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Abstract

Plasma-assisted combustion is a relatively novel subfield of combustion, where a plasma is used to
stabilise combustion, thereby improving efficiency and reducing emissions. The advantage of plas-
mas for this purpose is the potential for non-thermal chemistry that plasmas offer. Rovibrational
Raman spectroscopy was done on the afterglows of nano-second pulsed plasma discharges. The
effect of different electrode types and discharge parameters on the temperature distribution has
been investigated. Emphasis is put on preventing thermalization. The work is a proof of concept
and serves to identify research areas that merit further investigation.

Three electrodes are under investigation: One electrode of exposed metal with a sharp tip, one of a
metal core surrounded by a quartz tube with resin in between, and one of a metal core surrounded
by a quartz tube with galinstan — a liquid metal alloy — in between. As excitation laser a pulsed
Nd:YAG laser was used at a wavelength of 532 nm. The pulses were stretched using a passive
pulse stretcher following the design of Gijbels [I] to allow an increase in input energy of the laser
whilst remaining below the threshold for optical breakdown. A parametric study of the plasma
behaviour - width, spatial spread and intensity - was conducted for comparison to the temperature
measurements. This served both to investigate under what conditions the excitation laser could
consistently hit the plasma and to be able to identify heating behaviour. For the thermometry
measurements, a base set of parameters was determined based on ease of ignition of the plasma and
future applications: Pressure 700 mbar, laser delay 13 us, electrode distance 4 mm, burst frequency
90 Hz, flow rate 0.75 cm/s, 7 pulses per burst. For each set of measurements 1 of the parameters
was varied from its base value to obtain a dependency of the temperature on that value.

The measured spectra show good agreement with the temperature fits, although some fitting
parameters might be tweaked to improve the reliability of the fits. In most cases, it is found that
the plasma does not thermalize. For the exposed metal electrode this is attributed to the short
voltage pulses. Some unexpected thermalization is observed for this electrode, which is assumed
to be a result of a spark-to-arc transition that is destabilized due to the short voltage pulses.
The dielectric electrodes show no thermalization, demonstrating their use in keeping temperatures
low.
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List of symbols

Constants

Table 1: List of natural constants used. All values are derived from the handbook of chemistry
and physics [2].

’ Constant name | Meaning Value ‘
e Elementary charge 1.602-10"1°C
€0 Vacuum permittivity | 8.854-10712F/m
kp Boltzmann’s constant | 1.38-107% J/K
Me Electron mass 9.109 - 10~ 3T kg
My Neutron mass 1.675- 102" kg
my Proton mass 1.673-10"2"kg

Parameters

’ Parameter name \ Meaning
E Energy
E Electric field
f Focal lenght
Sfourst Burst frequency
F/O Fuel-Oxidiser ratio
g Degeneracy
Yse Secondary electron emission coefficient
I Intensity
l Streamer space charge layer thickness
A Wavelength
AD Debye length
m Mass
n Particle density
N Population
Npuise Number of pulses per burst
Wp Plasma frequency
P Power
P Pressure
10) Equivalence ratio
pc Charge Density
T Timescale (for instance collision timescale)
0 Divergence angle
T Temperature
Vo1 Vibrational transition from the ground state
V1 Vibrational transition from excited states up
Vs Breakdown Voltage
wWo Waist size

Table 2: List of parameters used
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Abbreviations

’ Abbreviation \ Meaning
DBD Dielectric Barrier Discharge
DC Direct Current
FWHM Full Width at Half Maximum
HV High-Voltage
1BS Inverse Bremsstrahlung
IPCC Intergovernmental Panel on Climate Change
KET Knife Edge Tomography
MFC Mass Flow Controller
OES Optical Emission Spectroscopy
PAC Plasma-Assisted Combustion
SNR Signal-to-Noise Ratio
SSR Sum Squared Residual
uv Ultra-Violet
YAG Yttrium Aluminium Garnet
(Also used to refer to the Nd:YAG laser used throughout this thesis)

Table 3: List of used abbreviations
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Chapter 1

Introduction

In october 2018, the Intergovernmental Panel on Climate Change (IPCC) published a report on
the effects of climate change, with particular emphasis on the advantages of keeping the rise in
global temperatures below 1.5 °C instead of the 2 °C constraint set by the Paris agreement [3]. The
report estimates very drastic reductions in CO4 emissions for models to reach this goal, requiring
unprecedented transitions in most infrastructure and industrial systems. It is also explained that
combating climate change will positively influence sustainable development and poverty reduction.
The bottom line is that the need to reduce CO5 emissions is high and the advantages of doing so
are great [4].

