [17]. Moreover, the stochastic nature of plasma discharges, such as those in a gliding
arc, further complicates the identification of precise measurement locations from a single
measurment point.

To address these challenges, this thesis develops spatio-temporal measurement techniques,
combining new approaches with existing methods. Fluorescence Lifetime Imaging (FLI)
has been developed to perform quenching-corrected imaging, enabling the acquisition of
quantitative fluorescence data [23, 24]. This technique was demonstrated in a highly scatter-
ing environment and subsequently applied to obtain quenching-corrected imaging of OH
radicals in a gliding arc plasma [13]. To verify measurement locations within the plasma, 3D
emission tomography was combined with fluorescence imaging of OH, providing spatially
resolved fluorescence signals of OH relative to the plasma, allowing for a detailed study
of both the OH distribution and the overall plasma structure [25]. Additionally, Rayleigh
thermometry using structured illumination was integrated with OH fluorescence imaging
to investigate gas heating in relation to the fluorescence signal. Finally, a novel method for
photofragmentation imaging of methyl radicals in a plasma was demonstrated [26].

3





Theoretical Foundation

If you’re going through hell, keep going.
–Winston Churchill

This thesis applies advanced spectroscopic and laser diagnostic techniques in plasma and
combustion systems to determine key parameters such as temperature, species concentra-
tion, and plasma dynamics. The theoretical framework relies on light-matter interactions,
allowing the extraction of physical information from how light interacts with the system
under study. This chapter introduces and discusses the relevant theoretical concepts un-
derpinning the thesis.
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1 Quantum Mechanical Systems

Quantum physics, the fundamental theory describing the behavior of matter and energy at
the smallest scales, provides a comprehensive framework for understanding atomic and mo-
lecular systems. Central to this theory is the energy quantization, a concept that underpins
much of modern atomic and molecular physics [27].

1.1 Schrödinger equation

The concept of energy quantization arises from the solutions to the Schrödinger equation,
which describes how the quantum state of a system evolves over time [28]. For an electron
in an atom, the time-independent Schrödinger equation is:

Ĥψ = Eψ (1.1)

where Ĥ is the Hamiltonian operator, ψ is the wavefunction of the system, and E is the
energy eigenvalue. The Hamiltonian operator for a single particle in a potential V(r) is
[29]:

Ĥ = − ℏ 2

2m
∇ 2 + V (r) (1.2)

In the context of atomic and molecular physics, solving the Schrödinger equation provides
the energy levels and corresponding wavefunctions of electrons, nuclei, and their combin-
ations [30].

1.2 Atomic Energy Levels

In the simplest case, such as for the hydrogen atom, the solutions to the potential V(r) is
the Coulomb potential due to the nucleus [28]:

V (r) = − Ze 2

4 π ϵ0 r
(1.3)

Solving the Schrödinger equation for this potential provides the energy levels for hydrogen-
like systems, which are systems with a single electron [27]:
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En = − Z 2e 4me

8 ϵ 2
0 h 2n 2 = −13.6 eV · Z2

n2 (1.4)

where n is the principal quantum number, Z is the atomic number, and me is the electron
mass. The solutions to the Schrödinger equation also provide the wavefunctions ,ψ, or
orbitals, which encapsulates all the information about a system’s quantum state, including
aspects like positional probability, energy, and momentum, depending on the representa-
tion used. These wavefunctions are characterized by a set of quantum numbers [29]:

1. Principal Quantum Number (n): Determines the energy level and size of the orbital.
It can take positive integer values (1, 2, 3, ...).

2. Azimuthal Quantum Number (l): Related to the angular momentum of the elec-
tron. It can take integer values from 0 to n − 1. Each value of l corresponds to a
different subshell (s, p, d, f ).

3. Magnetic Quantum Number (ml): Determines the orientation of the orbital in
space. It can take integer values from −l to +l.

4. Spin Quantum Number (ms): Describes the intrinsic spin of the electron. It can
take values of + 1

2 or − 1
2 .

These quantum numbers define the unique state of an electron in an atom [30]. The Pauli
exclusion principle states that no two electrons in an atom can have the same set of quantum
numbers, which leads to the structure of the electron shells and subshells [27]. For multi-
electron atoms, the situation becomes more complex due to electron-electron interactions
and relativistic effects. Advanced theoretical models, such as Hartree-Fock and density
functional theory, are used to approximate these interactions and predict the energy levels
of more complex atoms [31].

1.3 Molecular Energy Levels

In molecules, the situation becomes even more intricate due to the presence of multiple
nuclei. Molecular energy levels arise from electronic, vibrational, and rotational states [27].
The Born-Oppenheimer approximation simplifies the problem by assuming that the nuc-
lear motion is much slower than the electronic motion, allowing the separation of the
electronic and nuclear components of the Schrödinger equation [29].
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Electronic States

The electronic energy levels of molecules are derived from molecular orbitals formed by
the linear combination of atomic orbitals (LCAO). The resulting molecular orbitals are
classified as bonding, anti-bonding, or non-bonding, depending on their energy and the
nature of the electron distribution [30]. The electronic Schrödinger equation for a molecule,
with fixed nuclei, is:

Ĥelectronic ψelectronic = Eelectronic ψelectronic (1.5)

where Ĥelectronic includes the kinetic energy of electrons and the Coulomb interactions
between electrons and nuclei [31]. The solutions provide the electronic energy levelsEelectronic,
which determine the chemical properties and reactivity of the molecule [27].

Vibrational States

Superimposed on the electronic energy levels are vibrational energy levels, resulting from
the quantized vibrations of the nuclei within the molecule. Each electronic state has a series
of vibrational levels, described by quantum number v [29]. While the harmonic oscillator
model provides a first approximation, real molecular vibrations are better described by the
anharmonic oscillator model [30]. The anharmonic vibrational Schrödinger equation for a
diatomic molecule is:

(
−ℏ 2

2μ
d 2

dR 2 + Vvib(R)
)
χv(R) = Ev χv(R) (1.6)

where μ is the reduced mass, R is the internuclear distance, χv is the vibrational wave-
function, and Vvib(R) is the anharmonic potential, often modeled by the Morse potential
[30]:

Vvib(R) = De

(
1 − e−a(R−Re)

)2
(1.7)

Here, De is the dissociation energy, a is a parameter related to the well width, and Re is the
equilibrium bond length. The vibrational energy levels are then approximately [30]:

Ev =
(
v+

1
2

)
ℏωe −

(
v+

1
2

)2

ℏωe xe (1.8)
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where ωe is the harmonic vibrational frequency, and xe is the anharmonicity constant. The
anharmonic term accounts for the deviations from purely harmonic behavior, providing
more accurate energy predictions [27].

Rotational States

Additionally, rotational energy levels are superimposed on the vibrational states and arise
from the rotation of the molecule as a whole [27]. These levels are described by:

(
−ℏ 2

2I
d 2

dθ 2

)
YJm(θ, ϕ) = EJYJm(θ, ϕ) (1.9)

where I is the moment of inertia, YJm are the spherical harmonics and θ, ϕ are the rotational
angles. The rotational energy levels, including centrifugal distortion, are [30]:

EJ = Be J( J+ 1)− De J 2( J+ 1)2 (1.10)

where Be is the rotational constant and De is the centrifugal distortion constant. The term
−DeJ2(J+1)2 accounts for the anharmonicity in rotational motion due to the non-rigidity
of the molecule [27]. An example of the molecular energy levels is shown in Figure 1.1.

1.4 Transition Probabilities and Selection Rules

The probability of an electron transitioning between energy levels is governed by the trans-
ition dipole moment and selection rules derived from quantum mechanics [29]. The trans-
ition dipole moment μ is given by:

μif = ⟨ψf | μ̂ |ψi⟩ (1.11)

where ψi and ψf are the initial- and final-state wave functions, and μ̂ is the dipole moment
operator. The square of the magnitude of the transition dipole moment determines the
transition probability [27].

Selection rules specify the allowed transitions between quantum states based on the conser-
vation of angular momentum and parity. For electric dipole transitions in atoms, the key
selection rules are as follows [27]:

1. Change in Angular Momentum (∆l): The change in the azimuthal quantum num-
ber must be ∆l = ±1.
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2. Change inMagneticQuantumNumber (∆ml): The change in the magnetic quantum
number can be ∆ml = 0,±1.

3. Change in Spin (∆s): The spin quantum number remains unchanged (∆s = 0).

These rules determine which transitions are allowed or forbidden. For example, in the
hydrogen atom, transitions between the 1s and 2p orbitals are allowed (∆l = 1), while
transitions between the 1s and 2s orbitals are forbidden (∆l = 0) and is therefore highly
improbable [28]. When electrons transition between different internal states in an atom
or molecule, a photon is emitted. The energy of this photon corresponds to the difference
between the initial and final energy levels of the electron [30].

Ephoton = hν = EInitial − EFinal. (1.12)

This energy difference, and hence the emitted photon, is unique for each atomic and mo-
lecular system and hence acts as a finger print for the molecule or atom under study. The
temporal and spectral characteristic from this photon reveals physical characteristics about
the system under study.
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Figure 1.1: Simulated molecular absorption diagram of Hydroxyl radical (OH) at 300 K using the LIFBASE simulation software.
The x-axis displays the energy in inverse centimeters and the y-axis represents the intensity of energy the transition.
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2 Light-Matter Interaction in the Context of Laser Diagnostics

Light-matter interaction is fundamental to laser diagnostics, where laser light interacts with
matter to reveal detailed information about a sample’s properties. These interactions include
absorption, scattering, emission, and nonlinear effects, each providing unique insights into
the sample [32].. This chapter will explore the most common interactions, with more fo-
cus on those most relevant to this thesis which include fluorescence, phosphorescence and
Rayleigh scattering.

2.1 Absorption

Absorption is a fundamental process where photons are absorbed by atoms or molecules,
causing transitions between energy levels. This process is governed by quantum mechanics
and is described by the Beer-Lambert Law, which relates the intensity of absorbed light
to the concentration of absorbing species and the path length through the sample. When
light of a specific wavelength passes through a sample, certain photons are absorbed if
their energy matches the energy difference between two electronic states of the atoms or
molecules in the sample [33]. This can be described as:

I = I0e−αcL (2.1)

where I is the transmitted light intensity, I0 is the incident light intensity,α is the absorption
coefficient, c is the concentration of absorbing species, and L is the path length. There exist
various diagnostic methods that exploit this phenomenon, but in principle, absorption
spectroscopy is used to measure the concentration of specific species [34]. By tuning the
laser to the absorption wavelength of the species of interest, the amount of absorbed light
can be quantified, providing information about the species concentration [35].

2.2 Scattering

Scattering occurs when light interacts with particles, causing the light to be redirected in
different directions. There are several types of scattering relevant to laser diagnostics, each
capable of providing different types of information about the sample [34].

Rayleigh Scattering

Rayleigh Scattering involves the elastic scattering of light by particles much smaller than the
wavelength of the incident light. Rayleigh scattering occurs due to the electric polarizability
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of particles. The oscillating electric field of a light wave induces movement in the charges
within a particle, causing it to oscillate at the same incident frequency. This transforms
the particle into a small radiating dipole, which we observe as scattered light [36]. This
process is highly dependent on the wavelength of the incident light and the properties
of the scattering particles. Rayleigh scattering occurs when the diameter of the scattering
particles is significantly smaller than the wavelength of the incident light, typically less
than one-tenth, which is well satisfied for atoms and molecules in plasma and combustion
processes [36]. For molecules the intensity of the scattered light (I) is proportional to the
square of the induced dipole moment and can be expressed as:

I = I0
8 π4α2

λ4r2

(
1 + cos2 θ

2

)
. (2.2)

The polarizability (α) of a molecule depends on its electronic structure and can vary signi-
ficantly between different molecules. Factors influencing molecular polarizability include:

1. Larger molecules generally have higher polarizability because their electron clouds
are more easily distorted [29].

2. Molecules with delocalized electrons tend to have higher polarizability.

3. The orientation of anisotropic molecules relative to the electric field can affect the
induced dipole moment.

Mie Scattering

Mie scattering occurs when the particles interacting with the incident light are of similar or
larger size to the wavelength of the light. This can range from a few nanometers to several
micrometers. The angular distribution of Mie scattering is more complex than Rayleigh
scattering. The intensity of scattered light varies with the angle θ and can exhibit forward,
backward, and side scattering peaks [37]. This is described by the differential scattering
cross-section (∂σs

∂Ω ), which depends on the Mie coefficients [33].

Raman Scattering

Raman scattering happens when incident photons interact with a material, resulting in
energy being transferred between the photons and the vibrational and/or rotational states
of the molecules in the material [38]. Unlike Rayleigh scattering, where scattered photons
have the same energy as the incident photons, Raman scattering involves a shift in the
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energy of the scattered photons, corresponding to the energy difference between initial and
final molecular states. The Raman effect involves two different types of scattering events:
Stokes scattering occurs when a photon loses energy to a molecule, resulting in a scattered
photon with lower energy and a longer wavelength than the incident photon. In contrast,
anti-Stokes scattering happens when a photon gains energy from a molecule, leading to a
scattered photon with higher energy and a shorter wavelength than the incident photon.
The energy difference between the incident and scattered photons, known as the Raman
shift, corresponds to the vibrational or rotational transitions in the molecule. This shift is
also species specific, meaning that every molecule has a unique Raman shift. The Raman
scattering cross-section is generally much smaller than that of Mie and Rayleigh scattering,
making Raman signals weaker and requiring more sensitive detection techniques [39].

2.3 Emission

Emission processes involve the release of photons from excited states of atoms or molecules
as they return to lower energy states. This emitted light can be analyzed to determine
physical properties of the probed sample.

Fluorescence

Fluorescence happens when a molecule or atom absorbs light at a specific wavelength, ex-
citing an electron to a higher energy state, see Figure 2.1. The electron then returns to a
lower energy state, emitting a photon in the process. This emitted light, or fluorescence, has
the same or longer wavelength (lower energy) than the absorbed light due to non-radiative
relaxation processes within the excited state [40].

For a complete description of the system, the time-dependent intensity of the laser-induced
fluorescence (LIF) signal can be described as:

ILIF(t) =
∑
v, j

Nn (v ′, j ′)(t)
∑
v, j

An (v ′, j ′)→k (v, j). (2.3)

Here, Nn(j′,v′) represents the population of the excited state n at a specific vibrational (v′)
and rotational (j′) level. The term An(v′,j′)→k(v,j) denotes the Einstein coefficient for spon-
taneous emission for the transition from the excited state n(v′, j′) to the lower state k(v, j).
The most commonly discussed non-radiative energy transfer process affecting quantitative
fluorescence data is collisional quenching, Q [40]. Collisional quenching is highly depend-
ent on temperature and the ambient collisional partner molecules [34].

13



ILIF(t) = Nn(t)An→k. (2.4)

For such a system, the average quenching rate can be calculated by summing the products of
the species-specific quenching rate coefficient, kQi, and the number density of each species,
Ni:

Q =
∑
i

kQiNi. (2.5)

The relative velocity of the colliding species will affect quenching rate for a given collision.
Hence the quenching rate coefficient depends on the colliding velocity of and the cross-
section of the colliding species.

kQi = ⟨vi(T )⟩σQi(T ) (2.6)

σQi(T) represents the temperature-dependent quenching cross-section. For a thermalized
system, the collision velocity can be derived from Boltzmann theory:

⟨vi(T )⟩ =

√
8kBT
πμ

. (2.7)

Only a fraction of the excited molecules contribute to the fluorescence signal through spon-
taneous emission, and in a defined two-level system, the fluorescence quantum yield is
expressed as:

Φ =
Ank

Ank + Qnk
. (2.8)

By considering the excited and lower states as effective energy levels in a two-level system,
the rate equation becomes:

d
dt
Nn(t) = −Nn(t)(An→k + Qn→k), (2.9)

which has the solution:

Nn(t) = Nn exp

(
− t
τ

)
. (2.10)
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This equation describes the change in population in state n over time with a decay constant
τ = (An→k +Qn→k). For a given molecular system, if An→k is known, the quenching rate
Qn→k can be determined using a sufficiently short pulsed laser [41].

Phosphoresence

Phosphorescence is another luminescence phenomenon which involves the emission of
light from a material following absorption of photons or electrons, but with a significant
delay due to the involvement of triplet states [40].

When a molecule absorbs a photon and transitions to an excited singlet state (S1), unlike
fluorescence, where the molecule directly returns to the ground state (S0), phosphorescence
involves intersystem crossing (ISC) to an excited triplet state (T1). The molecule then emits
a photon with a delay as it returns to the ground state, see Figure 2.1. This delay is due to
the quantum mechanically forbidden transition from the triplet state to the singlet ground
state, resulting in a much slower process [42].

0 1 2 3 4 5 6
Internuclear Distance R [a.u]

0

2

4

6

8

10

12

En
er

gy
[a

.u
]

v=0

v=1

v=2
v=3
v=4
v=5
v=6
v=7

v=0

v=1

v=2
v=3
v=4
v=5
v=6
v=7

v=0

v=1

v=2
v=3

v=4
v=5

v=6
v=7

Singlet Ground State
Singlet Excited State
Triplet Excited State

ΔE = EExcited - EGround ΔE = EExcited - EGround

Fluorescence

Phosphorescence

Vibrational Relaxation

Intesystem Crossing

Figure 2.1: Illustration of electronic and vibrational energy diagram showing the physical mechanisms of fluorescence and phos-
phorescence.

Phosphorescence decay generally exhibits a multi-exponential behavior due to the complex-
ity of the de-excitation processes involved [43]. In contrast to fluorescence, which generally
exhibits a single- or double-exponential decay from excited singlet states to the ground state,
phosphorescence involves transitions from excited triplet states, characterized by different
lifetimes and decay pathways.
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Several factors contribute to this multi-exponential decay. The triplet state often comprises
multiple sub-levels, each with distinct lifetimes. Additionally, the local environment, in-
cluding the presence of quenchers and the surrounding matrix, can significantly influence
these lifetimes. Intersystem crossing from singlet to triplet states also vary, adding to the
complexity. Furthermore, non-radiative deactivation processes such as internal conversion
and vibrational relaxation introduce additional decay components [40]. As a result, the
phosphorescence decay curve is typically a sum of several exponential terms, each repres-
enting a different decay pathway or mechanism [43].

Emission Spectra

When atoms or molecules absorb energy, electrons are excited to higher energy levels. Some
of these electrons return to their ground state which results in the emission of photons, with
wavelengths characteristic of the specific energy transitions involved. This phenomenon is
the basis for emission spectroscopy, where the emitted light is analyzed to identify and
quantify the elements or compounds present in a sample [44].

Emission spectra can be broadly categorized into continuous, line, and band spectra, see
Figure 2.2. Continuous spectra arise from solids, liquids, or densely packed gases where nu-
merous closely spaced energy levels are available. In contrast, line spectra are characteristic
of isolated atoms in gaseous states, where distinct energy levels result in sharp, well-defined
spectral lines [28]. Band spectra are associated with molecules and are comprised of closely
spaced lines that appear as bands, resulting from rotational and vibrational transitions in
addition to electronic transitions.
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Figure 2.2: Simulated spectras that represent continuous, line and band spectra.

2.4 Non-linear Effects

Non-linear effects arise when a medium’s response to a laser’s electromagnetic field is not
directly proportional to the field intensity. At high laser intensities, the electric field can
induce higher-order polarization in the medium, making these non-linearities significant
[45]. Non-linear optics encompasses a range of phenomena resulting from the interaction
of high-intensity laser fields with a medium, including the generation of new frequencies,
modulation of the refractive index, and other complex behaviors [46].

The polarization P of a medium in response to an electric field E can be described by a
power series:

P = ϵ0

(
χ(1)E+ χ(2)E 2 + χ(3)E 3 + . . .

)
(2.11)

Here, ϵ0 is the permittivity of free space, and χ(n) are the n-th order susceptibilities. The
first term represents the linear response, while the higher-order terms account for non-linear
effects [47]. Notable non-linear phenomena include:

1. Second-Harmonic Generation (SHG) is a second-order non-linear process where
two photons at the same frequency ω combine to form a new photon at twice the
frequency 2ω. This process requires a medium with a non-centrosymmetric crys-
tal structure to allow the second-order susceptibility χ(2) to be non-zero. SHG is
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widely used in laser systems to generate coherent light at new wavelengths, enabling
applications such as frequency doubling in laser systems [45].

