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Deutsche Zusammenfassung

In dieser Arbeit wird die Umwandlung von CO zu CO mittels einer mikroskalierten dielektrisch
behinderten Entladung mit der Methode der Zwei-Photonen-Absorptions Laser-induzierten-
Fluoreszenz (TALIF) untersucht. Dafiir wurde ein TALIF-Experiment aufgebaut und opti-
miert, das sowohl einen Photomultiplier als auch eine ICCD-Kamera enthélt. Fiir die Anregung
wurde der Ubergang B'YT (v = 0) + X' (v = 0) benutzt, wihrend die Fluoreszenz aus
dem Ubergang B'X* (v = 0) — AMI(v” = 2) detektiert wurde. Wichtige Systemparameter
des Aufbaus, einschliefllich der Stabilitdt der Laserenergie, Polarisation des Laser-Strahls,
Einstellungen der Second Harmonic Generator (SHG) und Third Harmonic Generator (THG)
Kristalle sowie die Uberpriifung des Bereichs der Laserenergie in Bezug auf den linearen oder
gesattigten Bereich, wurden charakterisiert, um genaue Messungen zu ermdoglichen.

Experimente zur CO-Produktion durch das Plasma wurden sowohl im stationdren Modus
in einer Gasatmosphére sowie in einem gasdurchstromten Modus durchgefithrt. Messungen
der Rotationstemperatur, die fiir die Berechnung der absoluten CO-Dichte benétigt werden,
zeigten keinen Anstieg ebendieser im Plasma. Der stationdre Modus des Plasmabetriebs
zeigt einen linearen Anstieg der CO-Dichte iiber die Zeit, mit einer maximalen CO9-zu-CO
Konversionsrate von 3.5 %, wiahrend im gasdurchstromten Modus eine Konversionsrate von
3.2% gemessen wurde, die iiber die Zeit konstant blieb. Eine Variation der Parameter
fithrte zu der héchsten gemessenen CO-Dichte in dieser Arbeit von 1-10%2m™3, was einer
Konversionsrate von 3.7 % entspricht. Diese Konversionsraten passen zu bereits gemessenen
Konversionsraten dieser DBD. Eine Spannungsvariation zeigte ein lineares Verhéltnis zwischen
absoluter CO-Dichte und angelegter Spannung, wiahrend eine Abstandsvariation zeigte, dass
die absolute CO-Dichte mit Abstand zum Plasma abnimmt.

Waiéhrend die absoluten CO-Dichten erfolgreich bestimmt werden konnten, konnte die rdum-
liche Auflésung der CO-Produktion aufgrund des geringen Signal-zu-Rausch Verhéltnisses
nicht gemessen werden. Auflerdem wurden die Experimente zur Gasbeimischung im Stro-
mungsmodus durch Einschrénkungen der Gasdurchfluss-Regelung beeintrichtigt.
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English abstract

This thesis investigates the conversion of CO2 to CO using a microscaled dielectric barrier dis-
charge (DBD) with the method of two-photon-absorption laser-induced fluorescence (TALIF).
A TALIF setup was developed and optimised, incorporating both a photomultiplier and an
ICCD camera. For the excitation, the B1X* (1 = 0) + X!XH (v = 0) transition was used,
while fluorescence was detected coming from the B!XT (v = 0) — AMI(v" = 2) transition.
Key system parameters, including laser energy stability, beam polarisation, adjustion of the
second harmonic generator (SHG) and third harmonic generator (THG) crystals, as well as
verification of the laser energy in regards of the linear or saturated regime, were characterised
to ensure accurate measurements.

Experiments regarding the CO production by the plasma were conducted in a stationary
mode in a controlled atmosphere, as well as in a gas flowing mode. Rotational temperature
measurements, needed for calculation of absolute CO densities, showed no increase of the
temperature of the CO in the plasma. The stationary mode shows a linear increase in CO
density over time, with a maximum COs-to-CO conversion rate of 3.5 %, while the flowing
mode shows a conversion of 3.2 % when reaching an equilibrium. Parameter variation lead
to the highest absolute CO density of 1 -10??2m™3, corresponding to a conversion of 3.7 %
for the flowing mode. These conversion rates are in accordance with previously measured
conversion rates of this DBD. A voltage variation study demonstrated a linear relationship
between applied voltage and CO density, while a distance variation showed that the absolute
CO density decreases with distance to the plasma.

While absolute CO densities were successfully determined, spatial resolution of CO production

was not achieved due to low signal-to-noise ratios. Additionally, flow control limitations
affected gas admixture experiments in flowing mode.
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1 Introduction

1.1 Motivation

One of the biggest challenges mankind is facing right now is global climate change [1]. The
main mechanism behind climate change is the emission of so-called greenhouse gases, for
example methane (CHy), nitrous oxide (N2O) and especially carbon dioxide (COz) [2]. When
fossil fuels are burned, large quantities of COy are released into the atmosphere [3]. The
majority of the world’s energy production still relies on fossil fuels [4]. With substantial
amounts of COq in the atmosphere, sunlight reflected by Earth’s surface can be absorbed by
the COg, as it very efficiently absorbs infrared radiation [5], which then consequently increases
the global temperature.

Climate change has enormous consequences: the global average temperature has risen by
roughly 1.5° C in comparison to the average from 1850 to 1900 [6], extreme weather events
are occurring more frequently [7] and the ice shelves at the poles are melting [8, 9].

Since climate change has many effects, various approaches exist to combat it, affecting multiple
areas of life. One example is the increased use of renewable energy sources such as solar and
wind energy, with solar energy having a great potential [10].

A direct approach to tackling this problem would be the destruction of COs. This could
potentially be achieved using non-thermal plasmas [11], which have gained research attention
in recent years. In non-thermal plasmas, chemical reactions can deviate significantly from
pathways in thermal equilibrium. One of the main researched non-thermal plasmas which is
applied in atmospheric pressure are dielectric barrier discharges (DBDs) [12]. DBDs typically
consist of two electrodes with a dielectric material placed between them. The insulator
prevents arcing, which would destroy the reactor due to the high current. A high voltage
is applied to the electrodes. When the DBD operates in a gas atmosphere or even in a
gas-flowing mode, with the right conditions, a plasma can be ignited.

This thesis is written within the framework of the Collaborative Research Centre (CRC)
1816: Transient atmospheric plasmas - from plasmas to liquids to solids. The CRC is research-
ing energy efficient substance conversion with the combination of non-thermal atmospheric
plasmas and catalysis. The sub-project A6: Pulsed plasma interaction with catalytic sur-
faces within micro-structured array devices investigates micro-cavities plasma arrays (MCPA).
Within the MCPA, discharges are ignited in pm-scale cavities. The cavities are cut into a
nickel-foil, forming a metal-grid, which has a longer lifetime than comparable silica-based
arrays [14, 13]. These reactors have already been studied in terms of electric field strengths
[15], electric field components [16], intra-cavity dynamics [17] and oxygen densities [18] as
well as surface charges [19]. The oxygen densities show, that the MCPA has a very high
dissociation efficiency and a high reactivity. The measurements in [16, 18] therefore lay a
very good foundation for the use of catalysts. In the future, MCPAs should be investigated
regarding the conversion of volatile organic compounds (VOCs), which are harmful to the
environment. In this thesis, the conversion of CO2 to CO is investigated. This aligns with the
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direct approach of CO9 destruction, as mentioned earlier, and is also a preparation for the
conversion of VOCs, as one of the products can be CO.

Due to the small dimension of the MCPA, particularly the cavities, not all diagnostics
commonly used in plasma physics are suitable for investigating the destruction of CO2. One
indirect approach with a powerful diagnostic is the measurement of CO, which is a product
of CO4 destruction, using the method of two-photon-absorption laser-induced fluorescence
(TALIF). This method can spatially resolve absolute CO densities directly over the cavities of
the MCPA, though not directly within the discharge due to the geometry of the MCPA. With a
calibration, absolute densities of the ground state can be obtained [20], in contrast to densities
often determined in plasma research using methods such as actinometry, where models are
needed for the ground state. The production of CO, which is toxic to humans, is linked to the
Fischer-Tropsch process. This process consists of a series of chemical reactions that convert
CO and hydrogen, coming for example from methane and coal, into liquid hydrocarbons.
Since crude oil is a finite fossil resource, alternatives are being explored. Methane and coal
are available in significantly larger quantities and are considered promising interim solutions
until renewable fuels become widely viable [21].

In this thesis, TALIF is deployed with both a photomultiplier (PMT) and an intensified
charge-coupled device (ICCD) camera. The upside of the photomultiplier lies in its high-speed
analysis capability. When correctly focussed, each laser shot exciting the CO molecules and
the subsequent de-excitation can be measured. This allows for a much faster data acquisition
compared to the ICCD camera, which requires an integration time to capture an image. This
enables efficient determination of CO rotational temperatures, as wavelength scans can be
conducted relatively quickly with the PMT. However, with the current setup, the PMT cannot
spatially resolve fluorescence. This is where the ICCD camera excels: with proper calibration
and background measurement, spatial distribution measurements are straightforward.