The ultimate solution to reduce COg emissions is to switch to renewable energy sources. This
may seem simple at first glance: Just build solar panels and windmills everywhere. Sadly, the
implementation of new technologies is not that simple. Both wind and solar power are still relatively
new technologies, and it is expected to take several decades before either of them will cover a
significant amount of the global energy usage [5]. Thus, at the same time as the global production
of renewable energy is increased, the current, polluting sources of energy are gradually improved
to be more efficient.

Another driver to reconsider the way current combustion engines work is air quality. The kinetics
of the formation of various pollutants such as nitrogen oxides, carbon monoxide and soot have been
known for quite some time now, as well as factors influencing the reactions [6]. These pollutants
have various adverse effects on public health: Extended exposure to soot and other particulates
(such as would be experienced by someone living in a big city) have been shown to correlate
negatively with cognitive development and possibly increase the risk of Alzheimer’s disease [7]. In
2015 it was discovered that Volkswagen’s diesel cars had so-called ’defeat devices’ that had software
to reduce NO,, emissions during emission tests. This allowed the cars to pass these NO,, tests even
though the standard use emissions were too high. An estimated 50% of 10000 premature deaths
related to pollution in Europe in 2013 can be attributed to these defeat devices. Another 3000
of these deaths are estimated to be caused by the increased NO, emission of diesel engines as
compared to petrol engines [§].

One effort to improve current combustion engines lies in Plasma-Assisted Combustion (PAC).
Here, instead of a direct heat source, a plasma is produced in the gas to be burnt, to create the
radicals and excited species that are to kickstart the combustion reaction. Plasma has a unique
capability in producing active species and heat. Due to the presence of charge in the plasma, the
coulomb force is an important driver of transport processes in the plasma, vastly altering them
with respect to a regular gas. Furthermore, the unique chemistry of the plasma opens up new
chemical pathways [9].

Through this, plasma enhances combustion completeness and flame stability [10], it can extend the
lower lean blowout limit and lean flammability limit [I1]. As a result, the burn temperature can be
lower, which improves efficiency [12]. Plasmas can very effectively reduce NO, [I3] and SO, [14],
decompose unburned hydrocarbons such as toluene [15] and control soot generation [16].

PAC relies on plasma processes taking place on sub-nanosecond timescales, whilst needing to run in



a continuous combustion mode. Combustion engines are of course macroscopic systems, but they
are influenced by the behaviour of individual particles. To top it all off, it occurs in extremely non-
equilibrium conditions, combining combustion kinetics with plasma physics. Evidently, current
modeling technology can not fully capture all the physics on all the spatial and temporal scales
and so a significant portion of our understanding must be derived from experiments.

However, inserting probes into the setup for temperature measurements inevitably perturbs the
dynamics of the plasma, which means the actual behaviour of the setup is not properly measured.
As such, less intrusive methods are preferentially used. The field of spectroscopy focuses on a
class of measurement techniques which are generally very slightly intrusive. By measuring the
spectrum of light coming off a sample, various kinds of information - from chemical composition
to temperature - can be obtained. This spectrum does not have to be emitted by the sample itself,
spectra of light scattered off a sample can also be analysed.