2. Third-Harmonic Generation (THG) is a third-order non-linear process where three
photons at the same frequency ω interact to produce a photon at 3ω. Unlike SHG,
THG does not require a non-centrosymmetric material and can occur in a wider
range of media, including gases, liquids, and solids [48]. Four-Wave Mixing (FWM)
is a an example of a third order process Typically, two pump photons (ωp) combine
with a signal photon (ωs) to produce an idler photon (ωi), following the energy rela-
tion 2ωp = ωs+ωi. FWM is widely used in spectroscopy, optical communications,
and quantum applications [48].

3. Coherent Anti-Stokes Raman Scattering (CARS) is a third-order non-linear process
that combines the benefits of Raman spectroscopy with the coherence and direction-
ality of laser light. In CARS, a pump beam (ωp) and a Stokes beam (ωs) interact
within a sample to produce a signal at the anti-Stokes frequency (ωas = 2ωp − ωs).
The CARS signal is resonantly enhanced when the frequency difference ωp − ωs
matches a vibrational mode of the sample, making CARS a powerful tool for mo-
lecular fingerprinting and imaging [45].

The efficiency of harmonic generation depends on the non-linear susceptibility (χ(2) for
SHG and χ(3) for THG) of the material [46]. Materials with high non-linear coefficients
are preferred for generating strong harmonic signals. Moreover, the efficiency of harmonic
generation is significantly influenced by phase matching of the incident waves, and in prac-
tice, achieving phase matching involves careful selection of the nonlinear medium and the
wavelengths of the interacting waves to satisfy the phase matching condition [47].

3 Line Broadening

The width of an absorption line depends on several physical phenomena, some influenced
by local temperature variations and ambient molecules. The linewidth function g(ω), ex-
pressed in terms of angular frequency, is given in Equation 3.1. The linewidth affects the
spectral overlap of the wavelength distributions of the laser and the target species which
then in turn the number of excited molecules. The properties of natural, collisional, Dop-
pler and Stark broadening are discussed below.

3.1 Natural linewidth

Natural linewidth of an absorption line depends on the uncertainty of the two energy levels
involved in the transition [34]. The natural linewidth arises due to the inherent quantum

18



mechanical uncertainty in the energy levels of the molecules involved in the transition.
This uncertainty is inversely proportional to the lifetime of the excited state, meaning that
shorter-lived states have broader natural linewidths. Without other line broadening effects,
the spectral line shape is:

g(ω) =
1
2π

Γ

(ω − ωba)2 +
(
Γ
2
)2 (3.1)

This Lorentzian function, where ωba is the center angular frequency of the absorption line
and Γ is the full width at half maximum (FWHM) of the linewidth function, represents
the inverse of the excited state’s lifetime (assuming the lower state is stable) [49]. Natural
linewidth is also independent of external conditions such as pressure and temperature, mak-
ing it a reliable reference for calibrating and interpreting spectroscopic data. However, in
real-world applications at atmospheric pressure and above, other broadening mechanisms
such as Doppler and collisional broadening often dominate.

3.2 Collisional broadening

Collisional broadening becomes significant higher pressures. Both natural and collisional
broadening are examples of homogeneous broadening, where all molecules in the probe
volume have the same probability of being affected by the electromagnetic field. In natural
broadening, energy level precision is determined by state stability, which is perturbed by
molecular collisions at higher pressures. Collisions disrupt the coherence formed in the
statistical ensemble of molecules, affecting state stability [49]. The line shape of collisionally
broadened molecules can also be described by a Lorentzian function with a larger Γ, as
collisions decrease the lifetime.

3.3 Doppler broadening

Doppler broadening occurs due to the relative motion between the laser light and the ab-
sorbing or emitting molecules which is highly dependent on the reference frame of you
measurement. This motion causes a shift in the frequency of the light experienced by the
molecules, known as the Doppler effect. This results in varying excitation probabilities
among molecules in the probe volume, making Doppler broadening an inhomogeneous
broadening effect. Molecules in a gas phase move with a distribution of velocities accord-
ing to their temperature. As a result, the absorption or emission lines of these molecules
broaden into a Gaussian profile because molecules moving towards the light source exper-
ience a blue shift, while those moving away experience a red shift [34]. The resulting line
shape is given by:
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gD(ω) =
1√

π∆ωD
e−

(
ω−ωnm

∆ωD

)2

(3.2)

where ∆ωD = ω0

√
2kBT
mc2 is the FWHM of the Doppler-broadened spectral peak. Doppler

broadening depends on local temperature and pressure variations. Doppler broadening
dominates at low pressures where collisional broadening is minimal. In such conditions,
the linewidth is primarily determined by the thermal motion of the molecules. However,
as pressure increases, collisional broadening starts to contribute more significantly, and the
combined effect often results in a Voigt profile, a convolution of Lorentzian (collisional)
and Gaussian (Doppler) line shapes.

3.4 Stark Broadening

Stark broadening occurs due to the Stark effect, where the presence of an external electric
field causes the splitting and shifting of energy levels, resulting in the broadening of spectral
lines. The extent of this broadening is directly related to the strength of the electric field
and the density of charged particles in the medium.

Stark broadening is typically described using a quantum mechanical approach that con-
siders the interaction of the electric field (from ions and electrons) with atoms or ions. The
width of the Stark broadened line can be estimated using the following relation [50]:

∆λS = 2
(
e 3λ2

hc

)(
Ne

ϵ0kTe

)1/2

(3.3)

where ∆λS is the Stark broadening width, and is often represented by a Lorentzian profile
as shown in Equation (3.1).

In practical applications, empirical and semi-empirical formulas are often used. These for-
mulas are derived from both theoretical models and experimental data, providing a way to
relate the observed broadening to plasma parameters such as electron density and temper-
ature.
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4 Plasma physics

Plasma, often referred to as the fourth state of matter, is a quasi-neutral gas consisting of
ions, electrons, and neutral particles. Plasmas are found naturally in stars, including the
sun, and interstellar space and make up 99% of the visible universe. Unlike solids, liquids,
and gases, plasmas are characterized by their unique properties, such as high electrical con-
ductivity, sensitivity to magnetic fields, and the ability to sustain collective behaviors. These
properties make plasmas integral to a wide range of natural phenomena and technological
applications [51].

4.1 Plasma properties

Plasma’s distinct behavior arises from the presence of free charged particles, ions and elec-
trons which interact through long-range electromagnetic forces. This section introduces
key plasma physics concepts relevant to this thesis, illustrating how these properties govern
plasma dynamics and are often observed in various forms of gas discharges.

One fundamental feature of plasma is quasi-neutrality, where the densities of positive and
negative charges are nearly equal on large spatial scales, ensuring overall electrical neutrality.
However, on smaller scales, local charge imbalances can develop, creating electric fields that
influence particle motion and are crucial in sustaining discharges [51].

Plasmas also exhibit collective behavior, in contrast to neutral gases, where short-range col-
lisions dominate. In plasmas, long-range electromagnetic interactions cause particles to
behave collectively, leading to phenomena such as plasma waves and instabilities. This col-
lective behavior is a defining characteristic of plasmas and plays a key role in the formation
of electrical discharges such as arcs, sparks, and glow discharges [51].

A key mechanism in plasma is Debye shielding, where a charged particle attracts opposite
charges and repels like charges, forming a cloud of screening charges around it. The distance
over which this screening occurs is defined by the Debye length (λD), given by:

λD =

√
ϵ0kBTe

ne e 2 , (4.1)

where ϵ0 is the permittivity of free space, kB is the Boltzmann constant, Te is the electron
temperature, ne is the electron density, and e is the elementary charge. Beyond the Debye
length, the electric field of a charged particle is effectively neutralized. Debye shielding is
crucial in determining the stability and behavior of discharge plasmas, where local charge
separations can lead to ionization fronts or sheath formation [51].
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Another important parameter is the plasma frequency (ωp), which describes the natural
oscillation of the electron population. It is defined as:

ωp =

√
ne e 2

ϵ0 me
, (4.2)

where me is the electron mass [51]. These oscillations represent how electrons respond to
displacement from equilibrium and are important in understanding how plasmas, especially
those in discharge conditions, interact with electromagnetic fields.

Temperature and density are two additional parameters that define plasma states. Plasmas
are typically characterized by high temperatures, where the thermal energy of particles is
sufficient to ionize atoms. Electron temperature (Te) and ion temperature (Ti) are often
different, as ions and electrons exchange energy at different rates. In addition, plasma dens-
ity refers to the number of charged particles per unit volume, and it affects the properties
of gas discharges. Discharge plasmas can have a wide range of densities, from low-pressure
glow discharges with densities around 109 cm−3, to high-density arcs exceeding 1020 cm−3.
Both temperature and density significantly influence the behavior of discharge plasmas, af-
fecting processes such as ionization, recombination, and wave propagation [51].

In plasma discharges, such as glow discharges, arc discharges, and capacitively coupled dis-
charges, the balance between ionization, electric fields, and thermal energy defines their
stability and characteristics. For instance, glow discharges operate at lower pressures and
produce visible light through electron collisions, while arc discharges occur at higher cur-
rents and can sustain high-density plasmas due to intense ionization.
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Figure 4.1: Common plasmas in the context of electron density and electron energy. The orange regions highlight the types of
plasmas studied in this thesis. The region in the top left corner corresponds to bounded electrons.

4.2 Thermal and Non-Thermal Plasmas

To create plasma you need energy for ionization which can be supplied in various forms,
such as electric fields, electric currents, electromagnetic waves, or thermal energy. Based
on the energy distribution and pressure conditions, plasma can be broadly categorized into
two main categories, thermal and non-thermal plasmas.

Thermal Plasmas

Thermal plasmas, also known as equilibrium plasmas, are characterized by the thermal
equilibrium between electrons and heavy particles (ions and neutral atoms). In these plas-
mas, the temperature of electrons (Te) is roughly equal to the temperature of ions (Ti) and
the temperature of neutral atoms (Tn) [51]. Thermal plasmas typically occur at high pres-
sures and temperatures, often reaching several thousand degrees Kelvin. Some common
examples are [52]:

• Arc Discharges: Utilized in welding, cutting, and melting metals, where high tem-
peratures are necessary to achieve the required thermal energy for processing.
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• Plasma Torches: Employed in materials processing, including plasma spraying for
coatings, waste treatment, and the synthesis of novel materials.

• Electric Furnaces: Used in the steelmaking industry, where thermal plasmas provide
the intense heat needed to melt and refine metals.

Non-Thermal Plasmas

Non-thermal plasmas, also known as non-equilibrium plasmas, exhibit a significant tem-
perature difference between electrons and heavy particle [51]. In these plasmas, the electron
temperature (Te) is much higher than the temperatures of ions (Ti) and neutral particles
(Tn), which remain close to room temperature. Non-thermal plasmas typically form at low
pressures or when energy is supplied over short time scales. These plasmas are notable for
sustaining high-energy electrons without significantly heating the surrounding gas [52].

• Glow Discharges: Used in fluorescent lamps, neon signs, and plasma displays, where
low-pressure conditions and non-thermal characteristics are essential for efficient
light production.

• Corona Discharges: Employed in air purification, ozone generation, and surface
treatment of materials, exploiting the ability of non-thermal plasmas to produce re-
active species at low temperatures.

• Dielectric Barrier Discharges (DBDs): Applied in sterilization, biomedical treat-
ments, and pollution control, the non-thermal nature is used to activate chemical
processes without damaging heat-sensitive materials.

4.3 Plasma Dynamics

The temporal and spatial dynamics of plasma depend on its type, which necessitates differ-
ent descriptive approaches. There are two primary approaches to describing a plasma: (i)
treating the plasma as a fluid, where its motion is governed by electromagnetic, pressure,
and viscous forces across space and time; and (ii) considering it as a collection of individual
particles, with each particle’s motion determined by electromagnetic forces acting on it in-
dependently. Additionally, plasma kinetics, involving the generation of new radicals and
free charged particles, plays a crucial role. These kinetic processes, sharing similarities with
chemical kinetics.
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Plasma as a Fluid

The fluid approach, also known as the magnetohydrodynamic (MHD) approach. In this
approach, the plasma is treated as a continuous medium rather than a collection of in-
dividual particles. This perspective simplifies the complex interactions within the plasma,
allowing for a more tractable analysis of its macroscopic properties and dynamics with some
basic assumptions [51, 53]:

• Continuum and Quasi-Neutrality: The plasma is treated as a continuous fluid, dis-
regarding the discrete nature of its individual particles. This approximation holds
when the relevant length scales are significantly larger than the mean free path of the
particles [54]. Additionally, the plasma is often considered quasi-neutral, implying
that the electron and ion number densities are approximately equal, which prevents
large-scale electric charge separation [55].

• Single or Multi-Fluid: Depending on the level of detail required, the plasma can
be described as a single fluid with averaged properties or as multiple fluids, each
representing different species (e.g., electrons, ions) [56].

The fluid approach involves solving a set of coupled differential equations derived from
the conservation laws of mass, momentum, and energy, along with Maxwell’s equations
for electromagnetism [51]. The fluid approach is particularly effective for studying large-
scale, collective phenomena in plasmas, such as magnetospheric and solar wind dynamics,
fusion plasma behavior, and industrial thermal plasma processes [53]. However, it has lim-
itations when dealing with small-scale or high-frequency phenomena where kinetic effects
and individual particle dynamics become significant. In such cases, a more detailed kinetic
description, such as the Vlasov or Boltzmann equations, may be necessary [54].

Plasma as Particles

The particle approach, also known as the kinetic approach, provides a detailed description
of plasma behavior by considering the motion and interactions of individual particles [51,
55]. Unlike the fluid approach, which treats plasma as a continuous medium, the particle
approach accounts for the discrete nature of the constituent particles, such as electrons
and ions. This method is particularly useful for studying phenomena that occur on small
spatial and temporal scales, where individual particle dynamics and non-equilibrium effects
are significant [56].

The state of the plasma is described by distribution functions fs(r,v, t), where s denotes
the species (e.g., electrons, ions), r is the position, v is the velocity, and t is time. This dis-
tribution function represents the number density of particles in phase space. The evolution
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of the distribution function depends on several parameters, primarily whether the plasma
includes collisions between constituent particles or not [53].

• For collisionless plasmas, the evolution of the distribution function is governed by
the Vlasov equation [54]:

∂fs
∂t

+ v · ∇rfs +
qs
ms

(E+ v ×B) · ∇vfs = 0

where qs and ms are the charge and mass of species s, and E and B are the electric
and magnetic fields, respectively.

• For collisional plasmas, the Boltzmann equation is used, incorporating a collision
term

(
∂fs
∂t

)
coll

[53]:

∂fs
∂t

+ v · ∇rfs +
qs
ms

(E+ v ×B) · ∇vfs =
(
∂fs
∂t

)
coll

The collision term accounts for interactions between particles, such as Coulomb
collisions [56].

The particle approach provides a detailed description of particle dynamics, capturing non-
equilibrium effects and fine-scale structures [55]. It accurately models collisional processes,
crucial for many plasma applications, and is flexible, applicable to various plasma condi-
tions and geometries [54]. However, this approach is computationally intensive, requiring
significant resources to simulate large numbers of particles and resolve small-scale features,
making large-scale simulations challenging to implement [51].

4.4 Discharge Plasma

The focus of this thesis is on discharge plasma, typically created by applying a high voltage
that initiates gas breakdown and generates plasma. This process occurs when a neutral gas
is ionized under the influence of an external electric field, transforming it into a partially
ionized plasma. The study of discharge plasma physics explores the mechanisms behind
ionization, primarily explained by Townsend and streamer theories, each describing differ-
ent phases of the ionization process and breakdown phenomena. This section will give a
brief overview of the physical mechanism and some limitations of the theories describing
discharge plasma.
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Townsend Theory

Townsend theory describes the process of ionization in gases under low electric fields, par-
ticularly during the early stages of discharge. When a sufficiently strong electric field is
applied across a gas, free electrons are accelerated and collide with neutral atoms or mo-
lecules, leading to ionization. These collisions produce more electrons, leading to an elec-
tron avalanche. The number of ionizing collisions per unit distance traveled by an electron
is characterized by the first Townsend ionization coefficient (α) [57]. This coefficient is
defined as:

α = A exp

(
−B
E

)
(4.3)

whereA andB are empirical constants depending on the gas, E is the electric field strength.The
total number of electrons generated by an avalanche starting with a single electron is given
by:

N = eαd (4.4)

where d is the distance traveled by the electron in the electric field. The avalanche process
continues, leading to an increase in the current until the breakdown voltage is reached, and
a self-sustaining discharge is established [57].

One limitation of Townsend theory is its assumption of uniform electric fields and a con-
stant electron multiplication rate. It fails to accurately describe gas breakdowns in non-
uniform fields, high pressures, or scenarios where space charge effects (from ions and elec-
trons) significantly alter the local electric field.

Streamer Theory

Streamer theory extends Townsend’s model by accounting for the effects of space charge
produced by the growing avalanche. As the electron avalanche grows, a space charge region
forms at the avalanche head due to the separation of positive ions and electrons. This leads
to the formation of a highly localized electric field around the avalanche, further enhancing
ionization in the vicinity of the avalanche head.

In streamer discharges, the local electric field (Elocal) created by the space charge can exceed
the applied field, leading to the rapid growth of the discharge. The development of a
streamer can be modeled by considering the electron density (ne) and the ionization rate
(νi) [57]:
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νi = αvd (4.5)

where vd is the electron drift velocity and α is the ionization coefficient. The growth of the
electron density is then given by:

dne
dt

= αvdne (4.6)

The space charge field generated by the accumulated ions at the avalanche head significantly
enhances the local electric field, accelerating the breakdown process. Once the ionization
front propagates through the gas, a conducting plasma channel (the streamer) is formed,
enabling fast and localized breakdowns.

Streamer theory is particularly effective in explaining discharges at high pressures, where
breakdown occurs much faster than predicted by Townsend theory. However, it still faces
challenges in fully explaining the transition from the streamer phase to a fully developed
arc discharge, where a stable conducting path is formed.

Breakdown and Paschen’s Law

In the context of both theories, gas breakdown is typically analyzed using Paschen’s law,
which relates the breakdown voltage (Vb) to the product of gas pressure (p) and electrode
separation (d) [57]:

Vb =
Bpd

ln(Apd)− ln
(
ln
(
1 + 1

γ

)) (4.7)

where γ is the secondary emission coefficient, which accounts for ionization caused by ion
collisions with the cathode. Paschen’s law predicts the breakdown voltage in low-pressure
gases but has limitations at very small or large pd values, where deviations from the law
occur due to processes like field emission or the onset of streamers.
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Figure 4.2: The graph shows the breakdown voltage as a function of the pressure-distance product (pd) for various gases.
The breakdown voltage is calculated using equation (4.7), which relates the applied electric field, gas pressure, and
electrode separation. The curves illustrate how the breakdown voltage varies for each gas, highlighting the minimum
voltage required for ionization to occur and the gas-specific characteristics that influence this behavior. Constants
taken from [58].

Limitations of Townsend and Streamer Theories

While Townsend theory successfully describes the initial stages of ionization, it falls short in
explaining fast breakdowns in high-pressure or non-uniform electric fields. It also ignores
the space charge effects that are crucial for the development of fast ionization fronts.

Streamer theory, on the other hand, explains fast discharges and the development of highly
localized ionization regions in high-pressure gases. However, it does not fully capture the
transition from streamers to a stable arc discharge, especially in scenarios involving com-
plex gas mixtures or the interaction of multiple discharges. Additionally, both theories are
limited in their ability to model non-local effects, such as the interaction of distant charge
regions, and often require numerical or hybrid models to account for the full dynamics of
plasma discharges.
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4.5 Plasma Kinetics and Reactive Species Generation

In practical applications, plasmas are used to generate reactive species to treat surfaces or
enhance chemical processes [59, 57]. Plasma kinetics is employed to study the dynamic
processes within the plasma, including the generation, interaction, and decay of various
species over time [51].

