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Summary

Two-beam femtosecond/picosecond (fs/ps) coherent Raman spectroscopy (CRS) is the benchmark for
laser diagnostic measurements in the gas phase. The fs-duration pump/Stokes pulse is used to excite
the ro-vibrational modes of the Raman active molecules. The ps-duration probe is scattered
coherently from the excited molecules. The pump and Stokes photon originate from the same pulse,
therefore they overlap automatically spatially and temporally. The difference in frequency between
the pump and the Stokes photon needs to match with the energy gap of molecule specific transitions.
The finite bandwidth of the fs pump/Stokes pulse determines the probability to excite different
transitions. To measure in the vibrational fingerprint region (Ω = 800-1400𝑐𝑚−1) a supercontinuum is
required. Measurements in the vibrational fingerprint region can ease the fitting procedure due to the
far spaced spectral lines and give additional information on major combustion species like for example
carbon dioxide, oxygen and molecular hydrogen. In this work in-situ femtosecond-laser-induced
filamentation is proposed as supercontinuum source for ultrabroadband two-beam fs/ps CRS.
Fs-laser-induced filamentation is a non-linear optical process where the pulse self-focusses, a
supercontinuum is created in-situ through self-phase modulation and non-linear dispersion in the
plasma medium. In-situ generation of the supercontinuum allows for a great simplification of the
experimental setup compared to ex-situ generation of the supercontinuum, as no additional chirped
mirrors are required to deliver a near-transform-limited ultrabroadband pulse to the probe volume.
An experimental campaign is presented split into three phases.

In the first phase of the experimental campaign the filamentation process is characterised. This
includes measurements of the power required to initiate the filamentation process and measurements
to find the spatial dimensions of the filament. Furthermore, the work demonstrates the effects of
different boundary conditions on the excitation efficiency. The effects of input pulse power and
temperature are major, the effects of gas composition are smaller. It is found that pulse compression
by the filamentation process is stable from shot-to-shot. A novel experiment where the input and
output pulse duration for different amounts of pre-chirping is presented. A chirped input pulse
(𝜏 ≈ 60𝑓𝑠) results in the shortest output pulse duration out of the filament. This is surprising, as
most optical process are strongest for transform-limited input pulses (𝜏 ≈ 35𝑓𝑠). Most likely, the
increase in pulse duration enhances the delayed nuclear response.

To avoid ionization in the probe volume the filament is placed in front of the probe volume. This
increases the interaction length compared to the conventional crossing method. In the second phase
of the experimental campaign the probe volume dimensions are characterised with a novel procedure
to relay-image the cross-section of the pump/Stokes pulse output by the filament, to estimate the
beam waist at the probe volume with its divergence. The estimated beam waist gives reasonable
results, although it is sensitive to the calibration. The estimated interaction length is most likely too
long due to simplifications in the post-processing.

In the third phase of the experimental campaign thermometry is performed with different boundary
conditions. The work shows that thermometry is affected when the filament is placed inside the
probe volume, both spectral heating and cooling are observed. Furthermore, for some pump/Stokes
pulse energies spectral heating is observed. The change in excitation efficiency due to the different
boundary conditions results most likely in a normalisation error. New experiments are proposed to
validate these speculations. The stable excitation efficiency results in sufficient bandwidth to excite all
the ro-vibrational Raman transitions up to Ω = 1600𝑐𝑚−1 behind optical windows. This is demonstrated
by the first simultaneous single-shot measurement of ro-vibrational CO2 and O2 CRS spectra behind
an optical window in a laminar hydrocarbon flame.
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1
Introduction

The global surface temperature of the Earth has been rising every decade since 1850. Most likely, the
period from 1983 to 2012 was the warmest period in 1400 years in the Northern Hemisphere. The
atmospheric concentrations of carbon dioxide, methane and nitrous oxide are higher than they have
been in the last 800, 000 years due to anthropogenic emissions. It is extremely likely that the increase
in greenhouse gasses is the dominant cause for the observed warming. The anthropogenic greenhouse
gas emissions are driven by economic and population growth. The rise in temperature leads to all sort
of problems, among others; the rising of the sea levels, regions that become uninhabitable for both
animals and humans, and more extreme weather patterns. [1]

Ambitious goals have been set to limit the global average temperature increase to well below 2∘𝐶
above pre-industrial levels in the Paris agreements [2]. All pathways which lead to such reduction
require substantial emission reductions over the next few decades, with near zero emissions of CO2
by the end of the century [1]. To prevent further anthropogenic emissions science has to develop
green alternatives for the production of energy. One of the most urgent issues worldwide is the
pollution generated through the conversion of chemical energy to heat by combustion processes [3].
Industrial stationary ground-based engines produce more than 90% of energy production (2018 data)
[4]. Furthermore, economically viable green alternatives are not always available. For example, there
exists no clear alternative for engines in the aerospace industry, while aviation accounts for 3.5% of
the effective radiative warming [5].

Sufficient reasons to justify further research to the fundamentals of combustion processes in order to
improve the efficiency and limit emissions. Combustion is characterised by complicated turbulent
chemical processes [3]. These processes involve ten-to-hundreds of chemical species and
hundreds-to-thousands of chemical reactions [3]. Accurate and precise measurements in flames are
required to study the fundamentals of combustion and innovative designs [6]. The diagnostic tools
need to withstand harsh environment in flames. To give an idea; methane/air flames have adiabatic
flame temperatures of up to 2236𝐾 [7]. Similar temperatures are possible in hydrogen/air flames.
Hydrogen/air flames have adiabatic flame temperatures of 2442𝐾 [7].

Traditional measurement techniques exist, such as thermocouples to measure temperature and
chromatography to measure species concentrations [6]. To acquire in-situ measurements of flames
the traditional methods require a physical probe which disturbs the flow field. The velocity field in the
flame changes as the gasses flow around the physical probe. The methods lack the ability to measure
the complicated dynamics in for example turbulent flames. Therefore, they lack the ability to take the
accurate measurements required for the development of advanced engines [6]. Currently, laser
diagnostics is the method of choice compared to other measurement techniques. Mainly because it is
non-perturbative (as mentioned before) and can measure in-situ with high accuracy and precision
[6, 8–20].
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2 1. Introduction

For laser diagnostic measurements in the gas phase, coherent Raman spectroscopy (CRS) is the
benchmark [8]. The method can perform measurements of molecular species concentrations,
pressure and temperature [8–20]. The accuracy and precision of CRS are outstanding. Single-shot
precision of ~0.5-1.0% [9, 10] and single-shot accuracy of ~2-3% [10–12] have been demonstrated.
Furthermore, the temporal resolution (resolution in time) is in the range of picoseconds (𝑝𝑠 = 10−12𝑠)
to femtoseconds (𝑓𝑠 = 10−15𝑠) [18, 19], a time frame in which the measurement is collision
independent. Also, measurements are possible with excellent spatial resolutions in the order of
micrometres [10, 14, 20], where spatial resolution refers to the size of the measurement space which
is named the probe volume.

In this thesis two-beam fs/ps CRS is used. The methodology allows for time resolved measurements
at high repetition rates through windowed combustors [21]. Fundamental research in stable open
flames up to research in windowed combustors with highly turbulent flow fields is possible.
Two-beam CRS uses two laser pulses; the pump/Stokes pulse contains the pump and the Stokes
photon, and the probe pulse contains the probe photon. The bandwidth of the pump/Stokes pulse
determines which spectral lines can be measured. These spectral lines are temperature and species
specific. The spectrum is typically described by Raman shift (𝜔) in wavenumbers (𝑐𝑚−1). In the
vibrational fingerprint region (high Raman shift, Ω = 800-1400𝑐𝑚−1 [22]) the spectrum is less
congested with spectral lines compared to low Raman shifts. Measurements in the vibrational
fingerprint region can ease the fitting procedure and give additional information on major combustion
species like for example carbon dioxide, oxygen and molecular hydrogen. In a two-beam CRS setup
this requires an ultrabroadband pump/Stokes pulse, or in other words a supercontinuum.

Different methods exist to create an ultrabroadband pulse. In this work supercontinuum generation
via in-situ fs-laser-induced filamentation is suggested. In-situ generation means that the pulse is
created near the probe volume. For practical application like combustors this means that the pulse is
created behind an optical window. Fs-laser-induced filamentation is a non-linear optical process which
influences beam propagation and causes spectral broadening. Ultrabroadband CRS with in-situ fs-laser-
induced filamentation is an undeveloped research field [23–28]. Thermometry has been performed in
the time domain; dephasing of the coherence is used to estimate the temperature [24]. No research
is available where single-shot ultrabroadband fs/ps CRS in the frequency domain is used to measure
temperature or species concentration in flames.

The thesis aims to contribute to the development of two-beam fs/ps CRS by characterising
fs-laser-induced filamentation and the effects of fs-laser-induced filamentation on thermometry. An
experimental campaign is designed to find the limitations of the technology. The main research
objectives include a characterisation of the supercontinuum and how this is affected by different
boundary conditions, the power required to initiate the filamentation process, the dimensions of the
probe volume, and the effects of different boundary conditions on thermometry. Furthermore, the
thesis aims to demonstrate ultrabroadband CRS behind an optical window.

The report is structured in eight chapters. Firstly, some of the fundamental theory on CRS and different
experimental implementations of CRS are discussed in Chapter 2 and 3. Why in-situ generation of the
supercontinuum with fs-laser-induced filamentation is promising for CRS is further elaborated on. Then,
theory on fs-laser-induced filamentation is presented in Chapter 4. Next, the results of the experimental
campaign are presented. The campaign is split into three phases. Chapter 5 covers the first phase, it
focuses on fs-laser-induced filamentation. An example of an output parameter is the energy required
to initiate the filamentation process. The second phase consists of a novel approach to characterise
the probe volume dimensions under filamentation conditions, this phase is presented in Chapter 6.
Chapter 7 covers the third phase where the effects of the filamentation process on thermometry are
discussed. This chapter concludes with a demonstration of ultrabroadband CRS thermometry behind
an optical window. Finally, in Chapter 8 the conclusions are presented.



2
Theory on Coherent Raman

Spectroscopy

In this chapter the theory on Coherent Raman Spectroscopy (CRS) is discussed. First, some theory
on the rotational and vibrational energy levels is presented in Section 2.1. Then, the energy level
distribution dependence on temperature and species concentration is elaborated on in Section 2.2.
With this fundamental theoretical background it is possible to further explain CRS. In Section 2.3 the
scattering of light between the different energy levels is discussed. Finally, the chapter concludes with
a description of the intensity of the CRS signal and different terms required to model the spectrum in
Section 2.4

2.1. Energy Levels
In CRS light interacts with molecules. The interaction between electromagnetic waves and matter
depends on the energy levels of the molecules. Energy levels are the basis of the physics in CRS and
therefore are vital to understand. This section is based on the introduction of CRS in Bohlin (2012) [8].

Firstly, a molecule needs to be considered. A molecule consists of at least two atoms bound together
with chemical bonds. In general an atom consists of negatively charged electrons, neutrons without
charge (some molecules do not have neutrons), and positively charged protons. The neutrons and
protons together form the nucleus, for a diatomic molecule two nuclei can be found near the centre of
a molecule.

In a first approximation a diatomic molecule can be simplified as shown in Figure 2.1, here the mass
of the atom is represented by point masses. The point mass approximation can be made as the size
of the nuclei is in the orders of femtometres (10−15𝑚) and contains most of the weight of the atom.
The figure shows the vibrating and the rotating motion of the molecules as independent motions. For
the rotational motion, the point masses of the nuclei are connected with a rod. Where for the vibrating
motion the point masses are connected with a spring. Hereby, it is possible to derive the motion of the
atoms with classical mechanics.

Figure 2.1: Point mass approximation for diatomic molecule. The figure presents the harmonic oscillator (left) and the rigid
rotator (right).
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4 2. Theory on Coherent Raman Spectroscopy

The internal energy levels of a molecule are discrete. This comes from quantum mechanics, the
energy levels are quantised. The total internal energy of a molecule can be decomposed into
potential and the kinetic energy. The potential energy is associated with the bounded states from the
electronic configurations. The kinetic energy is associated with the different motions of the molecule:
translational, vibrational, and rotational energy. The translational energy is not regarded in this
section, this energy is related to the speed of the molecules.

There is a large frequency difference between the vibrational and rotational motion; a molecule has
around 1000 vibrations before 1 rotation is completed. Therefore, as a first approximation it can be
assumed that the vibrational and rotational motions are independent of each other. This
approximation is the Born-Oppenheimer approximation. The total energy can be determined as the
sum of the energies of the different motions, excluding the electronic energies. In reality, the
vibrating and rotating motions are dependent on each other. Later, a correction is presented to
compensate for this effect.

A schematic of the vibrational and rotational energy levels within the ground electronic configuration is
presented in Figure 2.2. The vertical axis is scaled with the dissociation energy, the energy related to
the strength of the chemical bond. It can be noted that the discrete steps in the vibrational states are
larger compared the discrete steps in the rotational states. The energy level differences are utilised in
CRS; this is further elaborated on in Section 2.3.
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Figure 2.2: Schematic of vibrational and rotational states within ground electronic configuration. Vibrational states are
subdivided by rotional states.

As mentioned, the vibrational and rotational levels are of interest. Starting with the vibrational motion,
the motion can be described by a simple harmonic oscillator with sinusoidal oscillations. The motion
is centred around the equilibrium internuclear distance. When the atoms are brought apart, a force
proportional to the distance is present. The force represents the strength of the bond between the
atoms. In the approximation, the electromagnetic force can be explained by the attraction of the
positively charged atoms and negatively charged electrons when separated further than the equilibrium
distance. The repulsion can be explained by the interaction when two nuclei (both positive) get closer
than the equilibrium distance. This leads to a harmonic potential with vibrational energy solutions (𝐸𝑣)
as shown in Equation 2.1.
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𝐸𝑣 = ℏ𝜔𝑣𝑖𝑏 (𝑣 +
1
2) , (𝑣 = 0, 1, 2, …) [Joule]

𝜔𝑣𝑖𝑏 =
1
2𝜋√

𝑘
𝜇 [Hz],

1
𝜇 =

1
𝑚𝐴

+ 1
𝑚𝐵

(2.1)

Where 𝑘 is the oscillator strength, ℏ is the reduced Planck constant, 𝜔𝑣𝑖𝑏 is the vibrational frequency
and 𝑣 is the vibrational quantum number. The harmonic solution is only valid close to the equilibrium
position. The model breaks down further away from the equilibrium position when the attractive force
between the nuclei becomes weaker, here the bond breaks down. A more sophisticated description is
the Morse potential (𝑉), as shown in Equation 2.2. Here, the effect of bond breaking is included in the
potential.

𝑉 = 𝐷𝑒𝑞[1 − 𝑒𝑎𝑟]2, 𝑟 = 𝑟𝑒𝑞 − 𝑟′ (2.2)

Where the constant 𝑎 is species-specific and 𝐷𝑒𝑞 is the associated dissociation energy. To account for
bond breaking higher-order terms are included to describe the vibrational energy levels as shown in
Equation 2.3. Most importantly, the difference in between the discrete vibrational energy steps are not
at a fixed distance, as for the harmonic solution. At higher energy levels, the nuclei start to vibrate
more strongly and the average internuclear distance of the nuclei increases. The energy steps become
smaller.

𝐸𝑣 = ℏ𝜔𝑣𝑖𝑏 (𝑣 +
1
2) − ℏ𝜔𝑣𝑖𝑏𝑥𝑒 (𝑣 +

1
2)

2
+⋯ [Joule] (2.3)

Where 𝑥𝑒 is the anharmonicity constant.

In a first-order approximation the rotational motion is described with a rigid rotator (see Figure 2.1).
The energy levels can be described with Equation 2.4.

𝐸𝐽 =
ℏ2
2𝐼 𝐽(𝐽 + 1), (𝐽 = 0, 1, 2, …) [Joule] (2.4)

Where 𝐽 is the rotational quantum number and 𝐼 is the moment of inertia. Some correction terms are
required to model the actual physical behaviour. The derivation is outside the scope of this document.
The reason for those terms are non-rigid properties of a molecule. Strong vibrations increase the
average internuclear distance between the nuclei. Hereby, the moment of intertia is increased. This
increase in moment of intertia decreases the rotational energy. In Equation 2.5 a better model for the
rotational energy levels is shown. Here correction terms are present to account for the before-named
effect.

𝐸𝐽 = ℎ𝑐 (𝐵𝐽(𝐽 + 1) − 𝐷𝐽2(𝐽 + 1)2 +⋯) , (𝐽 = 0, 1, 2, …) [Joule]

𝐵𝑣 = 𝐵 − 𝛼 (𝑣 +
1
2) + 𝛾 (𝑣 +

1
2)
2
+⋯ , 𝐷𝑣 = 𝐷 + 𝛽 (𝑣 +

1
2) + ⋯

(2.5)

Here 𝐵 and 𝐷 are equilibrium values, ℎ is Planck’s constant, and the constants 𝛼, 𝛽 and 𝛾 are rotational-
vibration (ro-vibrational) interaction constants.
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2.2. Population Distribution

An energy state is an eigenvector of the Hamiltonian (operator corresponding to the total energy of a
system) and has a single definite energy. One energy state is described by a combination of quantum
numbers. The quantum numbers are the conserved quantities in the dynamics of a quantum system.
Or in other words, the quantities which remain constant along each trajectory of the system. The
probability density function of the energy states for a medium in thermal equilibrium can be described
with the Boltzmann distribution. The probability that a molecule is in a certain energy state is given by
Equation 2.6.

𝑃(𝑠) = 1
𝑧 exp(−𝐸(𝑠)/𝑘𝑇), 𝑍 = Σ𝑠 exp(−𝐸(𝑠)/𝑘𝑇) (2.6)

Where 𝑍 is the partition function, 𝑇 is the temperature, 𝑘 is the Boltzmann’s constant, and 𝑠 is the
energy state. For a system in thermal equilibrium, the distribution of the vibrational and rotational
energy states is a function of temperature. For molecular nitrogen, the population distribution of the
rotational and vibrational states are displayed in Figure 2.3.
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(a) Relative populations of rotational states displayed at three
temperatures. Please note that the quantum rotational levels are
discrete. For increasing temperature higher rotational energy states
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(b) Fractional population distribution of the first three vibrational
states at temperatures ranging from 300 𝐾 to 2000 𝐾. For increasing
temperature higher vibrational energy states become more occupied.

Figure 2.3: Vibrational and rotational population distributions of 𝑁2.

From the distribution of the rotational states it can be noted that at low temperatures there is a
dense population of low quantum rotational levels. A rising temperature results in a flatter Boltzmann
distribution with higher quantum rotational levels. Thus, on average the molecules rotate more rapidly
at higher temperatures.

For molecular nitrogen the population distribution of the vibrational states at room temperature is
monotonic, almost all molecules can be found in the first vibrational state. With increasing temperature
the higher vibrational states become more occupied. Furthermore, the difference in between the
vibrational states becomes more pronounced.

If a particle has multiple energy states with the same energy content, an energy level is degenerate.
In calculations this needs to be included. The rotational levels have a energy state degeneracy of
𝑔𝐽 = 2𝐽+1 due to the magnetic sublevels [8]. Furthermore, a statistical weight factor (𝑔𝑆) is required
to account for coupling of the spin of the nucleus [8].

The population distribution is species specific. The species specific population distribution and the
species specific discrete energy step locations make it possible to measure species concentrations.
How the energy steps are utilised in CRS is further discussed in Section 2.3.
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2.3. Scattering of Light
The internal energy of a photon, a light particle, can be described with Equation 2.7 [29].

𝐸𝑃ℎ𝑜𝑡𝑜𝑛 =
ℎ𝑐
𝜆 = ℎ𝑓 (2.7)

Where ℎ is Plack’s constant, 𝑐 is the speed of light, 𝜆 is the wavelength of the photon, and 𝑓 is the
frequency of the photon. Most important is that the internal energy of a photon is linked to its frequency.

The interaction of interest between photons and molecules is scattering. Although not scientifically
correct, one could think as if the two collide. The photon and molecule combine their energies to a
higher value than the original molecule, there is energy coupling. The coupling mechanisms, Rayleigh
and Raman scattering, are displayed in Figure 2.4. Here, the horizontal solid lines display two energy
states of a molecule. The vertical arrows represent the energy added or subtracted from a molecule.
The combination of both energies is referred to as a virtual state (dashed horizontal line). This virtual
state is short-lived and unobservable in quantum mechnics [30]. For the inelastic Rayleigh scattering no
energy is transferred between photons and particles. For elastic Raman scattering energy is transferred.
A decrease in photon energy is referred to as a Stokes shift and an increase in photon energy is referred
to as an anti-Stokes shift.

E1

E2

ωr

vs

ωS

ωAS

Rayleigh Scattering Raman Scattering

Figure 2.4: Different possibilities for light to scatter during the interaction with a molecule. From left to right, figure shows
inelastic Rayleigh scattering, and elastic Raman scattering for the Stokes (𝜔𝑆) and anti-Stokes shift (𝜔𝐴𝑆). Molecular states are

displayed with solid horizontal lines, dashed horizontal lines are virtual states (𝑣𝑠).

CRS is a four wave mixing process. The pump, Stokes and probe pulse interact with the medium
to produce the fourth CRS pulse, a schematic of the coupling of their energies through a molecule
is shown in Figure 2.5. In classical terms, the frequency difference of the pump and Stokes pulse
(𝜔𝑝 − 𝜔𝑆) oscillate the electrons inside the probe volume, where the probe volume is the location of
interaction of the laser beams. When the frequency difference of the two optical waves is close to
characteristic frequency of the harmonic oscillator (𝜔𝑟), the oscillation is driven efficiently. Then the
electron clouds oscillate at the frequency difference and that changes the optical properties of the
medium. The refractive index of the medium is periodically changed. The probe pulse is modulated
by the medium, part of the probe pulse acquires the same periodic modulation as the medium. The
probe pulse can acquire a Stokes (𝜔𝑝𝑟 + 𝜔𝑝 − 𝜔𝑆) or anti-Stokes (𝜔𝑝𝑟 − 𝜔𝑝 + 𝜔𝑆) shift. The different
pathways are named coherent anti-Stokes Raman spectroscopy (CARS) and coherent Stokes Raman
spectroscopy (CSRS, pronounced as ”scissors”). The species specific energy states result in species
specific CRS spectra. This fact makes CRS suitable for species concentration measurements.