This is what happens in Raman spectroscopy. By illuminating a sample with monochromatic light,
the sample can be made to scatter a small amount of light which gives information about the pres-
ence of excited species in the sample. These excited species are an indication of the temperature
of the sample. Raman spectroscopy is preferentially used due to its high versatility and the ability
to perform measurements on a theoretically limitless number of species simultaneously. Unfortu-
nately, Raman spectroscopy is not all sunshine and rainbows, and there are some downsides to
it. The most important downside being that Raman scattering is an extremely inefficient process.
Cross sections for spontaneous Raman scattering are typically on the order of 1073%cm? [17]. As a
result, Raman spectroscopy requires very sensitive optical setups and high-powered lasers. This, in
turn, means that Raman spectroscopy is usually subject to the issues associated with these setups
too. Specifically for PAC, the unpredictable behaviour of plasma becomes a challenge too. Because
the plasma does not always follow a straight line from one electrode to the other, the laser will
sometimes miss the plasma, which can make what little signal is there inconsistent. This irreprodu-
cibility makes laser diagnostics on filamentary discharges generally difficult [I8]. Furthermore, due
to jitter the laser and streamer cannot be synchronised on timescales smaller than a nanosecond,
which is too slow for the evolution of streamer processes. Nevertheless, Raman spectroscopy has
occasionally been performed on streamer discharges to obtain rotational and vibrational temper-
atures in streamer afterglows [19] [20]. In the work mentioned here, the rovibrational temperatures
are measured a few 10s of nanoseconds after the discharge. At that point the vibrational excitation
will still be very significant, making measurements easier. In PAC the plasma serves to stabilise
combustion over extended periods of time and thus it is necessary to determine the temperatures
over extended periods of time. As time goes on, the vibrational states relax and the Raman signal
will be reduced. Furthermore, Cléon et al. [20], use a pin-to-pin configuration with HV pulses over
3 times longer than used for this thesis, meaning they will tend towards thermal plasma, something
which will be attempted to avoid in this work. The focus will instead be on creating non-thermal
plasma beneficial to PAC.

All that is to say that the rovibrational Raman thermometry performed in this thesis has not been
employed previously for non-thermal plasmas.

To improve the Raman signal, first of all the input laser energy will be maximised. The laser energy
can not be increased indefinitely as this will induce optical breakdown, which will overshadow the
Raman signal [2I]. Thus, a passive pulse stretcher will be constructed following the design of
Gijbels[I] and the concept of Kojima et al. [22]. In a passive pulse stretcher, a laser pulse is split
into two parts, of which one will be looped around onto the beam splitter such that it attains a
delay with respect to the other pulse. This way the pulse is transformed into 2 smaller pulses
in quick succession, which reduces peak power and thereby decreases the probability of optical
breakdown.

Furthermore, to be able to account for the unpredictability of the streamers, a parametric study is
done to investigate the width, deviation and intensity of the streamers. Because of the instability
of streamers, a portion of the Raman signal will be obtained from laser pulses that did not pass
through the streamer. This will thereby dilute the signal from the streamer with Raman signal
from the cold gas. By performing statistics on the probability that the laser hits the streamer, it
will become possible to make claims about the reliability of measured temperatures and possibly
correct for the dilution.



Finally, Raman measurements will be done to obtain parametric dependencies of the rovibrational
temperatures of the plasma afterglow. Although coupled to some interpretation, the measurements
done are a proof of concept of the methods used and serve to identify areas to investigate in future
research.

Chapter [2] contains the background theory about combustion, plasmas, spectroscopy and lasers.
Chapter [3] describes the used setups and methods and chapter [ presents the results along with
discussion thereof. Chapter [5] ends the thesis with some concluding remarks.



Chapter 2

Theory

This chapter explains the theory relevant to understanding the subjects tackled in this thesis. PAC
is a field of study that (as the name implies) relates to both plasma and combustion physics. So
before proceeding to PAC and how Raman spectroscopy comes into play it is important to consider
combustion and plasma separately. After that, the theoretical principles of Raman are detailed in
section The chapter ends with the basic theory of lasers in section [2.4

2.1 Combustion

In a combustion process a fuel and oxidising agemﬂ react to release energy from their intermolecular
bonds. The process requires some activation energy, and then continues due to the energy release
of the reaction itself [24].

An example of a combustion reaction is that of methane and oxygen.
CH4 + 205 — 2H50 + CO4 (2.1)

When the reactants are available in this ratio, this reaction is called stoichiometrically balanced.
The fuel-oxidizer ratio, F/O, is the mass ratio between fuel and oxidiser, and the ’equivalence
ratio’ ¢ is the deviation from stoichiometric fuel-oxidizer ratio:

(F/0)
= 2.2
0. 22)
At stoichiometry, ¢ = 1, ¢ > 1 for an excess of fuel, called 'rich’ combustion, and ¢ < 1 for a
deficit of fuel, called 'lean’ combustion.