There are several ways a plasma can generate reactive species either via high-energy elec-
trons colliding with neutral gas molecules, energy transfer between atoms/molecules, or
interaction with photons leading to the formation of reactive species such as radicals, ex-
cited atoms, and ions. These reactive species are pivotal in enhancing chemical processes,
particularly in non-thermal plasmas where the electron temperature is significantly higher
than the gas temperature. Some notable reaction pathways are [59]:

• Electron Impact Ionization: e− + M → M+ + 2e−

• Dissociation: e− + AB → A + B + e−

• Excitation: e− + M → M∗ + e−

• Penning Ionization: A∗ + B → A + B+ + e−

• Photoionization: A + hν → A+ + e−

The temporal and spatial evolution of species in plasmas is described by plasma kinetics
[59, 57]. Similar to chemical kinetics, plasma kinetics uses rate equations to model system
behavior. However, unlike chemical kinetics, where reaction rates follow the Arrhenius
expression, plasma kinetics depends on the cross-sections of colliding particles. These rates
are derived from the Boltzmann equation, which provides the Electron Energy Distribution
Function (EEDF) [51, 60]. The EEDF fe(ϵ) represents the distribution of electron energies
ϵ: ∫ ∞

0
fe(ϵ) dϵ = 1 (4.8)

Reaction rate coefficients (k) for processes like ionization, dissociation, and excitation can
be calculated using the EEDF:

k =
∫ ∞

0
σ(ϵ)v(ϵ)fe(ϵ) dϵ (4.9)

where σ(ϵ) is the cross-section of the reaction, and v(ϵ) is the velocity of electrons with en-
ergy ϵ. In thermal plasmas, the electron energy distribution follows a Maxwellian pattern,
simplifying the analysis [59, 57]. However, in non-thermal plasmas, the EEDF deviates
significantly from Maxwellian behavior and must be solved explicitly, which is computa-
tionally expensive [51], see Figure 4.3 for an example plasma simulation.
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Figure 4.3: Simulation of an oxygen plasma using ZDPlaskin, which employs the Boltzmann equation to determine reaction
rates. The left panel illustrates the temporal evolution of the major species, while the right panel displays the
reduced electric field (electric field divided by the number density of neutral particles) and the current.

4.6 Plasma Reactors

Reactive species generated by plasma are critical in chemical engineering, as they accelerate
or enable key reactions, making processes more energy-efficient or even possible [52, 59]. To
maximize these benefits, it is essential to design and control plasma interactions to achieve
optimal performance with the medium.

Non-thermal plasma offers significant advantages for chemical processing, primarily due to
its ability to drive reactions under conditions that would be challenging or inefficient with
traditional thermal methods. One of its main strengths is selective excitation and ionization
[52, 57]. In non-thermal plasma, electrons can reach very high energies while not heating
the surrounding gas. This allows for the initiation of energy-intensive reactions, such as
breaking strong molecular bonds, without immediately heating the entire system, leading
to greater energy efficiency. By maintaining low overall temperatures while generating high-
energy electrons, non-thermal plasma processes consume less energy than methods that
require heating large volumes of gas or material to high temperatures. Additionally, these
energetic electrons facilitate the formation of reactive species like radicals, ions, and excited
molecules, significantly enhancing reaction rates.

Plasma reactors are used to generate and sustain plasma under controlled conditions for
various applications [52]. The type of plasma reactor employed strongly influences the
concentration and distribution of reactive species, which depend on factors such as power
input, gas composition, pressure, and reactor design [59, 57]. By fine-tuning these para-
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meters, specific reactive species can be selectively produced and optimized for particular
applications.

In this thesis, the Dielectric Barrier Discharge (DBD) and Gliding Arc discharge have been
in focus, chosen for their simplicity and unique capabilities.

Dielectric Barrier Discharge (DBD) Reactors

Dielectric Barrier Discharge (DBD) reactors function by applying a high voltage across two
electrodes, with at least one electrode covered by a dielectric material [52]. The dielectric
barrier is essential in preventing the transition to a full arc discharge, thereby maintaining
the plasma in a non-thermal state. This non-thermal state is advantageous because it allows
the DBD reactor to generate a significant number of reactive species while keeping the gas
temperature relatively low.

The electrode configuration typically involves either parallel plates or coaxial cylindrical
electrodes, see example DBD reactor in Figure 4.4. The dielectric barrier, which can be
made from materials such as glass, quartz, or ceramics, is selected based on the required
breakdown voltage and the specific application of the reactor.

Plasma formation occurs when a high voltage is applied, leading to micro-discharges across
the gas gap between the electrodes. These micro-discharges are usually transient and spa-
tially distributed, resulting in a uniform plasma over the electrode surface [57]. The dielec-
tric barrier plays a crucial role in limiting charge transfer, which quickly extinguishes the
discharge and prevents the formation of a thermal arc.

The performance of a DBD reactor is highly dependent on several operational parameters.
These include the type of dielectric material used, the gap between electrodes, the nature
of the gas (such as air, argon, or nitrogen), and the applied voltage waveform, which could
be sinusoidal or pulsed [52, 59].
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High Voltage Electrode

Dielectric material Plasma discharge

Figure 4.4: Illustration of a pin-to-plate DBD reactor with a single high-voltage electrode positioned at the top, designed to
localize the discharge, making it ideal for studying plasma behavior.

Gliding Arc Reactors

Gliding Arc reactors represent a distinct class of non-thermal plasma reactors that operate
on the principle of a stabilized arc discharge [52, 57]. Unlike Dielectric Barrier Discharge
(DBD) reactors, which maintain the plasma in a non-equilibrium state through the use of
a dielectric barrier, Gliding Arc reactors rely on the continuous movement of the arc itself
to prevent the system from transitioning into a thermal equilibrium state and is highly
dependent how the power supply deliver the power.

The reactor is equipped with two diverging electrodes between which an electric arc is
initiated. This arc, being highly conductive, naturally seeks the shortest path between the
electrodes. As the arc heats the surrounding gas, the gas flow between the electrodes the
diverging geometry pushes the arc along the electrodes causing the arc to ”glide” along the
electrodes, see Figure 4.5 [59].

The dynamic nature of the gliding arc is key to its operation. As the arc root continuously
moves along the electrodes, it ensures that the arc remains in a non-equilibrium state. This
movement is crucial as it allows the reactor to produce a wide range of reactive species at
lower temperatures compared to conventional thermal arcs [52]. Their capacity to handle
large volumes of gas and generate significant amounts of reactive species makes them suit-
able for both laboratory-scale studies and industrial applications. The efficiency of a Gliding
Arc reactor is influenced by several design considerations. Key factors include the design
of the electrodes, the dynamics of the gas flow, and the characteristics of the power supply
[57].
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Gas Outlet

Gas Inlet

Figure 4.5: Illustration of a gliding arc reactor featuring two diverging electrodes, with a gas inlet positioned at the base of the
electrodes and a gas outlet located at the top.
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Optical Measurement Techniques

Success consists of going from failure to failure without loss of enthusiasm.
–Winston Churchill

Laser-based measurement techniques have revolutionized research and industry by offering
precise, non-intrusive methods that support the development of novel technologies [61,
32]. This chapter describes and discusses the measurement techniques central to this thesis,
including the experimental equipment and considerations involved.

35



5 Laser Systems and Detectors

The results presented in this thesis are significantly influenced by high-quality detectors and
laser systems. This section provides a brief overview of the experimental equipment used
and relevant considerations.

5.1 Laser Systems

This section presents a brief overview of fundamental concepts of laser pulse generation
relevant to the research conducted in this thesis. It also includes a short description of the
laser systems used [62].

Pulsed Lasers

Pulsed lasers produce short, intense bursts of light by accumulating energy in a laser cavity
with a gain medium, which may be either gas or solid, rather than emitting a continuous
beam [61]. The process begins with a pumping source, such as a flash lamp or another laser,
that excites atoms in the gain medium to higher energy levels. The gain medium amplifies
this light through stimulated emission. Techniques like mode-locking or Q-switching con-
trol the release of this stored energy, resulting in pulses typically lasting from femtoseconds
to nanoseconds [62].

Q-Switching

Q-switched pulsed lasers generate intense, short bursts of light by modulating the qual-
ity factor (Q) of the laser’s optical resonator [61]. The optical resonator, consisting of two
mirrors, which contains and amplifies the light. The Q-switch controls the timing of light
emission by switching between low-Q and high-Q states. During operation, the Q-switch
initially maintains a low-Q state, allowing energy to accumulate in the gain medium. Once
sufficient energy is stored, the Q-switch rapidly shifts to a high-Q state, releasing the en-
ergy as a high-intensity pulse [62]. These pulses typically last from a few nanoseconds to
hundreds of nanoseconds.

Mode-Locking

Mode-locking is a technique used to generate ultrashort pulses of light, typically in the
picosecond or femtosecond range, by causing the phases of different longitudinal modes of
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Figure 5.1: Comparison of the laser intensity output from multiple modes with and without phase-locking. The top plot shows
the result when the modes have random phases (no mode-locking), leading to a continuous and irregular signal.
The bottom plot shows the case where the modes are phase-locked (mode-locking), resulting in periodic, intense
pulses.

a laser to lock together [32]. If the electric field of a single longitudinal mode is represented
as En(t) = En cos(ωnt + ϕn), where En is the amplitude, ωn is the angular frequency,
and ϕn is the phase, mode-locking occurs when the phases ϕn are synchronized such that
ϕn = nϕ for a constant ϕ, see Figure 5.1. This phase synchronization causes the modes to
interfere constructively at regular intervals, producing a train of pulses [62]. The resultant
electric field can be expressed as E(t) =

∑
n En cos(ωnt+ nϕ). The superposition of these

modes result in periodic pulses with a separation of the length of the cavity and a duration
inversely proportional to the bandwidth of the modes [61].

Optical Parametric Oscillator

An Optical Parametric Oscillator (OPO) is a device that converts a pump laser frequency
into two different frequencies, termed the signal and idler frequencies, through the process
of parametric down-conversion in a nonlinear crystal [61, 62]. The fundamental mechanism
is governed by the energy conservation and phase-matching conditions. The relationship
can be expressed as ωp = ωs + ωi for the frequencies, where ωp is the pump frequency,
ωs is the signal frequency, and ωi is the idler frequency. Additionally, for efficient energy
transfer, the phase-matching condition must be satisfied: kp = ks + ki, where k represents
the wave vectors of the respective waves [32]. By adjusting the phase-matching conditions
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and the nonlinear medium properties, an OPO can be tuned to generate a broad range of
frequencies.

Custom Ekspla Ultraflux Laser System

The Ekspla UltraFlux laser system is a tunable femtosecond system utilizing Optical Para-
metric Chirped Pulse Amplification (OPCPA) to generate pulses in the tens of femto-
seconds with peak powers in the Terawatt range. Our custom-built system has a tunable
range from 750 to 960 nm with pulse energies up to 50 mJ and pulse durations down to 25
fs which operates at 5 Hz, see Figure 5.3. Additionally, it features a separate 355 nm output
with 60 mJ pulse energy and 90 ps duration, as well as two 532 nm outputs with pulse en-
ergies of 30 mJ and 40 mJ, and durations of 30 ps and 90 ps, respectively. The system also
includes an Optical Parametric Oscillator (OPO) pumped by the 355 nm source, capable
of generating pulses from 210 to 2300 nm with pulse energies up to 10 mJ. All laser outputs
originate from the same source, resulting in a jitter of less than five picoseconds between
individual beams. This low jitter simplifies synchronization between the laser outputs and
detectors, making the system exceptionally suitable for short pulse diagnostics.
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Figure 5.2: A photograph of the custom Ekspla UltraFlux newly installed at the division of Combustion Physics.

Ekspla SL334

The Ekspla SL334 is a solid-state, Q-switched Nd:YAG laser with a fundamental wavelength
of 1064 nm. It produces picosecond pulses with a pulse duration of 190 ps and can generate
harmonics at 266 nm, 355 nm, and 532 nm. The pulse energy can reach up to 500 mJ,
depending on the harmonic used, and it operates at a repetition rate of 5 Hz.

Quantel Q-Smart 850 & Quantel Brilliant B

The Quantel Q-Smart 850 and Quantel Brilliant B are Q-Switched Nd:YAG lasers operat-
ing at a fundamental wavelength of 1064 nm. These lasers are capable of producing multiple
harmonic wavelengths through the addition of harmonic generation modules. They feature
pulse lengths of 5-6 nanoseconds, depending on the configuration, and can deliver pulse
energies up to 850 mJ with a repetition rate of 10 Hz. The primary distinction between
these two models is that the Q-Smart 850, being a more recent model, includes automatic
phase matching.
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Figure 5.3: Graphical layout of the Custom Ekspla Ultraflux Laser System.

5.2 Photomultiplier Tubes and Intensified Cameras

When the laser interacts with matter in the probe volume, it generates a scattered or emitted
signal. Because this signal is very weak, specialized detectors are required to capture and
analyze it both spatially and temporally. This section will provide a brief introduction to
key concepts of various detectors and their operation [63, 64].

Photomultiplier Tubes

A photomultiplier tube (PMT) operates by converting light into an electrical signal through
the photoelectric effect, followed by a series of amplification stages via secondary emission
from dynodes [63]. When light strikes the photocathode, it generates electrons through
the photoelectric effect, and these photoelectrons are emitted into the vacuum of the tube.
Focusing electrodes then accelerate and direct the photoelectrons towards the surface of
the first dynode. Upon impact, the photoelectrons are multiplied through a process called
secondary emission. This multiplication is repeated at each dynode in the chain, resulting
in an overall multiplication factor of 106 to 107, a schematic of a photomultiplier seen in
Figure 5.4. The secondary electrons emitted by the final dynode are collected by the anode,
producing an output signal [65]. The spectral sensitivity range of a PMT is determined
by the type of photocathode material employed. Photomultiplier tubes can be time-gated,
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which enables the PMT to accept radiation only in a predetermined time window that is
determined by an input gating pulse, which allows one to temporally filter signals to reduce
background signals [64].

Photon

Primary 
Electron 

Photocathode
Focusing Electrode

Secondary 
Electrons Dynode Anode

Connector 
Pins

Figure 5.4: Schematic of a photomultiplier tube with signal output via connector pins. Adapted from [66].

Microchannel Plate Photomultiplier Tube

A microchannel plate photomultiplier tube (MCP-PMT) is a photomultiplier that uses
tiny microchannels, each functioning as an individual photomultiplier, to achieve spatial
resolution. The photocathode converts photons into photoelectrons. These electrons then
enter the microchannels of the MCP, where they collide multiple times with the channel
walls, causing secondary electron emissions and creating a cascade effect that significantly
amplifies the signal. The amplified electrons are collected at the anode, producing an elec-
trical signal proportional to the incident light. MCP-PMTs offer extremely fast temporal
response times, faster than conventional PMTs with dynodes because of shorter path for
electrons due to the microchannel, significantly reducing transit time.[65].

Intensified Cameras

Laser-induced signals are typically much weaker than the surrounding background when
observed on the timescale of standard camera exposure times. Standard cameras have ex-
posure times ranging from a few hundred microseconds and longer, during which the in-
tegrated background signal often overwhelms the laser-induced signals, making detection
challenging. However, these laser-induced signals have high peak power, enabling detec-
tion through temporal filtering of background emissions. To address the limitations of
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traditional cameras, intensified cameras, such as ICCD (Intensified CCD) and IsCMOS
(Intensified sCMOS), have been developed. These cameras combine a MCP with a de-
tector chip (either a CCD or an sCMOS), allowing temporal gating down to a few nano-
seconds. This high temporal resolution makes intensified cameras ideal for time-resolved
spectroscopy, where capturing transient phenomena and observing rapid processes is cru-
cial. They also effectively reduce strong background signals through temporal filtering [64].
By recording data at various time points after an excitation event, intensified cameras enable
the study of dynamic events with both spatial and temporal precision [63].
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6 Phosphor Thermometry

Phosphor thermometry is a technique used to measure temperature by exploiting the temperature-
dependent properties of phosphor materials. These luminescent materials emit light when
excited by an external energy source, typically UV or visible light. The emitted light’s char-
acteristics such as intensity, decay time, and spectral features vary with temperature [9].
This section will explain the luminescence mechanism of thermographic phosphors and
how these properties can be used to deduce temperature.

6.1 Thermographic Phosphors

Thermographic phosphors are usually inorganic materials that are mainly composed of a
host and an activator [9]. The host, usually a ceramic, is optically inactive when irradiated
by electromagnetic radiation or other sources such as electrons. Doping the host with an
activator leads to luminescence being emitted by the composite material. The activator
makes the host optically active and usually emits photons upon excitation in the visible
part of the spectrum, which depends on the activator ion. The phosphor is traditionally
sprayed onto a surface in a thin layer (10-20 μm) such that the phosphor has minimal
interference on the measurement object. Depending on the application, different host and
dopants are used to satisfy the experimental needs [67].

Host Crystal and Dopant Selection

The choice of dopants is crucial for determining the response of thermographic phosphors.
Different dopants introduce unique energy levels within the host material’s band structure,
resulting in varying emission properties [68]. The type and concentration of the dopant
affect the intensity of the emitted light upon excitation. Typically, increasing the dopant
concentration enhances phosphorescence up to an optimal point, usually a few weight per-
cent of the host crystal ions. For example, YAG:Dy (2%) means that two percent by weight
of the yttrium ions have been replaced by Dy3+ ions. Beyond this level, concentration
quenching can occur, reducing the intensity. This phenomenon arises primarily due to
non-radiative energy transfer processes that occur between adjacent dopant ions when they
are in close proximity. Another method to enhance luminescence properties is codoping.
Codoping involves adding another activator to either: (i) aid in energy transfer from the
excitation light to the main activator ion, or (ii) improve the local symmetry around the
activator ion to enhance energy transfer [69]. The amount of codoping is typically less than
that of the activator. For example, in YAG:Dy(2%)Ce(1%), here Ce3+ is the codopant with
a lower concentration than Dy3+.
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The decay time of the phosphorescence post-excitation also varies with dopant type and can
be adjusted to meet specific temporal resolution requirements. Dopant selection, typically
transition metals or lanthanides, influences quenching and saturation effects, with non-
radiative recombination processes becoming significant at higher temperatures, thereby
reducing phosphorescence efficiency. The interaction between the host material and the
local environment of the dopant impacts the overall efficiency and stability of the phos-
phor. A compatible host-dopant combination ensures efficient energy transfer and stable
luminescent properties, which are essential for consistent and reproducible temperature
measurements.

Dopants

Transition metal atoms feature an incompletely filled d subshell in their second outermost
shell, while their outermost shell contains two s electrons. Upon ionization, these atoms
typically lose the s electrons, leaving the d electrons exposed to the surrounding crystal en-
vironment. This exposure results in the luminescence of transition metal-doped phosphors
being more strongly influenced by the crystal field effects of the host material compared to
those doped with lanthanides [9]. Such phosphors usually have a spectrally broad emission,
and the onset of temperature sensitivity occurs at lower temperatures due to poor shield-
ing, rendering such doped phosphors better suited for low-temperature (less than 1000 K)
applications.

Lanthanides are typically used for high-temperature applications (generally above 1000 K)
due to the shielding of the 4 f orbital [67]. Emission spectra from lanthanide elements
are characterized by sharp spectral lines because the 4 f -shell of lanthanide elements are
shielded by the filled 5 s and 5 p shells. This shielding means the host crystal has little effect
on the position of these levels, so the emission from incorporated lanthanide ions in solids
resembles that of free ions. In lanthanides, luminescence arises from 4 f - 4 f transitions,
4 f - 4 f 5 d transitions, and charge transfer transitions [68]. Due to these characteristics, the
onset of temperature sensitivity in thermographic phosphors doped with lanthanides typ-
ically occurs above 1000 K and is sensitive up to high temperatures. For instance, YAG:Dy
(2%) has demonstrated temperature sensitivity up to 2000 K.

6.2 Measurement Techniques

There are two main approaches for determining the temperature of thermographic phos-
phors: analyzing the spectral changes as the temperature varies or examining the temporal
behavior of the phosphorescence intensity [9, 70, 71].
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Spectral

The emission spectra of phosphors can change with temperature. Notable temperature-
induced changes in the emission spectra include:

• Thermalization: As the temperature increases, higher vibrational levels in the phos-
phors are populated according to the Boltzmann distribution [67], allowing for more
transitions to occur. Consequently, a higher population in these energy levels can
increase or decrease the emission intensity of an emission line with rising temperat-
ure. Additionally, this may also cause additional emission lines to reveal themselves
at higher temperatures.

• Shift: Thermal expansion of the crystal structure can influence the separation of the
energy levels, resulting in a wavelength shift of the emission lines [72].

• Lattice Vibrations: Temperature increase causes lattice vibrations, creating a chan-
ging crystal field that produces a broadening of emission linewidths.