1.2 Structure of this thesis

The main goal of this thesis is to measure absolute CO densities. For this, the following
intermediate steps can be formulated:

e Development of the TALIF setup incorporating both a photomultiplier and an ICCD
camera.

e Measurement of rotational temperatures of CO originating from the plasma

e Calculation of absolute CO densities under different plasma conditions by varying the
plasma mode (stationary and flowing) and plasma parameters. Additionally, to obtain
spatial resolution of the CO density.

On the experimental side, the experiment setup of the TALIF system is described. First,
a characterisation of the laser is required, including parameters such as laser energy, beam
profile, and wavelength. Additionally, the use of the second harmonic generator (SHG) and
third harmonic generator (THG) is explained. The characteristics of the photomultiplier,
photodiode for triggering, and ICCD camera are also determined.

On the theoretical side, a simulation program for excitation spectra is developed. Furthermore,
a program for absolute density calculations from ICCD images must be implemented. In
addition, the setup was automated for PMT measurements.



2 Theoretical Background

Investigating plasma-produced carbon monoxide using TALIF is a complex and challenging
task. This chapter provides the necessary theoretical background in various fields of physics
that play a role: the plasma physics of the dielectric barrier discharge, the plasma chemistry
involved in carbon monoxide production, and the measurement process, particularly aspects
related to lasers, molecular physics, and optics. The first section presents a physical description
of the plasma source used in this thesis.

2.1 Dielectric Barrier Discharge

The plasma source investigated in this thesis is a dielectric barrier discharge (DBD). The
defining characteristic of DBDs is the presence of an insulating layer within the plasma channel.
This insulator prevents arcing and leads to a self-pulsing plasma mode, enabling the generation
of non-thermal plasma at atmospheric pressure. The first DBD was demonstrated in 1857 by
Werner von Siemens [22], with the goal of producing ozone. Today, DBDs have numerous
applications, including surface treatment [23], plasma-chemical processes in combination with
catalysts [24], and the decomposition of harmful chemicals [25], among many others [26].

2.1.1 Types of DBD

Although DBDs are used in a wide range of applications, and various configurations exist,
they can generally be categorised into three main types: volume DBDs, surface DBDs, and
coplanar DBDs. These are schematically illustrated in figure 2.1. In volume DBDs, one or
both electrodes are covered with an insulator, and the plasma is formed in the volume between
them. In surface DBDs, the insulator is placed between the electrodes, allowing the plasma to
exist only on its surface. In the coplanar configuration, both electrodes are embedded within
the insulator, and the discharge occurs above the insulator’s surface [27]. In reality, these
geometries are often more complex, as electrode arrangements are not always symmetric.

To ignite DBDs, an alternating voltage in the range of several kilovolts with frequencies in
the kilohertz range is typically applied [26]. The exact parameters depend on the reactor
geometry and the gas composition. Once ignition occurs, the insulator becomes charged,
generating an electric field opposing the applied voltage. When the charge on the insulator
exceeds the applied field, ignition ceases. The insulator thus acts as a barrier, preventing
arcing. This is crucial, as arcing results in a thermal plasma, counteracting the purpose of
DBDs as non-thermal plasma sources and destroying the electrodes.

2.1.2 Discharge Characteristics

DBDs can exhibit different characteristics and appearances. A key difference between volume
DBDs and surface DBDs is the relationship between the applied voltage U and the effective
power P.g. This relationship is illustrated in figure 2.2. For volume DBDs, the effective
power is directly proportional to the applied voltage, whereas for surface DBDs, it scales
with U? [27]. The DBD used in this thesis, a Micro-Cavities Plasma-Array (MCPA), exhibits
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Figure 2.1: Schematic representation of different DBD reactor types, adapted from [27]. From
left to right: volume DBD, surface DBD and coplanar DBD.

characteristics of both volume and surface DBDs [14], and is further described in section 3.2.

Another distinguishing feature of DBDs is their discharge appearance, which can be fil-
amentary [28], homogeneous [29], or a mixture of both [30, 31]. At higher pressures, DBDs
typically ignite in a filamentary mode due to the streamer mechanism. This is due to the
higher pressure, where there are many collisions which lead to a high electron density. The
high electron density then leads to a self-propagation of the ionisation wave, which is the
streamer.

A unique property of DBDs is the memory effect. This effect refers to the phenomenon
where the discharge is influenced by residual charge deposited on the insulator or by metasta-
bles in the volume [32]. The polarity of these charges changes with the alternating voltage,
affecting subsequent discharge events, changing the ~y-coefficient. The ~y-coefficient, or second
Townsend-coeflicient, stands for the number of electrons that are generated per ion hitting the
cathode. It is important for ignition, the local electric field and modifying the ignition voltage
[33]. As the general principles behind DBDs are now described, the next section covers the
plasma chemistry of COs, which leads to the formation of the CO-molecule.

2.2 Plasma Chemistry of CO,

This section provides an overview of the involved plasma chemistry and describes the chemical
reactions leading to the formation of CO from COs.
The dissociation of COg into CO was thoroughly analysed by A. Fridman in Plasma Chemistry
[34]. The primary decomposition reaction of COj is:

CO2 - CO+ 0, AH =5.5¢V/mol (2.1)
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Figure 2.2: Effective power of volume DBDs o U and surface DBDs o U? as a function of
the applied voltage.

However, due to its high reactivity, the oxygen atom (O) rapidly reacts with other atoms
or molecules or recombines with another oxygen atom. Consequently, the plasma-chemical
process of COy decomposition can be summarised as follows:

1
COy — CO+ 502, AH =29¢eV/mol (2.2)

This is an endothermic process, meaning that energy input is required. The enthalpy change of
this reaction is relatively high and comparable to the energy required for hydrogen production
from water [34]. The research interest in dissociation of COg2 arises from several key factors,
including;:

e COg-lasers: CO9 dissociation is an important process in COo-lasers, which rank among
the most powerful lasers [35]. In this case, CO2 dissociation is undesired.

o Industrial applications: COq dissociation has diverse applications, for example power
plant exhaust treatment and synthesis of new transportation fuels [34].

On the other side, CO as a product of dissociation of CO2 has also use cases, for example in
the hydrogen production: CO produced in plasma can be efficiently converted into hydrogen
via the thermocatalytic reactions, without additional energy input [34]:

CO+HsO —-COy+Hy, AH=-04 eV/mol (2.3)

In the next subsections, the different ways of dissociation of COs, which all might play a role
in context of this thesis for the CO production, are explained.
2.2.1 Dissociation of CO, in Plasmas by Stimulated Vibrational Excitation

There are multiple pathways for COs-dissociation in plasmas. According to [34], the most
efficient mechanism is stimulated vibrational excitation of COg molecules.



2 Theoretical Background

The plasma-electrons excite COq vibrational states, with typical electron temperatures of
T, ~ 1eV. However, with the MCPA used in this thesis, higher electron temperatures of
about T, ~ 4¢eV have been measured [36]. Despite this, the most efficient energy transfer
mechanism remains unchanged, as illustrated in figure 2.3. Classifying the plasma used in
this thesis, it has a value for E/n between ~ 8- 10V - cm? and ~ 10 - 109V . cm? in
this figure, so still in the range of vibrational excitation, according to measurements of the
electric field strength [36]. The primary effect of higher electron temperatures is a shift in
the vibrational excitation pathways, but vibrational excitation remains significantly more
energy efficient than rotational or electronic excitation. Energy losses through vibrational re-
laxation are two orders of magnitude lower than the energy input, as indicated by Fridman [34].

This results in significant overpopulation of vibrational levels in the COs ground state
1Y+, The higher vibrational states are further populated through vibrational-vibrational
(V-V) relaxation processes [34]. If a highly vibrational excited state gains enough energy
that in sum exceeds the dissociation threshold Ep, it can undergo dissociation according to
equation 2.1.

n, %
*Rotational Vibrational Electronic
100 "Excitation Excitation Excitation

75

50

25

0.1 1 10 (E/np)-10', V-cm?

Figure 2.3: The image shows fractions of non-thermal plasma energy transfer from plasma
electrons to different excitation paths of the COz-molecule, taken from [34]. The
plasma used in this thesis is in the range of vibrational excitation.

Figure 2.4 illustrates the low-energy electronic states of the CO5 molecule and the possible
dissociation paths. The direct dissociation process is:

Cos(*x™) = co(*xst) +0(tD) (2.4)

This adiabatic process, which holds total spin conservation, requires an energy input of more
than 7eV, producing an electronically excited oxygen atom O(*D). Although electron energies
in the range of 6-7€V are theoretically available [36], alternative, more efficient dissociation
pathways exist. A more effective route involves a stepwise vibrational excitation, leading to a
non-adiabatic transition 'St — 3Bs:

CO3(*¥T) = CO5(®By) — CO('ET) + O(3P), E =5.5¢V/mol (2.5)
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Figure 2.4: The image shows the low electronic terms of COg, taken from [34].