8 2. Theory on Coherent Raman Spectroscopy

E1

E2

ω
r

ωPu ωS

ωPr ωC

τ

vs

(a) Coherent anti-Stokes Raman Spectroscopy (CARS).
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(b) Coherent Stokes Raman Spectroscopy (CSRS).

Figure 2.5: Principle of photon and energy levels coupling for CSRS and CARS. 𝜔𝑃𝑢, pump pulse; 𝜔𝑆, Stokes pulse; 𝜔𝑃𝑟,
probe pulse; 𝜔𝐶, CRS signal; 𝜔𝑟, resonance frequency; 𝜏, probe pulse delay; 𝑣𝑠, virtual state.

In a quantum mechanical model the state created in the medium by the pump and Stokes pulses is
called a coherence. The CRS signal is coherent due to the coherence in the medium [31] and creates
a laser-like pulse [8]. Therefore, CRS is an efficient technique as most of the output energy can be
directed towards a camera.

In literature Raman shift is used commonly to display the frequency of the CRS signal. Raman shift is
the spatial frequency difference between the two energy states in wavenumbers. Wavenumbers are
defined as the spatial frequency 1/𝜆, where 𝜆 is the wavelength. The SI Unit is waves per metre (𝑚−1),
however the SI unit is hardly used in the literature concerning CRS, more widely used is 𝑐𝑚−1 as this
is more conveniently spaced.

2.3.1. Polarizability

This sections describes how the polarizability of molecules is important to CRS and how it depicts the
oscillatory modes of molecules. The polarizability of a molecule describes its tendency to be distorted
by an electric field.

How relatively heavy positively charged nuclei are surrounded by a relatively light cloud of electrons
was described in the previous sections. Electromagnetic fields push and pull on the molecules. The
driving frequencies in the visible and near infrared range oscillate at frequencies too high for the nuclei
to follow adiabatically [32]. The lighter electrons are able to follow the rapid oscillations, therefore the
optical resonance created in the medium is mostly due the motions of electrons [32].

The movement in the molecule induces separation between the positively and negatively charged
nucleus and electrons. The separation of charges determines the formation of an electric dipole. The
total dipole moment of a molecule is the sum of the inherent dipole moment and the dipole moment
due to an applied electric field as shown in Equation 2.8.

�⃗�(𝑡) = �⃗�(𝑡) + �⃗�𝑖𝑛𝑑𝑢𝑐𝑒𝑑(𝑡) (2.8)

Here �⃗�(𝑡) is the total polarization of a molecule, �⃗�(𝑡) is the inherent dipole moment, and �⃗�𝑖𝑛𝑑𝑢𝑐𝑒𝑑(𝑡) is
the induced polarization by an electric field. Some molecules have a dipole moment without an induced
electric field, an example of this is a water molecule (H2O). It consists of a triangle like arrangement
of atoms where both hydrogen atoms connect to the oxygen atom in the middle. The area around the
hydrogen atoms are slightly more positive than the area around the oxygen atom, therefore, there is
a net dipole moment.
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During CRS, the bounded electrons are displaced by the electric field of the pulses, the internal dipole
moment can be described with Equation 2.9 when close to the equilibrium position [32].

→𝑢(𝑡) = −𝑒 ⋅ 𝑟(𝑡) (2.9)

Where 𝑒 is the charge of the electron and 𝑟(𝑡) is the displacement. As shown in Equation 2.9, the
magnitude of the dipole moment of the molecule depends on the electron displacement. The electron
displacement is dependent on how strong the electron is bonded to the nucleus. So, the stronger the
bound, the smaller the displacement of electrons. The induced dipole moment in a molecule due to an
external electric field is shown in Equation 2.10 [32].

�⃗�𝑖𝑛𝑑𝑢𝑐𝑒𝑑(𝑡) = �̂�(𝑡)�⃗�(𝑡) (2.10)

Where �̂�(𝑡) is the polarizability tensor and �⃗�(𝑡) is the applied electric field. The polarizability tensor
links the applied electric field with the induced polarization. The polarizability tensor is a 3𝑥3 matrix.
The diagonal elements describe the anisotropic polarizability (𝛾) leading to vibrational motion. The
off-diagonal elements describe the isotropic polarizability (𝑎) leading to rotational motion.

To further derive an equation to describe the polarizability of the molecules during CRS, a few equations
are needed. First, the incident electric field is described in Equation 2.11 [33].

�⃗�(𝑡) = �⃗�0 cos (𝜔0𝑡) (2.11)

Where �⃗�0 is the amplitude of the electromagnetic wave and 𝜔0 is the oscillating frequency. Then,
it is required to describe the polarizability of a molecule. The polarizability can be approximated by
a constant 𝛼0 when it is assumed that there exist no nuclear modes and non-linearities. A nuclear
mode is an eigenfrequency of the nuclear motion. To account for nuclear modes and non-linearities
the electric polarizability needs to be expanded into a Taylor series in terms of the nuclear coordinate
𝑄 as shown in Equation 2.12 [34].

�̂�(𝑡) = �̂�0 + (
𝛿�̂�
𝛿𝑄)0

𝑄(𝑡) + … (2.12)

Where 𝛿�̂�
𝛿𝑄 is the first-order correction term for the polarizability. It represents the coupling strength in

between the nuclear and electronic coordinates [32]. For the derivation, the nuclear coordinate 𝑄 is
approximated by an harmonic oscillator for the nuclear motion as shown in Equation 2.13 [32].

𝑄(𝑡) = 𝑄0 cos (𝜔𝜈𝑡) (2.13)

Where 𝑄0 is the amplitude of the nuclear motion and 𝜔𝜈 is the nuclear resonance frequency. The dipole
moment in the presence of nuclear modes is found with a Taylor series as shown in Equation 2.14 [32].

�⃗�(𝑡) = �⃗�0 + (
𝛿�⃗�
𝛿𝑄)0

𝑄(𝑡) + … (2.14)

The combination of the formulas presented in this section gives Equation 2.15.

�⃗�(𝑡) = �⃗�0 + (
𝛿�⃗�
𝛿𝑄)𝑄0 cos (𝜔𝑣𝑡) + (�̂�0 + (

𝛿�̂�
𝛿𝑄)𝑄0 cos (𝜔𝜈𝑡) )�⃗�0 cos (𝜔0𝑡) + 𝑐.𝑐. (2.15)
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Equation 2.15 can be rewritten to Equation 2.16 which describes the microscopic dipole moments
whose oscillations determine the absorption/emission of electromagnetic radiation. The equation has
four terms: infrared absorption, Rayleigh scattering, anti-Stokes, and Stokes. The first term, infrared
absorption, describes the vibrational absorption activity. For absorption it is required that
(𝛿�⃗�/𝛿𝑄) ≠ 0. The second term, Rayleigh, describes the elastic scattering at the incident frequency of
the electromagnetic wave; the frequency of light is unchanged. Lastly, the anti-Stokes and Stokes
shift shows the Raman shifted frequencies for the blue- and red-shift of the light, respectively. For a
molecule to be Raman active it is required that 𝛿�̂�

𝛿𝑄 ≠ 0, the polarization must change with nuclear
motion. As shown in the equation, there exist no difference in polarizability of the anti-Stokes and
Stokes term, the strength of the two is equal. In reality, it is not, but the classical method as
described here lacks the complexity to describe the difference [32].

�⃗�(𝑡) =

Infrared absorption
⏜⎴⎴⎴⎴⎴⏞⎴⎴⎴⎴⎴⏜
( 𝛿�⃗�𝛿𝑄)𝑄0 cos (𝜔𝑣𝑡)+

Rayleigh
⏜⎴⎴⎴⎴⏞⎴⎴⎴⎴⏜�̂�0�⃗�0 cos (𝜔0𝑡)

+𝑄0�⃗�02 (𝛿�̂�𝛿𝑄) (
Anti-Stokes

⏜⎴⎴⎴⎴⎴⏞⎴⎴⎴⎴⎴⏜cos [(𝜔0 + 𝜔𝑣) 𝑡]+
Stokes

⏜⎴⎴⎴⎴⎴⏞⎴⎴⎴⎴⎴⏜cos [(𝜔0 − 𝜔𝑣) 𝑡]) + c.c.

(2.16)

For most applications of light the propagation of light and the interactions with a medium can be
described with linear optics. The sum of all the dipole moments cause polarization on a macroscopic
level, this is described with Equation 2.17 [33]. The left side of the equation shows the summation of
all electric dipoles per unit volume and the right side shows the macroscopic polarization as a function
of the susceptibility. Where susceptibility indicates the degree of polarization on a macroscopic scale
in response to an electric field.

�⃗�(𝑡) = 𝑁�⃗�(𝑡) = 𝜖0𝜒(1)�⃗�(𝑡) (2.17)

Where 𝑃(𝑡) is the polarization, 𝑁 are the number of dipole moments, �⃗�(𝑡) is the local dipole moment
created in a molecule, 𝜖0 is the permittivity of free space, and 𝜒(1) is the linear susceptibility. Here, the
polarization depends linearly on the electric field of the light, all linear optical phenomena are based
on this dependence [32]. In linear optics the properties of a medium are unaffected by the intensity
of light; the superposition principle holds true in this regime [35]. If the electric field of light becomes
strong enough, the polarization can not be described by a linear equation. The enhanced displacement
of the electrons makes the assumption for an harmonic oscillator invalid as the anharmonic effects
becomemore significant. The light waves and the material interact, exchanging momentum and energy,
whereby the superposition principle is no longer valid [35]. In non-linear optics the response of the
polarization is often described as a power series in terms of the electric field. The instantaneous
function of the electric field strength is presented in Equation 2.18 [33].

�⃗�(𝑡) = 𝜖0[𝜒(1)�⃗�(𝑡) + 𝜒(2)�⃗�2(𝑡) + 𝜒(3)�⃗�3(𝑡) + ...] (2.18)

Where 𝜒(𝑛) (𝑛 = 2, 3, 4, ...) are the non-linear susceptibilities. The susceptibility 𝜒(𝑛) indicates the degree
of polarization in response to an electric field. The linear susceptibility (𝜒(1)) is dimensionless, while
the non-linear susceptibilities have units of (𝑚/𝑉)𝑛−1.

2.4. Intensity of Signal
The CRS spectrum is dependent on the molecular species and the temperature. A model is used for
the experimental campaign to analyse the data. Some important factors included in the model are
elaborated on in this section. The highly non-linear and coherent characteristics of CRS lead to
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complex optical and statistical behaviour of the four-wave mixing process [36]. For accurate
determination of temperature, species concentrations and other properties with CRS it is therefore
crucial to correctly implement the factors [37]. First, the model is discussed in this section. Then, the
excitation efficiency is discussed in Section 2.4.1. Next, the Herman-Wallis factor and Placzek-Teller
coefficients are discussed in Section 2.4.2 and 2.4.3.

In Boyd (2008) [33] the strength of the CRS signal is found by combining the Maxwell equation and part
of the previously presented power series to describe the polarization as function of the susceptibilities
(see Equation 2.18). The result is shown in Equation 2.19 [33].

𝐼CRS(𝑧) =
16𝜋4𝜔2CRS
𝑛4𝑐4 𝐼pump𝐼Stokes𝐼probe |𝜒(3)|

2 𝑧2 sinc2 (Δ𝑘𝑧2 ) (2.19)

Where𝜔CRS is the frequency of the CRS signal, 𝐼pump, 𝐼Stokes and 𝐼probe are the intensities of the incident
laser beams, 𝑧 is the interaction length, and the sinc2-term is referred to as the phase matching
condition. It can be noted that the intensity of the CRS signal is linearly dependent on all incident
lasers. Furthermore, the intensity is dependent on the phase matching condition and the third-order
susceptibility. Starting with the phase matching condition, the condition is given in Equation 2.20 [8].

Δ𝑘 = (𝑘𝑝𝑢𝑚𝑝 − 𝑘𝑆𝑡𝑜𝑘𝑒𝑠 + 𝑘𝑝𝑟𝑜𝑝𝑒) − 𝑘𝐶𝑅𝑆 (2.20)

Here, 𝑘 is the length of the wavevector of the four electromagnetic waves. Where each wave is
described by |𝑘| = 2𝜋𝑛(𝜔)𝜆 [33], where 𝜆 is the wavelength and 𝑛(𝜔) is the index of refraction. From
a mathematical point it can be observed in Equation 2.19 that the phase mismatch (Δ𝑘) should be
minimised for an optimal energy conversion, for perfect phase matching Δ𝑘 = 0. Then, the radiation
propagates most efficiently into the desired direction due to conservation of momentum, meaning it is
coherent scattering.

The third-order susceptibility is described with Equation 2.21.

𝜒(3) = 𝜒NR +∑
𝑛
∑
𝐽

𝑎𝐽,𝐽+2
𝜔𝐽,𝐽+2 − 𝜔pump + 𝜔Stokes − i𝑝Γ𝐽,𝐽+2/2

(2.21)

Where 𝜒NR is non-resonant part of the susceptibility. The term comes from the instantaneous electronic
responses due to the incident electric fields. The other terms account for the delayed nuclear response;
Γ𝐽,𝐽+2 is the Raman linewidth and 𝑎𝐽,𝐽+2 is the amplitude factor. The Raman linewidth (Γ𝐽,𝐽+2) accounts
for the linewidth of spectral lines. Spectral line broadening comes from several effects; among them
are the Doppler effect, collisions broadening and the Stark effect [7, 36–40]. The Raman linewidth is
found experimentally.

The amplitude factor for pure-rotational CRS is described by Equation 2.22 [8].

𝑎𝐽,𝐽+2 =
4
45
𝑁
ℏ 𝑏𝐽,𝐽+2𝐹

𝑆(𝐽)𝛾2Δ𝜌𝐽,𝐽+2 (2.22)

Where 𝑁 is the number density, 𝐹𝑆(𝐽) the Herman-Wallis factor (see Section 2.4.2), 𝑏𝐽,𝐽+2 the Placzeck
Teller coefficient (see Section 2.4.3), 𝛾 is the polarizability anisotropy, and Δ𝜌𝐽,𝐽+2 the normalised
population difference involved in transitions.

As the intensity of the CRS signal scales to the third-order susceptibility squared (𝐼𝐶𝑅𝑆 ∝ |𝜒(3)|
2
) which

is linearly dependent on the number density (𝜒(3) ∝ 𝑎𝐽,𝐽+2 ∝ 𝑁), the CRS signal scales with the number
density squared (𝐼𝐶𝑅𝑆 ∝ 𝑁2). Therefore, the CRS signal in condensed matter is much stronger than
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in a gas-phase medium due to the higher number density. This characteristic is used in Chapter 6
to estimate the interaction length. Furthermore, consider the ideal gas law 𝑃𝑉 = 𝑛𝑅𝑇, which can be
rewritten as a function of the number density: 𝑁 = 𝑛/𝑉 = 𝑃/𝑅𝑇. Where 𝑃 is the pressure of gas,
𝑉 is the volume, 𝑛 is the amount of substance of gas, 𝑅 is the universal gas constant, and 𝑇 is the
temperature. From this it can be concluded that the intensity of the CRS signal is inversely proportional
to the temperature of the probe volume. All in all, it shows that the generation of a high signal to noise
ratio inside flame is most difficult as these measurement are at high temperature in the gas-phase.

To conclude the description on the CRS signal intensity, the population difference factor between two
energy levels is presented in Equation 2.23 [33]. The equation illustrates that CRS spectra are extremely
suitable for thermometry. The population difference factor is dependent on the Boltzmann distribution
which is linked to the temperature. Therefore, the CRS spectrum is directly related to the temperature.

Δ𝜌𝐽,𝐽+2 =
𝑔𝐽(2𝐽 + 1)

𝑄𝐽
[𝑒−𝐸𝐽/𝑘𝐵𝑇 − 𝑒−𝐸𝐽+2/𝑘𝐵𝑇] (2.23)

Where 𝑔𝐽 is the statistical weight factor, 𝑄𝐽 is the internal partition function, 𝑇 is the temperature, and
𝑘𝐵 is te Boltzmann constant. The term (2𝐽 + 1) is included to model the nuclear spin degeneracy,
multiple energy states occupy the same energy level.

2.4.1. Excitation Efficiency

The finite bandwidth of the femtosecond (𝑓𝑠 = 10−15𝑠) pump/Stokes pulse determines the probability
to excite different transitions. In post-processing, this needs to be compensated for by dividing the
resonant CRS spectrum by a reference profile [8]. The reference profile includes only the
non-resonant CRS spectrum created by the instantaneous response of the electronic configuration
due to the electric fields. The mixing process is displayed in Figure 2.6. The non-resonant CRS
spectrum is generated when the pump, Stokes and probe photon interact with particles at the same
instance in time. To record the resonant spectrum, the probe pulse is normally delayed, such that
only the resonant nuclear response is probed. Here, the input photons are not available at the same
instance in time for instantaneous coupling. Non-resonant and resonant CRS spectra are presented in
Section 5.5 and Chapter 7, respectively. The average reference profile is typically recorded in a
separate measurement with a gas without Raman resonances, like for example argon [8]. This
procedure is referred to as ex-situ referencing of the excitation efficiency.

E1

vs

�Pu �S

�Pr �C

Figure 2.6: Convolution of pump, Stokes and probe photon when the three photons are present at the same time. A
continuous signal is created, this is referred to as the non-resonant signal. 𝜔𝑃𝑢, pump pulse; 𝜔𝑆, Stokes pulse; 𝜔𝑃𝑟, probe

pulse; 𝜔𝐶, CRS signal; 𝑣𝑠, virtual state.

Ex-situ referencing of the excitation efficiency does account for variations in excitation efficiencies
from shot-to-shot. Furthermore, it does not account for a different finite bandwidth of the fs
pump/Stokes pulse due to different boundary conditions. In Section 5.5 the effects of different
boundary conditions on the excitation efficiency are studied, among the studied effects are gas
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composition and temperature. Recently, a technique was developed where in-situ referencing of the
excitation efficiency was used for spatially and temporally overlapped probe pulse and Pump/Stokes
pulse [11]. Here the resonant and non-resonant susceptibility of the CRS signal are both measured
simultaneously. The polarization dependency is used to generate the resonant and the non-resonant
CRS signal with orthogonal polarization with respect to each other [41]. After which the
cross-polarized signals are split based on their polarization. In this way, it is possible to measure
shot-to-shot differences in the excitation efficiency [11]. For harsh environments, like turbulent
flames, the in-situ referencing procedure is promising. [11]

It was found that at higher temperatures, ex-situ referencing over-predicts the temperature due to
group-velocity dispersion (GVD) effects. GVD gives rise to temporal broadening of the pump/Stokes
pulse, resulting in a decreased excitation bandwidth (GVD is further elaborated on in Section 4.1). For
the tested gas, GVD scales linearly with density. As the density of a gas decreases with increasing
temperature, the GVD-effect becomes less strong at higher temperatures. At higher temperature
the excitation efficiency is therefore higher than expected with ex-situ referencing of the excitation
efficiency.

2.4.2. Herman-Wallis Factor

The Herman-Wallis factor accounts for rotational-vibrational (ro-vibrational) coupling. As discussed
in Section 2.1, the rigid rotor approximation becomes weaker when the moment of intertia changes
due to a change in length of the molecule by the vibrational motion. The coupling is accounted for
by the Herman-Wallis (HW) factor [42]. In general, light molecules have a larger coupling of the
vibrational and rotational modes. Therefore, the HW-factor is more important for those molecules
[43]. Different models exist, according to the James-Klemperer (JK) model and Tipping-Ogilvie (TO)
model, the Herman-Wallis factor (𝐹𝑆) is a function of the rotational quantum number, as shown in
Equation 2.24 and 2.25 respectively [42].

𝐹𝑆𝐽𝐾 = 1 +
2𝜅2 (𝐽2 + 3𝐽 + 3)

𝜂 (2.24)

𝐹STO = [1 + 𝜅2 (
𝑝1
𝑝0
) (𝐽2 + 3𝐽 + 3)]

2
(2.25)

Where 𝜅 = 2𝐵e/𝜔e, 𝐵e is the equilibrium rotational constant, 𝜔e is the equilibrium vibrational
constant, 𝜂 is parameter which is dependent on the ratio between the first two terms of the
anisotropic polarizability expansion, and 𝑝1/𝑝0 is the ratio of the first two coefficients of the
anisotropic polarizability expansion. The HW factor for the first 50 quantum rotational levels of
molecular nitrogen for both the James-Klemperer model and the Tipping-Ogilvie model is shown in
Figure 2.7.
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Figure 2.7: Herman-Wallis factors for N2. Please note that the quantum rotational levels are discrete.
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An increase in rotational quantum number results in an increase in Herman-Wallis factor. Leaving
out the Herman-Wallis factor would result in spectral heating, spectra which would suggest higher
temperatures than the actual temperature.

2.4.3. Placzeck-Teller Coefficients

The Placzeck-Teller coefficients quantify the likelihood of different transitions. The transitions are
characterised into three branches, the O-, Q-, and S-Branch. The Placzek-Teller coefficients for the
O-, Q-, and S-Branch for molecular nitrogen are shown in Equation 2.26 [12, 44].