Additional broadening effects discussed in Section 3 may also impact the spectral behavior
of phosphors.

The spectral changes of a phosphor can be leveraged to deduce a temperature. Most com-
monly, this is done by a method called Spectral Intensity Ratio (SIR), where the ratio of two
emission lines is used to determine temperature [73]. This is achieved by using two optical
filters to isolate light from two different spectral regions corresponding to two emission
lines in a phosphor. As the temperature changes, the ratio between these two emission
bands changes due to the mentioned effects, and this ratio can be correlated to the tem-
perature. This is usually done with two detectors, which can either be point detectors or
a 2D detector that captures the two emission bands during the same excitation pulse. The
ratio from these two detectors is then correlated toward a calibration curve to extract the
temperature [74]. Although the method is theoretically simple and robust, suitable for
2D measurements, it is highly sensitive to ambient light and optical path variations. It
is typically restricted to lower temperatures since higher temperatures introduce significant
background emission, affecting the ratio and thus the measured temperature. Additionally,
the method’s sensitivity, or the rate of change in the ratio with temperature, is generally
low, leading to lower accuracy and precision compared to measuring decay time [75].

Temporal

The so called decay time method uses the temporal dynamics of the phosphorescence signal
to determine temperature. Thermographic phosphors’ decay times typically change by 2-3
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orders of magnitude over a few hundred degrees of temperature change [76]. In contrast,
the SIR usually changes by only one order of magnitude for the same temperature range,
leading to improved sensitivity, precision, and accuracy for the temporal method.

The factors affecting the decay time of phosphorescence from a phosphor are detailed in
Section 2.3. Practically, the temporal response of a phosphor after excitation is typically
recorded using a PMT, with the PMT signal read by an oscilloscope [77]. The decay curve
is stored and later analyzed to determine the decay time, usually employing a single expo-
nential fit to find the characteristic lifetime rather than multi-exponential fitting to find the
individual decay paths of various energy levels in the phosphor. The most robust method
uses an adaptive window algorithm that adjusts the fitting window on the decay curve to
where it is most mono-exponential or most stable using the following equation:

I = I0 exp
(
− t
τ

)
+ IOffset. (6.1)

The adaptive fitting window algorithm adjusts the fitting window and recalculates the decay
time until a stable solution is achieved [78, 79]. The starting point of the fitting window,
measured from the peak of the decay curve, is defined by t1 = c1 · τ , while the endpoint of
the fitting window is given by t2 = c2 · τ . In the first iteration, τ represents the decay time
estimate either by guess or some rough estimate, see Figure 6.1. In subsequent iterations,
τ is updated to the decay time measured from the previous iteration until the difference
between the previous τ̂ and the current τ is sufficiently small.

The determined decay time,τ , is then compared to a calibration curve to extract the tem-
perature. The decay time method can be extended to 2D measurements using high-speed
intensified cameras or ICCD/IsCMOS cameras [80]. The camera captures different parts of
the decay curve and forms a ratio between these images. This ratio changes with the decay
time, allowing temperature determination. A more detailed description of such algorithms
is presented in Section 8.

Unlike the SIR method, the decay time method is insensitive to variations in detector
positioning [81]. With the use of high-gain detectors, the decay time method can measure
higher temperatures than the intensity ratio method.

There are several experimental considerations associated with both PMT and camera meas-
urements of phosphorescence decay time. A detailed discussion of these considerations can
be found in Dr. Henrik Feuk’s thesis, to which I direct the reader [82].
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Figure 6.1: Simulated decay curve showing the iterative procedure of decay time fits. The simulated decay curve consists of
two exponential decay, one with a lifetime of τ = 0.25 and one with τ = 1 both have equal contribution. The
algorithm iterates until a stable solution is found.

7 Coded Imaging

In applications where background interference or scattering significantly affects contrast
and image quality, encoding the signal of interest can mitigate these issues. In the context of
this thesis coded imaging using structured illumination is used to enhance image contrast,
primarily harsh imaging environments, such as in plasma studies and highly scattering
environments. While non-laser-induced background signals can often be estimated and
subtracted, contributions from spurious scattered light cannot be handled the same way
and require different approaches.

Spurious scattered light poses significant challenges for quantitative imaging, both when (i)
the laser interacts with the measurement object and (ii) the laser-induced signal propagates
toward the detector. To suppress this multiply scattered light, methods based on structured
illumination have been developed. The principle behind these approaches is that photons
undergoing multiple scattering events will lose the superimposed structured information,
unlike singly scattered light [83, 84]. The contribution from singly scattered light can be
extracted using a spatial frequency lock-in filtering algorithm.
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7.1 Practical application for coded imaging

Structured illumination can be achieved by periodically modulating the laser sheet in the
probe volume with a cosine wave. Illuminating the sample with this modulated laser sheet
produces an image, I, which is the product of the modulated laser intensity distribution
and the spatial distribution of the object of interest, as described by:

I = IC + IS · cos (2πνy · y+ ϕ) (7.1)

where νy is the spatial modulation frequency in the y-direction, and ϕ is an arbitrary spatial
phase. This description involves two images: IC and IS. IC is the conventional image,
representing what one would obtain without modulating the laser sheet, while IS contains
the amplitude of the modulation, correlating to the intensity from the laser-induced signal
[83, 85].

The information in IS can be extracted through frequency-sensitive lock-in analysis, which
separates the modulated signal from the non-modulated background. This analysis lever-
ages the fact that the modulated information is frequency-shifted to higher spatial frequen-
cies in the Fourier domain. The high-frequency components can be extracted by: (i) filter-
ing out all other information in the Fourier domain with a frequency filter, (ii) translating
the filtered data to the origin of the Fourier domain, and (iii) applying an inverse Fourier
transform to the signal, resulting in a non-modulated image that contains the interference-
free laser-induced signal, see illustration in Figure 7.1. The spatial resolution of such an
image is typically reduced and is governed by two main factors: (i) the frequency of the
imposed modulation, and (ii) the size of the frequency filter in the Fourier domain. The
final image resolution results from the convolution of these two factors, so this method
should be applied cautiously to objects with delicate image structures.

It should be noted that various factors such as dynamic range, spatial resolution, and mod-
ulation frequency need to be considered. A detailed discussion on these topics would be
extensive, so I would direct the reader to the thesis by Dr. Vassiliy Kornienko for a com-
prehensive discussion and analysis [86].
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Figure 7.1: Example use of structured illumination to separate two species in a Photofragmentation Fluorescence imaging ap-
plication from paper XII. Panel (a) shows the signal detected by the camera, comprising naturally occurring CH (blue
region) and PF CH3 (striped yellow region). Panel (b) presents the Fourier transform of (a), where the CH3 signal
is shifted vertically in the Fourier domain, while the non-modulated signal remains centered. A frequency filter is
applied to the shifted signal, which is then moved to the center of the Fourier domain and inversely transformed
back to the spatial domain, resulting in the image in panel (c). This final image is free from background noise, stray
light, and naturally occurring signals.

8 Fluorescence Lifetime Imaging

Fluorescence Lifetime Imaging encompasses all measurement techniques capable of produ-
cing a two-dimensional image of fluorescence lifetime. Originally developed to investigate
local variations in fluorescence quantum yield, this technique, within the context of this
thesis, is employed to gain insights into the local environment of fluorescent molecules.
The fluorescence lifetime is sensitive to neighboring species due to their influence on the
non-radiative quenching rate, thus affecting the fluorescence lifetime. Fluorescence ima-
ging enables quantitative analysis of fluorescence signals, facilitating precise measurements
of molecule concentrations, interactions, and activities [87]. This quantitative capabil-
ity is crucial for comparing experimental conditions and drawing meaningful conclusions
[88, 40].

8.1 Measurement Techniques

Several techniques have been developed to perform FLI in both the temporal and frequency
domains. However, this thesis focuses on determining the fluorescence lifetime in the
temporal domain and hence the discussion here is limited to temporal techniques. The
temporal response of the fluorescing signal is usually approximated by a single exponential
decay as the detector usually has a spectral filter such that only one emission line is analyzed,
as the quenching rate between different emission lines may vary and hence the fluorescence
lifetime [89].
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Time Correlated Single Photon Counting

Time-correlated single photon counting (TCSPC) is a highly sensitive technique for meas-
uring the time intervals between photon emission and a reference signal. The process starts
by exciting a sample with a pulsed light source, usually a laser emitting extremely short
pulses in the picosecond or femtosecond range. When the sample absorbs this laser light,
it re-emits photons via fluorescence. These emitted photons are detected by a point de-
tector, such as a PMT or an avalanche photodiode (APD). A timing signal synchronized
with the laser pulse acts as the start reference for the timing measurements. Each detected
photon generates a stop signal, and the time interval between the reference signal (start)
and photon detection (stop) is measured [88]. These time intervals are recorded to build a
histogram, showing the distribution of photon arrival times relative to the excitation pulse.
This histogram represents the temporal profile of the sample’s fluorescence signal. TCSPC’s
key advantage is its ability to evaluate multiple fluorescence lifetimes within a signal. The
technique offers temporal resolutions as low as tens of picoseconds. However, it requires
a high-repetition-rate laser system since only one photon is detected per excitation pulse.
Additionally, being a point measurement technique, TCSPC requires a scanning procedure
to obtain a fluorescence lifetime image. Consequently, it is limited to objects that are both
temporally and spatially stationary [40].

Temporal Gating Techniques

Instead of temporally sampling the signal with high resolution to determine the fluores-
cence lifetime, gating techniques sample two or more parts of the fluorescence decay. By
forming a ratio between these samples, the fluorescence lifetime can be deduced [90].

The most popular one is called Rapid Lifetime Determination (RLD) and is illustrated in
Figure 8.1 [90]. From these two intensity windows I1 and I2, and by knowing the width of
the intensity windows ∆t the fluorescence lifetime can be calculated as:

τ = − ∆t

ln

(
I2
I1

) . (8.1)

This algorithm can be easily implemented using a picosecond laser and a compact formula,
either for point measurements or imaging [90]. When using intensified cameras, the gate
function is assumed to be a square integration box. The two PLIF images form a ratio
image, with each pixel value serving as input data for Equation (8.1), producing a fluor-
escence lifetime image. However, the sensitivity of RLD is limited; as the fluorescence
lifetime shortens, the total intensity in I2 decreases, reducing the SNR and accuracy of the
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Figure 8.1: Illustration of RLD.

algorithm. To address this, an optimized algorithm called Optimized Rapid Lifetime De-
termination (ORLD) has been developed, which uses variable-width integration windows
[91]. This approach significantly improves the SNR, as the intensity in I2 is higher, and en-
hances the dynamic range of the algorithm by minimizing errors in the determined lifetime
through optimal window selection. The intensity in each window then becomes:

I1 =

∫ ∆t

0
I0 exp

(
− t
τ

)
dt (8.2)

and

I2 =

∫ Y∆t+P∆t

Y∆t
I0 exp

(
− t
τ

)
dt. (8.3)

The variables Y and P are adjustable coefficients for the integration intervals. The ratio of
the one integration to the other is formed, yielding the following expression:

I2
I1

=
exp (−R ( P+ Y ))− exp (−RY ))

exp (−R ))− 1
(8.4)
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where

R =
∆t
τ
. (8.5)

In contrast to RLD, ORLD does not have a closed-form solution and requires an iterative
Newton-Raphson method for solving. However, because the detector gate shape and effi-
ciency change with short gate widths (less than 100 ns), both RLD and ORLD algorithms
is not suitable for fluorescence imaging and has therefore seen limited use.

To address this issue, Ehn et al. developed an algorithm called Dual Imaging with Model-
ing Evaluation (DIME), which considers the gate shapes of the two integration windows
through gate mapping [24, 92]. The gate windows are created by stepping the camera gate
over the laser pulse, effectively performing a convolution of the laser pulse and the gate.
Since the laser pulse duration is much smaller than the camera gate, the signal obtained on
the camera corresponds to the gate shape itself¹:

G(t) = l(t− δ) ∗ g(t− δ) (8.6)

where l(t) represents the laser pulse and g(t) represents the camera gate shape and δ is the
time jitter between the laser and the gate function. The mapped camera gate G(t) can then
be utilized in the evaluation scheme to compensate for variations in detector efficiency.
In DIME, two integration windows are employed: one that captures the full fluorescence
decay and another that captures the early part of the decay. The intensity in each integration
window then becomes:

Ij =
∫

Gj(t− ∆tj − δ)S(t)dt. (8.7)

where j denotes the gate number and ∆tj is the individual gate delay. In practical terms,
these are usually referred to as long and short gates. A ratio is formed between these images,
allowing the ratio D to be calculated:

D(x, y) =
IShort(x, y)

IShort(x, y) + ILong(x, y)
. (8.8)

Using the mapped gates, a model that relates the ratioD to the lifetime τ can be established.
An example of this model is shown in Figure 8.2.

¹Similar to convolving a function F(t) with a Dirac delta function δ(t), which results in the function itself
F(t).
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(a) (b)

Figure 8.2: Example of DIME gate setup as used in Paper IV.

A single camera can be used to acquire both images if the variations in the excitation and the
measurement object are insignificant during the acquisition process. When using two cam-
eras, the images need to be matched pixel-by-pixel. If the measurement system is carefully
characterized, all parameters in Equation (8.6) are known except for the signal, S(t). While
it is not possible to determine the full temporal shape of the signal using Equation (8.6),
a single parameter characterizing the signal can be determined under certain conditions,
provided there is an unambiguous relationship between this parameter and the ratio.

To use Equation (8.6) (8.7) (8.8) in its complete form, the following system characteristics
need to be determined:

• The temporal shapes of the gate functions

• The delay time of the camera relative to the time of excitation

• The duration of the laser pulse

• The time jitter between the laser pulse and the trigger pulse

• The expected temporal shapes of the signals from the measurement volume

Minimizing the time jitter between the cameras and the laser pulse to be smaller than the
laser pulse width greatly simplifies the experiment and subsequent data evaluation. In this
thesis, the DIME algorithm has been used to determine lifetimes in Paper IV and Paper
XIII.
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9 Rayleigh Thermometry

Laser-based Rayleigh thermometry is a non-intrusive diagnostic technique used to measure
temperature in various media, particularly gases. This method relies on the principles of
Rayleigh scattering, where light is scattered by particles much smaller than the wavelength
of the incident light. The scattered light intensity is influenced by the temperature of the
scattering medium, allowing for temperature measurements [93]. The physical process of
Rayleigh scattering is outlined in section 2.2.

The scattered light intensity decreases as the temperature of the gas increases according to
the ideal gas law [94]:

P = nRT. (9.1)

The intensity of Rayleigh scattered light IRs is directly proportional to the number density
n of the gas molecules, which is inversely proportional to the temperature T at constant
pressure [95, 36]:

IRs ∝ n ∝ 1
T
. (9.2)

Different gases have varying polarizabilities, resulting in differences in their scattering cross-
sections. Larger or more complex molecules generally exhibit higher polarizabilities and
thus larger Rayleigh scattering cross-sections compared to smaller or simpler molecules
[93]. If the gas composition remains constant, a reference measurement can be performed
at a known temperature. By comparing the signal from this reference to the measurement
data, assuming other parameters such as detector gain and laser power remain constant, the
temperature can be deduced using the following formula [96]:

TMeasured =

(
IReference

IMeasured

)
TReference (9.3)

The measured temperature, TMeasured, is sensitive to background signals. Therefore, it is
crucial that both the reference and measurement data are free from background signals not
originating from Rayleigh scattering, as these can bias the determined temperature [97].
If the gas composition varies in the probe volume, this variation must be accounted for
in the evaluation. Consequently, a correction term should be added to Equation (9.3) to
compensate for changes in the Rayleigh cross-section [98].
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10 3D Emission Tomography

Three-dimensional emission tomography (3D ET) is an advanced imaging technique that
reconstructs the three-dimensional spatial distribution of a source based on its emissions.
Unlike traditional imaging, which captures only two-dimensional projections, 3D ET provides
volumetric data, allowing for detailed analysis of the source’s internal structure and prop-
erties. The fundamental principle of 3D ET involves capturing multiple two-dimensional
images (projections) from different angles around the object. These projections are then
computationally processed to reconstruct a three-dimensional representation of the emis-
sion source. In this thesis, a custom algorithm developed by Sanned et al. was utilized,
which allows for random positioning of the cameras, offering enhanced experimental flex-
ibility. [99].

10.1 Mathematical Formalism

To allow for practical computations the continuous probed volume Ω is initially discretized
into Nv voxels. Thereafter, 2D line-of-sight projections q of Ω are acquired by cameras
from various viewpoints, each view having individual pixel projections p in the form of a
matrix (m × n). Each pixel projection measurement p corresponds to an integral trough
the probed volume. The continuous luminescence field f ( s⃗ ) within the probed volume Ω
represents intensity at spatial positions s⃗ = (x, y, z). The method revolves around mapping
the objects luminosity onto each view projection qp using a first-kind Fredholm integral
equation derived from the radiative transfer equation [100]:

bqp =
∫
qp
f ( s⃗ )dA. (10.1)

In this equation, bqp denotes a camera projection measurement from pixel p in view q, and
f(⃗s) represents the objects luminescence field. The model is a simplification of the radiat-
ive transfer equation as it neglects self-absorption and scattering effects. Discretizing the
objects luminescence field into voxels, allows each measured projection shown in Equation
(10.1) to be approximated as a finite sum

bqp =
Nv∑
v=1

wqpvxv (10.2)

where, xv represents a voxel within Ω, and wqpv denotes the contribution of that voxel to
the complete projection qp. Smoothness was imposed on the solution, employing a sparse
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discrete Laplacian matrix with homogeneous Dirichlet boundary conditions for all bound-
aries. Implementing the Laplacian matrix promotes continuous solutions, aligning with
the expected physical behavior of the measurement object. Furthermore, the strategy mit-
igates any negative consequences arising from the potential ill-posed nature of the problem.
The reconstruction problem can therefore be stated as a quadratic problem

min
x
||b− Ax||22 + λxTLx. (10.3)

In this equation, x is a vector representing the discretized field of f(⃗s), L is the Laplacian
matrix, b is the measurement data vector, λ is a penalty term, and A is the projection matrix
encompassing all linear voxel projections. This projection matrix A maps contributions
from each 2D camera projections to each voxel in Ω based on Tsai’s pinhole camera model
[101]. Iterative methods are commonly employed to solve this type of problem and by doing
so, reconstructing the full volume Ω. In this work the preconditioned conjugate gradient
(PCG) method was used to solve the inverse problem, with convergence criteria defined by
a relative residual tolerance of ||b− Ax||/||x|| < 10−6.
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Results

However beautiful the strategy,
you should occasionally look at the results.

–Winston Churchill

This chapter presents several key developments and findings from this thesis, focusing on
the advancement of phosphors for high-temperature phosphor thermometry and the ap-
plication of fluorescence lifetime imaging techniques. The work on novel phosphors in-
cludes their high-temperature calibration and an investigation into multi-exponentiality,
particularly its dependence on oxygen quenching. In addition, the chapter explores the
use of fluorescence lifetime imaging in high scattering environments and obtain quant-
itative data, such as relative number density and temperature, in a gliding-arc plasma.
Furthermore, it details the development of a photofragmentation technique designed for
interference-free measurements of methyl in a DBD plasma. The chapter draws on material
from papers II, IV, V, VII, VIII, IX, XII, XIII, and some unpublished research.
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11 Development of High-Temperature Phosphors

High-temperature measurements are challenging because phosphor luminescence signals
must compete with strong blackbody background radiation [102]. According to Planck’s
law, the intensity of blackbody radiation increases with the fourth power of temperature,
and the peak radiation wavelength shifts to shorter wavelengths as temperature rises. This
is illustrated in Figure 11.1.

Figure 11.1: Normalized spectral irradiance of blackbody radiation across wavelengths from 300 nm to 1000 nm for temper-
atures of for some temperatures. The spectral irradiance is normalized to the maximum value from the highest
temperature.

The increases background stemming from black body radiation affects the quality of the
measurement and hence the determined temperature on several fronts:

• Signal to Noise Ratio: As the temperature rises, the spectral radiance from the meas-
urement surface increases, which affects the quality of the signal detected by the
detector, thereby reducing the measurement precision.

• Detector Linearity: A high background signal can adversely impact the detector’s
linearity, leading to measurement inaccuracies [103]. This issue is examined in detail
in Paper I.