This process produces atomic oxygen in its electronic ground state O(*P) and requires 5.5¢V,
exactly the energy of the OC = O bond [34]. The atomic oxygen then reacts with another
vibrationally excited COo-molecule:

O+CO; - CO+ 02, AH=0.3eV/mol, E~0.5—1eV/mol (2.6)

According to Rusanov and Fridman [34], when the vibrational temperature is sufficiently high
(T, > 0.1eV), this reaction is faster than the three-body recombination of atomic oxygen:

O04+04+M—02+M (2.7)

This pathway offers three advantages over alternative plasma-chemical dissociation mecha-
nisms:

o Efficient energy transfer: At electron temperatures of T, ~ 1 — 2¢€V, at least 95 % of the
discharge energy can be transferred from plasma generated electrons to the vibrational
excitation of the CO5 molecules.

e Optimal dissociation mechanism: According to the a-model of Fridman and Macheret
[34], vibrational excitation is the most effective means of stimulating COg2 dissociation.

e Lower energy requirement: dissociation via vibrational excitation requires only 5.5¢€V,
compared to over 8eV for direct electron impact dissociation (see figure 2.4). The
Franck-Condon principle states that the transition from COg(1X7) to the electronically
excited state COg(!By) requires more than 8 eV. Dissociation then occurs via a transition
from COQ(IBQ) to 002(332).
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The next subsection covers an alternative way of COs-dissociation which also might occur to
some degree in the plasma used in this thesis.

2.2.2 Dissociation of CO; in Plasmas by Electronic Excitation

If electron energies in the plasma are sufficiently high, a significant portion of CO dissociation
can occur via electronic excitation:

e” + COy(*EF) — CO(aT) + O(3P) (2.8)

This process can be dominant, particularly in non-thermal plasmas that have high values
of reduced electric fields E/p, which are typically found in low-pressure discharges [34]. In
such cases, the vibrational excitation of CO2 molecules is partially suppressed. However, the
energy efficiency of this dissociation mechanism is limited by three factors:

e Higher energy requirement: The electron energy required for direct dissociation is greater
than the O=CO bond energy.

o Inefficient energy transfer: At typical electron temperatures (7, ~ 1...2€V), only a small
fraction of the discharge energy is transferred from electrons to electronic excitation.

o Competing excitations: High electron temperatures also populate other electronic states
of CO3 that do not contribute to dissociation, further reducing efficiency.

In the next subsection, the last way of COs-dissociation of interest is covered, as well as a
summary of all three dissociation ways.

2.2.3 Dissociation of CO, in Plasmas by Dissociative Electron Attachment

Another mechanism for COs dissociation is the dissociative attachment of electrons to COs-
molecules:
e” +COy - CO+ 0™ (2.9)

The energy threshold for this reaction is lower than that of dissociation via electronic excitation.
However, its cross section is relatively small (=~ 10718 cm?) compared to the other dissociation
pathways [34]. Consequently, this reaction contributes only marginally to the total kinetics of
COg dissociation, as shown in figure 2.5. Despite its limited role in dissociation, dissociative
attachment plays a crucial role in charge balance and in sustaining non-thermal discharges.
The energy efficiency of this process is limited primarily by the loss of an electron, which
requires approximately 30-100eV [34]. Although the electron can be recovered via associative
detachment,

O +CO —COg+e" (2.10)

this process is inefficient, as it results in the loss of the dissociation product CO. Other
mechanisms of COs dissociation with losses of charged particles, for example dissociative
recombination, are also not energy efficient due to the small cross section, as shown in figure 2.5.

In summary, different COs dissociation mechanisms exhibit different energy efficiencies.
Among them, vibrational excitation of COs molecules from their electronic ground state
CO2(137) has been identified as the most efficient dissociation pathway. However, all of the
above mentioned CO5 dissociation pathways might somewhat play a role in dissociation for
the discharge used in this thesis.

In order to measure absolute CO densities, first it is crucial to understand the behaviour
of molecules regarding their different energy levels. As the origin of the plasma-generated
CO-molecules is explained now, the next section will cover absorption spectroscopy.
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Figure 2.5: Rate coefficients as functions of the reduced electric field: (1) shows the CO4 dis-
sociation from direct electron impact, (2) electronic excitation and (3) dissociative
electron attachment. The solid lines indicate calculations based on electron energy
distribution functions in COsq, while the dashed lines show it in CO. The image is
taken from [34].

2.3 Absorption Spectroscopy

In this thesis, the goal is to measure absolute CO densities using TALIF. For this, we must
first take a look at the principles of absorption spectroscopy. CO is a diatomic molecule
which therefore has different energy levels for electronic, vibrational and rotational states. A
schematic overview of this is shown in figure 2.6. The different electronic states as well as their
excitation is described in section 2.5.2, where the selection of the states for TALIF is explained.
In figure 2.6, the difference between electronic states, vibrational levels and rotational levels
is illustrated in dependence of the energy. Electronic states have different potential wells, and
contain different vibrational energy levels, which then itself contain different rotational energy
levels.

The excitation to the different vibrational and rotational levels is described by the Franck-
Condon principle (vibrational) and Hénl-London factors (rotational) which will be explained
within the next subsections.

2.3.1 Franck-Condon Principle

The Franck-Condon factors govern the vibrational structure of transitions and can be under-
stood by looking at a classical model of vibrational transitions.

The first assumption this model makes, is that the process of photon impact happens in a
time interval that is short in comparison to one vibrational period [38]. Looking at this in a
potential diagram as in figure 2.7, a calculation of the energy balance of the two radii yields
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Figure 2.6: Schematic image of electronic, vibrational and rotational levels in a molecule.
Taken from [37].

that the transition only occurs in molecules, when the two radii in the ground and excited
state and their kinetic energies are equal. In quantum mechanical terms, this means that a
transition at this point has the highest probability.

In figure 2.7, this is also illustrated, as the transition probability is highest when the overlap
in the vibrational wave function is also at its maximum.

2.3.2 Honl-London factors

The Honl-London factors are used to determine how the intensity of a transition is spread
between the different rotational transitions in the case for diatomic molecules and namely
for carbon monoxide the O-, Q- and S-branches by TALIF. This is due to the selection rules
only allowing transitions of AJ = —2;0;2, where J is the rotational quantum number. The
calculations of the Honl-London factors were done by Bray et al. [40] and also shown in [20]:

1
S =C(2J +1)zp3bs 2 (2.11)
1 1
5§==CX2J-%1)(gu?+-45uﬁuJ) (2.12)
1
Sij = C(2J + 1)Eu§bm,,] (2.13)

In these equations, C' is a constant of normalisation (S7 + Slcf + 857 =2J + 1) and both 2
and ,u% are invariants of the two-photon polarisability tensor.

The factors by_2 j,b;7 and byo ;j are Placzeck-Teller coefficients. These coefficients denote
the relative strength between the branches for depolarised scattering [41]:

o 3J(J-1)
WQJ_Q@J+D@J—U (2.14)
(7—1) (2.15)

b*”:@J—n@J+m
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Figure 2.7: Schematic illustration of the Franck-Condon principle. Straight arrows indicate
transitions between two electronic states. Within the electronic states, vibrational
levels and their potentials are indicated. Taken from [39].

3(J +1)(J +2)

b = 2.16
T2 T 90T +1)(27 + 3) (2.16)
The Placzek-Teller coefficients equal unity, hence the normalisation C' is:
1
C=—--— (2.17)

=1 1
gHT + g5
Now we have the equations for linearly polarised light. To compare the ratio to circularly

polarised light, we need again the equation for the Hénl-London factor for the case of circularly
polarised light, given by [40]:

1
S¢ =cC(2J + 1)%;@1”,] (2.18)
The ratio between linearly and circulary polarised light is then:
S22 513
% =21+ B (2.19)
Se. 3 b

The typical value for the ratio is over 200, experimentally validated in [42]. With this number,
the ratio between p? and p# can be calculated and in the next step, the Honl-London factors.
The Honl-London factors of the Q-branch for each J # 0 are two magnitudes larger then
the ones of the O- and S-branch [20], as shown in figure 2.8. This is confirmed by other
experiments, where the O- and S-branch are not detected [43]. These results justify the
omission of the O- and S-branch in further calculations, if the used laser is polarised linearly.
With that, the two rules for the excitation into vibrational and rotational levels are explained.
With this knowledge, we can dive into the excitation spectra and the rotational temperature.
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Figure 2.8: The image shows calculated and normalised Honl-London factors of linearly and
circularly polarised light Sl? /S% of value 200. Taken from [20].