𝑏(𝑂−𝐵𝑟𝑎𝑛𝑐ℎ∶ Δ𝐽=−2) =
3𝐽(𝐽−1)

2(2𝐽−1)(2𝐽+1)

𝑏(𝑄−𝐵𝑟𝑎𝑛𝑐ℎ∶ Δ𝐽=0) =
𝐽(𝐽+1)

(2𝐽−1)(2𝐽+3)

𝑏(𝑆−𝐵𝑟𝑎𝑛𝑐ℎ∶ Δ𝐽=+2) =
3(𝐽+1)(𝐽+2)
2(2𝐽+1)(2𝐽+3)

(2.26)

The Placzek-Teller coefficients for the first 50 rotational levels of molecular nitrogen are presented
in Figure 2.8. Some observation can be made. Firstly, at the lowest rotational level (𝐽 = 0), only
transitions in the S-Branch are possible. As this quantum rotational level depicts the lowest energy
level, it is impossible to have Δ𝐽 = −2. Furthermore, as 𝐽 goes to higher numbers the results of
the Placzek-Teller coefficients converge. The probability for a molecule to go to a higher and lower
rotational levels become almost equal. Lastly, the three chances add up to unity.
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Figure 2.8: Placzeck-Teller coefficients for N2. Please note that the quantum rotational levels are discrete.



3
Overview of Experimental

Implementations

Development of experimental implementations of coherent Raman spectroscopy (CRS) over time are
the basis of this chapter. As time progressed, shorter laser pulses were used. Firstly, nanosecond
(𝑛𝑠 = 10−9𝑠) CRS is discussed in Section 3.1. Then, time-resolved CRS is elaborated on in Section 3.2.
Progress led to two-beam CRS as explained in Section 3.3. The current experimental setup is discussed
in Section 3.4. Finally, the limitations of the current implementations and how ultrabroadband CRS can
overcome those are elaborated on in Section 3.5.

3.1. Nanosecond CRS

To enhance the signal to noise ratio of spontaneous Raman scattering, CRS was proposed for the gas
phase [45, 46], and applied for species concentration and temperature measurements in 1974 [47] and
1975 [48] respectively. In the early days of CRS experiments, nanosecond (𝑛𝑠 = 10−6𝑠) pulses were
used [48]. The relatively long pulses were needed to initiate the third-order processes associated with
CRS as they require high peak powers [49]. The measurements resulted in high spectral resolution. It
was possible to distinguish closely spaced Raman transitions [49].

Ns CRS does have some limitations where the main limitation is the reliance on collision models.
Molecules collide around 109 times per second [50]. A molecule collides with around 10 to a 1000
other molecules in the time of a ns pulse [50]. Therefore, the technology is prone to spectral
broadening [51]. Furthermore, the long pulse lengths lead to overlap of the pump and Stokes pulse
with the probe pulse, the direct interaction of those photons lead to high non-resonant contributions
to the CRS signal, a non-ideal result.

3.2. Time-Resolved CRS

The temporal resolution increases at the cost of a decrease in spectral resolution when the length of
the pulses decreases. Picosecond (𝑝𝑠 = 10−12𝑠) CRS offers a unique compromise [49]. The decrease
in pulse length allows for time-resolved measurements, meaning that probe pulse length becomes
shorter than the average decay time of the molecular response. The measurements are extracted
from the impulsive response of the excited system instead of the frequency dispersion of non-linear
susceptibilities in the frequency domain [52]. With ps CRS it becomes possible to delay the probe pulse
such that it does not temporally overlap with the Pump and Stokes pulse, hereby the non-resonant
background signal is suppressed [53]. Interestingly, the technology can be used to characterise the

15
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rotational specific line broadening coefficients [42], as it is possible to change the delay time compared
to the excitation.

Further decrease of the pulse lengths leads to femtosecond (𝑓𝑠 = 10−15𝑠) CRS. The models for fs CRS
require time-domain analysis, for ns and ps CRS the models rely solely on the frequency domain [49].
For an analysis in the frequency domain, it is possible to take the Fourier transformation of the different
contributions separately and combine the effect. For fs CRS, this assumption does not hold.

Similar to ps CRS, the non-resonant signal of fs CRS can be suppressed by avoiding any overlap between
the pump and Stokes pulses, and the probe pulse. As the pulses are shorter, the overlap can be avoided
entirely. The main advantage of fs CRS is the improved efficiency of the excitation. The excitation for
pure rotational CRS can result in non-adiabtic interactions between the laser pulse and the molecules if
the laser pulse is around one tenth of the rotational period [54]. In literature this is sometimes referred
to as impulsive excitation. For 𝑁2 with a rotational period of ~500𝑓𝑠 to undergo impulsive excitation a
~50𝑓𝑠 pulse is required. The high efficiency of impulsive excitation makes single-shot measurements
possible as it generates appreciable signal levels. [11]

The possibilities for fs or ps single-shot CRS are limited. The probe pulse of fs CRS is prone to distortion
through windowed combustors and ps CRS is limited to 10 or 20𝐻𝑧 measurement rates [49]. A solution
for this was proposed in 2006: Hybrid fs/ps CRS, the proposal consisted a 100-fs pump and Stokes
pulse used to induce coherence in the probe volume, where the coherence is then probed with a
frequency-narrwowed ps probe pulse [22, 55]. The combination of a short Pump/Stokes pulse and
longer probe pulse combines the advantages of fs and ps CRS. The technique, named fs/ps CRS, has
enough temporal resolution to suppress the non-resonant contributions while the spectral resolution is
sufficient for detecting the frequency domain [49].

Recently, dual-probe one dimensional fs/ps hybrid rotational CRS was used to measure simultaneously
the temperature, pressure and species concentrations in 𝑂2/𝑁2 measurements [13]. Information in
the time domain is found by probing twice. As it is known that the CRS signal strength decreases as
a function of time and the rate of decay changes with thermodynamic properties [49], such as the
temperature, pressure and molecular composition it is possible to retrieve the three properties.

3.3. Two-Beam CRS

The four-wave mixing process has been described with 3 incident laser which form a fourth coherent
pulse, the CRS signal. In the experimental setup a two-beam CRS setup with a fs Pump/Stokes pulse
and ps probe pulse is used. The experimental setup is elaborated on in Section 3.4. The pump
and Stokes photons originate from the same pulse. This improvement leads to some simplifications.
Namely that the pump and Stokes pulse temporally and spatially overlap automatically. Therefore, the
robustness of the setup is greatly increased. Furthermore, it becomes easier to account for unwanted
effects as beam-steering as compared to the three beam alternative. And lastly, the phase matching
stipulates that the CRS signal will propagate with the probe pulse, which in turn makes it easier to align
the CRS signal with the detector.

Besides the discussion above, it is good to note that more methods exist to cross the pump, Stokes
and probe photons. Three phase matching conditions are displayed in Figure 3.1, for perfect phase
matching Δ𝑘 = (𝑘𝑝𝑢𝑚𝑝 − 𝑘𝑆𝑡𝑜𝑘𝑒𝑠 + 𝑘𝑝𝑟𝑜𝑝𝑒) − 𝑘𝐶𝑅𝑆 = 0, where each wave-vector is represented by
|𝑘| = 2𝜋𝑛(𝜔)𝜆 [33]. Firstly, it is possible to cross them using a BOXCARS setup as displayed in
Figure 3.1a, here all input pulses need to be precisely pointed at specific angles into the probe volume.
The resulting CRS signal is stand-alone pulse. Secondly, it is possible to use a collinear setup as
displayed in Figure 3.1b, where all pulses move together on the same path. In general it is true that
the smaller the angles in between the pulses, the larger the overlap between the pulses. For a collinear
setup the interaction length is large, therefore, the signal to noise ratio is high. However, some spatial
information is lost as a measurement takes place over a large area. And thirdly, the alignment for a
two-beam CRS setup is shown in Figure 3.1c. Here, the CRS signal is directed into the probe pulse
direction.
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(a) BOXCARS Scheme. (b) Collinear Scheme. (c) Two-Beam Scheme.

Figure 3.1: Phase matching condition for several alignment schemes. 𝑘𝑝𝑢, pump wave-vector; 𝑘𝑝𝑟, probe wave-vector; 𝑘𝑠,
Stokes wave-vector; 𝑘𝑐, CRS signal wave-vector.

3.4. Experimental Setup

The ”Ultrafast Laser Diagnostics Laboratory” of the Delft University of Technology is used for the
experimental campaign. The experimental setup combines recent advancements in CRS
spectroscopy. The description is based on Castellanos et al. (2020) [10].

The optical layout of the two-beam fs/ps CRS experimental setup is shown in Figure 3.2. The setup is
based on a single ultrafast regenerative amplifier system (𝐸 = 7.5𝑚𝐽, 1𝑘𝐻𝑧, Astrella Coherent) which
outputs two repetition-wise synchronised beams.
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Figure 3.2: Schematic of the experimental setup with ultrafast amplifier system, combined with SHBC and an external
compressor for ultrabroadband coherent Raman spectroscopy. B, burner; BF, bandpass filter; CLv, cylindrical lens with vertical
alignment symmetry axes; P, polarizer beamsplitter; S, slit; SL, spherical lens; TG, transmission grating; TS, translation stage;

WP, half-wave plate.

The first beam is the main compressed output (~65%, 𝐸𝑝𝑟 = 4.5𝑚𝐽/𝑝𝑢𝑙𝑠𝑒) which is directed to a second
harmonic bandwidth compressor (SHBC) to be used as the probe pulse. In a SHBC the frequency is
doubled by second harmonic generation. Here, the fs pulse is chirped and directed to a 𝜒2 non-
linear crystal. The light is converted to a narrowband 𝜏𝑝𝑟 = 4𝑝𝑠 duration probe pulse with 30%
conversion efficiency, leaving 𝐸𝑝𝑟 = 1.2𝑚𝐽/𝑝𝑢𝑙𝑠𝑒. The output is not entirely clean, meaning that there
are undesired frequencies in the newly created pulse. Although the imperfection are several orders
of magnitude smaller than the centre frequency of the probe pulse, the imperfections overlap with
the expected frequency of the CRS signal. To clean the output of the probe pulse the linewidth is
tuned, the light is directed through a spatial 4 f-filter. The filter consists of two transmission gratings
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(~3040𝑙/𝑚𝑚, Ibsen Photonics), two cylindrical lenses (𝑓 = 300𝑚𝑚), and a mechanical slit. First, one
cylindrical grating horizontally diffracts the light based on its frequency, then a cylindrical lens with
vertical alignment symmetry axes focuses the pulse. The Fourier plane is in the focus of the cylinder
lens. A mechanical slit is able to cut away undesired wavelengths. The pulse is re-collimated and
another grating is used to recreate the pulse. The resulting prope pulse is at a central wavelength of
𝜆𝑝𝑟 = 400𝑛𝑚. The probe pulse is focussed by a spherical lens (𝑓 = 300𝑚𝑚) before it is crossed with
the pump/Stokes pulse.

As a side-note: there exists a time-bandwidth product between the spectral bandwidth and the duration
of the pulse which depends on the shape of the pulse. A pulse with the minimum product is referred to
as a transform-limited pulse. For a Gaussian shaped pulse the minimum duration-bandwidth product
is ~0.44. As the pulses in the experiment are close to the minimum product, the length of the pulse
can be slightly varied by the slit. If the slit is further closed, some frequencies are removed from the
pulse and the total length of the pulse increases.

The combination of the SHBC and 4 f-filter is implemented to create efficiently a ps pulse with relatively
cheap, passive equipment. The SHBC can convert the broadband fs pulse to a narrow-bandwidth ps
pulse with appreciable efficiency. Another advantage for the SHBC is that the frequency of the CRS
signal is doubled, which increases the CRS intensity with a factor four as the intensity of CRS is an
function its frequency (𝐼𝐶𝑅𝑆 ∝ 𝜔2𝐶𝑅𝑆, see Section 2.4). One could reason that a further increase in the
probe pulse frequency would be beneficial to optimise the experimental setup for high output energy.
However, in practice, it would increase the cost of the setup dramatically. Lenses and especially cameras
are optimised to work in the visible spectrum (𝜆 = 400-750𝑛𝑚). Consumer photography has driven
innovations and lowered cost for optical elements in the visible spectrum.

The second beam is the uncompressed output (~35%, 𝐸𝑝/𝑆 = 2.5𝑚𝐽/𝑝𝑢𝑙𝑠𝑒). This pulse is split off
before the internal compressor of the amplifier system to be used as pump/Stokes pulse. An external
compressor is used to generate a near-transform-limited 𝜏𝑝/𝑆 = 35𝑓𝑠 duration pulse. The external
compressor allows for flexible compensation (pre-chirping) of dispersion terms along the optical path.
Hereby, the realisation of impulsive excitation is ensured. Where chirp describes the order of different
frequencies in the time-domain. The arrival time is controlled by an automated translation stage
(Thorlabs, sub-10𝑓𝑠 resolution) to account for the path length difference between the pump/Stokes
pulse and the prope pulse. The resulting pump/Stokes pulse has an bandwidth of 𝜆𝑝/𝑆 = 785-815𝑛𝑚.
The pump/Stokes pulse is focussed by a spherical lens (𝑓 = 500𝑚𝑚) before it is crossed with the
probe pulse.

The laser beams are crossed at an angle of ~3∘. Half-wave plates (Eksma Optics) are inserted; half-
wave plates are optical devices which alter the polarization of light. It serves three goals. Firstly, to
satisfy the transmission axis of the gratings (> 90% diffraction efficiency at 𝜆 = 400𝑛𝑚, 𝑠-pol) for
the probe pulse (𝜆 = 400𝑛𝑚), secondly, to control the relative polarization of the pump/Stokes pulse
(𝜆 = 800𝑛𝑚) with respect to the probe pulse, and thirdly to turn the polarization of the CRS beam
(𝜆 = 400𝑛𝑚) to satisfy the transmission axis of the polarization beamsplitter and the grating of the
spectrometer. The probe pulse needs to be removed before the detector plane to prevent damage to
the detector.

The CRS signal is collimated with a spherical lens (𝑓 = 400𝑚𝑚). In combination with a transmission
grating (~3040𝑙/𝑚𝑚, Ibsen Photonics) the two act as a wide-field coherent imaging spectrometer.
With a sCMOS camera (Zyla 4.2, Andor) isolated spectral lines can be detected at 1000𝐻𝑧. The sensor
is optimised for light in the visible spectrum (𝜆 = 400-750𝑛𝑚).

The experimental setup described here was designed to demonstrate two-beam fs/ps pure rotational
CRS imaging at kilohertz refresh rate. It allows for temperature and relative species concentrations of
oxygen and nitrogen in dynamic scenes [10].
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3.5. Ultrabroadband CRS

For two-beam CRS the finite bandwidth of the fs pump/Stokes pulse determines the probability to
excite different transitions. The difference in frequency between the pump and the Stokes photon
need to match with the energy gap of specific transitions. The energy gap is described by Raman shift
in wavenumbers. At high Raman shifts (the vibrational fingerprint region, Ω = 800-1400𝑐𝑚−1 [22])
the spectrum is less congested with spectral lines compared to low Raman shifts. Measurements in
this high spectral region can ease the fitting procedure and give additional information on different
molecules like for example carbon dioxide and molecular hydrogen. Commercially available ultrafast
regenerative amplifiers cannot provide the bandwidths required to excite Raman transitions further
than Ω ≈ 400𝑐𝑚−1. In a two-beam CRS setup measurements in this spectral region require an
ultrabroadband transform-limited pump/Stokes pulse, or in other words a supercontinuum.

Different options exist to create an ultrabroadband pulse. For example with laser-induced
filamentation, a hollow-core fibre or with solid state materials. To explain which technique is more
promising, consider the validation of a novel engine design. To validate simulations, one could build a
combustor with an optical window to transmit laser pulses to the location of a measurement. If the
ultrabroadband pulse is generated ex-situ, the pulses would be heavily chirped through the optical
window. This would greatly decrease the excitation bandwidth. An ex-situ ultrabroadband generated
pulse would require an additional external compressor to pre-chirp the pulse and compensate for the
additional dispersion terms. The experimental setup would require the original external compressor
to optimise the supercontinuum generation. The additional external compressor would be placed
behind the location where the supercontinuum is created and before it is passed through the optical
window. This could create a transform-limited supercontinuum behind an optical window. However, a
change in the properties of the optical window or pulse energy would require recalibration of the
system, therefore complicating the operation during experiments. Furthermore, the experimental
setup would become more expensive as additional optical elements are required.

With in-situ supercontinuum generation the new frequencies are created behind an optical window.
Here, the dispersion terms due to the optical window can be compensated for by the original external
compressor. Therefore, the cost for the experimental setup is much lower. Not all techniques allow for
in-situ generation. The generation of an ultrabroadband pulse with a hollow-core fibre or solid state
materials require optical elements, they need to be placed outside the combustor. Fs-laser-induced
filamentation can potentially create a near transform-limited pulse behind an optical window without
additional optical elements. Fs-laser-induced filamentation is a non-linear optical process where light
self-focuses induced by a change in refractive index due to intense electromagnetic radiation [56]. The
technique does not require any additional optical elements. Therefore, supercontinuum generation via
in-situ fs-laser-induced filamentation is proposed to extent the capabilities of two-beam fs/ps CRS. The
experimental implementation is presented in Section 4.5.





4
Theory on

Femtosecond-Laser-Induced
Filamentation

In this chapter theory on the generation of ultrabroadband laser pulses with femtosecond (𝑓𝑠 = 10−15𝑠)
laser-induced filamentation is presented. Fs-laser-induced filamentation is a non-linear optical process
which influences beam propagation and causes spectral broadening. Interestingly, in literature no
consistent name exists for the creation of a supercontinuum, among the names are supercontinuum
generation, superbroadening, ultrabroadband generation and transformation in white light. As with
the wide range of names, no definition exists on the spectrum width and pulse quality of the generated
pulse.

First, a description on the propagation of light is presented in Section 4.1. In the section the phase and
group velocity, and the refractive index are discussed. Section 4.2 covers self-focusing by the Kerr-effect
and Section 4.3 covers how the Kerr-effect modulates the phase and creates new frequencies. Plasma
generation is elaborated on in Section 4.4. Then, an overview of the fs-laser-induced filamentation
process is presented in Section 4.5. Lastly, Section 4.6 covers the experimental implementation of
fs-laser-induced filamentation into the CRS setup.

4.1. Light Propagation
Phase and group velocity are two concepts of velocity which are associated with electromagnetic waves
(light). Phase velocity describes the speed of the phase of one frequency component, where group
velocity refers to the rate at which the envelope of the wave amplitude moves in space [35].

The phase velocity is described with Equation 4.1 [35]. Important to note is the fact that the phase
velocity is dependent on the refractive index, later important for the effect of self-phase modulation.

𝑣p =
𝑐
𝑛 (4.1)

Where 𝑣p is the phase velocity, 𝑐 is the speed of light, 𝑛 is the refractive index. The group velocity can
be described by Equation 4.2 [35].

𝑣g =
d𝜔
d𝑘 =

𝑐
𝑛 (1 −

𝑘
𝑛
d𝑛
d𝑘) = 𝑣p (1 −

𝑘
𝑛
d𝑛
d𝑘) (4.2)
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Where 𝑣g is the group velocity, 𝑘 is the wave-vector and 𝜔 is the angular frequency (𝜔 = 2𝜋𝑓). This
shows that for a dispersionless medium (𝑑𝑛/𝑑𝑘 = 0) the phase and group velocity are equal. For a
medium with normal dispersion (𝑑𝑛/𝑑𝑘 > 0) the group velocity is equal or smaller than the phase
velocity. Where on the contrary, a medium with anomalous dispersion (𝑑𝑛/𝑑𝑘 < 0) the group velocity
is higher than the phase velocity. From Equation 4.2 it could be reasoned that the group velocity can
be higher than the speed of light in vacuum. In such case, the group velocity does not represent the
speed at which energy or information propagates [35].

The refractive index and the phase velocity are linked, the phase velocity in turn is linked to the group
velocity. Therefore, the group velocity is not constant in a medium with dispersion. The group velocity
varies along the length of the pulse. This type of dispersion is referred to as group velocity dispersion
(GVD), it can be quantified with the GVD-parameter given in Equation 4.3 [33].

𝐺𝑉𝐷 = ( 𝑑
2𝑘
𝑑𝜔2)𝜔=𝜔0

= (− 1𝑣2𝑔
𝑑𝑣𝑔
𝑑𝜔 )𝜔=𝜔0

(4.3)

A transform-limited pulse will lengthen over time when placed in a dispersive medium. In a medium
with positive group velocity dispersion the shorter wavelengths will travel slower than the longer
wavelengths. This results in a positively chirped pulse. For a negative GVD parameter the opposite is
true. Most importantly, both positive and negative GVD result in lengthening of a transform-limited
pulse.

4.2. Kerr-Effect: Self-Focusing
To further explain fs-laser-induced filamentation, the refractive index needs to be considered. The
refractive index is a dimensionless number that describes the speed of light through a material and can
by quantified by rewriting Equation 4.1 to Equation 4.4.

𝑛 = 𝑐
𝑣𝑝

(4.4)

Where 𝑣𝑝 is the phase velocity. A wavefront (a set of all locations where the wave is in the same phase)
where the central part of the beam has higher refractive index than the outer edge results in focusing
of the beam. The wavefront curves towards the axis of propagation. For a convex lens, the distance
the central part of a pulse travels inside the lens is longer compared to the distance the outer edge
of the pulse travels inside the lens, due to the difference in thickness of the lens. In a lens the phase
velocity is slower compared to air and thus has a higher refractive index causing the pulse to focus. In
fs-laser-induced filamentation changes in the refractive index self-focus the beam. [56]

For electromagnetic waves with large amplitude of the electric field, the refractive index becomes a
function of the Kerr-effect (Δ𝑛𝑘𝑟) and the free-electron-effect (Δ𝑛𝑝) as shown in Equation 4.5 [56].
The Kerr-effect is a non-linear process which contributes to focusing of light. The free-electron-effect
causes diffraction due to the interaction of light with a plasma. A plasma is an ionised medium, which
is further elaborated on in Section 4.4.

𝑛 = 𝑛0 + Δ𝑛𝑘𝑟 − Δ𝑛𝑝 (4.5)

Where 𝑛0 is the refractive index of neutral air, Δ𝑛𝑘𝑟 = 𝑛2𝐼 is the Kerr-term, and Δ𝑛𝑝 =
4𝜋𝑒2𝑁𝑒(𝑡)
2𝑚𝑒𝜔20

is the

free-electron-term. Rewriting the refractive index results in Equation 4.6 [56].