• Sensor material: As temperature increases, the stability of the phosphor material
becomes crucial. It is important for the material to be resilient to high-temperature
cycling effects and exhibit minimal hysteresis [104].
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From Figure 11.1 it becomes clear that having a phosphor material that emits towards the
blue region is greatly beneficial as the background emission is much lower, which benefits
both the SNR and detector linearity. Moreover, it is beneficial if the phosphor has high
peak intensity rather than strong luminescence, as it is easier to distinguish it from con-
tinuous background signals [105]. The choice of phosphor material also becomes crucial:
it is essential that the host material can withstand high temperatures and that the dopant
is compatible with the host and has emission in the blue region to improve SNR.

11.1 Investigation of High-Temperature Phosphors

For high-temperature thermographic phosphor applications, Yttrium Aluminum Garnet
(YAG) is an attractive host material due to its high melting point of 2200 K . There are
several doping variations of YAG, with YAG:Dy being the most popular because it has
reasonable sensitivity and an emission line at 456 nm which makes it attractive for high
temperature measurements [106]. The phosphorescence lifetime of YAG:Dy changes by
three orders of magnitude from the onset of temperature sensitivity up to 2000 K [107].
Although YAG:Dy exhibits strong luminescence due to its relatively long lifetime (ranging
from 10−3 to 10−6 seconds), it has a relatively low peak intensity. As a result, at higher
temperatures, the precision of the determined lifetime and thus the temperature decreases
due to a reduced SNR [104].

As part of this thesis work, we investigated potential alternatives to YAG:Dy to increase the
SNR and hence the measurment precision. In total, 16 different phosphors were investig-
ated, including YAG:Dy, see Table 1.

The selected phosphors needed to have an emission line in the blue region. YAG:Dy was in-
cluded as a benchmark due to its widespread use in high-temperature thermometry [108].
Co-doping has been explored to enhance phosphor luminosity, increasing luminescence
and altering decay time. YAG:Dy co-doped with Pr was selected because it has been shown
to increase luminosity by 30% [109, 110]. Phosphors co-doped with Ytterbium were con-
sidered for their potential use in up-conversion excitation. Ce doping has been shown
to boost luminosity and decrease decay time. Nd co-doped phosphors have exhibited in-
creased UV absorption, enhancing luminescence [109]. YAG:Tm was chosen for its emis-
sion lines at 365 and 456 nm, which are suitable for thermometry [110]. Li co-doping is
known to significantly enhance luminescence by increasing crystallite size and breaking
dopant-ion pairing, as well as altering optical properties, so YAG:Tm was co-doped with
Li+ [106, 111, 112].

Exploring potential thermographic phosphors and their emission for lifetime phosphor
thermometry can be a lengthy process, particularly when using conventional calibration
methods. These methods typically require the operator to wait for the phosphor sample
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Table 1: This table lists the properties of various phosphors studied for high-temperature applications. All phosphors were
purchased from Phosphor Technology Ltd. The phosphors labeled ”Not Tested” have not been tested prior to this
work, to the best of the authors’ knowledge.

Phosphor Chemical Formula Tempe-
rature
[K]

Decay
Time

Refer-
ence

YAG:Dy (2%) Y2.94Al5O12:Dy0.06 1300-
2000

0.75 ms
– 0.5 μs

[113],
[114],
[105]

YAG:Dy(2%)Pr(1%) Y2.91Al5O12:Dy0.06Pr0.03 1300-
1600

0.6 ms
– 100
μs

[115]

YAG:Dy(2%)Yb(1%) Y2.91Al5O12:Dy0.06Yb0.03 Not
Tested

Not
Tested

Not
Tested

YAG:Dy(2%)Yb(0.1%) Y2.937Al5O12:Dy0.06Yb0.003 Not
Tested

Not
Tested

Not
Tested

YAG:Dy(2%)Ce(1%) Y2.91Al5O12:Dy0.06Ce0.03 Not
Tested

Not
Tested

Not
Tested

YAG:Dy(2%)Ce(0.1%) Y2.937Al5O12:Dy0.06Ce0.003 Not
Tested

Not
Tested

Not
Tested

YAG:Dy(2%)Nd(0.1%) Y2.937Al5O12:Dy0.06Nd0.003 Not
Tested

Not
Tested

Not
Tested

YAG:Dy(2%)Nd(0.01%) Y2.9397Al5O12:Dy0.06Nd0.0003 Not
Tested

Not
Tested

Not
Tested

YAG:Tm(1%) Y2.97Al5O12:Tm0.03 1200-
1700

0.2 μs -
100 ns

[116]

YAG:Tm(1%)Li(0.1%) Y2.967Al5O12:Tm0.03Li0.003 Not
Tested

Not
Tested

Not
Tested

Y2SiO5:Dy(1%) Y1.98SiO5:Dy0.02 1200-
1700

1 ms - 1
μs

[105]

Y2Si2O7:Dy(1%) Y1.98Si2O7:Dy0.02 1200-
1700

1 ms -
10 μs

[105]

BSAS:Dy(1%) [Ba0.74Sr0.25]Al2Si2O8:Dy0.01 1300-
1700

0.75 ms
– 0.1 μs

[105]

BSAS:Tb(1%) [Ba0.74Sr0.25]Al2Si2O8:Tb0.01 1300-
1700

3 ms - 1
μs

[105]

to reach thermal equilibrium in a furnace at each data point and then doing this several
times depending on the spacing desired between each data point. As part of this thesis, a
new automated calibration procedure was introduced, allowing for high-temperature life-
time calibrations up to 1900 K. This approach enables simultaneous calibration of multiple
phosphors and the investigation of multiple emission lines for each phosphor [117, 103].

The experimental setup, shown in Figure 11.3, includes a galvo system that directs the ex-
citation laser to specific spots on the alumina substrate to excite the targeted phosphor, as
demonstrated in the zoomed-in view. A motorized filter wheel in front of the photomulti-
plier tube (PMT) allows investigation of different phosphor emission-characteristics. Ref-
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erence temperatures for phosphor calibrations are measured using thermocouples inserted
into indentations in the phosphor-coated substrate.
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Figure 11.2: Calibration data captured by the automated calibration procedure, here showing both YAG:Dy and YAG:Dy;Ce.
The wavelength in each figure corresponds to the filter center wavelnegth.

The main advantage of this method is that it ensures all phosphors and emission spectra
are calibrated under the same environmental conditions, providing a powerful tool for
comparing phosphor sensitivities to various environmental factors. A detailed description
of calibration methodology can be found in paper II.
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Figure 11.3: This experimental setup allows for the simultaneous calibration of multiple phosphors. DM stands for Dichroic
Mirror. The zoomed-in section illustrates the configuration of the galvo system, which is currently set to excite the
phosphor located in the upper right quadrant.

Table 2: An overview of the phosphor emission lines studied in this thesis with the corresponding bandpass filters.

Phosphor Emission [nm] Filter [nm]
YAG:Dy (2%) 456, 497, 573 458 ± 10 OD4, 483 ± 31 OD6, 586 ± 20 OD6
YAG:Dy(2%)Pr(1%) 456, 497, 573 458 ± 10 OD4, 483 ± 31 OD6, 586 ± 20 OD6
YAG:Dy(2%)Yb(1%) 456, 497, 573 458 ± 10 OD4, 483 ± 31 OD6, 586 ± 20 OD6
YAG:Dy(2%)Yb(0.1%) 456, 497, 573 458 ± 10 OD4, 483 ± 31 OD6, 586 ± 20 OD6
YAG:Dy(2%)Ce(1%) 456, 497, 573 458 ± 10 OD4, 483 ± 31 OD6, 586 ± 20 OD6
YAG:Dy(2%)Ce(0.1%) 456, 497, 573 458 ± 10 OD4, 483 ± 31 OD6, 586 ± 20 OD6
YAG:Dy(2%)Nd(0.1%) 456, 497, 573 458 ± 10 OD4, 483 ± 31 OD6, 586 ± 20 OD6
YAG:Dy(2%)Nd(0.01%) 456, 497, 573 458 ± 10 OD4, 483 ± 31 OD6, 586 ± 20 OD6
YAG:Tm(1%) 365, 456 365 ± 10 OD4, 458 ± 10 OD4
YAG:Tm(1%)Li(0.1%) 365, 456 365 ± 10 OD4, 458 ± 10 OD4
Y2SiO5:Dy(1%) 456, 497, 573 458 ± 10 OD4, 483 ± 31 OD6, 586 ± 20 OD6
Y2Si2O7:Dy(1%) 456, 497, 573 458 ± 10 OD4, 483 ± 31 OD6, 586 ± 20 OD6
BSAS:Dy(1%) 456, 497, 573 458 ± 10 OD4, 483 ± 31 OD6, 586 ± 20 OD6
BSAS:Tb(1%) 542 543 ± 20 OD6

Emission spectra and lifetime calibrations were gathered for all phosphors, see Table 2 for
detailed information about emission spectra, resulting in over sixty emission spectra and
forty lifetime calibrations, see sample lifetime calibration in Figure 11.2. From this data,
YAG:Tm;Li was chosen for more detailed investigation due to its superior signal-to-noise
ratio (SNR) and unambiguous decay fitting compared to the other phosphors (see Table
3). YAG:Tm;Li exhibited approximately twice the signal of YAG:Tm. The non-YAG-based
phosphors did not demonstrate the expected luminescence observed in previous studies.
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Table 3: A summary of the phosphor survey. In the SNR column the values have the same convention as the emission lines
column in Table 2. The bold SNR values indicate the 458 nm bandpass filter. The SNR is defined as the ratio of the aver-
age phosphorescence amplitude divided by the standard deviation of the background. The average phosphorescence
amplitude is calculated by integrating the phosphorescence signal from the peak value to seven times the determined
lifetime then dividing it by the determined lifetime. The comments are relative to YAG:Dy’s properties.

Phosphor Lifetime Calib-
ration Possible

SNR at 1200 K Comments

YAG:Dy (2%) Yes 110, 530, 210 Was used as baseline
YAG:Dy(2%)Pr(1%) Yes 20, 60, 50 Lower overall signal
YAG:Dy(2%)Yb(1%) Yes 50, 250, 80 Lower overall signal
YAG:Dy(2%)Yb(0.1%) Yes 70, 320, 110 Not significantly differ-

ent
YAG:Dy(2%)Ce(1%) Yes 20, 110, 30 Broad emission lines,

bright at low temperat-
ures

YAG:Dy(2%)Ce(0.1%) Yes 80, 240, 120 Marginally broader
emission lines, slightly
brighter at low temper-
atures

YAG:Dy(2%)Nd(0.1%) Yes 80, 310, 100 Not significantly differ-
ent

YAG:Dy(2%)Nd(0.01%) Yes 30, 150, 50 Lower overall signal
YAG:Tm(1%) Yes 110, 340 Higher peak signal level
YAG:Tm(1%)Li(0.1%) Yes 160, 750 Significantly higher peak

signal level
Y2SiO5:Dy(1%) No — Observed structural

changes in coating at
high temperatures

Y2Si2O7:Dy(1%) No — Observed structural
changes in coating at
high temperatures

BSAS:Dy(1%) No — Coating integrity was
compromised at high
temperatures

BSAS:Tb(1%) No — Coating integrity was
compromised at high
temperatures

This discrepancy may be attributed to interactions between the YAG binder and the host
material. These hosts possess complex phase diagrams, and interactions between the host
and binder could potentially affect the luminescence properties of the phosphors.

The Dieke diagram is a graphical tool used to represent the energy levels of lanthanides. This
diagram, depicted in Figure 11.4, showcases the electronic energy levels and transitions of
these ions in various host materials. In this Figure an overview of the energy levels properties
of Dy3+ and Tm3+ can be observed. For Dy3+, the Dieke diagram highlights transitions
between multiplet levels such as 6H15/2, 4F9/2, and 4I15/2. Significant transitions occur
in the visible spectrum, including a yellow emission at 582 nm and a blue emission at 456
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nm, which are marked in the diagram. In the case of Tm3+, transitions from the 3H6
ground state to higher energy levels like 1D2 and 3F4 to 1D2 which both can be used for
thermometry.
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Figure 11.4: Dieke energy diagram for Dy3+ and Tm3+ displaying the observable emission lines studied in this paper. The
horizontal dashed line marked indicates the excitation energy of the third harmonic of Nd:YAG.

Figure 11.5 presents the emission spectra for YAG:Dy and YAG:Tm;Li. YAG:Dy exhibits
three prominent emission lines at 582 nm (4F9/2 → 6H13/2), 497 nm (4F9/2 → 6H15/2),
and 456 nm (4I15/2 → 6H15/2). The 456 nm line is typically used for high-temperature
measurements as it becomes more prominent at elevated temperatures due to increased
population density in higher energy levels. In contrast, YAG:Tm;Li displays two peaks: one
at 456 nm (1D2 → 3F4) and another at 365 nm (1D2 → 3H6). The spectra for YAG:Tm;Li
are shown only up to 1200 K because, at higher temperatures, the luminosity becomes too
low for detection by the spectrometer. This is attributed to the decay time of YAG:Tm;Li
being nearly two orders of magnitude shorter than that of YAG:Dy. The total luminosity of
a mono-exponential decay is given by ITot = I0 · τ , indicating that the detected luminosity
decreases by two orders of magnitude if I0 is the same for both phosphors.
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a) b)

Figure 11.5: Emission spectra for YAG:Dy and YAG:Tm;Li are presented. In (a), the emission spectrum of YAG:Dy is shown up
to 1600 K, normalized to the 497 nm peak. In (b), the emission spectrum of YAG:Tm;Li is displayed up to 1200 K,
normalized to the 461 nm peak.

Figure 11.6(a) displays the peak phosphorescence signal of the lifetime component used
for decay-time fitting (I0 in Equation (6.1)). YAG:Tm is included for comparison with
YAG:Tm;Li to evaluate signal strength. The introduction of Li+ results in an average signal
increase of 50% without significantly affecting the decay time. The peak phosphorescence
signal for YAG:Tm;Li is consistently about ten times greater than that of YAG:Dy, enhan-
cing the signal-to-noise ratio (SNR) and improving the accuracy of decay curve fitting.

Figure 11.6(b) plots decay time against temperature for both phosphors. The sensitivity
onset occurs at approximately 1300 K for YAG:Tm;Li and 1450 K for YAG:Dy. Both phos-
phors exhibit similar sensitivity in the temperature-sensitive range, with average sensitivit-
ies of 1.26%/K for YAG:Tm;Li and 1.21%/K for YAG:Dy between 1400 and 1900 K. This
data also explains why spectra at 1600 K for YAG:Tm;Li could not be obtained. Although
YAG:Tm;Li has a peak signal value one order of magnitude larger than YAG:Dy, its decay
time is about two orders of magnitude shorter, resulting in a total luminosity that is one
order of magnitude lower.

Figures 11.6(c) and 11.6(d) compare decay curves at different temperatures, with the time
axis expressed in terms of the determined lifetime to facilitate comparison of signal strength
and SNR. As shown in Figure 11.6(c), the fluorescence component is approximately 75 times
stronger than the phosphorescence component for YAG:Dy and about 10 times stronger for
YAG:Tm;Li. At higher temperatures, the fluorescence component of YAG:Tm;Li quenches,
and the phosphorescence component becomes more dominant, as seen in Figure 11.6(d).
In contrast, YAG:Dy maintains a strong fluorescence component at all temperatures. The
reduced peak signal strength in YAG:Dy decreases the precision of decay times, leading to
greater variability in measured decay times compared to YAG:Tm;Li.
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a)

b)

c)

d)

Figure 11.6: Comparison of YAG:Dy, YAG:Tm and and YAG:Tm;Li with both using a 458 ± 10 nm bandpass filter in air to 1930
K, YAG:Tm was only calibrated up to 1814 K. Figure a) shows the parameter I0 from equation (1) in b) decay time
vs. temperature plotted using c1 = 0.5� and c2 = 4�. In c) and d), two decay curves at different temperatures are
compared with the x-axis, which is expressed as multiples of the measured decay time to facilitate the comparison
of the signal strengths

11.2 Oxygen Sensitivity Study

In high-temperature applications such as gas turbines and internal combustion engines, the
oxygen concentration may be lower than ambient levels due to the consumption of oxygen
during combustion [12]. This reduced oxygen concentration can create oxygen vacancies
in the phosphor’s host lattice, shifting the charge-transfer state (CTS) and decreasing the
nonradiative decay rate [118]. Consequently, the sensor becomes particularly sensitive to
changes in oxygen concentration [68, 119, 108? ].

The sensitivity of YAG:Dy and YAG:Tm;Li to oxygen concentration in the gas environment
was investigated using a tube furnace. Decay time calibrations were conducted at oxygen
concentrations of 21% and 0%, as shown in Figure 11.8, with a constant gas flow rate of 2
liters per minute in both scenarios. The phosphorescence peak signal, I0, increased for both
phosphors when exposed to pure nitrogen, consistent with previous studies. Additionally,
the S-shaped pattern in the peak phosphorescence intensity in Figure 11.8 (a) and (b) may
be attributed to absorption line shifts caused by temperature increases.

The effect of reduced oxygen concentration on measured decay time differed for the two
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Figure 11.7: Visualization of the desired behavior of the thermographic phosphors during the oxygen sensitivity study.

phosphors. For YAG:Tm;Li, an increase in lifetime was observed, whereas YAG:Dy exper-
ienced a decrease in lifetime. The oxygen effect arises from the CTS, becoming a major
mechanism for nonradiative decay in oxygen-sensitive conditions. This effect is most pro-
nounced when the excited state is at a high-energy level, and the CTS is at a low-energy
level, suggesting that the energy gap between these states is smaller for Tm3+ in this host
material.

In a follow-up study, the tube furnace was set to approximately 1600 K and was allowed
to stabilize without any gas flow into the furnace. The flow was initially set to normal air
and then the oxygen content was gradually reduced every 20 min in 5% increments to pure
nitrogen and then back to the initial conditions, as shown in Figure 11.7. This investigation
was conducted simultaneously for both phosphors. Ideally, there should be a slight increase
in the determined lifetime when the gas flow is turned on because of the cooling effects of
the gas flow and should then remain constant for different oxygen concentrations and then
return to the initial condition when the gas is turned off, see Figure 11.7.
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d)

b)

c)

a)

Figure 11.8: The decay time calibration for YAG:Dy and YAG:Tm;Li was conducted at oxygen concentrations of 21% and 0%.
Both calibrations utilized a constant flow rate of 2 liters per minute. The decay curves were fitted using the
parameters c1 = 0.5τ and c2 = 4τ . In the figure, the top sections, labeled (a) and (b), present the parameter I0
from the fitting process for YAG:Dy and YAG:Tm;Li, respectively. The bottom sections, labeled (c) and (d), illustrate
the relationship between decay time and temperature for YAG:Dy and YAG:Tm;Li, respectively.

The maximum difference in the average determined temperature across all flow conditions
was approximately 20 K for YAG:Dy and 7 K for YAG:Tm;Li when using c1 = 0.5 and
c2 = 4, as shown in Figure 11.9. Although the reduced oxygen environment seemed to have
irreversible effects over the duration studied, its impact on temperature measurements was
minimal, affecting YAG:Tm;Li by less than 0.5% and YAG:Dy by 2%. The change in de-
termined lifetime when transitioning from 21% to 0% oxygen showed a relative decrease
of about 15% for YAG:Dy and a increase of 4% for YAG:Tm;Li, as illustrated in Figure
11.9(c) and 11.9(d). At 1600 K, the decay time decreased by 10% for YAG:Dy and increased
by 3% for YAG:Tm;Li when the oxygen concentration changed from 21% to 0%, as in-
dicated in Figure 11.8. This consistency across experiments highlights the reliability of the
results. The superior precision of YAG:Tm;Li compared to YAG:Dy in lifetime measure-
ments is apparent from the error bars in Fig. 11.9(c) and 11.9(d). The reduction in oxygen
concentration affected the lifetime determination of the two phosphors in opposite ways,
aligning with the data in Figure 11.8. While both phosphors are sensitive to oxygen with
this mono-exponential fitting strategy, YAG:Tm;Li exhibits less sensitivity.