A flame can burn in lean and rich conditions, but in too lean conditions there is not enough fuel
for combustion, and in too rich conditions there is not enough oxygen for combustion. Too lean or
too rich combustion will also decrease the flame temperature [25].

A colder flame can in some cases be beneficial. Particularly in regards to pollution hotter flames are
undesirable, as high temperatures open up chemical pathways that lead to the formation of NO,
among others. For instance in a particular type of hydrogen combustion engines it has been shown
that NO,, production plummets dramatically when ¢ is reduced from 0.9 to 0.55 or increased from
0.9 to 1.1 [26]. Lean mixtures are, however, more desirable than rich mixtures. In rich mixtures
the exhaust contains potentially harmful unburnt compounds, such as CO [27], or a whole range
of larger hydrocarbons such as aromatics [28]. Lean combustion is also more desirable from an
economic perspective, as rich combustion wastes fuel - which is costly - whereas lean combustion
only 'wastes’ the air that’s all around us.

Tn most cases this oxidising agent is simply molecular oxygen (O2), and for brevity we will only be referring to
oxygen. However, it should be noted that there are combustion processes that do not need external oxygen, such
as thermite reactions [23].



2.2 Plasma

In PAC, combustion at low equivalence ratios is stabilised with help of a plasma. Although the
term is used more widely, in physics plasma refers to “an electrically conducting medium in which
there are roughly equal numbers of positively and negatively charged particles” [29]. Plasmas are
ionised gases, and on earth most of them are produced either during thunderstorms in the form of
lightning or at the earth’s poles as auroras, but in the universe over 99% of visible matter takes
this form, as stars are fully ionized gases.

Since a plasma generally does not have a net charge even though it has free charges in it, it
is called ‘quasi-neutral’. A plasma will also try to maintain quasi-neutrality because it has free
charges floating in it. If there is net charge in the plasma, this charge will produce an electric field
which will tend to move the charges, eventually cancelling out the field. The length scale over
which the plasma is able to shield charges is called the Debye length:

€0 k’B Te
= 2.
Ap V' nee? (2:3)

If the Debye length is on the order of or larger than the characteristic dimension of the plasma,
there will simply not be enough space to maintain quasi-neutrality. Similarly, if there are not
enough particles contained within the Debye sphere (which is a volume of the order %)), the
plasma will also not be able to maintain quasi-neutrality.

2.2.1 Plasma generation

Plasmas are most easily created using electric fields. By accelerating charged particles through an
electric potential, they can acquire the energy to ionise neutral gas particles.

In this ionisation, another electron and an ion are produced, and the original particle also remains
in the gas. All three of these particles can then be further accelerated to produce exponentially
more particles in what is called a Townsend avalanche, until eventually the charge density is high
enough that we speak of a plasma.

The voltage required to achieve breakdown (V},) as function of gas pressure p and electrode gap
d was done extensively by Friedrich Paschen in 1889 [30]. He found that V; had a minimum as a
function of both p and d. This makes sense since - as was previously explained - a charged particle
needs some distance to obtain enough energy to ionise atoms and molecules. If there are many
particles or this distance is very long, the chance of the particle colliding before getting enough
velocity is high. If p or d are too small, the particle simply will not collide enough to keep the
avalanche going.

Paschen’s experiments led to relations for the breakdown voltage of gases:
B Bpd

~ InApd —In (In(1+1/7s))

Here 7, is the secondary electron emission coefficient at the cathode and A and B are coefficients
specific for the type of gas. As A, B and ~,. are all experiment-specific parameters, we see that

Vi only depends on the product p - d. Plotting V;(pd) yields the Paschen curves, shown in figure
and which nicely show the optimum value of p - d for the lowest breakdown voltage.

Vi (2.4)

The first particle to start the townsend avalanche is produced quite randomly, from cosmic rays to
photoionization by UV light.

2.2.2 Plasma dynamics

Plasmas have many unique properties in terms of dynamics and interactions with other materials.
This can be partially attributed to the fact that electrons are thousands of times lighter than ions
and the neutral gas molecules. As a result, the ions respond to changes in the plasma on an entirely
different timescale than the electrons.

This behaviour manifests itself in the form of the plasma frequency. The plasma frequency is an
indication for the timescale on which free charged particles are able to respond and is the highest
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Figure 2.1: Paschen curves for various gases [31]

frequency electric field particles will be able to follow. Equation [2. is the equation for plasma
frequency.