𝑛 = 𝑛0 + 𝑛2𝐼 −
4𝜋𝑒2𝑁𝑒(𝑡)
2𝑚𝑒𝜔20

(4.6)
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Where 𝑛2 is the second-order non-linear refractive index which can also be expressed in terms of the
third-order susceptibility as follows 𝑛2 = 3𝜒(3)/4𝑛0𝜖0𝑐 [33], 𝐼 is the intensity of the pulse, 𝑁𝑒(𝑡) is the
electron density, 𝑒 is the electronic charge, 𝑚𝑒 is the electron mass, and 𝜔𝑜 is the central frequency of
the pulse. From Equation 4.6 it follows that for a pulse with its maximum intensity in the centre of the
wavefront, the refractive index of the centre of the pulse is higher. The higher refractive index in the
centre curves the wavefront towards the axis of propagation. The pulse self-focuses.

It is important to note that Nurhuda et al. (2008) suggest that saturation of the non-linear susceptibility
(𝜒(3)) is an effect which can contribute to diffraction of light during fs-laser-induced filamentation [57].
This can be accounted for by higher-order Kerr-terms [58]. Therefore, it is not by definition that the
free-electron-effect has to play a role in the filamentation process [58]. However, this is deemed outside
the scope of this description.

4.3. Kerr-Effect: Self-Phase Modulation
The self-focusing of the pulse results in a balance where the core size of the laser pulse stays almost
constant. In the process, initially, the Kerr-effect will be leading. In time, a competing effect to the Kerr-
effect which can be either the free-electron-effect or higher-order Kerr-terms will oscillate in strength
resulting in a periodic balance. Normally, fs-laser-induced filamentation is explained with a balance
between the Kerr- and free-electron-term (Δ𝑛𝑘𝑟 ≈ Δ𝑛𝑝). The temporary balance which repeats in
space is referred to as intensity clamping. The intensity is stabilised and becomes almost unaffected
by the intensity of the input pulse. [59] Furthermore, the clamped intensity becomes independent of
pressure [56, 60]. It is possible for a filament to re-focus multiple times, although eventually it breaks
up and diffracts due to perturbations in the medium and the pulse [59]. The diffractionless propagation
is called filament propagation, the location is named the filament.

Non-linear interactions between the laser pulse and the medium result in self-phase modulation (SPM).
SPM refers to the variation in refractive index which produces a phase shift and eventually spectral
broadening. The light is red- (𝑓 ↓) and a blue-shifted (𝑓 ↑). To further explain the concept of fs-laser-
induced filamentation, the pulse is approximated by a plane wave. The intensity of the laser pulse is
not equal for all plane waves inside the pulse. Consider three slices of the pulse, one at the back, one
in the middle and one at the front of the pulse as shown in Figure 4.1. The intensity of the centre slice
is highest compared to the other slices, the intensity gradually decreases towards the front and back of
the pulse as outside the pulse the intensity is zero. The high intensity in the centre of the pulse leads
to the strongest Kerr-effect as the effect is linearly dependent on the intensity. Hereby, the centre slice
will reach the intensity clamping condition first.

Figure 4.1: Illustration of slice-by-slice self-focusing. Figure is inspired by schematic of Chin et al. (2008) [61]. Three figures
are presented with an indication of the trends of intensity, number density and phase velocity versus position.

The front part of the pulse did not reach the intensity clamping condition yet, here the Kerr-effect is
leading. The refractive index of the front slice is higher compared to the later slices as no plasma
has been created by the pulse in the medium. The refractive index is linked to the phase velocity
by 𝑛 = 𝑐/𝑣𝑝, the phase velocity of the front slice hereby is lower than the centre slice. Oppositely,
the back part of the pulse moves through a medium where some plasma has been created. Here,
the free-electron-term is larger than the Kerr-term. Therefore, the back slice diverges and catches up
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with the centre slice. All in all, decreasing the total length of the pulse. Therefore, the intensity of
the centre slice is reached in a smaller period of time, the intensity gradient increases. The intensity
gradient gives rise to spectral broadening. A white light chirped laser pulse is generated. The back
part of the laser pulse will initially decrease its intensity. After some time, the back part will re-focus
as the intensity will increase when it gets closer to the centre slice. [56]

As the intensity does not further increase with more input power, an increase in energy will in an ideal
situation result in a larger filament core, its intensity will remain clamped [62]. In practice, this can
be difficult to get as small local perturbation in the laser intensity will lead to local self-focusing. An
increase in the size of the filament core can only be achieved when the quality of the input laser is high
and few perturbations in the experimental setup exist.

The mathematics behind SPM are not discussed here, but are covered in other work, for example
Boyd (2008) [33] and Chin (2010) [56]. In Chin (2010) [56] a plane wave approximation is made,
Equation 4.7 follows from this approach. Here, it can be noted that the slope of the intensity determines
the direction of frequency change. The front slice has a positive intensity slope, here lower frequencies
(red shift) are created. The back slice has a negative intensity slope, here higher frequencies (blue
shift) are created

Δ𝜔 = −𝜔0𝑧𝑐 𝑛2
𝜕𝐼
𝜕𝑡 (4.7)

Where 𝑧 is the length of the filament and 𝜕𝐼
𝜕𝑡 is the derivative of intensity with with respect to time.

The description above describes SPM with the plane wave approximation, here only the properties of
the pulse in the direction of propagation (z-axis) are considered. However, the properties of the pulse
and the medium vary in both the direction of propagation (z-axis) and the radial (r-axis) direction. The
two-dimensional physics result in conical emissions as shown in Figure 4.2. Sometimes, black rings
can be observed in between conical emissions. Those arise from destructive interference of different
filaments on the same axis. [56]

Figure 4.2: Conical emissions of filament captured with consumer digital camera, picture is 20 cm in width [56].

In the experimental setup, the filamentation process is used in-situ. Meaning that the filament is
positioned near the probe volume, inside the flame. The flame is provided on a Bunsen burner with a
smaller radius than the filament. The filament starts well outside the flame where the temperature is
still low and moves inside the flame where the temperature is close to adiabatic flame temperature.
The filament travels over a large gradient in temperature. The large gradient in temperature goes
accompanied with a large gradient in number density. The number density decreases rapidly.
Furthermore, the gas composition changes. Fs-laser-induced filamentation is a function of these gas
characteristics. No research exists where such large gradient in boundary conditions are applied. In
the experimental campaign, the effects of the large gradient on the spatial dimensions of the filament
are studied.



4.4. Plasma Generation 25

4.4. Plasma Generation

A plasma is a medium made of ions and free electrons. This is the fourth fundamental state of matter,
next to the solid, liquid and gaseous state. A plasma can be created by ionization, this process converts
electrically neutral atoms or molecules to electrically charged atoms or molecules. Electrons are emitted
from the atoms or molecules. In the experimental setup a photon does not have enough energy to
directly ionise a molecule or particle. Two processes exist which can cause ionization; multiphoton
ionization (MPI) and tunnel ionization.

MPI is the process where multiple photons below the ionization threshold combine their energies to
ionise. As the process requires multiple photons the probability is strongly correlated to the intensity
of the light. The other possibility is tunnel ionization, here the potential barrier is distorted such that
electrons can pass through the ionization barrier. The potential barrier can be distorted by a strong
electric field.

To distinguish which effect is leading the Keldysh (adiabatic) parameter 𝛾 can be used, the Keldysh
parameter is described by Equation 4.8 [63]. From experimental findings, it has been found that when
𝛾 < 0.5, it is said to be in the tunnel ionization regime, and when 𝛾 > 0.5, it is said to be in the MPI
regime [64]. The experimental setup is in the MPI regime.

𝛾 = 𝜔
𝐹√2𝐸0 (in atomic units) (4.8)

Where 𝜔 is the frequency of the laser, 𝐹 is the laser electric field strength, and 𝐸0 is the ionization
potential of the atom. Energy from the laser pulse is lost, because of the ionization process. In
Section 5.1 the efficiency of the filamentation process is quantified.

The plasma channel is visible by naked eye due to N2+ fluorescence. Fluorescence is the emissions of
electromagnetic radiation from particles. In the plasma channel N2+ emits light at 𝜆 ≈ 391 and 428𝑛𝑚
[65–67]. In the experimental campaign, the N2+ fluorescence is used to characterise the position of
the filamentation process. Furthermore, it is used to find the focal point.

4.5. Femtosecond-Laser-Induced Filamentation

A schematic of fs-laser-induced filamentation is presented in Figure 4.3. A laser pulse is represented by
the black-coloured circle on the left, the pulse moves towards the right. The cone shows a decreasing
size of the laser beam, the laser self-focuses. Further downstream, a filament is created. In the
experimental setup a plasma is present in the filament, this is sometimes referred to as the plasma
channel. Energy from the pulse surrounds the filament, this region is called the background reservoir.
The filament interacts with the energy contained in the background reservoir [56]. The end product is
white light surrounded by conical emissions. The light in the centre is white, because it contains many
different frequencies.

z

Filament
Background Reservoir

Conical Emissions

Figure 4.3: Schematic of laser pulse undergoing self-focusing. Figure is inspired by schematic of Chin et al. (2005) [68].
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4.6. Experimental Implementation

As mentioned earlier, supercontinuum generation via in-situ femtosecond-laser-induced filamentation
for ultrabroadband femtosecond/picosecond coherent Raman spectroscopy (CRS) is used in this thesis.
The filament is placed near the probe volume where the pump/Stokes pulse is crossed with the probe
pulse. A schematic of the experimental implementation is shown in Figure 4.4. The remaining part of
the experimental setup is unchanged and has been presented in Section 3.4. The pump/Stokes pulse
and probe pulse are focused by spherical lenses (𝑓𝑝/𝑆 = 500𝑚𝑚, 𝑓𝑃𝑟 = 300𝑚𝑚). The pulses are crossed
as follow. The probe pulse is in the focus, such that the intensity is highest. The pump/Stokes pulse is
diverging out of the filament, such that all newly generated frequency can be used and ionization in the
probe volume is avoided. The effects of placing the probe volume in the filament on CRS thermometry
are studied in Section 7.2.

fs pump/Stokes

ps probe

ps probe and CRS
SL

SL SL

B

(a)(b)(c) (d)

Figure 4.4: Schematic of experimental implementation of in-situ femtosecond-laser-induced filamentation for ultrabroadband
femtosecond/picosecond coherent Raman spectroscopy (CRS). The pump/Stokes pulse (𝑓 = 500𝑚𝑚) and the probe pulse

(𝑓 = 300𝑚𝑚) are focused by spherical lenses (SL), the pump/Stokes pulse is aligned with the probe pulse by two mirrors. (a)
After the last mirror the pump/Stokes pulse self-focuses. (b) A filament forms, the plasma channel is visible by naked eye due
to N2+ fluorescence. (c) Here, new frequencies have been created by self-phase modulation and the pump/Stokes pulse

diverges out of the filament. (d) the pump/Stokes pulse and probe pulse are crossed, an ultrabroadband
femtosecond/picosecond CRS signal is created. B, burner; SL, spherical lens.



5
Characterisation of

Femtosecond-Laser-Induced
Filamentation

In the previous chapters theory from the literature has been presented on coherent Raman spectroscopy
(CRS) and supercontinuum generation via femtosecond (𝑓𝑠 = 10−15) laser-induced filamentation. In
the next three chapters the experimental work is presented. The work consists of an experimental
campaign which is split into three phases. The goal of the campaign is to characterise fs-laser-induced
filamentation and the effects of fs-laser-induced filamentation on two-beam femtosecond/picosecond
(𝑝𝑠 = 10−12𝑠) CRS.

In this chapter the first experimental phase is presented, here fs-laser-induced filamentation is
characterised. This includes the measurements of the spatial properties of the plasma channel, the
power required to initiate the fs-laser-induced filamentation process and the effects of different
boundary conditions on the excitation efficiency. The second experimental phase is presented in
Chapter 6 and covers the characterisation of the probe volume dimensions. Here a novel procedure is
demonstrated to find the pump/Stokes pulse diameter in the probe volume under filamentation
conditions. The third experimental phase is presented in Chapter 7 and contains measurements to
characterise the effects of fs-laser-induced filamentation on CRS thermometry. This phase includes a
demonstration of ultrabroadband fs/ps CRS behind an optical window. The report is structured per
experiment, meaning that the methodology, results and conclusions of one experiment are presented
all at once. For some experiments additional theory is provided.

This chapter is structured as follows. Firstly, the efficiency of the supercontinuum generation via fs-
laser-induced filamentation is discussed in Section 5.1. Here the average power before and after the
filament is measured in different gas mixtures. Secondly, the spatial properties of the filament are
studied in Section 5.2. Thirdly, the power required to initiate the fs-laser-induced filamentation process
is measured in Section 5.3. Then, a model for the non-resonant CRS signal is presented to characterise
the pulse duration in Section 5.4. In Section 5.5 the excitation efficiency is characterised with the pulse
duration for different boundary conditions. The tested boundary conditions are the amount of chirp
produced by the external compressor, the input power, the gas composition, the gas temperature, and
finally the effect of a flame.

27
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5.1. Efficiency of Filamentation Process

The efficiency of supercontinuum generation via fs-laser induced filamentation can be characterised by
comparing the average power before and after the filament. The difference shows the losses of the
filamentation process due to multi-photon ionization. The average power is measured with a power
meter.

5.1.1. Results

The input pump/Stokes pulse energy is varied between 300 and 1500𝜇𝐽. The efficiency curve for
different input energies is shown in Figure 5.1. The slopes of the respective lines are used to describe
the efficiency of the filamentation process. The dashed line has a slope of 45deg, which represents
the ideal case where no energy is lost. The energy conversion efficiency for the laminar premixed
methane/air flame, air and molecular nitrogen is 𝜂 = 86.5, 82.2, and 82.2% respectively.
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Figure 5.1: Conversion efficiency of the filamentation process in different gasses with pump/Stokes pulse energy in the range
of 300 − 1500𝜇𝐽. Output of filament is generated in molecular nitrogen and air are at room temperature, and in the products

of a laminar premixed methane/air flame.

The experiment shows only small differences in efficiency between different gas compositions and
overall a small loss. In the flame a higher conversion efficiency is observed, this can be explained by the
lower ionization rate due the lower density in the hot gas mixture compared to the denser gas mixtures
at room temperatures. It can be concluded that most energy is preserved for CRS measurements.

5.2. Dimensions of Filament

The spatial dimensions of the filament vary from pulse to pulse. In the literature it is not described
whether the end position of the filament changes with temperature. The initial crossing of the beams is
normally optimised in air at room temperature. Changes of the gas composition and temperature could
result in a shift of the filament position with respect to the probe volume position. All of the named
changes lead to an uncertainty of the filament position with respect to the probe volume position.

In this experiment the spatial dimensions of the filament and its variation in time under three boundary
conditions are evaluated. The variation in time is named the spatial jitter. Firstly, the filament is placed
in air at room temperature. Secondly, part of the filament is placed inside a laminar methane/air
premixed flame provided on a Bunsen burner. This flame setup is typically used for experiments.
Special focus is on this setup, because the filament propagates over a region with a large gradient in
temperature and thus number density. Lastly, the full filament is placed inside the same flame.



5.2. Dimensions of Filament 29

5.2.1. Methodology

The dimensions of the filament are captured by placing a consumer complementary metal oxide
semiconductor (CMOS) camera (Nikon D7500) perpendicular to the filament. The filament is visible
by naked eye due to N2+ fluorescence. Electromagnetic radiation from molecular nitrogen at 𝜆 ≈ 391
and 428𝑛𝑚 is emitted [65, 66]. The experimental setup is displayed in Figure 5.2. During the
experiment, the energy per pulse of the pump/Stokes laser (𝜆 = 800𝑛𝑚) is set to 𝐸𝑝/𝑆 = 1.5𝑚𝐽. The
pump/Stokes pulse is focused by a 𝑓 = 500𝑚𝑚 lens.

SL

N2+ Fluorescence
C
M
O
S

Figure 5.2: Schematic of experimental setup for imaging of N2+ fluorescence with Nikon D7500 (CMOS). Implemented for
imaging in flames and calibration of 2𝑓 telescope with sCMOS (see Section 5.3). SL, spherical lens.

The exposure time of the camera is set to 1/1000𝑠, equal to the repetition rate of the laser amplifier
system. The maximum frame rate of the camera is 8 frames per second. Therefore, the figures do not
give information in the time domain, especially because two consecutive filaments are uncorrelated.
Two consecutive filaments are uncorrelated, because the electron-ion recombination timescale is in the
order of nanosecond [69] which is much shorter than the millisecond timescale of the regenerative
amplifier system (1𝑘𝐻𝑧). The camera is calibrated by placing a ruler at the position of the filament.
The ruler is placed in the focus of the camera. This results in a resolution of ~24𝜇𝑚/𝑝𝑖𝑥𝑒𝑙. The
experiments inside the combustion environment are performed with a laminar methane/air premixed
M-flame.

In post-processing, the flame is removed from the pictures to find the integrated intensity profile of
the N2+ fluorescence. The intermediate steps of the post-processing are presented in Figure 5.3. The
filament is the horizontal white line. On the right the blue flame is visible. The procedure to remove
the flame is as follows. Firstly, from every colour column (line perpendicular to filament) the mean
value of the first and last few pixels are subtracted. Secondly, the image is converted to grey scale (see
Figure 5.3c). There is still some noise where the background subtraction was unsuccessful. The main
noise consists of small isolated regions. The background subtraction is most difficult at the boundaries
of the flame. There, the background intensity along one column is not constant. This is because, at
the boundaries of the flame the fluorescence is sloped.

The next step is to remove pixels which are isolated. Or in other words, small objects are removed (see
Figure 5.3d). This leaves the filament with some extra tails in the vertical direction at the boundaries
of the flame. To remove these, the outer edge of the filament is found by calculating the vertical
derivative of the intensity. The edge is fitted with a quadratic function. Everything outside of this
range is removed (see Figure 5.3e). Lastly, the image is vertically binned and the horizontal length
(length, 1/𝑒2) is determined. Where (length, 1/𝑒2) describes the intensity at the pulse boundaries,
the horizontal length is defined as the length between two points with 1/𝑒2 ≈ 0.14 of the maximum
intensity value. The procedure is applied to every individual frame, hereby the spatial jitter can be
quantified.
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(a) The cropped initial picture. The horizontal white line is the filament. On the right the blue flame is visible.

(b) The cropped initial picture in grey scale. This figure is presented for comparison of initial picture with other pictures.

(c) Removed averaged background and converted to grey scale. Flame is almost completely removed.

(d) Removed loose pixel. Dashed white line shows edge function.

(e) Removed pixels outside edge function. This is the final image before it is vertically binned to find N2+ fluorescence intensity.

Figure 5.3: Post-processing procedure to remove the flame from the pictures and find the N2+ fluorescence intensity profile.
Example shows picture where part of filament is placed in laminar premixed methane/air m-flame.

5.2.2. Results

Typical pictures for the three environments without post-processing are shown in Figure 5.4. The
focusing lens is positioned on the left side, the pulse moves from left to right. The straight horizontal
line is the N2+ fluorescence from the filament. The laminar premixed methane/air M-flame is shown as
a light blue area present in Figure 5.4b and 5.4c. A graph of the normalised post-processed fluorescence
is projected on the figure. The vertical dashed lines represents the mean horizontal length (length,
1/𝑒2) of the filament for 275 pictures. Its standard deviation is displayed with the greyed filled area.

Some observations. Firstly, the filament which is partly placed inside the flame (Figure 5.4b) shows
no major difference with the other figures. It is quite interesting that the filament is unaffected, while
the filament passes a large gradient in temperature. The filamentation process starts well outside
the flame and moves inside the flame. The large gradient in gas temperature is accompanied by a
large gradient in number density. As the temperature increases, the number density of the gas-phase
medium reduces. It should be noted that the N2+ fluorescence decreases more rapidly where the
flame starts.

Secondly, it can be observed that the data inside the flames is more noisy. The N2+ fluorescence
intensity profile is less smooth. In these cases, the flame adds extra uncertainty in post-processing.
Therefore, the background subtraction is less successful.
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Bunsen

Burner

(a) Filament in air at room temperature.

Bunsen

Burner

Flame

(b) Part of filament in laminar premixed methane/air m-flame.

Bunsen

Burner

Flame

(c) Full filament in laminar premixed methane/air m-flame.

Figure 5.4: Picture of N2+ fluorescence in different environments acquired with CMOS camera. Power of pump/Stokes pulse
set to 𝐸𝑝/𝑆 = 1.5𝑚𝐽 per pulse. The origin of the horizontal axis is arbitrary. Vertical dashed lines shows mean edge, with grey
area representing its standard deviation. The horizontal line is the filament, with the fluorescence intensity profile placed on

top. The blue colour is the laminar premixed methane/air m-flame.

The spatial dimensions of the filament are presented in Table 5.1. Surprisingly, the spatial dimensions
are hardly affected by the presence of the flame. The spatial dimensions are stable with temperature.
Furthermore, the filamentation process continues over the large gradient in temperature and number
density, the filament is not stopped at the large gradient. Therefore, it seems that the intensity clamping
condition (Δ𝑛𝑘𝑟 ≈ Δ𝑛𝑝) is not dependent on temperature. Both the Kerr-effect (Δ𝑛𝑘𝑟) and the free-
electron-term (Δ𝑛𝑝) are affected equally such that the balance is unchanged.
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Table 5.1: Dimensions (length, 1/𝑒2) of filament in different environments. Populations size is 𝑛 = 275. the origin of the
length axis is arbitrary.

Start 𝝈𝐒𝐭𝐚𝐫𝐭 End 𝝈𝐄𝐧𝐝 Length 𝝈𝐋𝐞𝐧𝐠𝐭𝐡
Room Temperature Air [𝑚𝑚] 1.67 0.33 14.24 0.30 12.56 0.28
Part of Filament in Methane Flame [𝑚𝑚] 1.21 0.44 14.13 0.39 13.10 0.45
Full Filament in Methane Flame [𝑚𝑚] 2.40 0.70 15.29 0.67 12.99 0.67

The standard deviation increases due to the influence of the flame. The end position of the filament
varies in between 𝜎𝐸𝑛𝑑 = 0.3 and 0.7𝑚𝑚. The increase in precision is most likely due to additional
uncertainties in the flame background and not due to the increase in temperature. The flame itself
is not stable in time. Therefore, the background moves in time, this affects the successfulness of the
post-processing procedure. All in all, this means that the real impact on the CRS process is small, as
the spatial jitter of the filament hardly changes due to the presence of the flame.