To mitigate the effects of changing oxygen concentrations, a specialized decay-time fitting
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Figure 11.9: The determined lifetimes from the oxygen sensitivity study were analyzed using c1 = 0.5 and c2 = 4. In the
upper section, scatter plots illustrate the measured lifetimes for YAG:Dy (a) and YAG:Tm;Li (b) at various oxygen
concentrations, with decay times converted to temperature through calibration using an airflow. In the lower
section, the data for each interval were averaged and presented along with their standard deviations for YAG:Dy in
(c) and YAG:Tm;Li in (d). It is important to note the difference in temperature scales between the two phosphors.

strategy can be employed. However, this method may reduce the precision of the measure-
ments. Figure 11.10 displays the same data as Figure 11.9 but fits the curve at a later stage,
with parameters c1 = 1 and c2 = 4.5. For YAG:Tm,Li, the impact of decreased oxygen
levels is significantly reduced and seems to be reversible, indicating that the shorter decay
components are most affected. Thermocouple data in Figure 11.10(b) show a consistent
temperature trend, where gas flow results in cooler temperatures due to its cooling effect.
Although the gas environment’s influence on YAG:Dy is also reduced, changes in oxygen
concentration still produce a noticeable effect.
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Figure 11.10: The data shown in Figure 11.9 were refitted using a later portion of the decay curve, with parameters c1 = 1 and
c2 = 4.5. This adjustment led to a reduction in the precision of the measured decay times due to a decreased
signal-to-noise ratio (SNR). For YAG:Tm;Li, the influence of oxygen concentration was significantly diminished,
whereas for YAG:Dy, the effect remained noticeable, albeit to a lesser degree.

11.3 Determining Significant Decay Time Components

The sensitivity of thermographic phosphors to oxygen quenching is an important factor to
consider in their application. Oxygen quenching alters the multi-exponential decay com-
ponents, complicating the interpretation of luminescent signals. As previously demon-
strated for YAG:Dy and YAG:Tm;Li, fitting the decay curve later can reduce sensitivity to
oxygen quenching. However, further study of these decay components is needed to un-
derstand their relative strengths. Understanding and compensating for this sensitivity is
essential for accurate temperature measurements, particularly in environments with vary-
ing oxygen concentrations. Therefore as part of this thesis a algorithm based on maximum
entropy method (MEM) have been developed to extract the relative strengths of the decay
components.
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Maximum Entropy Method for Exponential Decays

Maximum Entropy Method (MEM) utilizes the principle of maximum entropy, which
states that the distribution with the largest entropy is the best representation of a system.
In the case of lifetime phosphor thermometry, many decay time distributions could be
used to fit a decay curve adequately, but the one that best fits the data is the distribution of
decay times with the highest entropy or alternatively makes the fewest assumptions about
the data.

The formulation of the Maximum Entropy Method (MEM) problem follows the approach
outlined in [120, 121], with the computational techniques described in [122]. The time-
resolved decay data Em can be modeled using a function T (t), which includes a response
function R (t):

T (t) =
M∑

m=1

R (tm) · I (t− tm) (11.1)

Here, tm is the time corresponding to the m-th data point in Em, and M is the total number
of data points. The response function R (t) is determined by the experimental setup at each
time tm. In this study, the influence of the response function is ignored and is set to unity,
although it is anticipated to significantly impact decay times shorter than 10 ns.

The luminescence of phosphors is modeled as a sum of discrete exponential decays I (t):

I (t) =
N∑
i=k

αke−t/τk (11.2)

Here, αi represents the amplitude factor for a given lifetime τi, and N is the number of
partitions in the interval [τ1, τN]. The range of decay times sets the resolution of the dis-
tribution concerning decay times, and the boundaries define the detectable range of decay
times. Setting unreasonable boundaries can result in reduced algorithm accuracy.

By combining Equations (11.1) and (11.2), we can rewrite the equation as:

Cm,k =
M∑

m=1

e−tm/τk (11.3)

T (tm) =
N∑

k=1

αkCm,k (11.4)
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In Equation (11.4), the weightings αk are multiplied by the unweighted decay curves Cm,k
to produce the fitted decay curve T (tm). The parameter α determines the contribution of
each lifetime, and a distribution of α that models the data E is sought. The objective of
MEM is to determine the weighting α of each decay curve in Equation (11.4) to best fit
T (tm) to the data E (tm). The sum of the weightings α is normalized to one because all
decay curves analyzed by the algorithm have peak intensities normalized to 1. The optimal
distribution of α fitting E is found by minimizing the functional Λ:

Λ =
∥E (tm)− T (tm)∥2

M
− λS (11.5)

where λ is a regularization parameter, and S is the entropy functional. Minimizing Λ
requires minimizing both the MSE and the term −λS, where the latter is the Shannon-
Jaynes entropy multiplied by −λ:

S = −
N∑
i=1

αi log

(
αi

βi

)
(11.6)

where β represents the previous iteration’s distribution of α. The regularization parameter
λ balances the emphasis on the MSE and S, and is always positive and non-zero. Solving
Λ involves calculating ∇ · Λ = 0, leading to a set of nonlinear equations:

∇ · Λi = ∇ ·
(
∥E (tm)− T (tm)∥2

M

)
i
−∇ · (λS)i (11.7)

∇ ·
(
∥E (tm)− T (tm)∥2

M

)
i
=

∑M
m=1

(
−2 · (E (tm)−

∑N
k=1 αkCm,k)Cm,i

)
M

(11.8)

∇ · (λS)i = −(1 + log(αi/βi))λ (11.9)

∇ · ΛN+1 = S (11.10)

where i = 1 : N. To solve these equations, a Taylor expansion is performed by defining
x = [α1, · · · , αN, λ] and setting ∇ · Λ = F(x), resulting in:
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Fi(x+ δx) = Fi(x) +
N+1∑
j=1

∂Fi
∂xj

δxj + O(δx2) (11.11)

This can be reformulated in matrix form as:

F(x+ δx) = F(x) +H · δx+ O(δx2) (11.12)

where H is the Hessian matrix of size (N+ 1)× (N+ 1), and its components are:

Hi,j =
N∑
i=1

N∑
j=1

(
δi,j
λ

xj
+ 2

M∑
m=1

Cm,jCm,i

)
, i, j ≤ N (11.13)

Hi,j = 1 + log

(
xi
βi

)
, i ≤ N, j = N+ 1 (11.14)

Hi,j = 1 + log

(
xj
βj

)
, i = N+ 1, j ≤ N (11.15)

Hi,j = 0, i, j = N+ 1 (11.16)

where δi,j is the Kronecker delta, and i denotes the row and j the column in the Hessian
matrix. Also, λ = xN+1. By neglecting higher-order terms and solving F(x+ δx) = 0, a
set of linear equations is obtained:

H · δx = −F (11.17)

where δx is the correction to the vector x, derived from a Newton step. The updated
solution is then given by x = x + ϵδx. The parameter ϵ is chosen to minimize F in the
descent direction δx while ensuring that δx does not produce negative values in x. If any
component of x is less than 10−10, it is set to 10−10, preventing singularity issues in the
Hessian matrix. This iterative process continues until a stable solution is reached, where
the mean change in F magnitude is less than 0.1% over ten iterations. The resulting dis-
tribution of α that meets this convergence criterion represents the decay times best fitting
the experimental data.

The estimates for the central lifetime and relative amplitude of the k-th decay component,
⟨τk⟩ and ⟨αk⟩, are calculated as follows:
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⟨τk⟩ =
∑Nk

j=1 αjτj∆j∑Nk
j=1 αj∆j

, ⟨αk⟩ =
∑Nk

j=1 αj∆j∑N
j=1 αj∆j

(11.18)

In these equations, Nk represents the number of lifetimes contributing to the k-th peak,
and ∆j is the logarithmic spacing between lifetime values τj. In Figure 11.11 simulated
decay curve with added Gaussian noise is analyzed the capabilities of the above described
algorithm. In this example, a total of N = 1000 lifetimes τi are evenly distributed in
logarithmic space between [1 × 10−9,1 × 10−5]. This algorithm has been used in the
following works [123, 11, 12, 124]
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Figure 11.11: In panel (a), a simulated decay curve is presented, consisting of three decay components with constants [1×10−8,
1×10−7, 1×10−6], each contributing equally. Gaussian noise was added to mimic real experimental conditions,
resulting in a SNR of 100. The red line represents the initial guess for the alpha vector, which assumes equal
contribution from each of the guessed decay time component. The black dashed line shows the optimal alpha
distribution that best fits the data. In panel (b), the distribution of decay time components corresponding to the
optimal alphas is displayed. Each peak is labeled with its decay time and its relative contribution to the overall
decay curve calculated using Equation (11.18).
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Observation of Decay Time Components Shifts of YAG:Tm;Li and YAG:Dy

Figure 11.12 presents the results of the MEM analysis, summarizing the average data for oxy-
gen concentrations of 21%, 5%, and 0%, as depicted in Figure 11.9 and 11.10. The dashed
lines in the close-up views of Figures 11.12(a) and 11.12(b) represent the average lifetimes de-
termined at 0% oxygen for each fitting approach and phosphor type. At lower oxygen levels
(0% and 5%), the shorter decay components, in the range of 10−9 to 10−8 seconds, dimin-
ish for both phosphors. Concurrently, the longer decay components, crucial for phosphor
thermometry, exhibit a relative shift.

a) b)

Figure 11.12: Decay time distribution from MEM analysis. The MEM analysis for each decay curve was averaged when going
from 21%, 5%, and 0% oxygen for the data presented in Figure 11.9 and 11.9 for YAG:Dy (a) and YAG:Tm;Li
(b).

In Figure 11.12(a) (YAG:Dy), the close-up reveals two decay time components on either
side of the lifetime fits, showing that both were considered in the fitting process. When
the oxygen concentration decreases from 21% to 0%, the right-side decay component near
the lifetime fits shortens by 18% compared to the 21% oxygen level, resulting in a reduced
determined lifetime for both fitting windows. Similarly, in Figure 11.12(b) (YAG:Tm;Li),
the two rightmost components in the close-up are used for determining the lifetime with
a mono-exponential fit. As oxygen levels drop to 5% and 0%, the two leftmost compon-
ents decrease in relative significance and shift to longer decay times, while the rightmost
component remains unchanged.

These findings indicate that the relative contributions of the lifetime components for both
phosphors vary with oxygen concentration. Specifically, for YAG:Tm;Li, when applying
the long fit, the analysis largely relies on a single lifetime component, which remains unaf-
fected by changes in oxygen concentration, resulting in minimal sensitivity to oxygen. This
dependency on a single lifetime is further evidenced by the alignment between the calcu-

75



lated lifetime using the long fit and the peak decay time of the longest lifetime component
seen in the close-up of Figure 11.12(b). Thus, the sensitivity of lifetime measurements to
oxygen concentration is highly influenced by the method of decay time analysis used. It
is important to note that this oxygen sensitivity is most pronounced between 0% and 5%
oxygen concentration, as shown in Figure 11.9 and 11.10.
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12 Laser Diagnostics in Plasma Applications

Laser diagnostics play a vital role in the study of plasmas, enabling precise, non-intrusive
measurements of key properties such as temperature and number density [125]. Optical
methods, including Laser-Induced Fluorescence (LIF), Rayleigh scattering, and Raman
scattering, allow for high-accuracy probing of plasmas without disrupting the system. How-
ever, the intense brightness of plasma can complicate signal detection, making it difficult
to differentiate laser-induced signals from the plasma’s luminescence [126].

This thesis investigates non-equilibrium plasmas, particularly dielectric barrier discharges
(DBD) and gliding arcs. It focuses on developing techniques to extract laser-induced sig-
nals in high-scattering environments, enabling the collection of laser-induced fluorescence
lifetime imaging data. This data is essential for applying quenching corrections in fluor-
escence imaging. The methods were then employed to study the quenching behavior of
OH radicals in a gliding arc plasma, utilizing 3D emission tomography to spatially correl-
ate the fluorescence signal with the arc. This approach provides a detailed analysis of OH
quenching relative to the arc. Furthermore, fluorescence lifetime imaging data was conver-
ted to temperature using a fluorescence lifetime model, revealing the spatial distribution of
temperature derived from fluorescence lifetime imaging. Rayleigh thermometry was sub-
sequently applied to the same gliding arc setup to examine the surrounding gas temperature
in relation to OH fluorescence by integrating fluorescence imaging and Rayleigh thermo-
metry. Additionally, methyl radicals were analyzed in the context of methane reformation
in a DBD plasma using photofragmentation techniques.

12.1 Fluorescence Lifetime Imaging Through Scattering Media

While non-laser-induced background signals can often be estimated and subtracted, ad-
dressing scattered light requires a different strategy. Scattered light is particularly prob-
lematic in studies involving scattering media, both when the laser interacts with the object
and as the signal travels to the detector. To tackle this issue, structured illumination tech-
niques have been developed [83, 85]. These methods isolate singly scattered light, which
maintains its structured pattern, while filtering out multiply scattered light, which loses
this information.

Structured illumination is typically effective in reducing image blur caused by scattered
light. However, in fluorescence lifetime imaging , signals from different areas may have
varying lifetimes, and multiple scattering can mix these signals, complicating the accurate
measurement of lifetimes within the probe volume, see Figure 12.1. Consequently, the
measured lifetime might not truly represent the actual lifetime at that specific location.

In this thesis, we explore whether combining structured illumination with spatial lock-
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Σ

Σ
Scattering

No Scattering

Figure 12.1: The upper section illustrates a scenario without scattering, where the short (blue) and long (gray) fluorescence
lifetimes in the detector plane can be directly correlated to specific locations in the image plane. However, in the
lower part of the figure, where scattering is present, contributions from adjacent areas in the image plane blend
into the detected luminescence lifetime in the detector plane, resulting in reduced spatial resolution. As a result,
the signal in these pixels becomes a composite of signals from nearby locations.

in analysis can suppress multiply scattered light to facilitate accurate lifetime imaging in
scattering environments. The fluorescence-lifetime images are obtained using the DIME
technique, as detailed in Section 8.

To demonstrate these methods, we conducted an experiment using a flow system that com-
bines a stable laminar jet with a co-flow of gas mixtures containing different levels of oxygen.
This setup is depicted on the right side of Figure 12.2. In the experiment, a vertical jet of
toluene-seeded air was centered within a porous plug. Surrounding this jet, a co-flow of
nitrogen-enriched air, also seeded with toluene, was introduced through the porous plug
to stabilize the laminar flow. This stabilization allowed for the accumulation of images,
resulting in high-quality data with a strong signal-to-noise ratio, see experimental setup in
Figure 12.2. The gas mixtures were prepared by bubbling the gases through liquid toluene,
ensuring consistent toluene seeding.

The experimental setup produced a fluorescence lifetime imaging image that revealed three
distinct regions with varying lifetimes. The central jet region was expected to show a lifetime
of 0.65 ns, while the surrounding co-flow region was anticipated to have a lifetime of 1.8 ns,
consistent with previous studies. Between these two regions, a transition zone was observed,
where lifetimes ranged from 0.65 to 1.8 ns due to the mixing of the jet and co-flow gases.

Experiments were conducted both with and without the scattering medium in the detection
line, and the results are illustrated by the accumulated PLIF images shown in Figure 12.3
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Figure 12.2: A schematic of the experimental setup is shown, with all dimensions in millimeters. A water-filled quartz cuvette,
positioned between the gas flow and the ICCD camera, was seeded with polystyrene spheres to create scattering
within the imaging system.

(a) and (b), respectively. In both images, the modulation pattern is clearly visible. The
gas jet, positioned at the center, appears slightly darker than the surrounding gas, which is
attributed to the shorter fluorescence lifetime of the toluene-seeded air. This reduction in
lifetime results in a decreased fluorescence signal. The introduction of polystyrene spheres
as a scattering medium leads to (i) a degradation in image contrast and (ii) a decrease in
signal intensity due to light scattering.
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Figure 12.3: Raw PLIF images show a contrast of approximatelyM ≈ 0.44 in (a) without additional scattering. (b) When imaging
through a scattering medium (OD ≈ 1), the contrast is reduced to M ≈ 0.37. (c) The cross-sectional data from the
central radial position illustrate the difference in modulation between images (a) and (b). It is important to note
that the signal intensity is roughly an order of magnitude lower when collected through the scattering medium.
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FLI images were generated using both the conventional and lock-in methods with DIME,
with the results presented in Figure 12.4. Both methods successfully capture the desired
characteristics, where the signal in the central jet exhibits a shorter lifetime compared to
the co-flow. However, the lifetimes in the jet, as determined by the conventional analysis
(12.4 (a)), are overestimated by a factor of two relative to the expected values. In the co-
flow, where lifetimes are expected to be symmetrical around the jet, a noticeable slanted
bias is observed in the lifetime measurements (12.4 (b)). In contrast, the combination of
structured illumination and spatial lock-in analysis yields fluorescence lifetimes that closely
align with the expected values, as illustrated in 12.4 (b) and (c).

The overestimation of lifetimes in the conventional analysis arises from the method’s inab-
ility to eliminate the background intensity offset, a challenge inherent to all intensity-based
techniques. This issue is particularly problematic in scattering environments, where it leads
to a non-uniform background. As a result, the scattering-induced background cannot be
accurately determined from any reference image or blank recording. Although the average
intensity offset in the conventional image was adjusted by subtracting the intensity value
at a height of 3 mm, where no laser illumination occurred, this correction is not entirely
effective. The remaining background from scattering introduces errors in the lifetime eval-
uation.

It’s important to note that the lock-in analysis employs a frequency filter, which can reduce
the spatial resolution of the original image Figure 12.4. Therefore, this method should be
used with caution when dealing with objects that have fine image structures. In challenging
environments, capturing such details and strong image gradients is typically difficult due to
suboptimal imaging conditions. However, in the current scenario, these details are already
compromised by signal scattering. Under these circumstances, applying spatial lock-in
analysis does not further degrade the image resolution.
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(a) (b) (c)

Figure 12.4: Fluorescence lifetime images are shown for (a) the conventional method and (b) the lock-in method. The 3D plots
display the same data as their corresponding images. In (c), data along the dashed white line in each image were
extracted and compared in a line plot. The red and blue dashed lines represent the expected values for the co-flow
region (red) and the central jet (blue).

12.2 FLI and 3D Tomography of Gliding Arc

The industrial applications of gliding arc plasma are diverse, ranging from air pollution
control, where it assists in the decomposition of hazardous gases [127], material processing,
including surface modification and polymerization, as well as in energy applications like
hydrogen production through methane reforming [128].

However, to optimize these applications and fully harness the potential of gliding arc plas-
mas, a deeper understanding of the plasma chemistry, reaction kinetics, and energy effi-
ciency is essential [129]. The interaction between plasma species and target materials is
complex and requires precise control to achieve desired outcomes efficiently. Advancing
our knowledge in these areas is crucial to developing more efficient, sustainable, and cost-
effective plasma-based chemical processes in various industrial sectors.

Emission 3D Tomography

Traditionally, 2D optical diagnostics have been the standard approach for studying gliding
arc discharges. However, the inherently three-dimensional structure of these discharges
suggests the need for techniques that can provide comprehensive 3D data. Earlier 3D studies
have explored aspects such as hydroxyl radical distributions using the FRAME technique
and plasma column lengths through particle tracking velocimetry (PTV) [130].
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In response to the limitations of 2D methods, in this work 3D emission tomography was
applied to investigate gliding arc discharges. This technique captures volumetric luminosity
data across the entire observed region, focusing on emissions primarily from N2 chemilu-
minescence in the visible spectrum. By acquiring 3D data, this approach enables more ac-
curate analysis and characterization of critical attributes like arc position, geometry, length,
and topology parameters that are typically difficult to assess without volumetric data and
are essential for calculating physical properties related to plasma discharges[99, 26].

Figure 12.5: Schematic of the emission tomography configuration and electrode layout. The illustrated gliding arc is a recon-
struction derived from actual discharge data using emission tomography.

The gliding arc discharge system operates in an open-air environment and consists of three
main components: the electrodes, the airflow mechanism, and the power supply. The
electrodes are made from hollow stainless-steel tubes, each with an outer diameter of 6 mm,
and are securely mounted on a Teflon plate, as depicted in Figure 12.5. These electrodes are
internally cooled by water, with one electrode connected to the high-voltage power supply
to act as the active electrode, while the other serves as the grounded electrode. Airflow is
directed between the electrodes through a 3 mm diameter nozzle located at the center of
the Teflon plate. The airflow rate is controlled via a mass flow controller (MFC), and the
system was examined under four different airflow rates 10, 20, 30 and 40 l/min.