2.3.3 Excitation Spectra and Rotational Temperature

When considering LIF and TALIF, two different spectra have to be considered: the excitation
spectra and the fluorescence spectra. Both are illustrated in figure 2.9, where the excitation
is indicated in blue and the fluorescence in red. As can be seen in figure 2.9, the excitation
and the fluorescence both can go into different vibrational states of each electronic state.
The rotational states are not illustrated. The rotational temperature indicates the states
for an assumed Maxwell-Boltzmann distribution. If the rotational temperature is higher
than the ambient temperature of the molecules, the population of the rotational states with
the rotational quantum number J is shifted towards higher rotational levels. In this thesis,
excitation spectra are measured: this means, that the excitation wavelength is varied, and
the fluorescence spectrum is summed. From this, the information regarding the rotational
temperature and, in the next step, of absolute CO density can be obtained.

With this knowledge, the next section covers the Laser-Induced Fluorescence, which lays the
foundation for the Two-Photon Absorption Laser-Induced Fluorescence, the method that
utilises the physics mentioned before.

2.4 Laser Induced Fluorescence

Before discussing Two-Photon Absorption Laser-Induced Fluorescence (TALIF), the principles
of Laser-Induced Fluorescence (LIF) will be introduced. The fundamental theory behind LIF
is analogous to that of TALIF but less complex.

LIF is a spectroscopic diagnostic technique used to detect specific species by selecting an
appropriate laser wavelength. The photon energy is tuned to match the energy difference
between two states, |1) and |2), of the target species. When the laser light hits the species, it
excites electrons from the lower state |1), in most cases the ground state, to the higher state
|2). This excitation process is governed by the Einstein coefficient Bjs and the laser power
density p, and selection rules determine the possible transitions. Once in the excited state |2),
the species undergoes relaxation, characterised by a natural lifetime 7,,¢. The relaxation can
occur via different mechanisms:

12
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Figure 2.9: Schematic image of electronic excitation and fluorescence from different vibrational
levels. Taken from [39].

o Stimulated Emission: The species can return to the ground state through stimulated
emission, described by the product of the Einstein coefficient By and p.

e Spontaneous Emission: The species can decay spontaneously, governed by the Einstein
coefficient As1, falling back to the ground state.

o Fluorescence Emission: A transition to an intermediate state |3) can occur, described
by the Einstein coefficient Ass. This transition is the desired fluorescence process for
detection, as the emitted photon has a different energy compared to direct relaxation of
the ground state. This is helpful because laser light can not be mistaken for fluorescence.

e Quenching: Quenching is the process of radiation-free relaxation via collisions with
species, and is covered in subsection 2.4.2.

Fluorescence emission from state |3) is distinct and can be detected to obtain parameters
such as species density and temperature. Since the final state |3) is generally different from
the initial state |1), the selection rules again determine the possible transitions. A schematic
illustration of this process is shown in figure 2.10. From this illustration, it is possible to
derive a simple model that predicts the different populations of each state. This is done in
the next subsection.

Byp Az
N | 2)

Bizp

Figure 2.10: Schematic image of the energy levels in a LIF measurement.
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2.4.1 Rate equations for LIF

For the simplified model shown in figure 2.10, rate equations describing the population
dynamics of each state can be formulated. Using the same Einstein coefficients as in the
figure, we define n;(t) as the time-dependent population of each state i. The rate equations,
based on [44] and extended, are given by:

an(; t(t) = —Biap(t)ni(t) + (Baip(t) + Asi)na(t) (2.200)
8n62t(t) = Biap(t)ni(t) — (Baip(t) + Ag1 + Az + Q)na(t) (2.20b)
20tt) — agmalt) ~ L 2200)

with L being a loss term, e.g. due to quenching. The Einstein coefficients B;; for stimulated
absorption and emission can be calculated with the degeneracy g; of each state:

By = 2By, (2.21)
g1

In the above rate equations, the laser power density is assumed to be constant over time and
uniform across the absorption spectral interval. However, in reality, this is not the case, and
the overlap between the laser and absorption line profiles must be considered:

pu(t,v) = pr(t)e(v —vr) (2.22)

Here, ¢(v — v) is assumed to be a Gaussian laser line profile centered at the set wavelength
vy, and pr(t) is the time-dependent laser power density. The laser power density is defined as:

put) = 22T (2.23)

with Ep being the energy of the laser pulse, assumed to be constant in time, 77,(¢) the
normalised time profile and A - ¢ being the product of the cross-sectional area of the laser
beam and the speed of light. The absorption line profile is given by:

Bz‘j(V) = Bij . b(l/ — Vij) (2.24)

where the factor b(v — v;;) stands for the normalised absorption line profile, centered at v;;.
The interaction of the laser line profile with the species is influenced by two broadening
mechanics: the pressure broadening and the Doppler broadening, shown in equations 2.25

and 2.26, respectively:

295

0.65
AWPressure =p- 0.74 - (T) (225)

v |8kpTIn(2
AWDoppler = E : ]?WCO() (2'26)

In this equations, the Awpressure and Awpeppler stand for the broadening of the laser line
profile, p is the pressure, T' the temperature, v the laser-light frequency, the speed of light is ¢,
kp is the Boltzmann-constant and M¢o is the molar mass of CO. Since pressure broadening
follows a Lorentzian distribution and Doppler broadening follows a Gaussian distribution,
their convolution results in a Voigt profile.
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Looking now into the coupled differential eqs. (2.20a) to (2.20c), some assumptions have to
be made in order to solve them. At the start of the laser pulse at ¢t = 0, the ground state has
the density n1 = N while the higher states no = ng = 0 are depleted. Also, it is assumed that
stimulated emission does not occur. Therefore, the rate equation for the second state then
can be written as:

ang (t)
ot

= —(Ag1 + Aoz + Q)na(t) (2.27)

which has the solution:

—t
na(t) = C-exp (w) (2.28)

The denominator of the exponential can be summarised as an effective lifetime 7og as the sum
of the lifetimes and the quenching:

1
Ao+ Axs + Qo
To ensure the validity of these assumptions, the following has to be taken into account:

Toff (2.29)

o The effective lifetime 7.4 must be small enough to deplete ny before the next laser pulse.
Otherwise, no would accumulate over time, making equation 2.28 inaccurate.

e As equation 2.29 shows, increasing quenching reduces 7o, which must be considered in
analysis.

o The laser pulse duration 7, should be much shorter than 7.4 to allow for accurate
measurement of 7.g. In this thesis, this is not the case, as later measurements show.

With this, the theoretical construct behind LIF is explained. This is the foundation for the
theory behind TALIF. But before coming to that, the next subsection covers quenching, since
it is already a crucial factor for LIF.

2.4.2 Quenching

Quenching is the radiation-free relaxation process caused by collisions between species, leading
to a decrease in the fluorescence signal. If this effect were not accounted for, it would result
in an underestimation of the absolute CO densities. A direct measurement of the change in
the effective lifetime is not possible with this laser setup, as the laser pulse duration is in
the nanosecond range and coincides with the effective lifetime. Another effect to consider
is radiation trapping: Classically speaking, a fluorescence photon is emitted, absorbed, and
re-emitted, thereby prolonging the effective lifetime. For these reasons, quenching will not be
measured in this thesis but rather calculated.

The total quenching frequency ) consists of the sum of the quenching rate coefficients g;,
weighted by the fractions of the present species in the gas mixture f;:

Q = (gHefHe + gco fco + 4co, fco,) P (2.30)

where p is the pressure. The values of the quenching rate coefficients are shown in table 2.1.
Generally, quenching rate coefficients are temperature-dependent. However measurements in
this thesis show that the temperature remains constant at room temperature, allowing for the
calculation of the absolute CO density with satisfactory accuracy.
In later calculations of the density, the branching ratios are used:
A

Q + Toat

With this description of quenching, it is now possible to look into the fluorescence, as this is
the desired relaxation that will later be measured.

- (2.31)
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Table 2.1: Quenchers and their corresponding quenching rate coefficients in MHz/mbar, from

[45]
Quencher | q [MHz/mbar]
He 0.083
CO 6.1
CO, 26

2.4.3 Fluorescence

The total fluorescence light emitted originates from the second excited state |2), in the simplest
case with no in-between states, where two different fluorescence pathways exist: back to the
ground state or to a third state. This can be expressed mathematically as:

F = Fy + Fy3 = /0 (Ag1 + Agsz)no(t)dt (2.32)

The population density of the second state can be determined using equations 2.20. Fluores-
cence behaviour depends on the laser power. Two distinct regimes exist:

e Linear regime: At lower laser powers, fluorescence intensity increases proportionally
with laser power.

e Saturation regime: When the ground state is nearly depleted, fewer molecules remain
available for excitation. As a result, fluorescence intensity plateaus. This is also the
case in a Boltzmann-equilibrium, where the states |1) and |2) have approximately the
same population.