5.3. Measurement of Critical Power in Air

The onset of the filamentation process changes the characteristics of the pump/Stokes pulse. For a
pulse to undergo self-focusing the optical power needs to exceed the critical power, for a Gaussian
continuous-wave laser the critical power can be described with Equation 5.1 [33].

𝑃cr =
(0.61)2𝜋𝜆2
8𝑛0𝑛2

(5.1)

Where 𝜆 is the central wavelength of the pulse, 𝑛0 is the refractive index of neutral air, and 𝑛2 is the
second order refractive index of air. In literature, the second order refractive index is reported on
with different measurement techniques. A wide range of second order refractive indices have been
presented (𝑛2 = (1.2-5.57) ⋅ 10−23𝑚2/𝑊) [70, 71]. This range in refractive indices results in a range of
critical powers according to Equation 5.1. For a central wavelength of 800𝑛𝑚 the critical power ranges
from 𝑃𝑐𝑟 = 1.7 to 7.8𝐺𝑊, or 𝐸𝑝/𝑆 = 101 to 468𝜇𝐽 for a pulse duration of 𝜏 = 60𝑓𝑠.

The focal point of the laser pulse can be used to determine the onset of the Kerr-effect. The focal
point shifts towards the focusing lens at powers higher than the critical power. The focal point is
reached at a shorter distance and shifts towards the focusing lens. This shift can be described with the
transformation formula presented in Equation 5.2 [72, 73]. 𝑓′ is the position of the focal point when
the contribution from the geometrical focusing (the lens) and the filamentation process are combined.

𝑓′ =
𝑓 ⋅ 𝑧𝑠𝑓
𝑓 + 𝑧𝑠𝑓

(5.2)

Where 𝑓 is the focal length of the focusing lens. 𝑧𝑠𝑓 is the self-focusing distance of the parallel Gaussian,
𝑧𝑠𝑓 is described with Equation 5.3 [74].

𝑧𝑠𝑓 =
0.367k0a2

{[( 𝑃
𝑃𝑐𝑟
)
1/2
− 0.852]

2

− 0.0219}
1/2 (5.3)

Where 𝑘0 is the wavenumber, 𝑎 is the radius of the beam profile (1/𝑒). The term 𝑘0𝑎 indicates the
diffraction length. Most important is that if the power is lower than the critical power, the focal point is
constant with power.
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5.3.1. Methodology

The focal point is measured with the experimental setup displayed in Figure 5.5. The fluorescence is
imaged with a 2𝑓 telescope, a spherical lens (𝑓 = 100𝑚𝑚) is used. The experimental setup is changed
as compared to Section 5.2. A scientific CMOS (sCMOS) camera is used instead of a CMOS camera.
The benefits are twofold. Firstly, the repetition rate of the CMOS camera is a 1000 frames per second,
equal to the repetition rate of the laser. This reduces the required time for a measurement. Secondly,
the sensitivity of the sCMOS camera is higher.
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Figure 5.5: Schematic of experimental setup for imaging of N2+ fluorescence. Imaging with Andor Zyla 4.2 (sCMOS) in 2𝑓
telescope. SL, spherical lens.

The system is calibrated with the experimental setup presented in Section 5.2. A filament is imaged
with both the commercial CMOS camera and the sCMOS camera. The length of the filament for both
measurements is equal. The pixel size of the commercial CMOS camera can be calibrated with a ruler
as explained earlier. This results in a resolution of ~6𝜇𝑚/𝑝𝑖𝑥𝑒𝑙 for the new experimental setup.

5.3.2. Results

The fluorescence observed perpendicular to the filament in air at room temperature is displayed in
Figure 5.6. The figures show the summed intensity. In post-processing, Mie scattering from dust
particles inside the optical path is removed from the data (see [35] for definition of Mie Scattering).
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(a) 𝐸𝑝/𝑆 = 40𝜇𝐽; 150, 000 pulses averaged.
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(b) 𝐸𝑝/𝑆 = 150𝜇𝐽; 150, 000 pulses averaged.

05101520
Position [mm]

0

0.2

0.4

0.6

0.8

1

N
2+ 

F
lu

o
re

sc
en

ce
 In

te
n

si
ty

,

 [
n

o
rm

.]

(c) 𝐸𝑝/𝑆 = 1000𝜇𝐽; 30, 000 pulses averaged.

Figure 5.6: Averaged N2+ fluorescence signal for three different energy levels. Positive position is towards the focusing lens
with arbitrary origin. Please note that the positive direction of the x-axis is flipped. The intensity is normalised to the maximum

intensity of 1000𝜇𝐽.
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N2+ fluorescence is observed from pump/Stokes pulse powers of 𝐸𝑝/𝑆 = 40𝜇𝐽 and higher. The
fluorescence is not symmetric. For powers above 𝐸𝑝/𝑆 = 50𝜇𝐽 the left hand side where the filament
forms, has a steep curve. Where on the right hand side, where the filaments ends, a shallow curve is
present. This could be due to the pulse deformation during the non-linear propagation [73, 75].

The peak of the fluorescence shifts towards the focusing lens. In Figure 5.6 this corresponds to a shift
towards the left, or to a higher value on the horizontal axis. The focus shifts towards the focusing
lens, because the Kerr-effect increases the speed of focusing. In post processing, a filter is applied
to smoothen the fluorescence and find the peak position. The peak positions for different powers are
displayed in Figure 5.7. The peak positions start to shift towards the focusing lens at 𝐸𝑝/𝑆 = 74𝜇𝐽.
The pulse duration is 𝜏𝑝/𝑆 ≈ 60𝑓𝑠 (see Section 5.4 and 5.5 for details), which gives a critical power of
𝑃𝑐𝑟 ≈ 74𝜇𝐽/60𝑓𝑠 ≈ 1.2𝐺𝑊. Compared the critical powers calculated with different refractive indices at
the start of this section (𝑃𝑐𝑟 = 1.7 to 7.8𝐺𝑊) this measurement of the critical power is low.

Ep/S = 74 �J

�FWHM = 60 fs 

Pcr = 1.2 GW

Figure 5.7: Direct measurement of critical power. Peak position of N2+ fluorescence signal as function of pulse energy is
presented. The crosses are experimental results, the straight red lines are fits used to determine the critical power. The origin
of the vertical axis is arbritary, positive peak position is towards the focusing lens. Please note that both axis are logarithmic

scales.

An interesting observation can be made. Liu et al. (2005) report a critical power of 𝑃𝑐𝑟 = 10𝐺𝑊 in
air (𝜏 = 42𝑓𝑠, 𝜆 = 800𝑛𝑚 and 𝑓 = 750𝑚𝑚) [73]. Later, the same research group changed their
experimental setup and report on a lower critical power inside a flame of 𝑃𝑐𝑟 = 2.2𝐺𝑊 (𝜏 = 35𝑓𝑠,
𝜆 = 800𝑛𝑚 and 𝑓 = 500𝑚𝑚) [76]. Their direct measurement of the critical power inside a flame is
presented in Figure 5.8. The experiment was performed with an experimental setup identical to ours;
a Ti:Sapphire laser system which produces a 𝜏 = 35𝑓𝑠, 𝜆 = 800𝑛𝑚 pulse focused by a 𝑓 = 500𝑚𝑚
lens. Interestingly, the results in a flame (2016) look almost identical to our experimental results. The
research presents a similar pulse energy for the onset of the Kerr-effect, namely 𝐸 = 74𝜇𝐽. Li et al
(2016) find their critical power low compared to their previous findings measured in air (2005), they
speculate that a flame reduces the critical power. However, this experimental campaign suggest that,
opposite to the authors suggestions, that the flame is not the main contributor to the change in critical
power. This is further supported by results presented in Section 5.2. There, no clear difference in the
dimensions of the filament are observed when the filament is placed in a methane/air premixed flame
or when placed in air at room temperature (𝐿 ≈ 13𝑚𝑚, 𝜎𝐿𝑒𝑛𝑔𝑡ℎ = 0.3-0.7𝑚𝑚 for 𝐸𝑝/𝑆 = 1.5𝑚𝐽). Other
changes in the experimental setup are more likely to influence the critical power. For example, the
focal length was changed in between the different experiments. This seems to play a larger role.
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Figure 5.8: Li et al. (2016) present a direct measurement of critical power performed in ethanol/air flame [76]. Experiment is
performed with a Ti:Sapphire laser system which produces 𝜏 = 35𝑓𝑠, 𝜆 = 800𝑛𝑚 pulse which is focused by a 𝑓 = 500𝑚𝑚
lens. In the figure a positive position is further from the focusing lens, the peak position shifts towards the focal length at

higher powers.

Literature shows that ultrashort pulses have a higher critical power compared to longer pulses [73].
The critical power for ultrashort pulses becomes a function of pulse duration, because the molecular
response is delayed [73]. As this experiment presents a critical power for an ultrashort pulse which is
already low compared to literature, it shows that the critical power does not describe the onset of the
filamentation process adequately.

Furthermore, in this experiment multiphoton ionization (MPI) is observed before the onset of the
filamentation process. The experiment shows that the pure MPI regime ranges from 𝐸𝑝/𝑆 = 40-74𝜇𝐽.
This regime has been previously described in literature [77]. However, the general description of the
filamentation process found in many papers lacks to describe this regime. In literature critical power
is used to describe the onset of the filamentation process. It is described how the Kerr-effect focuses
the beam when the critical power is reached. The focusing effect decreases the waist of the beam. It
is suggested that this decrease in beam waist increases the irradiance which initiates MPI. A plasma
channel is formed. However, this research shows that the onset of ionisation is not directly linked to
the onset of the Kerr-effect. There is no direct correlation. Also, in literature it is presented that the
Kerr-effect is possible without ionization [58]. Here, higher-order Kerr-terms disperse the beam. For
further research on the filamentation process it is advised to assume that ionisation and the
Kerr-effect are independent of each other and do not start at the same pulse powers.

5.4. Estimate of Pulse Duration From Non-Resonant Signal

The time-bandwidth product of a pulse is the product of the temporal duration and the spectral width.
The minimum time-bandwidth product is obtained for transform-limited pulses, for a Gaussian-shaped
pulse the product has a minimum of ~0.44. It is not possible to go below this limit. Such transform-
limited pulses have minimum possible duration for a given spectral bandwidth. During the filamentation
process the pulse is compressed and new frequencies are created. The output therefore resembles a
transform-limited pulse, the pulse duration is used to quantify the increase in bandwidth. Hereby, only
one characteristic value is needed. In two-beam CRS an increase in pump/Stokes pulse bandwidth
can be observed by a flatter non-resonant normalised CRS spectrum. The resonances at higher Raman
shifts can be measured more easily. A model for the non-resonant spectrum is created with the following
set of equations and approximations.

Firstly, it is assumed that the probe pulse has no width in the frequency domain. The small width of the
probe pulse compared to the larger width of the pump/Stokes pulse in the frequency domain makes
this approximation possible.
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The pump/Stokes pulse electric field envelop (𝐸0) is described in Equation 5.4. Here, the electric field
envelop is a Gaussian. A transform-limited Gaussian is the theoretical output of the ultrafast amplifier
system in combination with the external compressor.

𝐸0 = 𝑒
(−2 log(2)( 𝑡

𝜏𝑝/𝑆
)
2
)

(5.4)

Where 𝑡 is the time domain, and 𝜏 is the pump/Stokes pulse duration. The square of the electric field
describes the intensity. The duration of the pulse is the full-width-at-half-maximum of the intensity
profile. The pump/Stokes pulse electric field is described with Equation 5.5.

𝐸 = 2𝐸0𝑒−𝑖𝑤𝑡 (5.5)

Where 𝑤 is the angular frequency described with 𝑤 = 2𝜋𝑐/𝜆, 𝑐 is the speed of light, and 𝜆 is the central
wavelength of the light.

The electric field in the time domain is transformed into the frequency domain with a Fourier
transform. This gives a Gaussian in the frequency domain. To model the non-resonant CRS spectrum,
the available photon pairs for different frequencies differences need to be counted. Or in other words,
one needs to count which combinations of frequencies in the frequency spectrum are available to
match a certain energy difference in between two energy states. Mathematically, this is represented
by an autocorrelation of the frequency spectrum. An autocorrelation is a type of convolution, it is
calculated by taking the integral of the product between the signal and a delayed copy of the signal
which is shifted. This results in a synthetic spectrum for the non-resonant CRS signal.

A library is created from 𝜏𝑝/𝑆 = 5 to 100𝑓𝑠 with 0.1𝑓𝑠 step size. The signal can be scaled by
multiplication of the entire field, this simulates different intensities. An optimization function is written
to minimize the total residual in a specified spectral region. The function allows to fit individual
frames.

5.4.1. Validation

To validate the model, the non-resonant coherent Stokes Raman spectroscopy (CSRS) spectrum is
measured in argon. The spectrum is acquired at pump/Stokes pulse energy of 60 and 1000𝜇𝐽.

The averaged experimental spectrum at 𝐸𝑝/𝑆 = 60𝜇𝐽 fitted with the model is presented in Figure 5.9.
At this power the energy per pulse is too low to initiate the filamentation process. The residual is
displayed at an offset of −0.2. The mean pulse duration is estimated to be 𝜏 = 63.9𝑓𝑠 long with a
standard deviation of 𝜎𝜏 = 0.9𝑓𝑠. The pulse duration is long compared to the specifications of the laser
amplifier system. The pulse should be approximately 𝜏 ≈ 35𝑓𝑠 long according to specifications. The
difference can be explained by the chirp in the pulse. The non-resonant CRS spectrum is not generated
with a transform-limited input pulse. The effect of pre-chirping is elaborated on in Section 5.5. At low
powers, the shape of the synthetic and experimental spectra match nicely. The offset is relatively small.
With model of the synthetic spectrum the effective transform-limited pulse duration can be estimated.
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Figure 5.9: Averaged non-Resonant single-shot CSRS spectrum measured in argon with 𝐸𝑝/𝑆 = 60𝜇𝐽 (1000 frames). Model
follows shape experimental spectrum nicely. The spectral fitting can be evaluated by the residual of the synthetic and

experimental spectra, the residual is presented in the figure at an offset of −0.2 for clarity purposes. The grey filled area shows
region where bandpass filter reduces strength of signal, the bandpass filter prevents damage to the camera.

The averaged experimental spectrum for 𝐸𝑝/𝑆 = 1000𝜇𝐽 fitted with the model is presented in
Figure 5.10. The energy of the pump/Stokes pulse is large enough to initiate the filamentation
process. A strong filament is created. A direct comparison of the non-resonant signal at low power
(Figure 5.9) shows that the excitation efficiency at high Raman shift has increased, the increase in
excitation efficiency with input power is further elaborated on in Section 5.5. The experimental
spectrum is fitted in different ranges. It is not possible to fit the entire range at once. The shapes of
the experimental and synthetic spectrum do not compare over the entire range. There are three
ranges in the spectral window where the residual can be minimised. The effective pulse duration is
affected strongly by the spectral region chosen. The estimated pulse duration for the three spectral
regions is 𝜏𝑝/𝑆 = 56.7𝑓𝑠 (Ω𝑓𝑖𝑡 = 230-490𝑐𝑚−1), 𝜏𝑝/𝑆 = 35.6𝑓𝑠 (Ω𝑓𝑖𝑡 = 490-630𝑐𝑚−1), and
𝜏𝑝/𝑆 = 29.2𝑓𝑠 (Ω𝑓𝑖𝑡 = 630-1250𝑐𝑚−1). Clearly, there is a large difference between the model and the
observed spectrum.

Figure 5.10: Averaged non-resonant single-shot CSRS spectrum measured in argon with 𝐸𝑝/𝑆 = 1000𝜇𝐽 (1000 frames). The
spectral fitting can be evaluated by the residual of the synthetic and experimental spectra, the residual is presented in the
figure at an offset of −0.2 for clarity purposes. The grey filled area shows region where bandpass filter reduces strength of

signal, the bandpass filter prevents damage to the camera.

The difference between the model and the experimental spectrum can be explained. The
filamentation process increases the bandwidth of the pulse. The distributions of the frequencies
flattens. Experimental results show that the increase in bandwidth is not symmetric [75, 78, 79].
However, the model assumes a Gaussian shaped pulse in the frequency domain. This assumption
does not hold during measurements at powers above the critical power. A different input in the
frequency domain would not solve the problem for all powers, as the spectrum in the frequency
domain changes with different boundary conditions. Still, the model is used to quantify the increase
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in pump/Stokes pulse bandwidth. Hereby, it is possible to show trends in specific spectral regions, it
is not possible to compare the results of different spectral regions.

In Figure 5.10 it is shown that a decrease in pulse duration results in a flatter non-resonant signal. The
flatter signal allows for measurements at higher Raman shifts. It should be noted that the experimental
spectra are less applicable for measurements across a large spectral region compared to the synthetic
spectra. The slope of the experimental spectra are steeper. This means that the excitation efficiency at
low Raman shift is much higher compared to the excitation efficiency at high Raman shifts. Therefore,
it is difficult to prevent saturation of the camera at low Raman shifts while attaining a decent signal to
noise ratio at high Raman shifts. For example, a measurement of molecular hydrogen S-branch would
be difficult as the first 6 resonances range from Ω ≈ 350 to 1450𝑐𝑚−1 [16].

5.5. Effect of Boundary Conditions on Non-Resonant Signal

The non-resonant CRS spectrum is used to normalize the resonant CRS spectrum. The non-resonant
signal changes when the filamentation process increases the bandwidth of the pump/Stokes pulse. The
possibility to measure at higher Raman shifts is improved by this process. In this section the effects of
different boundary conditions on the non-resonant spectrum are discussed.

The section is structured as follows. Firstly, the effect of pre-chirping is discussed in Section 5.5.1.
Secondly, the effect of power on the non-resonant spectrum is presented in Section 5.5.2. Then the
effect of gas composition and temperature are discussed in Section 5.5.3 and 5.5.4, respectively. Lastly,
the effect of combustion is elaborated on in Section 5.5.5.

5.5.1. Effect of Pre-Chirping

The external compressor varies the chirp in the pump/Stokes pulse. It is implemented into the design
of the experimental setup to compensate flexibly for dispersion terms along the optical path [10]. The
external compressor can pre-chirp the pulse.

In Section 5.4.1 it is shown that the pump/Stokes effective pulse duration without filamentation is
𝜏𝑝/𝑆 ≈ 60𝑓𝑠. Compared to the specifications of the laser amplifier system of 𝜏𝑝/𝑆 = 35𝑓𝑠 this estimate
seems to be too long. To further validate the model and to see the effect of different amounts of
chirp inside the input pump/Stokes pulse on the filamentation process, the position of the external
compressor is varied. The power is set to 𝐸𝑝/𝑆 = 30 and 1000𝜇𝐽. The low energy case describes the
effective input pulse duration during the filamentation process. This energy is well below the energy
required to initiate the filamentation process (𝐸𝑝/𝑆 ≈ 74𝜇𝐽). The high energy case describes the output
of the filamentation process. Hereby, it is possible to describe the effects of chirp in the input pulse on
pulse compression via fs-laser-induced filamentation. In the literature, it is described how an increase
in chirp reduces the critical power for ultrashort pulses [73]. No research is available where the effects
of chirp in the input pulse on pulse compression are described, the experimental results are novel.

The external compressor has no discrete steps, therefore it is not possible to return to the same
amount of chirp. The step size is determined by the manual input. The measurements are executed
with the following procedure. First, the external compressor is moved towards negative chirp where
the non-resonant signal is just visible. Further moving of the stage results in heavy modulations of the
non-resonant signal. Then, for both powers, the non-resonant signal is measured. Next, the position of
the external compressor is moved with a small step towards positive chirp. This procedure is repeated
until heavy modulation of the non-resonant signal makes further measurements impossible.
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The effective pulse duration measured in air at room temperature for different positions of the external
compressor is presented in Figure 5.11. Positive position are associated with positve chirp. At position
1 and 13 it is not possible to fit the synthetic to the experimental data for 𝐸𝑝/𝑆 = 30𝜇𝐽 due to large
modulations of the non-resonant signal. For a pump/Stokes pulse energy of 𝐸𝑝/𝑆 = 1000𝜇𝐽 two regions
are fitted with the theoretical model. One fit ranges between Ω = 630 and 900𝑐𝑚−1, the other fit ranges
between Ω = 900 and 1450𝑐𝑚−1. A fit for the entire measured spectrum was not possible due to a
mismatch in the synthetic and experimental spectrum (see Section 5.4.1).

Figure 5.11: Effects of pre-chirping on pulse compression by the filamentation process in air at room temperature (1000
frames). 𝐸𝑝/𝑆 = 30𝜇𝐽 describes the input pulse, 𝐸𝑝/𝑆 = 1000𝜇𝐽 describes the output pulse of the filamentation process. On
the horizontal axis positions of the external Compressor are displayed, positive position are associated with positve chirp. The
origin is arbitrary. Please note that the horizontal axis is not completely linear, because the external compressor has no discrete

locations.