Luminescence field measurements were captured using 10 commercially available CMOS
cameras arranged in a semicircle around the electrodes, as depicted in Figure 12.5. The
reconstructed volume was discretized into 221x221x221 voxels, with a spatial resolution of
0.5 mm per voxel. This resolution was selected to balance detail capture with computational
efficiency.
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Figure 12.6: The left panel displays a tomographic reconstruction for the 10 l/min case, while the right panel shows the 3D
length of the arc along the x-axis and the projected 2D length along the y-axis for the same case. The scatter
points represent individual measurements, and the green line indicates a linear fit with the corresponding slope
value. A slope less than one, as observed here, suggests that the projected length is approximately 13% shorter
than the 3D length.

The 3D arc length is caluclated by finding the start and end points within the bottom slice of
the reconstructed probe volume Figure 12.6. Dijkstra’s algorithm, using the Python package
iGraph, finds the shortest path through voxels with 26-connectivity, weighted by the inverse
cube of their average intensity to follow the arc’s center. The choice of weight is based
on arc length convergence. The calculated arc path is validated against a projected image
from the CMOS camera. A degree-20 B-Spline smoothing, applied with ‘scipy.interpolate‘,
generates the final set of coordinates, and the arc length is calculated by summing the
Euclidean distances between these points.

Comparisons between the quantified 3D length and 2D length were made by projecting the
reconstructed arc path along the axis perpendicular to the anode-cathode plane, generating
an optimal image for extracting the 2D arc length. Figure 12.6 demonstrate the expected
trend of underestimating the arc length when using 2D projections. Discrepancies were
approximately 13% at 10 L/min, 14% at both 20 L/min and 30 L/min, and up to 15% at
the highest tested flow rate of 40 L/min. This discrepancy arises from the loss of depth
information in 2D, which is influenced by the degree of curvature in the arc.
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Figure 12.7: The swept angle plotted towards the volume of the arc for the studied flow-rates.

Additionally, the 3D information from the arcs allow for extraction of multitudes of para-
meters, volume, surface area, curvature mean cross-sectional area just to name a few. An
example is shown in Figure 12.7. Here the swept angle and the volume of the arcs are plotted
against each other to study the correlation between these parameters. The swept angle is a
measure of how much the arc curves in 3D space, which is extracted from the path length,
for a semicircle corresponds to a value of π radians of swept angle. The arc volume was
calculated by applying a global threshold to remove reconstruction artifacts. Voxel values
exceeding this threshold and connected to the previously identified arc coordinates, determ-
ined using a 6-connectivity connected components algorithm, were included as part of the
volume. The total arc volume was then obtained by multiplying the number of identified
arc voxels by the volume of each voxel.

In Figure 12.7, it is evident that as the flow rate increases, the arc volume decreases while
the swept angle increases. Higher flow rates shorten the residence time, leading to smaller
structures and a stronger influence of forced convection on arc dynamics. This results in
a longer, more wrinkled discharge channel with greater vertical extension. The increased
turbulence at higher flow rates further reduces the residence time, limiting the plasma dis-
charge’s impact on the surrounding gas and decreasing the cross-sectional area of the lumin-
ous discharge channel. Since the arc volume is roughly proportional to the cross-sectional
area, the volume continues to decrease with higher flow rates, despite the arc becoming
longer.
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Fluoresence Imaging of OH

The 3D tomographic reconstructions of the gliding arcs in Figure 12.9 are shown alongside
the OH radical distributions relative to the plasma channel. The OH distributions, cap-
tured through laser-induced fluorescence imaging, clearly indicate that the OH region con-
sistently surrounds the plasma channel. The intersecting cross-section between the fluores-
cence imaging and the 3D reconstruction from Figure 12.9(a) is depicted in Figure 12.10.
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Figure 12.8: Modified experimental setup from Figure 12.5 which now includes the a picosecond laser to excite OH.

As the flow rate increases, the OH fluorescence structure associated with the gliding arc
discharge decreases in size, with a 60% reduction in cross-sectional area observed from
10 l/m to 40 l/m. At lower flow rates, the OH distribution is smooth and circular due to
diffusive effects from the plasma channel. However, higher flow rates introduce turbulence,
leading to deformation and a thinner, smaller fluorescence structure.

A distinct central hole in the OH structure, where OH production from water vapor occurs,
exhibits approximately four times lower intensity than the surrounding ring, as shown in the
line plot in Figure 12.10. The red dots mark the hole’s center, determined by 3D tomography.
The intersection angle, displayed in the bottom right corner, affects the hole’s shape, with
lower angles causing it to appear elongated and elliptical.
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Figure 12.9: Representative fluorescence images from the experiments are combined with their corresponding three-
dimensional tomographic reconstructions, shown from 10 l/m in (a) to 40 l/m in (d). Complete three-dimensional
tomography renderings are available in Supplementary Material 1, highlighting the interaction between fluores-
cence structures and the three-dimensional tomographic reconstructions in three-dimensional space.
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Figure 12.10: The raw data from the fluorescence image and the intersecting cross-section of the three-dimensional tomo-
graphy, shown in Figure 12.9 (a), are presented in panels (a) and (b), respectively. A composite image, created
by normalizing and subtracting (a) and (b), is shown in panel (c), where the blue and brown regions represent
the tomography and OH fluorescence signals, respectively. Panel (a) also provides a graphical explanation of the
edge, bulk, hole, and ring features.

The region around the gliding arc, particularly near the OH distribution’s center, exhibits
non-thermal characteristics within a 1 mm radius, where intense fluorescence from N∗

2 and
OH** is observed [131]. Energy dissipation near the arc shows a discrepancy between vibra-
tional and translational energy, suggesting that OH in the central region may not be in the
ground state, potentially escaping detection. The continuous dissociation of OH within the
hole could be a result of thermal processes or electron dissociation. Upon plasma power
disconnection, the central hole fills with ground-state OH, indicating recombination or
de-excitation [132]. Previous studies have also suggested localized variations in chemical
production and loss channels of OH as factors in distribution dynamics [133], though ex-
perimental conditions differ significantly. Further investigation is needed to understand
the role of thermal equilibrium and chemistry in shaping radical distributions in gliding
arc plasma.
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Figure 12.11: Fluorescence images captured by the Long camera for the four flow rates are shown in panels (a) to (d). Each
image is accompanied by line graphs that present data extracted from the center of the red dots in both vertical
and horizontal directions. The red dots indicate the arc’s center, as determined by three-dimensional tomography.
The intersection angle between the laser and the plasma arc is provided in the bottom right corner of each figure.

Fluorescence Lifetime Imaging of OH

The image in Figure 12.11 (a) is analyzed using the DIME algorithm, resulting in a two-
dimensional fluorescence lifetime image shown in Figure 12.12 (b). The analysis reveals
spatial variation in lifetime, with the outer edge displaying a shorter lifetime compared to
the hole, while the bulk of the ring-like structure remains relatively uniform. Data from the
outer edge, hole, and bulk of the OH ring are presented in Figure 12.10 and summarized
in Table 4. The analysis shows that as the flow rate increases, the average lifetime in the
ring decreases by approximately 400 ps, indicating stronger quenching effects. At lower
flow rates, the arc behaves like a glow discharge with non-thermal characteristics, but at
flow rates above 40 l/m, it transitions to a spark-type discharge. This transition, influenced
by high Reynolds number gas, reduces residence time and system temperature, leading to
cooling and contraction of the surrounding gas, which becomes more thermal while the
core remains non-thermal. The increased quenching at higher flow rates is partly due to
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lower gas temperatures, with the decrease in fluorescence lifetime being more pronounced
at the structure’s outer edge and within the central hole.
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Figure 12.12: Quenching corrected fluorescence imaging, in panel (a) displays a fluorescence image sourced from the 10 l/m
flow rate, identical to the depiction in Figure 12.11 (a), this image represente the total emission from the laser
induced fluoresence ITot(x, y). Panel (b) presents the corresponding lifetime image, τ(x, y) obtained using the Dual
Imaging and Modelling Evaluation algorithm. Finally, panel (c) showcases the fluorescence image after quenching
correction has been applied.

The image in Figure 12.12 (a) can be corrected for local variations in collisional quenching
using the corresponding lifetime image in Figure 12.12 (b). This is done by dividing image
(a) by image (b), resulting in the quenching-corrected image I0(x, y) =

ITot(x,y)
τ(x,y) , shown in

Figure 12.12 (c). The intensity I0(x, y) is proportional to the OH number density, allowing
direct comparison of image intensities after correction. While the overall shape in Figure
12.12 (c) resembles that in Figure 12.12 (a), the cross-section reveals that intensity was over-
estimated in the hole before correction. Quenching correction at the OH-distribution’s
outer edge, where lifetime is slightly longer, does not significantly alter the shape, as OH
density is relatively low there. Overall, quenching correction has minimal impact on the
OH distribution within the investigated parameter range.

Table 4: Fluorescence lifetime measurements for different flow rates. Data acquired with MCP.PMT contain signal from all parts
of the OH-distribution structure.

Flow Rate Ring [ns] Edge [ns] Bulk [ns] Hole [ns] MCP-PMT [ns]
10 l/m 5.9 ± 1.5 5.8 ± 2.8 6.0 ± 1.4 8.1 ± 2.7 5.9 ± 0.2
20 l/m 5.8 ± 1.6 5.5 ± 2.7 5.9 ± 1.5 7.2 ± 2.5 NA
30 l/m 5.7 ± 1.7 5.2 ± 2.7 5.8 ± 1.6 6.9 ± 3.2 NA
40 l/m 5.5 ± 1.8 5.1 ± 2.8 5.6 ± 1.7 7.0 ± 2.8 NA

Quenching correction was applied to images from all flow rates, and a statistical analysis,
summarized in Table 5, reveals key trends. The relative number density in the bulk decreases
by about 21% as the flow rate increases from 10 l/m to 40 l/m. In contrast, the relative
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number density at the edge and hole regions increases with higher flow rates. As the flow
rate rises, the intensity gradient of OH increases, particularly along the edges. The reduced
residence time and interaction with turbulent air cause OH structures to contract, limiting
diffusion and raising the relative number density at the edges.

Table 5: Relative number density in different regions at various flow rates. All values is in the unit of detector counts.

Flow Rate Ring [103] Edge [103 ] Bulk [103 ] Hole [103 ]
10 l/m 2.01 ± 1.89 0.89 ± 0.68 3.23 ± 1.93 0.67 ± 0.34
20 l/m 1.99 ± 1.85 0.97 ± 0.79 3.01 ± 1.98 0.74 ± 0.71
30 l/m 1.84 ± 1.88 1.03 ± 0.89 2.98 ± 2.09 0.83 ± 0.95
40 l/m 1.65 ± 1.59 1.05 ± 0.89 2.48 ± 1.84 0.95 ± 1.02
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Figure 12.13: Lifetime statistics displayed in panels (a) to (d), with data extracted from the hole, edge, and bulk regions. Panel
(e) features a representative decay curve from 10 l/m, recorded by the Microchannel Plate Photomultiplier Tube,
along with a mono-exponential fit.

Fluorescence lifetime measurements can be used to estimate temperatures in the surround-
ing gas, with some assumptions. Sensitivity analysis indicates that O2 and N2 are the
primary collisional quenching partners for OH, with their relative concentrations chan-
ging only marginally. Therefore, variations in fluorescence lifetime are mainly attributed
to temperature changes at different flow rates. The key assumption is that collisional velo-
city remains thermally characteristic.

The quenching behavior of OH fluorescence by major air species, specifically N2, O2, and
H2O, was simulated and compared with experimental data[134]. Quenching cross-sections
were determined using empirical formulas from Heard & Henderson [135].

kQ = ⟨v(T)⟩σQ(T) (12.1)
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Figure 12.14: The left panel shows the fluorescence lifetime of OH in air, with major quenching partners being N2, O2, and H2O
at atmospheric pressure. The right panel depicts the quenching cross-section of OH due to collisions with N2, O2,
and H2O as a function of temperature.

where ⟨v⟩ is the average thermal velocity, and σQ is the temperature-dependent quench-
ing cross-section. The average thermal velocity, ⟨v⟩, is given by

√
8kBT
πμ , with kB as the

Boltzmann constant, T as the temperature, and μ as the reduced mass of the colliding
molecules. The total quenching rate was calculated using:

Q =
∑
i

kQiNi (12.2)

where kQi is the quenching rate constant for species i, and Ni is the number density of
that species. The fluorescence lifetime was then determined using 1/(A + Q), where A is
the Einstein coefficient for OH, valued at 1.467 × 106 s−1 [136]. Using the determined
fluorescence lifetimes in Table 4 and applying the above model in Figure 12.14 the derived
temperature results are shown in Table 6.

Table 6: Temperature in Different Regions of OH fluorescence structure at Various Flow Rates derived from the fluoresence
lifetime.

Flow Rate Ring [K] Edge [K] Bulk [K] Hole [K]
10 l/m 2160 2080 2230 4100
20 l/m 2080 1870 2160 3230
30 l/m 2010 1680 2080 2960
40 l/m 1870 1610 1940 3040

The central region of the arc is the hottest, with the plasma and gas gradually cooling as
they move radially outward toward the edge of the OH distribution. During these exper-
iments, the humidity level was measured at 40%, and an ionization/dissociation degree of
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approximately 1% is assumed. The analysis indicates that the temperature derived from
the measured lifetimes is around 2200 K at the lowest flow rate, decreasing with higher
flow rates due to reduced residence time, which limits the time the arc has to heat the
surrounding gas.
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Figure 12.15: The fluorescence lifetime image depicted in Figure 12.12 (b) converted to temperature using the fluorescence
lifetime model shown in Figure 12.14.
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Combined Rayleigh Thermometry and OH LIF Imaging

Previous Rayleigh temperature measurements by Zhu et al. under similar flow conditions
reported gas temperatures around 1100 K, which differ significantly from the values meas-
ured using fluorescence lifetime imaging [137]. However, Zhu et al. did not directly correl-
ate the Rayleigh scattering signal with the arc’s location or the OH signal from the arc,
suggesting their temperature measurements may correspond to regions outside the arc.
Moreover, Laser-Rayleigh thermometry can be challenging by strong background emis-
sions from luminous objects, which may lead to underestimations in temperature.

Current fluorescence lifetime imaging data reveal higher temperatures within the core of
the OH distribution, a region that Zhu et al. did not identify. This highlights the need for
further investigation into local variations in fluorescence lifetimes and gas temperatures.
As a result, a new experiment was designed, combining laser Rayleigh thermometry and
laser fluorescence imaging to more accurately map gas temperatures in relation to OH
fluorescence.

To minimize potential background interference, structured Rayleigh thermometry is em-
ployed, which has been shown to improve accuracy and signal quality [85]. A 532 nm laser
was incorporated into the experimental setup (Figure 12.8), spatially aligned with the 283
nm laser used to excite OH. The 532 nm laser was temporally delayed by 20 ns to prevent
interference with the OH measurements. Figure 12.16 presents a sample from the 10 l/min
case. Both images were spatially aligned by recording a checkerboard pattern and using the
Python cv2 package for sub-pixel precision.

20000

40000

60000

80000

100000

120000

In
te

ns
ity

[C
ou

nt
s]

0

10000

20000

30000

40000

50000

6000015 mm15 mm

In
te

ns
ity

[C
ou

nt
s]

Figure 12.16: Panel (a) shows raw data from the structured Rayleigh scattering experiment, where darker regions correspond
to higher temperatures. In panel (b), the OH fluorescence signal is displayed. The images are inversely related,
indicating that the regions with OH presence correspond to elevated temperatures.

The Rayleigh data is converted to temperature by first applying Fourier filtering to the
image in Figure 12.16(a), followed by the use of Equation (9.3), with the results displayed
in Figure 12.17. The resulting temperature map and contours are superimposed on the
OH data to illustrate the relationship between temperature gradients and the OH signal
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in Figure 12.17(b). The data clearly demonstrates that the central region, where no OH
signal is present, is significantly hotter than the OH-rich regions, supporting the findings
from lifetime imaging, assuming that OH is in thermal equilibrium with the surrounding
gas. Additionally, a small region at the bottom of Figure 12.17 (b) shows some OH signal,
originating from an area where the arc has passed through, which is also reflected in the
temperature map.
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Figure 12.17: Panel (a) displays the temperature field around the OH structure derived from Figure 12.16. In panel (b), the
OH fluorescence signal is displayed with temperature contours superimposed on the image.The red dots in both
panels indicate the center of the OH signal.

Cross-sectional data along both horizontal and vertical directions are extracted from the
temperature and OH signal in Figure 12.17 and is shown in Figure 12.18. It is evident that
the temperature at the center of the OH hole reaches nearly 4000 K, which can also bee
seen in Table 6. Additionally, as the OH signal decreases, the temperature increases, while
at the edges of the OH signal, the temperature decreases, coinciding with a rise in gas
temperature.
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Figure 12.18: Cross-sectional data of the temperature and OH signal in both vertical and horizontal directions originating from
the center of the red dots from Figure 12.17.

The data presented here exhibit similar trends to the temperatures derived from fluorescence
lifetime imaging. However, these are preliminary results, and further analysis is required
to increase confidence in these measurements, which will ultimately form the basis of a
standalone publication.
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12.3 Methyl Measurements in DBD Reactor

The formation of methyl radicals (CH3) is crucial in plasma-assisted hydrocarbon chem-
istry, particularly during methane dehydrogenation. Accurate in situ imaging of CH3
is essential for understanding various plasma processes [138, 139, 140]. Traditional detec-
tion methods, like infrared absorption spectroscopy, typically offer limited measurements
[141, 142].

With growing interest in plasma-assisted technology, spatial and temporal imaging, such
as planar laser-induced fluorescence (PLIF), becomes increasingly important [143, 144, 145,
132]. While direct detection of CH3 via LIF is hindered by pre-dissociation, pump-probe
methods like photofragmentation followed by LIF (PF-LIF) are effective alternatives [134,
146, 147].

To address challenges like overlapping background signals, techniques such as structured
illumination modulate the PF beam to distinguish photofragments, with Fourier lock-in
analysis used for signal extraction. Larsson et al. successfully applied this method to detect
hydroperoxyl (HO2) photofragmentation in a methane/air flame, as shown in Figure 7.1
[148].

As part of this thesis, structured illumination is combined with PF-PLIF to observe CH3 dy-
namics in an atmospheric pressure DBD. A fifth harmonic Nd:YAG laser photofragments
methyl into CH fragments, probed at 431.4 nm. Structured illumination helps differenti-
ate natural from photofragmented CH and reduces interference from stray light, plasma
emission, and the probe laser.

The optical setup involves the interaction of several laser beams within the probe volume.
A picosecond Nd:YAG laser att 266 nm initiates the plasma discharge by illuminating the
electrode, while a second nanosecond Nd:YAG laser operating at 212.8 nm provides pulses
for photofragmentation of specific radicals. These lasers are synchronized to ensure proper
timing of the discharge events. The photofragmentation laser beam passes through a Dif-
fractive Optical Element (DOE) and is shaped into a sinusoidal modulation pattern as it
enters the probe volume.

A third ps laser, operating at a 431.4 nm, probes the fragments produced during the pho-
tofragmentation process. The probe and photofragmentation beams are combined and
focused to form laser sheets within the probe volume. Fluorescence signals are captured by
two IsCMOS cameras, allowing for detailed imaging of the CH fluorescence.

Three different scenarios were studied: (1) The temporal dynamics of CH generated from
the photofragmentation (PF) of CH3 were investigated by varying the pump-probe delay
(DA) while keeping a fixed delay (DB) between the ignition laser and the pump pulse. The
goal was to identify the optimal delay time between plasma formation and the photolysis
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Figure 12.19: An overview of the experimental setup, PCCL: Planar Cylindrical Convex Lens, BS: Beam Splitter, DM: Dichroic
Mirror, DOE: Diffractice Optical Element, SF: Spatial Filter.

pulse to maximize the signal from photolytically produced CH fragments and determine its
decay rate. Next, (2) the temporal dynamics of CH3 were examined by varying DB while
maintaining DA constant, allowing for the investigation of the chemical lifetime of CH3.
Finally, (3) a typical case was analyzed, where the PF CH3 signal reached its peak, capturing
both the natural emission from the discharge and the laser-induced fluorescence from both
naturally occurring CH and the photofragmented CH species derived from CH3.