This is shown in figure 2.11. In this thesis, measurements have been conducted to ensure that
experiments remain in the linear regime. The saturation regime is avoided for two reasons:
density calculations become more challenging, as the assumptions for their derivation no
longer hold. The second reason is that the fluorescence intensity no longer changes with laser
energy, making signal verification difficult.

Now, in the linear regime, it is possible to make two reasonable assumptions: First the
stimulated emission from state 2 to state 1 is negligible. Second the spontaneous emission
back to the first state is considered to be negligible in the case of this thesis for CO. This can
be written as:

Aoz >> Bglp(t) (2.33&)
Agz >> Ay (2.33b)

Those assumptions simplify the rate equations in 2.20 to:

P Bup(tmne (2.34a)
2220 — Biap(tm ()@ — (Aas + Qnal?) (2:31b)

where ® is defined as the overlap integral between the normalised absorption line profile
b(v — v45) and the laser line profile e(v — vp):

o= /O:o b(v —v4j) - e(v —vg)dv (2.35)
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Solving those equations leads to the fluorescence signal:

Ao
A8 N
Az +Q

with N being the density. When the ground state is far from depletion, the equation is
simplified even more:

F = (1 — eXp(—Blgp(t)(I)TL)) (2.36)

Ay
Azz+Q
Here the dependence is clear: the fluorescence signal is linearly dependent on the density N

as well as the laser power p(t). The next subsection will cover the detection efficiency of the
fluorescence, as this is crucial for obtaining reliable results.

F = Blgp(t)‘I)TL . N (237)

Saturated regime

Fluorescence signal

Linear Regime

v

Laser irradiation

Figure 2.11: Fluorescence signal in dependence of the laser energy.

2.4.4 Detection efficiency of the fluorescence signal

The detectable fluorescence signal S is determined by the product of the fluorescence signal F
and the detection efficiency G, which may be dependent on the detected wavelength A:

S=F- -G\ (2.38)

The detection efficiency is composed of the detection volume Vg, the solid angle €2, the
detection efficiency n(\) as well as the detection transmittance 7'

GO = Vaew - TN (239
Since at least four different variables contribute to the detection efficiency, uncertainties in
these parameters can introduce significant errors in signal measurements. This, in turn, would
lead to inaccuracies in determining the absolute density of the species. To mitigate these
uncertainties, it is more practical to perform a calibration of the optical path instead of
relying on direct measurements of each individual component. This ensures a more accurate
determination of the fluorescence signal and ultimately improves the reliability of absolute
density measurements.
With that, the theoretical background needed for TALIF has been laid, and the next section
will explore the TALIF method.

17



2 Theoretical Background

2.5 Two-photon absorption laser induced fluorescence

The energy required for a transition from the ground state to an excited state does not
necessarily have to be in the visible range. If the transition requires more than 6.5¢eV, the
corresponding laser wavelength will be in the vacuum ultra-violet (VUV) range. This poses a
challenge because VUV light is absorbed by air. Placing the entire laser path in a vacuum is
often not feasible.

The solution to this problem is Two-Photon-Absorption Laser-Induced Fluorescence (TALIF).
Instead of using a single high-energy UV photon, two lower-energy photons (maybe in the
visible range) are used, whose combined energy matches the required excitation energy. The
two photons do not necessarily need to have the same wavelength, although in this thesis,
they do. The absorption takes place in this way: one photon hits the species and excites it
to a virtual level, lying in-between the ground and upper state. When the second photon
is absorbed, the species gets excited from the virtual state to the upper state. The energy
diagram is shown in figure 2.12. The whole process happens instantaneously. In this thesis,
TALIF is applied to CO. As done for LIF, it is possible to formulate rate equations for the
populations of the different states, which is done in the next section.

2.5.1 Rate equations for TALIF

The rate equations previously derived for LIF remain, with minor adjustments, also valid for
TALIF. One significant difference is that the selection rules have to be applied twice, since
two photons are involved. The selection rule is then:

AJ =0,+2 (2.40)

As a consequence, another important change to the LIF rate equations is that single photon
stimulated emission back to the original ground state is not allowed. This means the factor
Bs1 = 0 for the TALIF rate equations:

analt(t) = —Buap2p(t)m () (2.41a)
8na2t( 28 Biapap(t)na(t) = (Az1 + Agz + Q)na(?) (2.41b)
ang,; Y = Aamalt) - L (2.41c)

The factor Biopap(t) represents the laser power density in the case of two photons and consists
of the two photon statistical factor P, the absorption cross section for two photons o2,
the laser intensity I and the photon energy hv and g(Av) being the normalised line profile,
consisting of the convolution of one-photon spectral profile and the absorption line profile of
CO [39]. Thus, the expression for two-photon absorption is:
f 2

Buapap(t) = PPo@g(An) (<h“>>> (2.42)
The two-photon cross sections are typically very low, which justifies the assumption that the
ground state is far from depletion, meaning the TALIF signal is typically in the linear regime.
Finally, the TALIF signal can be expressed as:

YA

~ 2
PP g(Av) (%?) 71 Nyet (2.43)
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It should be noted that, in this thesis, the TALIF experiment was setup from another TALIF
experiment performed before, were atomic oxygen was measured. There is a huge difference
between TALIF on CO and on atomic oxygen, as for the later, practically only a single
wavelength is used. This is in contrast to TALIF on CO, where for absolute densities, a scan
has to be made. The next section covers the principles behind TALIF on CO, especially the
excitation spectrum.
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Figure 2.12: Schematic image of the energy levels in a TALIF measurement.

2.5.2 CO TALIF

Now that the TALIF method has been introduced, the next step is to determine the best
excitation path, which is discussed in this section.

An energy diagram for CO is shown in figure 2.13. The ground state, denoted as the |1) state,
is called X' . Possible excited states for |2) and |3) include:

o Triplet state a®I1
« Singlet states: A'Il, B'Y*t, C'xt, Elx*

Each of these states can be reached through direct excitation from the ground state.

Triplet state a®II
The first transition considered is X'+ — a®II. However, this is a forbidden transition due

to the spin selection rule
AS =0. (2.44)

This transition is therefore very weak [46] and meta-stable, meaning it has a long lifetime
compared to other states. This makes it unsuitable for TALIF measurements.

Singlet state A'Il

The next higher state is the A'II, which decays via fluorescence back to the ground state
X1$*. This transition would emit light of the same wavelength as the laser, which falls into
the VUV range. This overlap creates detection challenges due to strong Rayleigh scattering.
Since the |3) state must be lower in energy than the |2) state, the A'II state is chosen as |3).
This is a convenient choice because all transitions from the higher states lie in the visible
range of light, making the fluorescence less challenging to detect.

Now the question is, into which state |2) the stimulated excitation should happen.

19



2 Theoretical Background

State E'X*

The E'St state lies above the dissociation limit. Exciting CO into this state would result
in molecular dissociation, making absolute density measurements impossible. This state is
therefore not suitable.

Comparison of B'Yt and C'Y1 state
The two remaining options for |2) are B'Y+ and C'SF. The C'L* state has the following
characteristics:

20

It has fluorescence in the visible range, making detection straightforward.

C'Y* has a higher oscillator strength: The probability of absorption and emission is
one to two orders of magnitude higher than for B1X+ [47, 48].

However, this state has a very short natural lifetime of 2.2 + 0.8 ns [49], which is an
order of magnitude shorter than B'$* (22.3 4+ 0.5ns) [45].

With a nanosecond pulsed laser (pulse width up to 10ns), this short lifetime overlaps
with the laser pulse, making it difficult to resolve fluorescence signals. A picosecond
laser would be required for accurate measurements. With a picosecond laser, the short
lifetime would be a great advantage, as the time in which quenching could happen, is
much shorter, thus increasing the fluorescence signal.

Additionally, C'X7 lies above the dissociation limit, leading to molecular loss and thus
reducing the fluorescence.
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Figure 2.13: Schematic image of the energy levels in a CO TALIF measurement [39].
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While some points advocate for choosing the C'E7 state, the B!X T state has some other
very good characteristics for TALIF:

e B'Y* lies below the dissociation limit, avoiding molecular destruction.

« Fluorescence of B'ST also lies in the visible range, making detection straightforward.

This state is well studied and characterised in literature, for example in [20, 50, 51].
o The collisional quenching rates with relevant species are known [45, 52]
 Additionally, the photoionisation rates are known [53].

For the stated reasons, the B1X* is chosen as the excited state |2) in this thesis. In summary,
in this thesis TALIF is used for the excitation spectra B!Y* (v = 0) «+- XX T (v” = 0). This
also means, that the excitation occurs from the vibrational ground level of the electronic
ground state to the vibrational ground level of the electronically excited state. The fluorescence
is therefore detected from the B'X T (v = 0) — ATI(v” = 2) transition, laying in the range of
520 nm [54].