At low energy, the effective pulse duration is minimal at position 7, here the effective pulse duration is
𝜏𝑝/𝑆 = 39.6𝑓𝑠 (𝜎𝜏 = 0.2𝑓𝑠) which is close to the specified transform-limited pulse duration of the laser
system (𝜏𝑝/𝑆 = 35𝑓𝑠). At high energy, different optima can be observed. For the fit close to the probe
pulse (Ω𝑓𝑖𝑡 = −(630-900)𝑐𝑚−1) there exist an optima at position 2 (𝜏𝑝/𝑆 = 33.1𝑓𝑠, 𝜎𝜏 = 0.9𝑓𝑠) and
11 (𝜏𝑝/𝑆 = 31.9𝑓𝑠, 𝜎𝜏 = 1.5𝑓𝑠). At those positions the input pulse duration is not transform-limited,
but positively or negatively chirped to around 𝜏𝑝/𝑆 ≈ 60𝑓𝑠 which is close to the pulse duration found in
Section 5.4.1. For the fit further from the probe pulse (Ω𝑓𝑖𝑡 = −(900-1450)𝑐𝑚−1) the effective pulse
duration is more flat for different positions of the external compressor. The global minimum is present
close to transform-limited input pulse at position 7 (𝜏𝑝/𝑆 = 14.6𝑓𝑠, 𝜎𝜏 = 0.9𝑓𝑠). Furthermore, a local
minimum is located at position 2 (𝜏𝑝/𝑆 = 21.7𝑓𝑠, 𝜎𝜏 = 0.8𝑓𝑠), the same location where a minimum is
found for the fit close to the probe pulse.

Two methods are normally used to optimise the position of the external compressor during operation
of the system. The first method is to look at the conical emissions from the filament (see Section 4.3
for theory on conical emissions). The position of the external compressor is changed such that the
conical emissions have maximum intensity out of the filament. The second method is to optimise the
non-resonant signal in the live feed of the sCMOS camera. The results show that optimisation of the
external compressor during normal operation of the system does not result in a transform-limited input
pulse. The optimisation results in either position 2 or 11 with an input pulse duration of approximately
𝜏𝑝/𝑆 = 60𝑓𝑠.

As mentioned before, the critical power reduces for an increase in chirp for ultrashort pulses [73]. Liu
et al. (2005) show that for an increase in pulse duration from 42 to 200𝑓𝑠, the critical power drops from
10 to 5𝐺𝑊 in air at room temperature. This can be explained as follows [71, 80]. The non-linearity
in the medium consists of an instantaneous electronic response, and a delayed nuclear response. For
longer pulses, the contribution of the delayed nuclear response is larger. It leads to a higher effective
second-order refractive index (𝑛2). And therefore, a lower critical power.
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The results presented in this section show that the input pulse duration for an optimal filamentation
process is not transform-limited for a gas mixture with a nuclear response function. This is opposite
to most optical phenomena where a transform-limited input pulse is most effective. Most likely, this
has similar reasons why the critical power is reduced for a chirped input pulse. For longer pulses, the
contribution of the delayed nuclear response is larger. The trend will most likely be different when
the experiment is repeated in a gas mixture without delayed nuclear response function. An example
of such gas mixture is argon, here a transform-limited input pulse is probably most optimal for pulse
compression. Then the electric field intensity is highest, which results in the strongest instantaneous
electronic response function.

The results shows the power of the novel methodology to estimate the pulse duration based on the
non-resonant signal. It suggests that for a correctly assumed input pulse shape in the frequency
domain, autocorrelation measurements are possible with a CRS system. The capabilities of a CRS
system are increased without the need for any modifications to the setup. A user can note if the shape
of the synthetic and experimental non-resonant signal do not match for measurements over a large
spectral range (Ω𝑓𝑖𝑡 > 1000𝑐𝑚−1). If the shapes do not match, it points at an incorrect input shape in
the frequency. Then, the results can not be used reliably to estimate the pulse duration. For further
research it is advised to validate the experiments with an autocorrelator.

5.5.2. Effect of Input Power

In this section the effects of input power on the non-resonant CSRS signal and pulse compression are
discussed. Averaged non-resonant CSRS spectra measured in argon for different pump/Stokes pulse
energies are presented in Figure 5.12. The excitation efficiency increases at higher Raman shifts for
increasing pump/Stokes pulse energies.
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Figure 5.12: Averaged non-resonant single-shot CSRS spectrum measured in argon for different pump/Stokes pulse energy
(1000 frames).
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An estimate of the effective pulse duration for different powers is presented in Figure 5.13. The effective
pulse duration decreases from 𝜏𝑝/𝑆 = 40.1𝑓𝑠 (𝜎𝜏 = 0.1𝑓𝑠) to 24.5𝑓𝑠 (𝜎𝜏 = 0.4𝑓𝑠). The pump/Stokes
pulse duration is compressed and the bandwidth is increased by the filamentation process. Quite
surprising, the standard deviation of the pulse duration is small, the non-resonant CRSR signal is
stable from shot-to-shot, although the filamentation process is highly non-linear. Apparently, small
variations in the inputs do not result in large oscillations in the output. The experiment demonstrates
that laser-induced filamentation can increase the bandwidth in the vibrational fingerprint region (Ω =
800-1400𝑐𝑚−1 [22]) such that thermometry in this less congested region is most likely possible.
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Figure 5.13: Estimate of effective pulse duration for different input powers (1000 frames). Pulse duration decreases with an
increase in pump/Stokes pulse energy.

5.5.3. Effect of Gas Composition

In Figure 5.14 the effects of gas composition on the excitation efficiency for a range of pump/Stokes
pulse energies is presented. The figures shows non-resonant CSRS spectra for air, argon, carbon dioxide
and methane. The spectral region is chosen such that no resonant lines are present. The spectrum is
calibrated with a resonant CSRS spectrum acquired in molecular hydrogen at room temperature.
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(a) Air

(b) Argon (Ar)

(c) Carbon Dioxide (CO
2
)

(d) Methane (CH
4
)

Figure 5.14: Averaged non-resonant single-shot CSRS spectrum measured for a range of pump/Stokes pulse energies in (a) air,
(b) argon, (c) carbon dioxide and (d) methane at room temperature (1000 frames).

The main trend for all graphs is similar. From 𝐸𝑝/𝑆 = 20-60𝜇𝐽 the non-resonant signal is relatively
constant for all gas compositions. No clear differences can be observed. For slightly higher powers, the
pulse reaches critical power. The filamentation process starts and the excitation efficiency is increases.
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For pulse energies of 𝐸𝑝/𝑆 = 60-200𝜇𝐽 the bandwidth increases rapidly with pulse energies. This
corresponds to the critical power (𝑃𝑐𝑟 = 1.2𝐺𝑊, 𝐸𝑝/𝑆 = 74𝜇𝐽) measured in Section 5.3. The onset
of the broadening varies per gas composition. At higher powers, the excitation efficiency increases in
more gradual steps.

Some spectral aspects are noteworthy. Firstly, the non-resonant CSRS spectrum acquired in methane
shows a modulation from Ω = 700𝑐𝑚−1 onwards for 𝐸𝑝/𝑆 = 800 and 1000𝜇𝐽. Secondly, the non-
resonant CSRS spectrum acquired in air at high powers (𝐸𝑝/𝑆 > 400𝜇𝐽) does not entirely grow with
power. Or in other words, the excitation efficiency does not increase with power in this range. Thirdly,
the curvature of the non-resonant signal acquired in air looks lower as compared to the other gas
compositions. The excitation efficiency at powers above the critical power (𝐸𝑝/𝑆 = 74𝜇𝐽) is lower.
This is interesting, as the normal procedure for CRS thermometry involves normalisation in argon. A
resonant air spectrum is normalised with a non-resonant signal acquired in argon. This would result in
spectral cooling, as peaks at higher Raman shifts are normalised with a too large value.

An estimate for the effective Gaussian shaped pulse duration is shown in Figure 5.15. Here, the
same trends can be observed. The pulse duration is around 60𝑓𝑠 before compressions. In between
𝐸𝑝/𝑆 = 60-200𝜇𝐽 the pulse duration decreases rapidly with pulse energies. Here the filamentation
process has started. At higher powers onwards, the effective pulse duration gradually becomes smaller
with power.
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Figure 5.15: Estimate of effective pulse duration for several gas compositions at room temperature (1000 frames).

The combination of many non-linear processes determine the strength of the filamentation process.
The pulse compression is dependent on many variables, among them is the third-order susceptibility
and number density. To explain these effects a model is not available, but the dependency of different
gas specific variables on pulse compression can be speculated.

Firstly, the non-resonant third-order susceptibility is reported on in literature for molecular nitrogen
(𝜒(3)NR = 7.90 ⋅ 10−18𝑐𝑚3/erg amagat), oxygen (𝜒(3)NR = 7.98 ⋅ 10−18𝑐𝑚3/erg amagat), argon (𝜒(3)NR =
9.46 ⋅ 10−18𝑐𝑚3/erg amagat), carbon dioxide (𝜒(3)NR = 11.8 ⋅ 10−18𝑐𝑚3/erg amagat), and methane
(𝜒(3)NR = 22.7 ⋅ 10−18𝑐𝑚3/erg amagat) [81]. Air can be approximated as a combination of the oxygen
(21%) and nitrogen (79%). This gives an approximate non-resonant third-order susceptibility of 𝜒(3)NR =
7.92 ⋅ 10−18𝑐𝑚3/erg amagat. The experiments show that the higher the non-resonant third-order
susceptibility, the larger the pulse compression. However, the dependence of the non-resonant third-
order susceptibility and pulse compression is not strong. The large difference in pulse compression
between air and the other gas compositions is not fully explained. Furthermore, at higher powers a
different trend is visible (𝐸𝑝/𝑆 = 700-1000𝜇𝐽), the effective pulse duration of argon becomes smaller
than the effective pulse duration of carbon dioxide. The reason for this behaviour is unknown.
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Secondly, another possibility to characterise the differences in pulse compression is the number
density. Number density is a count for the number of particles per unit volume. The number of
particles can be described in mol (𝑁𝐴 = 6.02 ⋅ 1023 particles per mol). The number density at
𝑇 = 273𝐾 and 1𝑎𝑡𝑚 of air, argon, carbon dioxide and methane are 42.46, 44.56, 44.76, and
44.88𝑚𝑜𝑙/𝑚3 respectively. Up to 𝐸𝑝/𝑆 = 700𝜇𝐽 the order of pulse duration follows the same trend.
Meaning that the chemical compositions with higher number densities have larger pulse compression,
or a lower effective pulse duration. The larger difference between the pulse duration measured in air
and the other gas compositions is better explained by the number density than the non-resonant
third-order susceptibility.

Most probably, the effect is described by a combination of the third-order susceptibility and number
density. Thermometry performed with normalisation in a different gas compositions will result in
spectral heating and cooling. Up to 𝐸𝑝/𝑆 = 700𝜇𝐽 the data shows that normalisation in a gas with
higher number density and non-linear susceptibility will result in spectral cooling. Normalisation in a
gas with a lower number density and non-linear susceptibility will result in spectral heating. The
discussion on spectral heating and cooling is further continued in Section 7.3.

5.5.4. Effect of Gas Temperature

The effect of gas temperature is evaluated by heating a gas in a custom build steel non-resonator. A
non-resonator is a device which allows measurements of a gas without optical windows. The main
objective is to keep air out of the probe volume. A drawing is displayed in Figure 5.16, the non-
resonator consists of a T-junction. A gas bottle is connected to the ”side road” of the T-junction, the
gas leaves through the ”main road”. The laser pulses used for the experiment are then passed through
the straight section with unobstructed access to the probe volume (the ”main road”).

The steel non-resonator is heated with a flame mounted on a translation stage. The flame is positioned
under the ”side road”, the pipe connected to the gas bottle. A translation stage moves the position of
the flame with respect to the junction to change the temperature. The temperature inside the probe
volume is found with CRS thermometry.

Figure 5.16: Schematic of steel non-resonator to change gas temperature. Bunsen burner is mounted on translation stage to
change the gas temperature. Gas temperature inside non-resonator is measured with CRS. B, burner; GI, gas inlet.

The averaged non-resonant CSRS spectrum for room temperature and for 𝑇 ≈ 660𝐾 are presented
in Figure 5.17. The figure includes a power before (𝐸𝑝/𝑆 = 60𝜇𝐽) and after (𝐸𝑝/𝑆 = 1000𝜇𝐽) the
filamentation process has started. The effect of different pump/Stokes pulse energies is larger than
the effect of temperature changes.
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Figure 5.17: Averaged non-resonant single-shot CSRS spectrum measured at different pump/stokes pulse energy for 𝑇 = 295
and 660𝐾 (1000 frames).

An estimate for the effective pulse duration is displayed in Figure 5.18. For 𝐸𝑝/𝑆 = 30𝜇𝐽, the increase
in temperature results in a slightly longer pulse duration. Possibly, this is due to a smaller amount of
group velocity dispersions (GVD) at higher temperatures. A decrease in GVD leads to a change in chirp.
For 𝐸𝑝/𝑆 = 1000𝜇𝐽, the effective pulse duration decreases slightly. In the filamentation regime, it is not
expected that an increase in temperature would result in a lower effective pulse duration. An increase
in temperature results in a lower number density. Therefore, it is expected that the filamentation
process becomes less strong. However, at low powers an increase in pulse duration is observed. In
Section 5.5.1 it is presented how large the effect of pre-chirping is. The increase in input pulse duration
increases the strength of the filamentation process.

Figure 5.18: Estimate of effective pulse duration for several gas temperatures (1000 frames). Please note that the horizontal
and vertical axis have a cut.

It would be interesting to redo the experiment for different positions of the external compressor. This
could prove if there are other optima for pre-chirping at high temperatures and whether the external
compressor was not optimised for high temperatures.
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5.5.5. Effect of Combustion

An indication of the effects of combustion on the non-resonant signal are presented in Figure 5.19. The
non-resonant signal is acquired with in-situ referencing in a laminar hydrogen/air diffusion flame. In-situ
referencing of the excitation efficiency is a methodology where the non-resonant and resonant signals
are cross-polarized so that they can be separated. The resonant and non-resonant susceptibility of the
CRS signal are both measured simultaneously. The methodology is further explained in Section 2.4.1.
The temperature in the probe volume is unknown. The purpose of the figure is to indicate the decrease
in excitation efficiency due to combustion. The pump/Stokes pulse energy is 𝐸𝑝/𝑆 = 1000𝜇𝐽. The
estimated effective Gaussian shaped pulse duration for argon and for the hydrogen flame are 𝜏𝑝/𝑆 =
25.61𝑓𝑠 (𝜎𝜏 = 0.54𝑓𝑠) and 𝜏𝑝/𝑆 = 33.02𝑓𝑠 (𝜎𝜏 = 0.46𝑓𝑠), respectively (Ω =-(630-1250)𝑐𝑚−1).

400 500 600 700 800 900 1000 1100 1200

Raman Shift,  [cm-1]

0

0.2

0.4

0.6

0.8

1

N
R

 C
S

R
S

 S
p

ec
tr

u
m

,
I N

R
 [

N
o

rm
.]

Room Temperature Argon
Hydrogen Flame

Figure 5.19: Averaged non-resonant single-shot CSRS spectrum measured for a range of pump/Stokes pulse energies inside
laminar hydrogen/air diffusion flame (1000 frames).

Although the bandwidth generation is stable, the results suggest that there is a need for in-situ
referencing of the excitation efficiency. The non-resonant profile is affected by the boundary
conditions presented in this section. Therefore, ex-situ referencing of the excitation efficiency will
most likely result in a constant offset in normalisation.



6
Characterisation of Probe Volume

Dimensions

In this chapter the probe volume dimensions under filamentation conditions are determined. A small
probe volume is preferred as this enables point measurements. The probe volume is mainly determined
by the crossing angle and the beam waist (radius) of the pump/Stokes pulse and probe pulse. The
probe volume is located ~4𝑚𝑚 behind the filament. The main objective of this chapter is to estimate
the beam waist of the pump/Stokes pulse under filamentation conditions as no standard procedure
exists. The probe volume is described by an ellipsoid with a certain beam waist and a length. In
reality, the crossing is more complicated. The probe volume length is called the interaction length, this
is defined as the length where both pulses interact along the probe pulse to generate the coherent
Raman spectroscopy (CRS) signal.

The standard procedure to measure the probe volume dimensions requires an attenuated probe pulse
and pump/Stokes pulse [82]. One part of the procedure requires that a beam profiler is placed in the
beam path to measure the beam waist of the probe pulse and pump/Stokes pulse. Where a beam
profiler is a diagnostic device to measure the spatial intensity profile of a laser beam. Another part of
the procedure requires that a thin sheet of glass is placed in the beam path to measure the interaction
length. For both measurements the irradiance at the focus should be much lower compared to the
irradiance during normal experiments to prevent damage to the optical equipment placed in the optical
path. Under filamentation conditions there is enough irradiance at the focus of the pump/Stokes pulse
to blast metal away. Attenuating the pump/Stokes pulse would result in a pulse without filamentation
and therefore different characteristics. Therefore, it is not possible to use the standard procedure
to estimate the probe volume dimensions under filamentation conditions. In this chapter a novel
procedure is presented to estimate this.

The chapter is structured as follows. In Section 6.1 the probe volume dimensions are estimated without
filamentation, the conventional method is applied. In Section 6.2 the novel procedure to estimate the
probe volume dimensions with filamentation is presented. Lastly, some recommendations for further
research are made in Section 6.3.

47
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6.1. Probe Volume Dimensions Without Filamentation
In this section, the probe volume dimensions without filamentation are estimated. Here, the
pump/Stokes pulse and probe pulse can be attenuated.

6.1.1. Methodology

The crossing of the pump/Stokes pulse and the probe pulse is illustrated in Figure 6.1. It is assumed
that the pump/Stokes and probe beam waist are constant along the probe volume. The beam waist
is defined as half the length (radius) between two points with 1/𝑒2 ≈ 0.14 of the maximum intensity
value, where (radius, 1/𝑒2) describes the intensity at the pulse boundaries.

Figure 6.1: Schematic of geometrical crossing of pump/Stokes pulse with probe pulse. Figure is not to scale. For
approximation it is assumed that beams do not diverge. 𝑊𝑝𝑟, probe beam waist; 𝑊𝑝/𝑆, pump/Stokes beam waist; 𝜃, crossing

angle; 𝛼, pump/Stokes pulse angle.

With this assumption the crossing angle (𝜃) can be determined according to Equation 6.1.

𝜃 = sin−1 (
2𝑤𝑝/𝑆
𝐿 ) (6.1)

As shortly introduced at the beginning of this chapter, two experiments are required for the
conventional method. First, the beam waist of the pump/Stokes pulse and probe pulse are measured.
The experimental setup is presented in Figure 6.2. The half-wave-plate in the path is rotated to
minimise the power in the pulse. Rotating the half-wave plate rotates the linearly polarized light such
that the beam can be attenuated by the polarizing beamsplitter which passes only linearly polarizared
light in a certain direction. Secondly, a wedge plate and neutral density filter are placed behind the
last focusing lens. A wedge plate is an optical element with two surfaces which are not parallel.
Therewith, the strongly attenuated reflections from both surfaces travel in different directions and
therefore are separable. Finally, the beam waist is measured with a beam profiler which is placed in
the focus of the pulse.

pump/Stokes or probe

S
L

B
P

WP

BD

W
P

F

Figure 6.2: Schematic of experimental setup to find beam waist of pump/Stokes pulse and probe pulse. The objective of the
experimental setup is to attenuate the pulse to be able to place a beam profiler in the focus of the beam without damaging the
beam profiler. WP, half-wave-plate; P, polarizer beamsplitter; SL, spherical lens; F, neutral density filter; W, wedge plate; BD,

beam dump; BP, beam profiler.
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To determine the interaction length, a thin sheet of glass (~200𝜇𝑚) is placed in the crossing of the
beams. Inside the glass, the four-wave mixing process is much stronger, as the number density in a
condensed medium is much higher compared to the gas phase. Given the quadratic relation between
the CRS signal and the third-order susceptibility (𝐼𝐶𝑅𝑆 ∝ |𝜒(3)|

2
) and the linear relation between the

third-order susceptibility and the number density (𝜒(3) ∝ 𝑁), the CRS signal scales quadratically with
number density (𝐼𝐶𝑅𝑆 ∝ 𝑁2). Placing a thin sheet of glass in the probe volume creates a high CRS
signal. The glass is moved on a translation stage along the probe pulse. The length (full-width-at-half-
maximum, FWHM) of the integrated signal along the translation stage is the interaction length.

6.1.2. Results

The beam waist of the probe pulse and pump/Stokes pulse are measured to be 𝑤𝑝𝑟 = 22𝜇𝑚 (radius,
1/𝑒2) and 𝑤𝑝/𝑆 = 38𝜇𝑚 (radius, 1/𝑒2) respectively. The interaction length is measured at 𝐿 = 1.4𝑚𝑚
(length, FWHM). With Equation 6.1 the crossing angle can be determined. The crossing angle is
estimated to be 𝜃 = 3.2deg.

6.2. Probe Volume Dimensions With Filamentation

In this section the probe volume dimensions with filamentation are estimated. The main objective is
to estimate the beam waist of the pump/Stokes pulse under filamentation conditions.

6.2.1. Methodology

An experimental setup is designed to relay-image the cross-section of the beam output by the filament,
to estimate its divergence. The inverted optical telescope setup is shown in Figure 6.3.
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Figure 6.3: Schematic of coherent imaging spectrometer employed to estimate pump/Stokes pulse divergence. Pump/Stokes
pulse is collimated by spherical lens (𝑓 = 200𝑚𝑚) after it diverges out the filament. To attenuate signal wedge plate, polarizer
and neutral density filter are inserted. Then, colours are dispersed by a transmission grating and focussed by a spherical lens
(𝑓 = 500𝑚𝑚). SL, spherical lens; FP, focal plane; IP, imaging plane; R, razor blade; W, wedge plate; BD, beam dump; P,

polarizer; TG, transmission grating; F, neutral density filter; FPT, focal plane after telescope; IPT, imaging plane after telescope.

The pump/Stokes pulse (𝐸𝑝/𝑆 = 1.5𝑚𝐽) is focused by a spherical lens (SL, 𝑓 = 500𝑚𝑚), in the focal
plane a filament is produced. The beam diverges out of the filament and the laser beam is collimated
with a spherical lens (𝑓 = 200𝑚𝑚). To attenuate the signal, a wedge plate, a polarizer and a neutral
density filter are inserted. The angle of the linear polarization is changed by a half-wave plate in the
initial part of the experimental setup. The filamentation process does not change the polarization
of linearly polarized light. The half-wave plate is turned to minimize the output signal. The initial
part of the experimental setup is identical to the experimental setup used for CRS measurement (see
Section 3.4).
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The collimated light is then passed through a transmission grating. The dispersed colours are focused
by a spherical lens (𝑓 = 500𝑚𝑚). The neutral density filter is placed after the focusing position. Here,
the light refocuses, behind the focal plane of the telescope (FPT) the imaging plane of the telescope
(IPT) is positioned. The beam is then imaged with a sCMOS camera (Zyla 4.2, Andor).