Figure 12.20 (e) compares the cross-sectional profiles of plasma-produced CH and CH from
CH3 radicals at three diffrent time delays after plasma initiation. The curves, normalized
to unity, show that both species overlap spatially and have similar widths up to 220 ns
post-discharge. The CH3 FWHM is about 10% of the plasma-produced CH width, indic-
ating CH forms a sheet around the CH3-containing discharge channel. Spatio-temporal
variations suggest different chemical reactions across the discharge channel, though further
study is needed to fully understand these differences.

The temporal dynamics of CH photofragments, formed via photolysis, were studied around
150 ns after plasma generation (DB) with varying DA. As shown in Figure 12.21 (a), the
optimal DA for maximum signal intensity is 10-15 ns after discharge. The CH signal, from
CH3 photofragmentation, decays rapidly, falling below noise levels by 225 ns, indicating
fast kinetics. This decay follows a mono-exponential pattern, suggesting a single dominant
reaction with a lifetime of approximately 160 ns, likely involving CH reacting with CH4
to form C2H4 and H (R.1), with other possible reactions including:
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Figure 12.20: Typical data acquired with the temporal delays DB = 150 ns and DA = 10 ns. Panel (a) presents raw LIF data
depicting both plasma produced CH and CH generated by UV photolysis of CH3. This data is captured by camera
C2. Panel (b) illustrates natural plasma emission captured by camera C1, while panel (c) showcases the Fourier-
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from panel (a) is displayed. Lastly, panel (e) exhibits a cross-section of the plasma derived from the dashed lines
in panels (c) and (d). Cross sectional data are shown for three delays after the discharge formation (DB).

CH + CH3 → C2H3 + H (R.1)

CH + CH2 → C2H2 + H (R.2)

CH + H → C + H2 (R.3)

The temporal dynamics of CH3 consumption, with a 10 ns delay between photolysis and
probe pulses (DA), are shown in Figure 12.21 (b). The CH3 signal rises slowly, peaking
around 80 ns after discharge. CH3 forms primarily from CH4 dissociation via electron
collisions or interactions with metastable Ar, and does not directly contribute to CH pro-
duction, suggesting separate pathways for CH and CH3 [141].
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Figure 12.21: Panel (a) displays spatially averaged temporal dynamics of CH generated by the PF of CH3, while panel (b) depicts
the spatially averaged temporal dynamics of CH3 generated by the plasma discharge. Each panel is accompanied
by corresponding mono-exponential fits.

CH3 has a longer chemical lifetime (∼ 600 ns) than CH that is produced from photolysis,
considerably shorter than what was observed by Van den Bekerom et al., although this was
under different conditions (200 Torr, CO2/CH4 mixture) [149]. The CH3 decay is multi-
exponential, with a fast component (∼ 310 ns) and a slower one (∼ 1 μs), likely due to
reactions forming CH4, C2H6, and C3H8:

CH3 + H + M → CH4 + M (R.4)

CH3 + CH3 + M → C2H6 + M (R.5)

CH3 + C2H5 + M → C3H8 + M (R.6)

These reactions likely explain the observed multi-exponential decay.

The data presented in this study offers valuable insights into the spatio-temporal behavior
of the CH3 radical. However, to fully understand the evolution of CH and CH3 signals
over time and to correlate their temporal and spatial dynamics in this context, it would be
beneficial to combine these experimental measurements with plasma kinetic simulations.
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Outlook

Now this is not the end.
It is not even the beginning of the end.

But it is, perhaps, the end of the beginning.
–Winston Churchill

The research presented in this thesis has significantly advanced the development of dia-
gnostic techniques, specifically for high-temperature surface measurements and the invest-
igation of plasma discharges. The results demonstrate the effectiveness and adaptability of
both phosphor thermometry and laser-based optical diagnostics in extreme environments,
ranging from hydrogen-powered gas turbines to highly dynamic plasma systems.

Looking ahead, the integration of advanced diagnostic techniques into real-world applica-
tions, such as plasma chemical processing and power generation is of great interest. Com-
bining these methods with other diagnostic tools in multi-parameter measurement frame-
works will be essential for correlating physical phenomena like temperature, molecular dis-
tribution, and system dynamics. This approach will further improve our understanding
of complex systems, such as plasma-assisted combustion and non-thermal plasma reactors,
where accurate, real-time diagnostics are critical for optimization and control.

The development of new high-temperature phosphors marks a significant advancement
in surface temperature measurements beyond conventional limits. The novel phosphor
YAG:Tm;Li, calibrated to nearly 2000 K while being coated on a surface, and having a
SNR almost 10 times higher than the most commonly used phosphor for high temperature
measurements, YAG:Dy, represents a breakthrough in this area. These phosphors provide
robust, non-intrusive temperature monitoring at extreme temperatures, with promising
applications in industries such as gas turbines and combustion systems. Future work can
build on the methodologies introduced in this thesis, expanding their application range and
refining their performance. For phosphor thermometry, research could focus on extending
the temperature range and sensitivity of phosphors, targeting applications exceeding 2000
K, particularly in advanced propulsion and energy systems. Additionally, the development
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of more accessible and scalable experimental setups for laser diagnostics could facilitate
broader adoption in both research and industrial environments.

In plasma research, the laser diagnostic methods developed in this work have tackled key
challenges associated with the stochastic and non-equilibrium nature of non-thermal plas-
mas. The innovative combination of fluorescence lifetime imaging (FLI) and 3D emission
tomography has yielded new insights into plasma behavior, offering enhanced spatial and
temporal diagnostics in highly reactive and dynamic environments. Expanding these tech-
niques to more complex systems, such as plasma coupled with reactive flows where quench-
ing conditions vary, would be particularly valuable. Moreover, the limited adoption of FLI
in the broader research community underscores the need for more accessible and stream-
lined experimental setups. Developing such setups for FLI and 3D emission tomography
would facilitate broader use, enabling quenching-corrected fluorescence imaging and, con-
sequently, the acquisition of quantitative data.

A photofragmentation technique based on structured illumination has been developed to
study methyl in plasma systems. Extending this method to more complex systems, such as
plasma-assisted methane reforming in thermal plasmas, and combining it with FLI would
be highly valuable. The photofragmentation of methyl would provide spatial information,
while FLI would offer temperature and quenching data, enabling quenching-corrected ima-
ging of methyl. This approach would require further development of the FLI model and
the overall imaging system. Additionally, detecting multiple molecular species simultan-
eously would significantly enhance its applicability in combustion and chemical kinetics
studies. Techniques like multiplexed excitation or the use of broadband laser sources could
improve diagnostic efficiency, providing more comprehensive real-time data.

Ultimately, the advancements made in this thesis not only offer powerful tools for investig-
ating high-temperature surface temperatures and plasma systems but also lay the foundation
for future applications in energy production and sustainable technologies. As global energy
demands continue to grow, the precise diagnostic techniques developed here will assist in
creating cleaner, more efficient, and scalable solutions to meet the energy challenges of
tomorrow.
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Scientific publications

Author contributions

Paper I: Investigating photomultiplier tube nonlinearities in high-speed phos-
phor thermometry using light emitting diode simulated decay curves

Phosphor thermometry, which relies on temperature-sensitive luminescence decay times,
is often affected by two key PMT nonlinearities: photocathode bleaching and space charge
accumulation. These can distort decay time readings, leading to temperature errors.

Using LEDs to simulate decay curves, the study isolates PMT behavior under various gain
settings and radiant flux levels. It shows that higher repetition rates and low PMT gain
settings increase nonlinearity, especially due to photocathode bleaching. Space charge ac-
cumulation also worsens nonlinearities at high gain. It was found that operating PMTs at
the highest radiant flux level where the response remains linear, ensuring the anode current
stays within recommended limits.

Additionally, it was found that effects of background radiant flux on decay time accuracy,
though a gated PMT can reduce these errors at lower repetition rates. Overall, this work
provides guidelines for improving accuracy and precision in high-speed phosphor thermo-
metry by optimizing PMT settings, especially in kHz-range experiments.

HF conducted the experimental work, performed the formal analysis, created the figures, and
wrote the manuscript, while I had an supportive role throughout the process.

Paper II: Automated phosphor thermometry lifetime calibration ofmultiple phos-
phors and emission lines to above 1900 K

An automated system to perform lifetime calibration for temperatures exceeding 1900 K
was developed. This method enables simultaneous calibration of several phosphors un-
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der identical conditions, improving efficiency and data consistency, especially in high-
temperature environments like gas turbines.

The experimental setup uses a Nd:YAG laser to excite the phosphors, which are applied
to an alumina oxide disc. The system automates the data collection, ensuring real-time
calibration without manual input. The calibration process is performed on four phosphors
(YAG:Dy, YAG:Dy,Ce, BSAS:Tb, and Y2Si2O7:Dy), and the algorithm analyzes different
emission lines in a randomized sequence to avoid systematic errors.

The system’s reliability and efficiency significantly reduce the time required for calibration,
making it suitable for high-temperature applications where multiple phosphors need to be
evaluated simultaneously under the same conditions.

HF and I jointly initiated the study and collaborated on the experimental work. HF was re-
sponsible for data evaluation and visualization, while I created the experimental setup figure.
HF also developed the algorithm for automating data collection and wrote the manuscript. I
had supportive role throughout the review process.

Paper III: Laser excitation effects in lifetime-based high-speed phosphor thermo-
metry

This study examines how laser fluence and irradiance influence the decay time of phos-
phors, which is crucial for temperature calculations. It was found that MFG’s decay time
responds linearly to laser irradiance, while YVO4:Tm is more sensitive to laser fluence. This
challenges the assumption that laser-induced heating is the main source of error; instead,
the study identifies photophysical effects in the phosphor materials as the primary cause
of decay time changes. These effects shift the balance between shorter and longer decay
time components as laser fluence increases. It is suggested that optimizing laser settings,
minimizing fluence and irradiance while maintaining signal strength, can reduce errors in
high-speed phosphor thermometry.

HF initiated the study and collaborated with me on the experimental work. HF was responsible
for all data analysis and figure creation, as well as writing the manuscript. I had supportive role
throughout the review process.

Paper IV: Fluorescence lifetime imaging through scattering media

Fluorescence lifetime determination is vital tool for quenching corrected fluorescence ima-
ging but it becomes difficult when mixed signals from scattering affect the results. This
study address this issue by combining structured illumination with spatial lock-in analysis
to suppress the scattering and improve image contrast. The method is based on Dual Ima-
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ging Modelling Evaluation (DIME), which enhances fluorescence lifetime measurements
by separating the true fluorescence signal from scattered light. This allows for accurate
lifetime imaging, even in harsh environments with significant scattering.

The experimental setup involves using a picosecond mode-locked laser and an imaging sys-
tem that captures two images (short and long gated) of a toluene-seeded gas jet. Structured
illumination creates a modulation pattern in the fluorescence signal, which is processed with
spatial lock-in analysis to remove scattering artifacts. The results show that this approach
can effectively recover accurate lifetime distributions, even in the presence of significant
light scattering.

AE and EK conducted the experiments. I performed the data analysis, curated the figures, and
wrote the majority of the manuscript, with assistance from AE and EK.

Paper V: Temperature resolved decay time components of Mg4FGeO6: Mn using
the maximum entropy method

Maximum Entropy Method (MEM) allows for precise separation of multiple decay com-
ponents from a single phosphor decay curve, outperforming traditional fitting methods
that often assume a limited number of components.

In this study, two key decay components were identified. The longer component showed
high sensitivity to temperature, making it useful for thermometry. By tracking the peaks
in decay time distributions, MEM enables accurate temperature measurements, even in
the presence of multi-exponential decay behavior. Techniques like optical filtering and
dynamic down-sampling were used to minimize interference and capture both short and
long decay times. MEM proved effective in resolving luminescence from both the phosphor
and background sources, even in challenging environments.

I and HF jointly initiated the study and collaborated on the experimental work. HF developed
the algorithm for data collection, performed the data analysis and visualization, and created
all the figures. I authored the section on the Maximum Entropy Method, while HF wrote the
remainder of the manuscript. I had supportive role throughout the review process.

Paper VI: Upconversion phosphor thermometry for use in thermal barrier coat-
ings

The phosphors YSZ:Er,Yb and YSZ:Ho,Yb were characterized using both upconversion
and downconversion luminescence. A Kubelka-Munk simulation compared their signal
strength with YSZ:Er. Upconversion lifetime phosphor thermometry proved promising for
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temperature measurements in a phosphor-doped YSZ layer due to its enhanced temperature
sensitivity, reduced background interference, and strong signal strength.

HF initiated the study, performed the experimental work, analysis, figures and wrote the ma-
nuscript. I had a supportive role throughout.

Paper VII: High temperature thermographic phosphors YAG: Tm; Li and YAG:
Dy in reduced oxygen environments

This study examines the performance of YAG:Tm;Li and YAG:Dy phosphors for high-
temperature surface thermometry in low oxygen conditions. YAG:Tm;Li outperformed
YAG:Dy, showing nearly ten times stronger signal strength and better signal-to-noise ratio,
resulting in more accurate temperature measurements.

YAG:Tm;Li also exhibited lower sensitivity to oxygen concentration changes, minimizing
errors due to oxygen quenching, particularly when using a mono-exponential decay fit.
This makes it a better choice for high-temperature measurements in reduced oxygen envir-
onments, offering higher precision and reliability compared to YAG:Dy.

I initiated the study and collaborated with HF on the experimental work. I carried out most of
the data analysis, with the exception of the Maximum Entropy Method, which was handled by
HF. I authored the manuscript and was responsible for all the visualizations and figures.

Paper VIII: Fiber-coupled phosphor thermometry for wall temperature measure-
ments in a full-scale hydrogen gas turbine combustor

Wall temperatures in a full-scale gas turbine combustor were measured using fiber-coupled
phosphor thermometry with natural gas and up to 100% hydrogen. YAG:Dy and YAG:Tm;Li
phosphors were tested, but YAG:Tm;Li was incompatible with the setup due to laser-
induced interference. A strategy was developed to compensate for flame emission inter-
ferences during natural gas operation, enabling single-shot temperature measurements at
15 Hz with a precision of 2–7 K for a 1-second average.

PN, AM, and NP conducted the measurements at Siemens’ test facility in Ludwigsfelde, near
Berlin. Unfortunately, I was unable to participate in the experimental campaign due to unfore-
seen circumstances related to COVID-19. However, I provided the phosphors used in the meas-
urements and authored the section of the paper on phosphor selection. PN wrote the remaining
sections and handled all the visualizations. I had supportive role throughout the review process.
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Paper IX: 3D-tomographic reconstruction of gliding arc plasma

This study introduces method for studying gliding arc discharges using 3D emission tomo-
graphy, which allows for detailed volumetric measurements of plasma luminosity fields.
This technique provides a more comprehensive view of the arc’s structure and dynamics
compared to traditional 2D methods, which often miss crucial details.

By using multiple CMOS cameras positioned around the plasma to capture simultaneous
images of the arc from different angles. These images were then processed to reconstruct a
3D model of the plasma discharge. The study reveals several important findings. First, the
arc length was shown to increase with airflow up to a certain point, after which higher flow
rates caused the arc to shorten due to turbulence. In contrast, 2D projections consistently
underestimated the arc length by up to 15%, especially at higher flow rates where the arc’s
curvature was more pronounced.

DS and I conducted the experimental activities together. The data analysis was carried out
collaboratively by DS, AR, and me. DS was responsible for data visualization, creating the
figures, and writing the article. I had supportive role throughout the review process.

Paper X: Effect of a single nanosecond pulsed discharge on a flat methane–air
flame

This study explores how a nanosecond pulsed discharge impacts methane–air combustion.
A single pulse, with an amplitude between 30 and 50 kV, was applied to a flat premixed flame
at atmospheric pressure, and the effects were analyzed using optical and laser diagnostics.

It was found that the plasma pulse increased the flame speed for several milliseconds without
significantly raising the gas temperature, suggesting that the enhancement is driven primar-
ily by chemical rather than thermal effects. Additionally, formaldehyde formation an in-
dicator of early combustion reactions was observed to increase in both the unburnt and
preheat zones after the plasma pulse, demonstrating the plasma’s influence on combustion
chemistry. Temperature measurements revealed minimal changes at the flame front imme-
diately following the pulse, but localized heating was detected near plasma filaments in the
unburnt region.

YB, CK, JR, and JS conducted the measurements. YB, CK, and JS carried out the data analysis
and visualization. I performed COMSOL simulations to support the findings and assisted in
constructing the experimental setup. I had supportive role throughout the review process.

119



Paper XI: Application of emission spectroscopy in plasma-assisted NH3/air com-
bustion using nanosecond pulsed discharge

The study explores the influence of nanosecond pulsed plasma discharges on ammonia
(NH3) and air combustion using optical emission spectroscopy (OES). The study reveals
that plasma discharges generate excited nitrogen (N∗

2) and hydrogen (H∗) species, which
play a crucial role in enhancing combustion. These reactive species contribute to both
the kinetic and thermal effects observed in NH3 combustion. It was observed that two
distinct emission events within a single discharge pulse, separated by 80 nanoseconds, each
exhibiting a double exponential decay pattern.

The plasma discharges also lead to significant localized gas heating, raising the temperature
by up to 700 K in the flame region. Additionally, the electron density along the flame
increases, reaching up to 1 × 1017 electrons per cubic centimeter. The study finds that
approximately 20% of the discharge energy is used for gas heating, with the remaining
energy driving important kinetic processes that enhance combustion.

JS, YB, and JR conducted the experiments. JS handled the analysis, visualization, and figure
creation and wrote the paper . I assisted in constructing the experimental setup. I had supportive
role throughout the review process.

Paper XII: Photofragmentation laser-induced fluorescence imaging of CH3 by
structured illumination in a plasma discharge

The study introduces a new for detecting methyl radicals (CH3) in plasma-assisted methane
dehydrogenation. CH3 is a key intermediate in such processes, but its detection is challen-
ging due to its high reactivity and interference from naturally occurring CH fragments.

This was solved by use Photofragmentation Planar Laser-Induced Fluorescence (PF-LIF)
combined with structured illumination. This approach involves using a laser to fragment
CH3 into CH radicals, which are then imaged with a probe laser. Structured illumination
helps distinguish between CH radicals produced from CH3 photofragmentation and those
naturally occurring in the plasma, reducing background interference and improving the
clarity of the signal.

The study shows that this method successfully detects CH3 in a methane-argon plasma,
with structured illumination significantly enhancing signal clarity. The results also reveal
that CH3 quickly reacts with its environment, displaying a multi-exponential decay.

I built the experimental setup and conducted the measurements with JP and JR. I performed the
data analysis, created the visualizations and figures, and authored the paper.
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Paper XIII: Holistic analysis of a gliding arc discharge using 3D tomography and
single-shot fluorescence lifetime imaging

The study explores gliding arc plasmas, which are vital for sustainable chemical processes
due to their high temperatures and efficient energy transfer. These plasmas are complex,
making traditional 2D analysis difficult. To address this, the researchers combined single-
shot fluorescence lifetime imaging of hydroxyl radicals with 3D optical emission tomo-
graphy to gain a detailed understanding of the plasma’s structure and behavior.

This allows us to map the spatial distribution of OH radicals and the plasma arc, revealing
how increased flow rates lead to more turbulent plasma structures and shorter arc lengths.
The FLI method also corrected for quenching effects, enabling accurate measurement of
OH densities and temperature variations.

DS and I performed the experiments. The data analysis was carried out collaboratively by DS,
AR, and me. I made all the figures and visualization. I authored the article.

Paper XIV: Fluorescence lifetime imaging of nitric oxide in nanosecond pulsed
discharge-assisted NH3/air flames

The work studies NO fluorescence lifetime in ammonia NH3/air flames enhanced by nano-
second pulsed discharges (NPD), crucial for improving plasma-assisted combustion (PAC)
of ammonia, a promising carbon-free fuel. Using laser-induced fluorescence (LIF), the
study reveals distinct behaviors in the burnt and unburnt flame zones.

In the burnt zone, NO fluorescence lifetime increased slightly due to a temperature rise,
primarily governed by the number density of particles. In contrast, in the unburnt zone,
NO exhibited a much longer fluorescence lifetime than expected, likely influenced by
plasma-generated excited radicals like N∗

2. Additionally, a shockwave in the burnt zone
caused a localized dip in lifetime due to gas compression, emphasizing the importance of
number density in quenching dynamics.

JS built the experimental setup and collected the data, performed measurement and analysis. I
had supportive role building the experimental setup. I had supportive role in the analysis and
help discussing key results.
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