=) — 2.5
Wp o (2.5)

Different particles in the same medium can have a different plasma frequency, and n and m are
the density and mass of the particle for which w, is calculated, in cm™3 and kg respectively. For
instance, the electron plasma frequency is around 9000,/n, Hz, and the plasma frequency of Argon
ions is 33y/n 4, Hz. Thus at the same particle density, electrons can respond to electric fields almost
300 times as fast as Argon ions.

Furthermore, it can be derived that the ratio between the timescales of energy transfer amongst
a particular particle a and between particle ¢ and another type of particle b scales with the mass
ratio between the two particles:
Tab - T (2.6)
Taa ma
Thus the electrons will rapidly distribute the energy amongst themselves, but will take a long time
to heat the ions and neutral particles. Plasmas can reach temperatures much higher than typical
flames. If the applied electric field is slow enough (or DC), it will move both the ions and electrons.
Although the energy transfer from electrons to the gas is low, according to equation [2.6] the energy
transfer rate from the ions to the neutral particles will be as fast as the energy transfer among the
ions.

However, in a plasma driven at a frequency between the electron and ion plasma frequencieﬂ
the ions will be largely stationary and so the applied electric field will mostly heat the electrons.
Because the electrons hardly heat the gas, the electron temperature can be much higher than
the temperature of the heavy particles. 2 or 3eV (25000K) electrons in a plasma with room
temperature ions and neutrals are not uncommon in radio frequency plasmas.

This ability to produce non-thermal energy makes plasmas interesting for PAC. The plasma can
supply energetic species to the gas to aid the chemical reactions without increasing the temperature
of the gas which increases NO, production.

2This is typically on the order of a few dozen MHz



2.2.3 Streamers

In 1939, Loeb et al. [32] observed the formation of a new type of plasma discharge, which they
dubbed streamers. They illustrated that for sufficiently high values of p - d, the simple Town-
send avalanche model was insufficient to explain the breakdown behaviour of electrical sparks.
Most notably the propagation of the discharge was much faster than the electron velocity, and
the discharge was more filamentary than diffuse, as would be expected for a standard Townsend
discharge.

Streamers benefit a lot from local field enhancement around sharp electrodes. They take 2 forms:
Positive and negative streamers, which form at the positive and negative electrode, respectively.
In the onset of a positive streamer, electrons are attracted towards the positive electrode and form
a small Townsend discharge. The slow ions are left behind as the electrons move towards the
electrode, forming a positive space charge layer further out from the electrode. If this space charge
layer is sufficiently charged and sufficiently curved, it can form an ionisation front itself. It will
attract electrons further out from the electrode towards it, causing ever more Townsend avalanches
within an increasing range. The electrons starting the new Townsend avalanches are created
through photo-ionization by UV photons emitted from the ionization region. If the background
electric field is large enough, the ionisation front can propagate away from the electrode, leaving in
its wake a quasi-neutral channel, surrounded by a space charge layer of positive ions. Because the
streamer propagates using a sort of chain reaction of photons rather than direct electron motion,
it can move much faster than the individual electrons.

The propagation mechanism of negative streamers is much more intuitive: The negative head of the
streamer accelerates electrons away from it, causing the townsend avalanches in the propagation
direction of the streamer. Though more intuitive, it results in instabilities in negative streamers.
Because the electrons are not only accelerated forward but also sideways, the strong curvature of
the streamer head is not maintained optimally. Furthermore, the space charge layer shielding the
conducting channel from the surrounding air is maintained by electrons rather than heavy ions
[33].

Streamers can change significantly under similar circumstances. For short voltage pulses, with rise
times on the order of 15 ns, the widths of positive streamers can increase up to 15 times when the
voltage is increased from 5 to 96 kV. Streamers also have a minimum width under given conditions.
Significantly above this width, streamers can branch. At minimal width, the streamer can still
propagate but will simply cease to branch [34].