In between the focal plane and the spherical lens a razor blade on a translation stages is positioned
which can cover part of the pulse. The razor blade is used to find the imaging plane with the sCMOS
camera. The methodology during the measurement is as follows. Firstly, the razor blade at the IP is
moved transversely to cover part of the beam path at a location where the irradiance of the pump/Stokes
pulse is low. This location is the furthest point from the filament which is imaged. Part of the beam is
blocked. Secondly, the sCMOS camera is moved in longitudinal direction. The position of the camera is
found where the edge function in intensity due to the razor blade is best imaged on the camera. The
image of the razor blade is only sharp if the IPT is found, outside the IPT the change in intensity is
not a sharp change. The razor blade is then removed from the beam path and an image is acquired.
Thirdly, for calibration, two images are acquired with the razor blade 1𝑚𝑚 apart positioned in the path.
This is repeated for different imaging planes closer to the filament. The procedure is stopped when the
irradiance becomes too high for metal to be placed in the beam path, close to the filament the metal
razor blade is blasted.

6.2.2. Results

The dispersed colours from the pump/Stokes pulse with the neutral density filter removed are
displayed in Figure 6.4. This is a photo captured with a consumer camera (CMOS, Nikon D7500) on a
white surface. This figure is not used in post-processing, it is presented to show the output of the
experimental setup. The figure shows donut like patterns. These patterns have been reported on in
literature [65, 83, 84]. The underlying mechanism to create this shape is unexplained in literature;
this could be due to the interactions of multiple filaments [83]. Furthermore, as the signal is not
perfectively continuous in the horizontal direction, it shows that the spectrum is not perfectly
continuous. There are discrete colours with more energy.

Figure 6.4: Dispersed colours of pump/Stokes pulse cone at location of sCMOS camera captured with CMOS camera. The
information on position and wavelength are dispersed in the vertical and horizontal direction respectively. The dashed line
shows the location of the actual measurement. Please note that the horizontal axis also contains some spatial information. A
convolution of frequency and spatial information is displayed (see for example [85]). The donut like patterns are believed to be

one frequency.

During the experiment the transversal position of the CMOS camera is kept constant by placing it in the
middle of the displayed donut like shaped ring. This is a relatively bright, dark red colour. It was chosen
to use the most dark red colour visible, because that is closest to the central wavelength of 𝜆 = 800𝑛𝑚.
Higher wavelengths were not visible due to losses in the experimental setup. In post-processing, the
brightest pixel is selected to process the same vertical line in all images.

The intensity profile of a cross section is displayed in Figure 6.5 (along the dashed line in Figure 6.4).
The intensity profile shows two peaks. The width at 1/𝑒2 is shown for both the main as the smaller
peak with a red and blue crosses (x) respectively.
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Figure 6.5: Typical cross section of pump/Stokes beam waist intensity (𝑥 = 66.33𝑚𝑚 or 7th point). The intensity profile
consists of two peaks; a donut-Like shape. The 1/𝑒2 width is found for both peaks. The main and smaller peak are located at

1.46 and 4.25𝑚𝑚.

The rate of divergence is determined for both the smaller and the main peak. The beam waist along the
longitudinal direction of the pump/Stokes pulse is shown in Figure 6.6. The solid black line represents
the location of the probe volume, which is approximately ~4𝑚𝑚 after the filament. It is not possible to
image closer to the probe volume, because that results in blasting of the razor blade. Without the razor
blade the images can not be calibrated. In the captured regime the beam waist is a linear function of
the longitudinal position. The beam diameter at the probe volume is estimated to be 2𝑊𝑝/𝑆 = 0.53 and
0.63𝑚𝑚 for the line with the smaller and the main peak, respectively. It should be noted that most of
the energy is in the main peak, therefore, the radius determined with the main peaks represents better
the waist of the pump/Stokes pulse at the probe volume (2𝑊𝑝/𝑆 = 0.53𝑚𝑚).
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Figure 6.6: Divergence of pump/Stokes pulse measured after filament for 𝐸𝑝/𝑆 = 1.5𝑚𝐽. The origin of the longitudinal position
is the approximate location of the probe volume. The figure shows data used recently for a publication by our research group

(Mazza et al. (2021)) [86].

Furthermore, the Figure 6.6 presents data points used in a recent publication by our research group
(Mazza et al. (2021)) [86]. This set of points involves the same experimental data. For Mazza et al.
(2021) the edge of the smaller peak is used. The data points presented in this work deviate slightly
from those points. In Mazza et al. (2021) the pump/Stokes waist at the probe volume is estimated to
be 2𝑊𝑝/𝑆 = 0.26𝑚𝑚 which is approximately twice as small as estimated here. The difference can be
explained by an improved methodology used for the calibration of the images in this work. The images
are linearly interpolated to find more precisely the edge function of the images. For Mazza et al. (2021)
the images were not linearly interpolated. Hereby, the pump/Stokes diameter becomes more smooth
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with longitudinal position. A slight change in calibration can result in a large change in estimated beam
waist, because the data needs to be extrapolated over a large distance. It demonstrates the sensitivity
of the methodology to the calibration, this is a clear limitation of the methodology.

With Equation 6.1 the interaction length is estimated for different crossing angles in Figure 6.7. In
Section 6.1 the crossing angle is determined to be 𝜃 = 3.2deg. This crossing angle gives an interaction
length in between 𝐿 = 9.6 and 11.3𝑚𝑚 (length, 1/𝑒2). Compared to the interaction length measured
outside the filamentation regime (𝐿 = 1.4𝑚𝑚, length, FWHM), the estimate for the interaction length
with filamentation is long even when the difference between the 1/𝑒2 and FWHM length is accounted
for. The differently calibrated images used for Mazza et al (2021) results in a interaction length of
𝐿 = 4.8𝑚𝑚 (length, 1/𝑒2) for 𝜃 = 3.2deg. This further illustrates that the methodology is very
sensitive to the calibration.
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Figure 6.7: Interaction length for different crossing angles in filamentation regime. The dashed vertical line shows a crossing
angle of 𝜃 = 3.2deg, as determined in Section 6.1.

The estimated interaction length with filamentation is long. Partly this can be expected, because the
pump/Stokes pulse is not in the focus when crossed with the probe pulse. This results in a longer
interaction length. However, the estimated interaction length with filamentation is longer than
expected. This can be explained by the assumption that the crossing of the pump/Stokes pulse and
probe pulse is purely geometric. Meaning that the intensity is not weighted. A more sophisticated
method where the intensity is weighted would most likely result in a smaller interaction length. Most
likely, this would also affect the estimated crossing angle as the same geometric scheme is used
there. Furthermore, in hindsight the location of the filament was relatively far spaced from the probe
volume. A large spacing was used to avoid ionization in the probe volume. Ionization of the medium
can possibly impact the Boltzmann distribution of the Raman-active molecules, hereby, thermometry
would be affected. The effects of the filament on the Boltzmann distribution are further studied in
Section 7.2. As the pump/Stokes pulse diverges out of the filament, further spacing between the
filament and the probe volumes results in a larger estimate for the pump/Stokes beam waist at the
probe volume. This waist is directly linked to the estimated interaction length. A shorter distance
would shift the trend displayed in Figure 6.7 downwards.

The estimated interaction length of 𝐿 = 9.6-11.3𝑚𝑚 (length, 1/𝑒2) can therefore be seen as a maximum
length. Especially because, such long interaction lengths would result in problems when the probe
volume is positioned near steep temperature gradients like the flame front. During CRS thermometry
these problems are not observed. To avoid spatial averaging in experiments, it is advised to avoid too
shallow crossing angles.

The probe volume radius is equal to the beam waist of the probe volume, because the beam waist of
the probe pulse is smaller than the beam waist of the pump/Stokes pulse. The probe volume radius
is 𝑤𝑝𝑟𝑉 = 𝑤𝑝𝑟 = 22𝜇𝑚 (radius, 1/𝑒2). Concluding, the probe volume dimension with filamentation is
measured to be ~44𝜇𝑚 (width, 1/𝑒2) × ~44𝜇𝑚 (height, 1/𝑒2) × ~9.5𝑚𝑚 (length, 1/𝑒2) for a probe
volume positioned ~4𝑚𝑚 after the filament.
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6.3. Concluding Remarks

All in all, the novel methodology to relay-image the cross-section of the beam output by the filament,
to estimate its divergence shows reasonable results. It allows to estimate the pump/Stokes beam waist
at the location of the probe volume inside the filamentation regime. It should be noted that a clear
limitation of the methodology is sensitivity of the output to the calibration. Some recommendation can
be made to improve other aspects presented in this chapter.

During the experiment it was observed that the transmission of long wavelengths was not optimal in the
telescope. The chosen optical mirrors were not optimised for light outside the visible light spectrum.
It is advised to redo the experiment with optical equipment optimised for 𝜆 = 700-900𝑛𝑚.

With optical elements optimised for a larger frequency range, it is advised to measure the divergence
of multiple colours. This can further increase the quality of the results. Furthermore, the pump/Stokes
pulse can be modelled as a cone per colour with the intensity profile as measured during the experiment.
Therewith, a more reasonable interaction length can be found.





7
Characterisation of Ultrabroadband

CRS Thermometry

In this chapter the effects of femtosecond (𝑓𝑠 = 10−15𝑠) laser-induced filamentation on two-beam
femtosecond/picosecond (𝑝𝑠 = 10−12𝑠) coherent Raman Spectroscopy (CRS) thermometry are
characterised. The chapter is structured as follows. Firstly, the relation of the resonant and
non-resonant coherent anti-Stokes Raman spectroscopy (CARS) signals with the input pump/Stokes
pulse energy is investigated in Section 7.1. Secondly, the effect of different filament positions with
respect to the probe volume on thermometry is discussed in Section 7.2. Thirdly, for different
pump/Stokes pulse energies molecular nitrogen thermometry is performed in Section 7.3. Then, the
effects of combustion on thermometry are discussed in Section 7.4. Finally, thermometry with
ultrabroadband CARS via in-situ fs-laser-induced filamentation is demonstrated behind an optical
window in Section 7.5. All experimental results in this chapter are novel, similar figures have not been
presented in the literature.

7.1. Relation of Pump/Stokes Energy and CARS Signal

According to theory the CARS signal is a function of the product of the input pulses intensities (𝐼𝐶𝐴𝑅𝑆 ∝
𝐼𝑝𝑢𝑚𝑝𝐼𝑆𝑡𝑜𝑘𝑒𝑠𝐼𝑃𝑟𝑜𝑏𝑒). In a two-beam CARS setup, the pump and Stokes photon originate from the
same pulse. Therefore, there is a quadratic relation between the intensity of the CARS signal and the
pump/Stokes pulse (𝐼𝐶𝐴𝑅𝑆 ∝ 𝐼2𝑝/𝑆). During CARS experiments it was observed in a recent publication
by our research group that the resonant and non-resonant signal did not scale quadratically with
pump/Stokes pulse power in some regions [87]. Kliukin et al. (2021) argue that the start of the
filamentation process could play a role in the change of scaling. It is speculated that a competing
effect associated with the filamentation process could reduce the intensity of the CARS signal.

In this thesis some experimental results are of interest for the discussion. In Section 5.3 the N2+
fluorescence is imaged. The plasma channel is observed from pulse energies of 𝐸𝑝/𝑆 = 40𝜇𝐽 upwards.
Furthermore, it is observed that the filamentation process starts around 𝐸𝑝/𝑆 ≈ 74𝜇𝐽. The region in
between the two points is referred to as the pure multi-photon ionization (MPI) regime (𝐸𝑝/𝑆 ≈ 40-
74𝜇𝐽).

To characterise this effect, a power scaling of the pump/Stokes pulse is performed. The data consists
of three power ranges of the pump/Stokes pulse (𝐸𝑝/𝑆 = 10-50, 50-200, and 200-1000𝜇𝐽), where each
range has a different intensity of the probe pulse. The probe pulse was attenuated in between the
different ranges to prevent saturation of the camera. The power of the probe pulse was not measured,
as it was thought to be irrelevant. A measurement overlap allows for comparison of the different
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ranges. The resonant signal is acquired in molecular nitrogen at room temperature, the non-resonant
signal is acquired in argon at room temperature.

The scaling of CARS intensity with pump/Stokes pulse input energy is presented in Figure 7.1. The
figure presents the summed intensity of a 1000 single-shot CARS spectra. There is a quadratic scaling
of the resonant CARS signal up to 𝐸𝑝/𝑆 ≈ 300𝜇𝐽, above 𝐸𝑝/𝑆 ≈ 300𝜇𝐽 a linear trend is observed. The
non-resonant CARS signal scales similarly up to 𝐸𝑝/𝑆 ≈ 200𝜇𝐽. Above 𝐸𝑝/𝑆 ≈ 200𝜇𝐽 it is not possible to
drawn firm conclusions on the trend.

x
2

(a) CARS signal scales linearly with pump/Stokes pulse energy in
between 𝐸𝑝/𝑆 = 10 and 50𝜇𝐽. N2+ fluorescence observed from

𝐸𝑝/𝑆 = 40𝜇𝐽 does not have an effect on the scaling.

x
2

(b) CARS signal scales linearly with pump/Stokes pulse energy in
between 𝐸𝑝/𝑆 = 50 and 200𝜇𝐽. Filamentation process is initiated at
pump/Stokes pulse energy of 𝐸𝑝/𝑆 ≈ 74𝜇𝐽 and does not affect the

scaling.

x
1

x
2

(c) CARS signal scales linearly up to a pump/Stokes pulse energy of
𝐸𝑝/𝑆 = 300𝜇𝐽. For higher pump/Stokes pulse energies, resonant CARS
signal follows linear scaling. In this region the non-resonant CARS
intensity is noisy, therefore no firm conclusions can be drawn on its

scaling.

Figure 7.1: Scaling of resonant and non-resonant CARS signal with pump/Stokes pulse energy in a log-log plot. A quadratic
trend between 𝐸𝑝/𝑆 = 10 and 300𝜇𝐽 is shown. Above 𝐸𝑝/𝑆 = 300𝜇𝐽 a linear trend is shown. The resonant signal is acquired in

molecular nitrogen at room temperature, the non-resonant signal is acquired in argon at room temperature.

Kliukin et al. (2021) showed that the resonant CARS signal changes from quadratic to linear scaling
at pump/Stokes pulse energies of 𝐸𝑝/𝑆 ≈ 25-30𝜇𝐽 [87]. The experimental results do not match. The
experiment was performed with the same experimental setup. Therefore, it was expected that the
results would match. Different boundary conditions are discussed to explain the difference between
the two experimental results.

Firstly, it is possible to exclude the gas composition from the discussion. The resonant signal presented
here and the experiment results presented by Kliukin et al. (2021) are both obtained in a flow of
molecular nitrogen [87]. Furthermore, the experimental data shows no clear difference in scaling
between the resonant and non-resonant signal while obtained in a different gas mixtures.

Another possibility would be the effect of different polarization settings. Kliukin et al. (2021)
demonstrated the scaling of cascaded CARS (CCARS), the authors opted to orthogonally polarize the
CARS and CCARS signal. Such that both signals can be separated with an polarization beamsplitter.
The polarization angle between the pump/Stokes pulse and probe pulse polarization is 𝜙 = 70.5deg.
For the measurements presented in this work, probe pulse suppression was used. The intensity of
the probe pulse is minimised in the channel directed to the camera. This gives the possibility to open
the bandpass filter further and measure spectral lines closer to the probe pulse (Ω = 0𝑐𝑚−1) without
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damaging the camera. The relative polarization of the pump/Stokes pulse and probe pulse is set to
𝜙 = 45deg. Although both measurements are performed with different polarization settings, it not
likely that this give rise to different scaling regimes. No theory suggests a change in scaling based on
a constant difference in polarization settings.

Then, it can be argued that the scaling is not correlated to the filamentation or ionization processes
as Kliukin et al. (2021) suggest. The experimental data shows that the transition point in scaling is
at a pump/Stokes pulse energy of 𝐸𝑝/𝑆 = 300𝜇𝐽 which is much higher than the onset of the pure MPI
regime and the onset of the Kerr-effect. The onset of those processes therefore does not explain the
difference.

Possibly, the probe pulse energy affects the scaling, the probe pulse energy is not constant. This
points at an effect where the irradiance in the probe volume plays a role. Both the probe pulse and
pump/Stokes pulse energy would be effecting the scaling. To test the effect of irradiance in the probe
volume, a 2𝐷 power scan is required, where both the probe pulse and the pump/Stokes pulse power
are varied. As the probe pulse can not be attenuated to prevent saturation of the camera one could
place neutral density (ND) filters in front of the camera. The ND filters can be calibrated by measuring
the total intensity before and after placing the filters.

From the experiment, the change from quadratic to linear scaling remains unexplained. Future
experiments are required to investigate the scaling. To reduce noise in future measurements, it is
advised to increase the measurement time. Increasing the acquisition time will decrease the noise.
This can reduce the uncertainty in finding the transition point.

7.2. Effect of Filament Location on Thermometry
In this section the effects of filament location on thermometry are studied to investigate whether the
filamentation process has an impact on the Boltzmann distribution of the Raman-active molecules in
the probe volume. A change in Boltzmann distribution would result in spectral cooling or heating during
CRS thermometry. In the experiment the filament is moved with respect to the probe volume. The
start position is referred to as the reference position or position = 0𝑚𝑚. It should be noted that the
reference position of the filament referred to in this section is not exactly the same as reported on
in Chapter 6. The alignment of the beams is optimised before every experiment. Most probably, the
filament and probe volume are more closely spaced in this section.

7.2.1. Methodology

The filament is moved with the focusing lens of the pump/Stokes pulse. This lens is placed on a
translation stage and moved with 1𝑚𝑚 steps. A resonant CARS spectrum is acquired in molecular
nitrogen at room temperature. The spectrum is normalised with the non-resonant CARS spectrum
acquired in argon at room temperature. The pump/Stokes pulse energy during the experiment is
𝐸𝑝/𝑆 = 1000𝜇𝐽.

To find the location of the filament with respect to reference position a similar procedure as explained
in Section 5.2 is applied. This procedure involves placing a consumer CMOS camera perpendicular to
the filament. Multiple images are acquired of the filament in air. To calibrate the frames, a ruler is
placed where the filament is positioned normally. To correlate the position of the filament to the probe
volume a razor blade is positioned at the location of the probe volume. The image of the ruler with the
razor blade gives the dimensions of the filament, and its position with respect to probe volume.

7.2.2. Results
The synthetic Raman spectra are computed with a time-domain CARS model, similar to models
reported on in literature [11, 15, 88]. To account for spectral broadening due to the imaging system,
the synthetic spectrum is convolved with a Voigt instrument response function. A Voigt profile is a
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distribution given by a convolution of a Cauchy-Lorentz distribution and a Gaussian distribution. Here
the Voigt lineshape consists of a 0.9𝑐𝑚−1 Lorentzian (full-width-at-half-maximum, FWHM) and a
1.2𝑐𝑚−1 Gaussian contribution (FWHM).

A typical fit with the filament placed at the reference position is shown in Figure 7.2. The molecular
nitrogen at room temperature single-shot CARS spectrum is fitted with a model to retrieve the
temperature. At an offset of −0.2 the residual between the model and the spectrum is displayed. In
the experimental spectrum, slight increases around the minima of the synthetic spectrum can be
observed between the positions of the normal peaks. Most likely, the slight deviations originate from
cascaded CARS (CCARS). Two CCARS pathways are possible; in parallel CCARS the CARS photons
serve as new probe photons for other molecules, in sequential CCARS the photons participate in the
creation of new Raman coherences [87]. For molecular nitrogen the even and odd spectral lines are
separated by ~4𝐵 and the first S-branch spectral line is shifted with ~6𝐵 from the probe spectral line,
where 𝐵 is the rotational constant of the Raman-active species (~2𝑐𝑚−1 for molecular nitrogen) [87].
Therefore, the spectral lines for CCARS are shifted with ~2𝐵 [87]. In Figure 7.2 the CCARS signal is
visible in between the main CARS spectral lines. The synthetic model does not include this
contribution as the effect in the experimental data is deemed only small.
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Figure 7.2: Typical fit of single-shot ultrabroadband CARS spectrum via in-situ fs-laser-induced filamentation in molecular
nitrogen at room temperature where probe volume is at the reference position (position = 0𝑚𝑚) with 𝐸𝑝/𝑆 = 1000𝜇𝐽.
Temperature of synthetic model is 𝑇 = 298𝐾. The spectral fitting can be evaluated by the residual of the synthetic and

experimental spectra, the residual is presented in the figure at an offset of −0.2 for clarity purposes.

It should be noted, that the acquired spectrum does not show the need for ultrabroadband CRS. Here,
molecular nitrogen thermometry is performed at room temperature. As the gas composition consist of
only one molecular species, the spectrum is much less congested than when oxygen would have been
present as for example in air.