Characterising the B'X% state, it is important to look at the natural lifetime of this state.
The natural lifetime of the B'X* state was intensively studied by Di Teodoro et al. [45]. It is
strongly dependent on the pressure because of quenching. At low pressures of 1 mTorr, the
natural lifetime is roughly 22 ns. If the pressure is increased to ~ 200 mTorr, the lifetime
increases up to roughly 65 ns. The explanation provided in [45] is that the opacity of the CO
increases and with that, so called radiation trapping occurs, prolonging the lifetime. If the
pressure is increased even more into the range of several Torr, the lifetime decreases again.
This is because quenching starts to play a role. This behaviour is shown figure 2.14.

In case of this thesis, TALIF measurements were performed in various pressure regimes with
an admixed bottle of 99 % Helium and 1 % CO and at 800 mbar as well as atmospheric pressure
with COQ
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Figure 2.14: Illustrated is the lifetime of the fluorescence emitted by pure CO as a function of
the CO pressure. The figure was taken from [45].
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2.5.3 CO TALIF Spectra

Behind all this theory of TALIF, the result is always the same: one wants to obtain an
excitation spectrum of the CO, on which the intensity of the different lines is plotted against
the wavelength/wavenumber. The different intensities at each wavelength result from the
different excited rotational levels of the CO. An example is shown in figure 2.15. In this
example, two different spectra are shown for two temperatures: if the temperature changes
compared to room temperature, the rotational levels of higher states get more populated,
thus resulting in a stronger fluorescence signal at those wavenumbers.

Intensity (normalized)

Figure 2.15:
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The image shows two CO TALIF spectra of B'XH (v = 0) + XS+ = 0)
excitation and fluorescence detection of the B!YT (v = 0) — AT/ = 2)
transition, obtained by Damen et al. using TALIF at a) room temperature and
b) during the cool down period of the plasma with simulated fits [20].
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2.6 Calculation of the density

The calculation of the CO density N¢o is rather complex when the temperature of the CO
is different to the reference case. In this thesis, it became clear that the temperature of the
overall gas is not changed by the plasma, which makes calculation a lot simpler. The key
equation is the following one, given by [20]:

Q + Tn_alt P2ef r

Nco = L — N, 2.45
cO Qref + Tn_alt Fref P2 ref ( )

Here, the ); stands for the quenching at measurement and reference conditions, 7; is the
natural lifetime at each condition, and both fractions containing P? and T; represent the
laser power and the measured signal. The last variable is the reference density Nyef, which is
calculated with the ideal gas law as follows:

p=nkpT < —kg = = Nt (2.46)

In the case of the flowing mode of the plasma, atmospheric pressure is assumed. Equation
2.45 can also be written as:

2
Ak ref Pref r

A [ret P2

Nco = Niet (2.47)
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3 Experimental Setup and Diagnostics

This chapter describes all the diagnostics used in this work. For a better comprehensibility, it
is divided into different sections. The central setup is the laser setup, which will be described
first.

3.1 Laser setup

In the following, the laser setup will be described, as for the needed wavelength scans, some
precautions have to be taken. An overview of the setup is shown in figure 3.1. The wavelength
needs to be adjustable between 229.99 nm to 230.33 nm, so over a range of 34 pm.

For that, a Nd:YAG laser (Continuum: Powerlite 8000) is used, which emits pulsed light
of wavelength 1064 nm. It is triggered by a pulse-delay-generator with a frequency of 10 Hz
(Stanford Research Systems DG535). The Nd:YAG laser beam is then directed into a frequency
doubling crystal, making it 532 nm.

In the next step, a dye laser (Continuum: ND6000) is pumped with the beam. For the
pumping, a mixture of pyridin and DCM is used. The dye laser can emit wavelengths ranging
from 650 nm to 715nm. For the wavelength selection, a variable grating (Dual 2400 1/mm)
is used, which can be controlled by a step-motor and select wavelengths in 1 pm steps. In
order to achieve a wavelength of 230 nm, the selected wavelength is around 690 nm and the
frequency is tripled using non-linear frequency mixing in crystals.

The first step after the dye laser, is the frequency doubling by a potassium dihydrogen-
phosphate crystal (KDP). The laser beam then consists of the original wavelength and the
frequency doubled wavelength, so 345 nm. This beam then goes into a beta-barium-borate
crystal (BBO), the unchanged and doubled frequency are superimposed and the so-called
third harmonic is created. The laser beam then consists of three different frequencies, of which
two frequencies are undesired. In order to filter out the undesired frequencies, a Pellin-Broca
prism is used. It directs the undesired frequencies into beam dumps.

For a good and evenly distributed laser profile, the orientation of the crystals is essen-
tial. In the crystals, the wavelengths of the photons are superimposed by rotation of the
crystals. After alignment of the crystals, the laser profile is evenly distributed. Both the
second harmonic generator (SHG) crystal and third harmonic generator (THG) crystal can
be adjusted with Continuum devices. The beam is then directed by a mirror, going through a
reflective neutral density filter (Thorlabs: ND02A) into a beam splitter. The neutral density fil-
ter must be used to ensure that the laser energy is not so high that the CO signal is later in the
saturated regime of fluorescence. For measurements with varying laser energy, also the delay of
the amplifier to the Nd:YAG laser was changed, which can be set also with a continuum device.

One part of the beam then goes through a quartz glass diffuser onto the photodiode, which is

used for triggering of the oscilloscope and for normalisation of the fluorescence signal. The
diffuser before the diode is used for two different reasons: first, it weakens the laser beam so
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that the photodiode is not damaged or saturated. Second, the diffuser is homogenising the
profile of the laser beam, so that the photodiode is registering an averaged intensity.

The other part of the beam is then directed by a mirror onto a lense (f = 30 cm, made out of
Suprasil). The beam enters then the chamber through a window and has its focal point in
the centre of the chamber. There the beam diameter is roughly 200 pm. Here, the MCPA is
positioned on a height-variable stage (Zaber X-VSR40A-SV1). The laser beam passes over the
MCPA, out of the chamber into a beam dump. The MCPA is described in the next section.
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Figure 3.1: Schematic image of the used setup in this thesis, based on [55]. The COg2 bottle
can be swapped for a He and CO admixture bottle.

3.2 Micro-Cavities Plasma-Array

The plasma investigated in this thesis can be characterised as a dielectric barrier discharge.
A schematic sketch of the array is shown in figure 3.2. It utilises a nickel foil as a grid, into
which holes of 50 pm up to 200 pm are cut with a laser, coming from company Photonicfab.
The construction is made as follows: a plastic mounting made out of polyether ether ketone
(PEEK) holds a samarium-cobalt (SmyCo;7) magnet of the dimension 50 mm in length, 15 mm
in width and 5mm in height. A dielectric foil of 8 mm length, 27 mm in width and 40 pm
made out of zirconia-dioxide (ZrOz2) is placed on the magnet. The ZrOs-foil has a relative
permittivity of €, ~ 20...30 [56]. The dielectric is fixed to the setup by being clamped by
magnetic force between the magnet and the nickel foil. The holes are then covered by one
side, creating cavities.

The arrangement of the cavities is then called array. In this thesis, an array of the fol-

lowing dimensions is used: the cavity size is 200 pm, while the distance between cavities is
varied in four squares: 50 pm, 100 pm, 150 pm and 200 pm, as shown in figure 3.2.
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3 Experimental Setup and Diagnostics

On top of the squares, a quartz glass cover can be attached. Then, the array can be operated
in flowing mode. The quartz glass is needed, because normal glass would lead to absorption of
the used laser wavelength, thus making measurements over the array with the cover attached
impossible.

The array is powered using a function generator (Tektronix AFG 3012B) connected with a
50 2 BNC-cable to an amplifier (Trek PZD700A M/S). The voltage is applied to the grid,
while the magnet is used as the grounded electrode. The array is operated with a 15kHz
frequency with a triangular bipolar voltage shape. The set amplitude voltage at the function
generator has then to be doubled (for peak-to-peak values of the voltage) and multiplied with
200, coming from the amplifier. For plasma operation in this thesis, Helium is used as the feed
gas for ignition of the plasma. For the CO production, CO3 is admixed in small quantities.
The required voltage for ignition changes, depending on the admixture of COs, which makes
ignition more difficult to happen and thus needs higher voltages, coming from Paschens-law
and the energy that is put into the excitation of rotational and vibrational states of the COs.
The next section covers the chamber and vacuum system, which is needed for operation of
the plasma in both modes.
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Figure 3.2: Schematic image of the MCPA, taken from [15].

3.3 Chamber and vacuum system

In this thesis, three different types of measurements were conducted. For calibration measure-
ments, an atmosphere had to be used, where a defined amount of He and CO was put into
a vacuum chamber. Also, the stationary case of a plasma ignited in a Helium and carbon
dioxide atmosphere as well as operation of plasma in flowing mode, where the array gets
confined by a quartz glass cover and the gas flows over the array, were performed. In this
section, the chamber setup with the vacuum system is described.