The streamer width is limited by the requirement that the streamer tip enhances the field ahead of
it. This can only take place if the space charge layer surrounding the tip is thin compared to the
streamer radius. But the space charge layer must be sufficiently thick to contain enough charge
to effectively shield the streamer core from the external electric field. This condition is shown in
equation

e0AFE = /lpc(z)dz (2.7)

With AFE the difference between internal and external electric field, [ the charge layer thickness
and po(z) the charge density as function of position in the layer. p can be assumed to be on the
order of eng", with n¢" the ionization density inside the channel. As a result, the minimum value

of | roughly scales as
AE
o

l

(2.8)

The space charge layer must be thicker when the difference between the electric field outside and
inside is larger, as well as when the ionization rate in the streamer is lower. This ionization rate,
however, increases steeply with increasing electric field, and so the space charge layer can generally
be thinner if the applied electric field is larger. Since the streamer diameter must be considerably
larger than [, this will approximately follow the same dependence.

Streamer velocities typically range between 0.1 and 1 mm /ns, though velocities up to 5 mm/ns are
reported for high applied voltages.

An advantage of streamers is that they are very transient and non-thermal plasmas [I8]. However,
once the streamer head has reached the other electrode, the quasi-neutral core of the streamer



allows charge to flow freely between the two electrodes. This results in a return wave of potential
redistribution, constituing the transition from a streamer to a spark discharge [35]. At this point,
the gas will rapidly start heating, which increases thermionic emission from the cathode and
ionisation in the discharge gap. This causes a runaway process, because as the charge density
increases, the plasma is able to sustain greater currents, resulting in more heating and ionisation,
eventually forming an arc plasma. Arcs can easily reach temperatures on the order of 40,000 K.
A spark shows more molecular emission lines, whereas an arc is characterised by broadband ionic
emission [36]. Even short sparks are already very similar to arc plasma and can reach temperatures
of 1-2000 K [37]. If the gas temperature is to be kept low, sparking should be avoided.

2.2.4 Temperature control of plasmas

The main reason the plasma heats up is the self-enhancing flow of continuous current. 3 things
can be done to prevent this from happening:

Using short voltage pulses, the streamer can be initiated but stopped before it crosses the electrode
gap, or a spark discharge can be stopped before the ions have gained significant energy. Indeed
it has been shown that gas temperatures can be kept low with ns pulse spark discharges - on the
order 5-600 K - even when vibrational temperatures increase to 5000 K [38].

By blocking the discharge gap with a dielectric material, the flow of charged particles is interrupted.
Breakdown may take place and ions and electrons can flow for a short while, but eventually the
applied electric field will result in a buildup of charge on the dielectric. This cancels out the applied
electric field until the discharge stops, setting a hard limit on the duration of the discharge and
thereby gas heating.

By keeping the pressure in the discharge low, the number of collisions in the plasma will be
significantly decreased which reduces the heat transfer rate to the gas. For sufficiently low pressure,
the discharge will enter into the glow regime. The values of p-d for this transition can be as low as
13 mbar mm [39]. However, in PAC this is likely too low, as high pressures are generally beneficial
to combustion [12].

2.3 Spectroscopy

Spectroscopy is a generally non-intrusive measurement method that uses the light spectra emitted
by samples to derive all manner of properties from. The spectroscopic method of interest here is
Raman spectroscopy, specifically ro-vibrational Raman spectroscopy.

2.3.1 Energy distributions

The distribution of translational energy in a gas at fixed temperature T will equilibrate towards
the Boltzmann distribution:

9n AETLO
N, = Ny - 2% 2.9
: goea:p< m) (2.9)

Which shows that the population IV, of level n relates to the ground state population Ny through
the energy difference AFE,( between the two levels. The factors g indicate the degeneracies of the
energy levels. Using the Boltzmann distribution a temperature can be coupled to distributions of
energies other than the translational temperature [17].

Molecules can only have discrete energies. However, where the energy of atoms lies solely in
their electronic and translational levels, molecules can vibrate and rotate as well. This greatly
complicates their energy level structure. The spacing between rotational energies is smaller than
between vibrational energies, which are in turn smaller than the electronic spacings. This results
in each electronic level having several vibrational sublevels, each of which has several rotational
sublevels, as shown in figure

Because the rotational energy levels lie very close together, the rotational temperature can gen-
erally be assumed to be in Boltzmann equilibrium with a temperature equal to the translational
temperature.
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Figure 2.2: Rovibrational energy structure of a molecule [40]

Figure 2.3: Population of vibrational states as function of vibrational quantum number for the
Treanor distribution. Line 1 is the Treanor distribution without anharmonicity, line 2 accounts for
the anharmonicity.