The evaluated temperatures for different positions of the filament are presented in Figure 7.3. On the
left side of the figure the probe pulse is crossed with the pump/Stokes pulse before the filament, here
conventional two-beam fs/ps CARS takes place. The pump/Stokes pulse is not yet broadened by the
filamentation process and no ionization is present in the probe volume. On the right side the probe
pulse is crossed with the pump/Stokes pulse behind the filament, here ultrabroadband two-beam fs/ps
CARS takes place. The pump/Stokes pulse is broadened by the filamentation process and no ionization
is present in the probe volume. In the middle, the probe pulse is crossed with the pump/Stokes pulse
in the filament. Here, the filamentation process is active, in this region the pump/Stokes pulse is
broadened. Ionization is present in the probe volume. The length of the filament is estimated to
be ~7𝑚𝑚 long in air (𝐸𝑝/𝑆 = 1000𝜇𝐽). This is much shorter than the 12.6𝑚𝑚 found in Section 5.2
(𝐸𝑝/𝑆 = 1.5𝑚𝐽). Most likely, the difference is due to the change in pump/Stokes pulse power.
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Pump/Stokes Prope

Figure 7.3: Effect of different positions of the filament with respect to the probe volume on CARS thermometry (1000 frames,
𝐸𝑝/𝑆 = 1000𝜇𝐽). The red line shows the N2+ fluorescence from the filament in air at room temperature. For positions left of
the N2+ fluorescence the probe volume is before the filament (conventional two-beam fs/ps CARS). For positions right of the
N2+ fluorescence the probe volume is behind the filament (ultrabroadband two-beam fs/ps CARS). The dashed horizontal line
represents room temperature (𝑇𝑟𝑜𝑜𝑚 = 293𝐾). At the origin the probe volume and filament are spaced as normally employed
during thermometry in the experimental setup. Please note that this spacing is set by hand, therefore it deviates from the

position discussed in Chapter 6.

The temperature on the left and right side of the figure match. Here, temperatures of around 𝑇 ≈ 296-
298𝐾, with a standard deviation of 𝜎𝑇 ≈ 0.3𝐾 are measured. In between position −2 and −11𝑚𝑚
the temperature deviates from the baseline measured on the left and right. Furthermore, the standard
deviation increases in this range to a maximum of 𝜎𝑇 = 3.2𝐾 at position = −10𝑚𝑚.

It can be concluded that ultrabroadband two-beam fs/ps CARS thermometry with supercontinuum
generation via fs-laser-induced filamentation (right side of figure) and conventional two-beam fs/ps
CARS thermometry result in the same temperature (left side of figure). Furthermore, the results
demonstrate that ultrabroadband CARS can be referenced with an averaged non-resonant argon
profile, for the boundary conditions given by the experiment. This illustrates that bandwidth
generation via fs-laser-induced filamentation is stable.

The supercontinuum generated by fs-laser-induced filamentation is gas composition dependent (see
Section 5.5). The bandwidth of the pump/Stokes pulse is therefore different in argon and molecular
nitrogen. The excitation efficiency of the resonant and non-resonant CARS signals therefore do not
entirely compare. Along the filament, the excitation profile changes differently for the resonant and
non-resonant CARS spectra. This means that the normalisation is slightly off. Most probably, the
thermometry performed in between position −2 and −11𝑚𝑚 is off due to a normalisation error.

Furthermore, in Section 5.2 it is shown that the start and end position of the filament move in time,
the standard deviation of the start and end position in room temperature air are 𝜎𝑠𝑡𝑎𝑟𝑡 = 0.33𝑚𝑚 and
𝜎𝑒𝑛𝑑 = 0.30𝑚𝑚 respectively. Therefore, the relative position of the filament to the probe volume is
not constant. A different position leads to a different excitation profile as the bandwidth is increased
along the filament. The excitation efficiency changes more drastically from shot-to-shot. As observed
in the experiment, the standard deviations of the temperature measurements inside the filament are
increased.

Inside the filament it is possible that the probability of molecule being in a certain energy state deviates
from the Boltzmann distribution. It could be that the system is not in thermal equilibrium. To verify,
thermometry should be performed with in-situ referencing. Hereby, the effects of gas composition
on the normalisation are removed. In-situ referencing of the excitation efficiency can determine the
excitation from shot-to-shot. If this leads to a temperature which is independent of the position of
the filament, it would show that the distribution is unaltered. Furthermore, if the distribution of states
is unaffected, it is expected that the standard deviation in the filament would reduce to the standard
deviation measured outside the filament.
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To conclude, it is not possible to move the filament closer to the probe volume when ex-situ
referencing of the excitation efficiency is used. This would result in spectral cooling or heating. Most
likely, the observed spectral heating and cooling are limitations of the referencing method used
during the experiment (ex-situ) and are not due to the physics in the filament.

7.3. Effect of Input Energy on Thermometry

The characterisation of the filamentation process in Section 5.5 shows that the input power affects
the excitation efficiency. Furthermore, experimental results show that different gas compositions and
pump/Stokes pulse powers affect differently the excitation efficiency. In this section the effect of input
pump/Stokes pulse power on CARS thermometry is investigated.

A typical fit of molecular nitrogen at room temperature for 𝐸𝑝/𝑆 = 200𝜇𝐽 is presented in Figure 7.4.
The single-shot CARS spectrum is fitted with a model to retrieve temperature. At an offset of −0.2
the residual between the model and the spectrum is displayed. The Voigt lineshape consists of a
~0.3𝑐𝑚−1 Lorentzian (FWHM) and a ~2.6𝑐𝑚−1 Gaussian (FWHM) distribution. There is a large
difference in between the Voigt function of this experiment and the experiment presented in
Section 7.2 (~0.9𝑐𝑚−1 Lorentzian (FWHM) and a ~1.2𝑐𝑚−1 Gaussian (FWHM)). Most likely, the
difference is due to the presence of CCARS in the other experiment.
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Figure 7.4: Typical fit of single-shot ultrabroadband CARS spectrum via in-situ fs-laser-induced filamentation in molecular
nitrogen at room temperature with 𝐸𝑝/𝑆 = 200𝜇𝐽. Temperature of synthetic model is 𝑇 = 316𝐾. The spectral fitting can be
evaluated by the residual of the synthetic and experimental Spectra, the residual is presented in the figure at an offset of −0.2

for clarity Purposes.

The experimental results are presented in Figure 7.5. The figure shows the temperature for molecular
nitrogen at room temperature for different pump/Stokes pulse powers. 1000 frames were acquired
per measurement point. The actual temperature is approximately 𝑇𝑟𝑜𝑜𝑚 ≈ 293𝐾. The measured
temperature is not constant with input power. Firstly, the baseline temperature, being the temperature
outside pump/Stokes pulse energy of 𝐸𝑝/𝑆 < 80 and > 300𝜇𝐽, is high. The baseline temperature
is approximately 𝑇 = 305𝐾. Secondly, in between 𝐸𝑝/𝑆 => 80 and <= 300𝜇𝐽 spectral heating is
observed. The temperature increases to a maximum of 𝑇 ≈ 318𝐾, an increase of 𝑇 ≈ 13𝐾. The
standard deviation at 𝐸𝑝/𝑆 = 50, 190, and 800𝜇𝐽 are 𝜎𝑇 = 0.68, 2.29, and 1.23𝐾 respectively. At higher
powers, the standard deviation slightly increases. Furthermore, the standard deviation in the region
between 𝐸𝑝/𝑆 => 80 and <= 300𝜇𝐽 is elevated. Still, the changes are relatively small, therefore, it is
not possible to draw clear conclusions.
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Figure 7.5: Effect of pump/Stokes pulse power on CARS thermometry (1000 frames). The dashed horizontal line represents
room temperature (𝑇𝑟𝑜𝑜𝑚 = 293𝐾).

In Section 5.5.3 it is shown how the non-resonant CARS signal scales with input power due to
broadening of the pump/Stokes pulse by fs-laser-induced filamentation for different gas
compositions. The non-resonant signal in molecular nitrogen is not discussed. It is suggested that
normalisation in a gas with higher number density or third-order susceptibility results in spectral
cooling. Normalisation in a gas with a lower number density or third-order susceptibilty results in
spectral heating. The thermometry presented in this section is measured in molecular nitrogen
(44.98𝑚𝑜𝑙/𝑚3, 𝜒(3)NR = 7.90 ⋅ 10−18𝑐𝑚3/erg amagat) and normalised with a non-resonant CARS
spectrum acquired in argon (44.56𝑚𝑜𝑙/𝑚3, 𝜒(3)NR = 9.46 ⋅ 10−18𝑐𝑚3/erg amagat). Thus, the
experiment is carried out with normalisation in a gas composition with lower number density and
higher non-resonant third-order susceptibility. The spectral heating suggests that the number density
is more important than the non-resonant third-order susceptibility.

Furthermore, in the experiment where the effect of gas composition on non-resonant signal is
researched, it is concluded that most of the pulse compression occurs in the range 𝐸𝑝/𝑆 = 60-200𝜇𝐽
(see Section 5.5.3). The increase in excitation efficiency is dependent on the gas compostion.
Therefore, it is likely that the normalisation is further off in this region. The increase in temperature
in between 𝐸𝑝/𝑆 >= 80 and <= 300𝜇𝐽 is due to a difference in excitation efficiency.

In Section 7.2 a baseline temperature of approximately 𝑇 = 297𝐾 is found. There is a 𝑇 = 8𝐾
difference between both experiments. Part can possibly be explained by the cascaded CARS observed
in Section 7.2, this could have resulted in slight spectral cooling. However, a difference of 𝑇 = 8𝐾
seems too large to be explained by this effect, the reason for this difference is unknown.

To further study the physical reason for the higher baseline new experiments are required. It is
advised to re-acquire experimental data in molecular nitrogen with both in-situ as ex-situ referencing.
A comparison of both referencing methods can indicate the effect of inaccuracies due to the
normalisation. If no spectral heating would be observed for in-situ referencing, it would indicate that
the normalisation with ex-situ referencing is not correct.

7.4. Effect of Combustion on Thermometry

In this section the effects of combustion on thermometry are discussed. Combustion adds extra
uncertainties to the boundary conditions. Both gas compositions and gas temperature are affected by
a flame. The pump/Stokes pulse energy is varied in a laminar methane/air premixed flame provided
on a Bunsen burner. Thermometry is performed for equivalence ratios of 𝜙 = 0.9, 1.0, 1.1, and 1.2.

A typical fit is presented in Figure 7.6. Here the fit is displayed for a pump/Stokes pulse power of
𝐸𝑝/𝑆 = 100𝜇𝐽 at an equivalence ratio of 𝜙 = 1.0. The residual between the experimental and synthetic
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spectrum are displayed at an offset of −0.2. The Voigt lineshape consists of a ~0.3𝑐𝑚−1 Lorentzian
(FWHM) and a ~1.5𝑐𝑚−1 Gaussian contribution (FWHM).
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Figure 7.6: Typical fit of single-shot ultrabroadband CARS spectrum via in-situ fs-Laser-induced filamentation in laminar
premixed methane/air flame (𝜙 = 1.0) with 𝐸𝑝/𝑆 = 100𝜇𝐽. Temperature of synthetic model is 𝑇 = 1985𝐾. The spectral fitting
can be evaluated by the residual of the synthetic and experimental spectra, the residual is presented in the figure at an offset

of −0.2 for clarity purposes.

The temperature for different pump/Stokes pulse energies and equivalence ratios are displayed in
Figure 7.7. 1000 frames were acquired per measurement point. The horizontal dashed line shows
the methane/air adiabatic flame temperature of 𝑇𝐴𝑑 = 2236𝐾 [89]. Spectral heating is observed for
increasing pump/Stokes pulse powers for 𝜙 = 0.9, 1.1, and 1.2. For an equivalence ration of 𝜙 = 1.0
and pump/Stokes pulse powers in between 𝐸𝑝/𝑆 = 70 to 100𝜇𝐽 spectral cooling is observed. At higher
powers, spectral heating is observed. At powers lower than 𝐸𝑝/𝑆 < 100𝜇𝐽, the standard deviation is
large, the maximum standard deviation in this range is 𝜎𝑇 = 181𝐾. For these powers the signal to
noise ratio is low. At powers equal or above 𝐸𝑝/𝑆 => 100𝜇𝐽, the standard deviation is in between
𝜎𝑇 = 13 and 28𝐾.
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Figure 7.7: Effect of pump/Stokes pulse energy on flame thermometry in laminar premixed methane/air flame. Adiabatic flame
temperature of methane with air as oxidizer is 𝑇𝐴𝑑 = 2236𝐾 [89].

The data is relatively noisy, resulting in a non-smooth trend with power. The temperature
measurements in flames add uncertainties due to variations in the combustion process. The
temperature in the probe volume is not constant. Therefore, it is difficult raise firm conclusions based
on this experiment. However, it can be noticed that the same behaviour of spectral heating in
between pump/Stokes pulse energies of 𝐸𝑝/𝑆 => 80 and <= 300𝜇𝐽 is observed in Section 7.3. In
Section 7.3 thermometry is performed in molecular nitrogen at room temperature. There it is
assumed that the normalisation of the resonant signal is off due to different developments velocities
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of the filamentation process in different gas compositions. Here, it is likely that the effect is stronger
as the gas temperate is also different.

7.5. Ultrabroadband Coherent Raman Spectroscopy Behind
Optical Window

To demonstrate the power of two-beam fs/ps CRS with in-situ fs-laser-induced filamentation,
single-shot flame thermometry is performed behind an optical window. No literature is available
which demonstrates ultrabroadband two-beam fs/ps CARS behind optical windows. In-situ generation
allows for flexible compensation of dispersions terms due to an optical window with one external
compressor. The supercontinuum is directly used after it is created.

The optical window (~22𝑚𝑚 thick BK7 Glass) is placed behind the pump/Stokes pulse focusing lens.
The implementation of the optical window in the experimental setup is displayed in Figure 7.8. On the
left, a schematic is presented. On the right, a picture is presented where the pump/Stokes pulse is
represented by a red arrow. Here, the pump/Stokes pulse moves from right to left, it passes through a
spherical lens (𝑓𝑝/𝑆 = 500𝑚𝑚) and then through the optical window. The pump/Stokes pulse is aligned
with the probe pulse with two mirrors where one of the two is behind the optical window. The probe
pulse is focussed with a spherical lens (𝑓𝑃𝑟 = 300𝑚𝑚)

SL
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fs pump/Stokes

ps probe

ps probe and CRS

Figure 7.8: Schematic of implementation of optical window in experimental setup. On the right picture shows focussing lens
and optical port. Pump/Stokes pulse is displayed with red line which moves from right to left. Pump/Stokes pulse travels

through focusing lens (𝑓 = 500𝑚𝑚) and then through optical window (BK7, ~22𝑚𝑚). The pump/Stokes pulse is aligned with
the probe pulse by two mirrors. B, burner; OP, optical port; Sl, spherical lens.

For the experiment the probe volume is positioned in the hot product gasses of a fuel-lean laminar
premixed methane/air flame. The experimental single-shot spectrum with in-situ referencing of the
excitation efficiency is displayed in Figure 7.9. In this spectral region, measurements are not possible
with two-beam fs/ps CRS without ultrabroadband excitation. Simultaneous ro-vibrational spectroscopy
on oxygen and carbon dioxide is performed, the oxygen and carbon dioxide resonances are fitted with
two models separately.
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Figure 7.9: Typical fit of single-shot ultrabroadband CSRS spectrum via in-situ fs-laser-induced filamentation measured in
fuel-lean laminar premixed methane/air flame behind an optical window. Spectrum is fitted with oxygen and carbon dioxide.
Synthetic spectrum shows oxygen and carbon dioxide temperatures of 𝑇𝑂2 = 1449𝐾 and 𝑇𝐶𝑂2 = 1451𝐾. The spectral fitting
can be evaluated by the residual of the synthetic and experimental spectra, the residual is presented in the figure at an offset

of −0.2 for clarity purposes.

The mean temperature (𝜇𝑇), the standard deviation (𝜎𝑇) and the relative standard deviation (𝜎𝑇/𝜇𝑇)
are presented in Table 7.1. The fitted mean temperatures for the molecular oxygen and carbon dioxide
resonances are in good agreement.

Table 7.1: Measured single-shot precision of ultrabroadband CSRS via in-situ fs-laser-induced filamentation in fuel-lean laminar
premixed methane/air flame behind an optical window (𝑛 = 1000).

𝝁𝐓 [𝐊] 𝝈𝐓 [𝐊] 𝝈𝐓/𝝁𝐓 [%]
Molecular Oxygen 1371 99 7.20
Carbon Dioxide 1375 73 5.29

All in all, the experiment demonstrates successfully for the first time a robust implementation of
ultrabroadband CRS behind an optical window. The excitation efficiency is preserved while the
pump/Stokes pulse was passed through a thick optical window. No difference in excitation is noted.
The extra dispersion terms could easily be accounted for by the external compressor. The
methodology allows for measurements in practical applications.



8
Conclusion and Outlook

The aim of this thesis is to contribute to the development of ultrabroadband two-beam
femtosecond/picosecond (𝑓𝑠 = 10−15𝑠, 𝑝𝑠 = 10−12𝑠) coherent Raman spectroscopy (CRS) with
in-situ fs-laser-induced filamentation by characterising fs-laser-induced filamentation and the effects
of fs-laser-induced filamentation on thermometry. The work includes an experimental campaign split
into three phases: the characterisation of fs-laser-induced filamentation, the characterisation of the
probe volume dimensions under filamentation conditions, and the characterisation of ultrabroadband
CRS thermometry. In this chapter the main findings of the experimental campaign are highlighted
and some suggestion are made for further research.

In Chapter 5 the critical power to initiate the filamentation process in air at room temperature is
measured to be 𝑃𝑐𝑟 = 1.2𝐺𝑊 (𝐸𝑝/𝑆 = 74𝜇𝐽). At powers below the critical power a pure multi-photon
ionization regime (MPI) is observed (𝐸𝑝/𝑆 = 40-74𝜇𝐽). Opposed to the general explanation of the
filamentation process, it shows that there is no direct correlation between the onset of the Kerr-effect
and MPI. Furthermore, unlike found in literature the flame has no effect on the critical power. This is
further supported by the fact that no clear difference in the dimensions of the filament is measured
when placed in a methane/air premixed flame or when placed in air at room temperature (𝐿 ≈ 13𝑚𝑚
(length, 1/𝑒2), 𝜎𝐿𝑒𝑛𝑔𝑡ℎ = 0.3-0.7𝑚𝑚 for 𝐸𝑝/𝑆 = 1.5𝑚𝐽). Therefore, power is an inadequate demarcation
line for the onset of the filamentation process and the start of pulse compression.

The pulse duration is estimated based on the non-resonant CRS signal to characterise the
supercontinuum. Without filamentation reliable pulse duration measurement are demonstrated with
the CRS system. With filamentation, asymmetry in the newly generated frequencies prevents reliable
pulse duration measurements. The gas temperature and input power have major effects on the
excitation efficiency, the effects of gas compositions are smaller. The excitation efficiency is stable
from shot-to-shot. Surprisingly, a positively or negatively chirped input pulse of approximately
𝜏𝑝/𝑆 ≈ 60𝑓𝑠 is most optimal for pulse compression via fs-laser-induced filamentation in air at room
temperature. A transform-limited input pulse (𝜏 = 35𝑓𝑠) results in longer output pulse duration. Most
likely, this is because the longer pulses increase the contribution of the delayed nuclear response.

In Chapter 6 a novel procedure is designed to measure the dimensions of the probe volume under
filamentation conditions. The cross-section of the pump/Stokes pulse out of the filament is relay-
imaged to estimate its divergence. Hereby, the beam waist of the pump/Stokes pulse can be estimated,
this part of the methodology gives reasonable results, although it is sensitive to the calibration. For a
crossing angle of 𝜃 = 3.2deg the interaction length is estimated to be 𝐿 = 9.6-11.3𝑚𝑚 (length, 1/𝑒2).
The estimated interaction length is long. Partly, this is due to the purely geometrical scheme used to
estimate the crossing angle and interaction length. The intensity is not weighted. For further research
it is advised to weight the intensity in the probe volume. Furthermore, the filament and probe volume
were relatively far spaced. Still, the novel procedure is promising under harsh environments.
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In Chapter 7 the quadratic to linear scaling of the pump/Stokes pulse energy versus the coherent
anti-Stokes Raman spectroscopy (CARS) signal intensity is measured to be 𝐸𝑝/𝑆 ≈ 300𝜇𝐽 which is
much higher than reported on in literature. Possibly, the probe pulse power plays a role. Next,
ultrabroadband two-beam fs/ps CARS is validated with conventional two-beam fs/ps CARS for
molecular nitrogen at room temperature with ex-situ referencing of the excitation efficiency
(𝐸𝑝/𝑆 = 1000𝜇𝐽). The experimental results show that an averaged spectrum can be used for
thermometry. However, flame and room temperature thermometry undergo spectral heating for
pump/Stokes pulse powers of 𝐸𝑝/𝑆 = 80-300𝜇𝐽. Furthermore, when the probe volume is placed in the
filament spectral heating and cooling are observed. Likely, the offset in temperatures originates from
a normalisation error. As the boundary conditions can influence the excitation efficiency ex-situ
referencing does not suffice. It is advised to use in-situ referencing of the excitation efficiency to be
able to measure confidently the temperature under all boundary conditions. New experiments with
in-situ referencing are required to prove these speculations.

Ultrabroadband two-beam fs/ps CRS with in-situ fs-laser-induced filamentation is demonstrated
successfully with the first measurement of ultrabroadband CARS behind an optical window. The
single-shot measurements are performed in the hot product gasses of a fuel-lean laminar premixed
methane/air flame. The extra dispersion terms due the optical window were easily accounted for by
pre-chirping with the external compressor. The excitation efficiency was not affected by the optical
window. This demonstrates the robustness and power of supercontinuum generation via in-situ
fs-laser-induced filamentation for ultrabroadband fs/ps CRS.

Besides the recommendation made to improve the experimental work, it is advised to study the effects
of the pump/Stokes pulse numerical aperture for further research. In this work, the focusing speed is
kept constant. Slower focusing speeds will most likely results in an improved excitation efficiency. For
some applications, like large industrial furnaces, slower focusing is required.

All in all, the experimental work presents novel methodologies and results. The results demonstrate
the potential power of supercontinuum generation via in-situ fs-laser-induced filamentation for
ultrabroadband fs/ps CRS. Nonetheless, improved experiments are required to finalise the
characterisation before the technique can be applied with full confidence. Ultrabroadband CRS via
fs-laser-induced filamentation is a promising laser diagnostic tool to characterise fundamental
combustion effects and novel engine designs to optimise combustion processes. The large stable
excitation efficiency allows for measurements at higher Raman shifts behind optical windows where
the Raman spectrum is less congested.
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