For calibration measurements, no plasma was ignited, instead the chamber was filled with a gas
mixture of 99 % helium and 1% carbon monoxide (CO), already premixed in a gas bottle. To
fill the chamber with the gas mixture, a pump system is needed. The first pump is a membrane
pump (ABM-4EKF63CX), which is used going from 1atm down to approximately 100 mbar.
Then, a turbo molecular pump (Pfeiffer DCU 100) can be started. The turbo molecular pump
can pump the chamber down to 9 - 109 mbar. The pressure is measured using two different
pressure gauges: one for the range of 1 mbar to 1atm (vacuubrand DVR 5), the other pressure
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gauge for pressures below 1 mbar (Edwards Wide Range Gauge WRG-S 14.5-36V 2W), read
out on a Edwards Active Gauge controller. It is essential for the measurements, to know the
pressure inside the chamber.

For flow measurements, two mass flow controllers are used: 10slm (or 10%sccm) and 100 scem.
The mass flow controllers of MKS are calibrated for molecular nitrogen, hence why there
is a need for a gas correction factor (GCF), counting in the gauge factor, the temperature
and conversion factor. The calculation of the gas correction factors is shown in the appendix
A. The calculated values are shown in table 3.1. The SCF values are set at a MKS Flow
Controller readout (MKS Type 247 Four Channel Flow Controller Power Supply and Readout).
With this device, the gas flows can be controlled. If the values would not be set correctly, the
gas admixture would be unknown, and with that, the conversion rates would be undefined.

In the next section, the two different detection systems of the fluorescence from the CO
are described.

Table 3.1: Values of the GCF.

Gas GCF Value

He 155.5

COs 75.1
99 % He and 1% CO mixture 153.3

3.4 Detection Systems

For analysing the TALIF signal coming from either the carbon monoxide from calibration or
the plasma itself, two different detectors are used in this thesis. The first measurements were
done using a photomultiplier, while later measurements have been done using an intensified
charge-coupled device (ICCD) camera. With the PMT, it was possible to scan over the whole
excitation spectrum of the CO, and being able to extract the rotational temperature. With the
ICCD camera, it was possible to measure the fluorescence of the CO in gas flowing operation
of the plasma. Due to the added quartz glass cover, the PMT could not be used in those
measurements. On the other side, it was deemed impractical to use the ICCD camera for a
scan of the excitation spectrum, as one measurement point of the wavelength would have
taken ~ 10 min instead of ~ 30 s, prolonging the measurement by a factor of 20. The setup
for both detectors is discussed in the next sections.

3.4.1 Photomultiplier

A photomultiplier (Burle: C31034A) is mounted at a 45° angle to the surface against the
beam direction. This angle comes from the setup of the chamber. Directly ahead of the
photomultiplier, a filter (center wavelength (520 + 10) nm) is placed to only let light of the
desired transition B!Y (v = 0) — AMTI(v” = 2) from the CO enter into the PMT. A lens
(f = 30cm) is placed after the filter. This optical path is shielded from ambient light to
minimise background signal. The acceleration voltage of the PMT is usually set at 1.5kV
in this thesis, otherwise it is mentioned specifically. The triggering of the gate of the PMT
comes from the same pulse-delay-generator that triggers the laser system. The values at the
pulse-delay-generator are shown in table 3.2. It is really important, that the triggering is
coordinated with each other, otherwise it would not be possible to detect the fluorescence.
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The signal then goes into the oscilloscope (Teledyne Lecroy WavePro HD), where then the
waveform is sent to the computer and analysed with a LabVIEW program.

For the later normalisation of the TALIF signal, the signal of the photodiode has to be
saved, because the laser energy varies from shot to shot and goes quadratically into the
calculation of the density, as in equation 2.43. This is also done with the LabVIEW program.

Table 3.2: Delay values set at the pulse-delay-generator. The photomultiplier delay is smaller
than the delay for the laser, as the gating of it needs some time.

Delay set for | Delay value / ps
Laser 250.03
Photomultiplier 246.4
ICCD 250.49

3.4.2 ICCD Camera

For measurements in gas flowing operation of the plasma and taking 2D images of the CO
density, a camera (Andor iStar ICCD-06083) is placed at a right angle against the laser beam
path in the horizontal plane, focused onto the surface of the discharge array. Here, also a
filter of the same bandwidth and centre wavelength is used to only detect the desired signal.
The readout is done with a software provided by the company.

Before the measurement, a background without the laser beam is taken. A substantial
problem for the measurements in flowing mode is stray light due to the quartz glass cover for
the array. To at least mitigate the stray light, a 3D-printed cover is put on top of the glass
cover, only leaving room for the laser beam to pass through the glass cover and one side open
for the ICCD images. The triggering of the camera comes also from the pulse-delay-generator.
For the focussing of the camera, an objective is used (Nikon ED AF MICRO NIKKOR 200mm
1:4D).

With the PMT and ICCD introduced, the next section covers the treatment and analy-
sis of the data, as well as the simulation of theoretical spectra, which are needed for the
determination of the rotational temperature in order to calculate absolute CO densities.

3.5 Data analysis

Some steps have to be taken to make a profound analysis of the measured signals, especially
for the wavelength scans using the photomultiplier to determine the temperature of the CO.
For that, different scripts have been written which are described in the next sections.

3.5.1 Labview Analysis

To automate the lengthy wavelength scan measurements, which take more than two hours per
spectrum, a LabVIEW program was implemented. The program integrates multiple controls
of the setup:

o First, the program controls the laser, allowing adjustments to the wavelength and
enabling automated scans across the entire spectrum.
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e Second, it facilitates the adjustment of the crystals via an Arduino serial interface. This
is needed to ensure the profile of the laser beam remains constant and the laser energy
per pulse does not decrease.

e Third, the program is connected to the oscilloscope, enabling the direct calculation of
the TALIF signal (PMT/PD?).

The program also saves the measurement data, and thus makes the whole process of data
acquisition with the photomultiplier fairly simple. For the PD signal, measurements showed
that only the maximum of it is needed, in contrast to the PMT signal, which is integrated
in time. A comparable program connected to the ICCD camera was not written, but would
be a step for future measurements. In the next subsection, the simulation of the theoretical
excitation spectra is described.

3.5.2 Simulating a spectrum

In order to determine the rotational temperature and number densities, a simulation of the ex-
citation spectra is needed for comparison. This section covers the theory behind the simulation.

The first thing the simulation program does is account for a wavelength shift, because
the laser setup might not show the true outgoing wavelength. Reasons for this could be the
optical setup, where a shift could be induced for example by a wrong calibration of the laser
grid or temperature effects. The wavelength offset can not be measured with a wavemeter,
because it is typically below 5cm ™!, which would require a resolution of single wave numbers.
It is more practical to simply shift the measured spectra because, with the known values from
the literature, it is a fairly accurate method to determine the true wavelengths.

In the next step, the energy of CO of the electronic ground state X'37% in the vibrational
ground state v = 0, F'y, has to be calculated. This can be done using the following equation,
coming from [57]:

Fx(J)=Bx-J(J+1)+ Dx - J*(J +1)? (3.1)

In this equation, J is the rotational quantum number, Bx is the so-called rotational constant
of the electronic ground state in the vibrational ground state XX+ v = 0, and Dy is the
centrifugal distortion constant [57]. For the electronically excited state B!X* in the vibrational
ground state v = 0, the energy Fp can be calculated equivalently:

Fp(J)=Ep+Bg-J(J+1)+ Dp-J*(J +1)? (3.2)

Here, Bg and Dpg are the rotational constant and the centrifugal distortion constant for the
B'Yt v = 0, respectively. The Ep is the energy difference between the X'+ and B'YS+
states. The values for all constants can be found in table 3.3.

With those two equations, one can now calculate the energy difference between the two
electronic states in the same rotational state, so with the same quantum number J:

Epex(J) = Fp(J) — Fx(J) (3.3)

The difference between these is equal to the energy of the transition between the two electronic
states EFg. x. With these equations, the wavenumbers needed for excitation for all rotational
states can be calculated. But for creating a spectrum, also the intensity of each rotational
transition as well as the broadening of the lines have to be taken into account.
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Table 3.3: Overview of the constants used in the simulation.

Constant Value Source
Ep 86917.8cm~t | [57]
Bx 1.922521 58]
Dx 6.1193-1076 | [58]
Bp 1.9475 58]
Dp 6.1-107° 58]

The intensity of the rotational transition is dependent on the population of the lower state:
when there is a low population, the intensity will be lower, as not much light can be emitted.
The relative rotational state population Nj(J) for a rotational quantum number J can be
calculated using

Ny(J) = (2] +1) - exp (;}3) (3.4)

This equation is simply the multiplication of the rotational degeneracy and the Boltzmann
factor.