The vibrational states will also tend to relax to the Boltzmann distribution, but this can only
happen if the interaction between vibrational states is much faster than the rate of creation of
these states. If they are on the same order - for instance if there are many electron-neutral
collisions - the vibrational energy distribution will start to deviate from Boltzmann equilibrium
and tend towards the Treanor distribution. The Treanor distribution separates the temperature of
the lower and higher vibrational states, making it possible to account for the extra excitation of
the higher states. Furthermore, the Treanor distribution accounts for anharmonicity in the higher
vibrational states, by not assuming the energy levels to be equidistant.

2.3.2 Raman shift

Raman spectroscopy relies on the Raman shift. Quantum mechanically, scattering of light on
materials can be regarded as the absorption and consequent emission of photons by molecules.
The absorption process will have the highest probability if the photon energy corresponds to the
energy difference between two existing molecular energy levels. In this case, we speak of a resonant
transition. However, it is possible for a particle to be excited to a ‘virtual’ energy level, after which
it will almost immediately relax back to a lower level, as shown schematically in figure 2:4] In
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Figure 2.4: Raman scattering compared to Rayleigh scattering [41]

most cases, the emitted photon will have the same energy as the absorbed photon, in which case
we speak of Rayleigh scattering. However, the particle can also relax back to a different excited
state than it came from. Then the emitted photon will have a different energy than the absorbed
photon. This is known as Raman scattering. If the emitted photon has a lower energy than the
absorbed photon, it is called Stokes Raman scattering, if it is higher, we speak of Anti-Stokes
Raman scattering.

The energy difference between the absorbed and emitted photon - the Raman shift - is equal to
the energy difference between the initial and final levels. In Raman spectroscopy, the Raman shift
is measured which yields a unique ’fingerprint’ for the molecules under investigation.

The strength of a given Raman transition is linearly proportional to the number density of particles
in the initial state. As a result, the signal strength from a given transition can be directly related
to the population of a given state.

In the classical view, the electric field of the incident light with frequency wy, induces a polariza-
tion wave in the molecules of the sample. This polarization wave - being composed of accelerating
charges - emits light at wy. However, the polarizability of molecules changes slightly with the
vibration of the molecules, which modulates the polarization wave at a frequency w,. This mod-
ulated wave can then be deconstructed into 3 waves with frequency wy, wp — w, and wy + w,.
These frequencies correspond to the Rayleigh, Stokes and Anti-Stokes frequencies, respectively [42].
Because the Rayleigh and Raman signals are emitted as accelerating dipole radiation, there is no
emission in the direction of the laser polarization [43].

Symmetry also plays an important role in the strength of the Raman signal. Strongly polar bonds,
such as N-O and O-H have relatively low polarizability and are thus weak Raman emitters. Apolar
bonds such as C-H and the bonds in homonuclear diatomic molecules are much stronger Raman
emitters [42].

2.4 Lasers

A laser is a light source capable of producing a highly coherent collimated beam of monochromatic
light.

2.4.1 Light Amplification by Stimulated Emission of Radiation

The word "LASER’ is actually an acronym which stands for Light Amplification by Stimulated
Emission of Radiation. Lasers are built on resonant transitions between molecular energy levels,
such as were briefly mentioned in section [2:3:2] The excitation and relaxation of particles under
respectively absorption and emission of a photon discussed there were spontaneous processes.
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However, a particle can be made to relax from a particular resonant transition when hit by a photon
with an energy equal to that transition, producing a second photon. This is called stimulated
emission. The new photon will match the incident photon in energy, phase, propagation direction
and polarization.

This very principle is exploited in a laser system. The stimulated emission takes place inside the
gain medium. A pumping system is used to make sure the gain medium stays excited and actually
has a population of particles to stimulate emission from. The pumping system can for instance be
an electrical discharge or strong lamp. A set of mirrors forms a resonant cavity that reflects the
laser light back and forth through the gain medium. The mirrors will be almost fully reflecting to
ensure the amount of light in the gain medium remains high, but one will have a small transmission
to let light escape as the usable laser.

The practical side is of course significantly more complex. For starters, gain media suitable for
laser action are rare, as materials with rather specific energy level configurations are required
to actually achieve lasing action. Furthermore, the construction of the resonance cavity is very
critical. Deviations of microradians can cause significant drops in laser power, and the expansion or
shrinking of components of the laser through temperature fluctuations can prevent laser operation
altogether. Advanced laser systems thus often also require large cooling units apart from being
kept in rooms with constant temperature [44].

2.4.2 Laser damage

In geometric optics, when a bundle of light is focused to a point, we consider the light to really form
a single point. In practice, a light bundle has a minimum width it can shrink down to. This width
is called the 'waist size’, wg, and it is inversely proportional to the divergence of the beam:

A

Y

w (2.10)

Thus if a laser beam is focused with a lens with focal length f, the smaller f, the smaller the waist
size. The electric field of light in a medium is related to the intensity of light as
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With n the refractive index of the medium and e the dielectric constant [43]. As the intensity is
power per unit area, we find the proportionalities:

1 1
EoxVIx —ox= 2.12
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The electric field is the main culprit to causing damage for lasers with pulse lengths < 10ns. For
longer pulses, the main mechanism is thermal absorption which can cause fracturing or melting of
the material [45].

For short pulses, the electric field causes dielectric breakdown, which follows the Townsend break-
down mechanism explained in section An important requirement is that the electron-neutral
collision rate during this avalanche must be much faster than the electric field of the laser. Since this
rate is greater for higher particle density, optical breakdown is more likely at high pressure. Once
the electron density is high enough, the material will become optically thick to the laser, resulting
in a rapid increase in the absorption of laser power and thereby the temperature [46] [47].

In air, dust can greatly reduce the threshold for optical breakdown, as dust particles typically have
ionization potentials < 1€V [48]. Visible light lies significantly above this energy and can thus
easily release some seed electrons from these particles.

Pulsed lasers

Lasers can also be designed to output their energy in pulses rather than continuously. This is done
through 3 mechanisms: Pulsed pumping, mode-locking and Q-switching. For the sake of relevance
and brevity only Q-switching will be considered. A Q-switched laser employs a mechanism that can
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(a) The pulse first passes through (b) The pulse is almost entirely (c) The pulse haslooped back onto
the beam splitter. through the beam splitter. itself.

Figure 2.5: Three points in time of the laser beam passing through the pulse stretcher cavity. The
black diagonal lines labeled 'M’ indicate mirrors, the red line 'BS’ is the beam splitter, and the
laser pulse is indicated in green.

vary the quality factor of the resonator cavity. When the quality factor is low, the light produced
from spontaneous emission in the gain medium is lost, and the gain medium is not made to relax
through stimulated emission. The population inversion of the laser is simply allowed to increase
through continued pumping. Once the Q-switch is flipped, the quality factor of the resonator
becomes high and lasing action starts. Because of the high population inversion, the laser will
release a lot of energy in a very short time, typically on the order of several nanoseconds [49].
In Nd:YAG lasers, the quality factor can for instance be passively switched through saturable
absorption. This is a property of media that increases their optical thickness when the light
intensity is high. Once the amount of light from spontaneous emission reaches a certain threshold,
the saturable absorber becomes opaque and the quality factor increases so lasing action starts [50]
[51].

2.4.3 Pulse stretcher

The Q-switch of the YAG laser used for this thesis in principle has a fixed pulse duration. That
means its peak power can only be reduced by decreasing the total pulse energy. Reducing the
energy will reduce the Raman signal. However, it is possible to build a passive pulse stretcher
which can greatly reduce the peak power whilst retaining most of the pulse energy.

By using a beam splitter, a pulse’s energy can be split, looped around, and turned back in on itself
to effectively stretch the pulse. This process is shown in figures a through c. First, the pulse
is split into a transmitted and a reflected part. The reflected part goes on to the output of the
cavity. The transmitted part is looped back to the beam splitter, but this time approaches it from
the other side. The passive pulse stretcher is based on the fact that a pulse with finite duration
also has a finite length. This is because the speed of light is a constant in a given medium. For
instance, a 9ns pulse in air will be 269.8 cm long. The length of the loop will be chosen such that
by the time the transmitted part of the pulse 