The Honl-London factors, determining the line strength of the rotational transitions, are all
equal to 1 according to Di Rosa et al. [52], which comes from the degeneracy of the ground
state, as seen in equation 2.12. With this, the theoretical excitation spectrum is calculated.
However, the spectrum is in nature broadened due to different effects.

Because of this, in the next step, the broadening mechanics of the line profiles are calculated.
The pressure broadening Awpyessure is calculated according to [51] with this equation:

295

0.65
Awpressure = p - 0.74 - <T> (3.5)

Here, p is the pressure in atm and 7" is the temperature in Kelvin. The pressure broadening
has a Lorentz profile. Also the Doppler broadening has to be calculated for all rotational

states J:
1

1 SkJBTln(Q)

b Mco

A(*L)Doppler = (36)

Here, the A\ is the wavelength, the factor kg is the Boltzmann constant and Mg is the atomic
mass of CO. The Doppler broadening profile has a Gaussian profile.

Both profiles then have to be convoluted into a Voigt profile. In the next step, the the-
oretical spectrum can actually be calculated, which is just the convolution of the calculated
rotational state population N;(J) and the Voigt profile for the specific transition. In the last
step, the convolution of the obtained spectra with the laser profile, which is assumed to be a
Gaussian, is performed, and the spectra are finally simulated.

This routine includes some assumptions. The first one is that the intensity of the tran-
sitions is dependent on the line strength which do not have to be the same. The difference
between the intensity and the line strength is, that the line strength does not depend on
external conditions, while the intensity does. In other words, line strength describes how
strong the transition can be, and intensity describes how strong it actually appears in the
spectrum.
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However, according to Di Rosa et al. [52], the line strength is equal to one for all rota-
tional levels. This means, that there is no difference in intensity in the theoretical spectra
between different rotational transitions. The second assumption is that the pressure shift can
be neglected according to [51].

With this, the foundation for the measurement is layed. In the next chapter, preliminary

measurements are presented, in order to characterise the setup sufficiently for the measurement
of absolute CO densities.
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4 Preliminary Measurements

This chapter presents the preliminary results of this master’s thesis, detailing how a functioning
TALIF setup was achieved and what intermediate measurements and checks were necessary.
This measurements were necessary in order to ensure reproducibility and reliable results. The
first section covers a comparison between two different filters, which are placed before the
photomultiplier (PMT) and ICCD camera. The motivation behind is, that the measurements
with both detectors can be done simultaneously, or at least the setup of the optical paths is
then fixed.

4.1 Filter comparison

Two different filters were used in the setup to enable simultaneous operation of both detection
systems. The filters are needed to ensure a better quality of the signal, filtering out ambient
light and stray light. To compare them, the filters were placed in front of a broadband lamp,
and an ICCD camera was used as the detector. The results are shown in figure 4.1. It can be
observed that the transmission bandwidth of both filters is approximately the same. However,
the central wavelength is slightly shifted to the left of the expected 520 nm centre. This shift
was not considered problematic, as the bandpass remains sufficiently broad to detect the
B'Y* (v =0) — AMI(v" = 2) fluorescence emitted by the CO.

Now that we have confirmed our ability to filter the fluorescence of the specific transi-
tion, the laser setup must be further investigated.
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Figure 4.1: Comparison between the filters used for the PMT and for the ICCD in wavelength.
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4.2 Characterisation of the laser

In this section, the characteristics of the laser are analysed. Understanding the laser’s
behaviour, especially the laser energy in time, is crucial for interpreting the measurement
results. The first subsection focuses on the laser energy, one of its most important properties.
This comes from the fact that, in contrast to TALIF on atomic oxygen, the measurement takes
longer and scans over a whole spectrum, where as for O-TALIF, the wavelength is changed
minimally.

4.2.1 Laser energy

Since a full wavelength scan of the CO excitation spectrum, with a reasonable number of
averages, takes over an hour, it is important to determine whether the laser energy remains
stable over long periods. The range of the wavelength before frequency doubling and tripling
is 689.80 nm to 690.12nm, and the steps are usually 2pm. Before analysing the outgoing
beam, the energy of the Nd:YAG laser was measured. The measured wavelength is 532 nm.

To do this, a piezoelectric detector (or energy measurement diode) with 21.6 V/J was placed
in the beam path behind a beam splitter to prevent damage on the detector. The beam
splitter damped the laser energy down to 4 %, therefore the obtained energy values had to
be multiplied by 25. The piezoelectric detector was then connected to an oscilloscope. Both
single laser shots, to check for outliers or trends, and averages of 100 shots were recorded
over the course of one hour. The results for the averaged laser energy over 100 shots are
shown in figure 4.2. The data indicates that the laser remains highly stable over time, with an
energy level of approximately 320mJ and a standard deviation of only £8 mJ. This finding is
further confirmed by figure 4.3, which displays individual laser shots at each time step. Aside
from a minor outlier at the 30-minute mark, the single-shot measurements also appear highly
stable, with standard deviations for each point in time ranging from +4 mJ up to £11mJ.
This confirms that the laser maintains stability at this stage of the experiment.

Next, the outgoing beam of the dye laser was examined with a piezoelectric detector of
541V /J. The wavelength was fixed at 690.080 nm, before frequency doubling and tripling,
where the maximum fluorescence signal of CO was observed. To minimize thermal effects,
the laser was warmed up for several hours prior to measurement. At each time step, both
100-shot averages and 10-single-shot measurements were recorded. The results are presented
in figures 4.4 and 4.5, respectively.

In contrast to the Nd:YAG laser energy measurements, a decreasing trend was observed.
The average laser energy gradually declined from approximately 325 pJ to 260 nJ. This poses
a potential issue for the setup: without compensation, this energy drift could introduce
significant measurement errors, affecting later data analysis. However, it is important to note
that during this measurement, no crystal adjustments were made after the initial setup. The
observed energy decline could be attributed to thermal effects, not necessarily from the laser
itself, but due to ambient temperature fluctuations. This might be for example the position
of the crystals, or a distortion of the optics. The position of the crystals definitely plays a
role, as the laser profile changed over time. Therefore, the laser profile must be kept constant,
so crystal adjustion is needed.
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Figure 4.2: Averaged laser energy of the Nd:YAG, measured at a wavelength of 532 nm.
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Figure 4.3: Ten single shots at each time step show the stable energy of the Nd:YAG, measured
at a wavelength of 532 nm.
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of 690.080 nm and after frequency tripled 230.03 nm.
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Thus, for future measurements, it is essential to monitor the diode signal continuously and
make the necessary adjustments using the SHG and THG crystals. This trend is also evident
in figure 4.5, where individual laser shots are plotted. Notably, at the first measurement
point (0 min), the spread in laser energy is smaller compared to the later time points. The
decreasing trend in laser energy is once again confirmed, and the same explanations apply as
in the averaged case.

In summary, it is crucial to adjust the crystal positions when performing long-duration
measurements (over one hour) with this laser system. The next section explores another key
characteristic of the laser, which is particularly important for later analysis, as shown in the
theoretical background 2.3.2: the polarisation of the light.

4.2.2 Polarisation

In the later analysis of the excitation spectra, certain assumptions must be made to simplify
calculations. One key assumption is that the laser light responsible for exciting the CO
molecules is linearly polarised. This can be easily verified in the current setup by placing a
single polarisation filter into the dye laser beam before the reference photodiode. The laser
wavelength is 230.03 nm.

This measurement is shown in figure 4.6. The wavelength was set at 230.03nm. The
highest voltage from the diode is observed at approximately 90°, and the measurement follows
a cos?(f) pattern, in accordance to Malus’ law. This confirms that the laser light is indeed
linearly polarised, in accordance with the assumptions made in the theory section, especially
in the calculation of the Honl-London factors 2.3.2. With that, the laser setup is investigated
sufficiently and the focus can now lay on the laser profile and the best method to obtain a
good and evenly distributed laser profile in space. This is crucial, as a badly distributed laser
profile changes the measured fluorescence drastically. In the next section, the behaviour of
the SHG and THG crystals is investigated to obtain the best possible laser profile in space.
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Figure 4.6: Investigation of the laser light polarisation.
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4.2.3 Adjustion of the Crystals

Proper alignment of both the second harmonic generator (SHG) and third harmonic generator
(THG) crystals is essential for achieving high energy density in the laser beam and comparable
laser profiles. This results in a stronger reference photodiode signal and, most importantly,
greater excitation of CO molecules, leading to a better overall fluorescence signal.

The two crystals can be adjusted using devices from the same manufacturer as the laser. Each
device is equipped with two levers that allow the crystals to be rotated in either direction.
However, the adjustment is not quantised, pulling the lever for a longer time causes the step
motor to continue turning, entering a "fast mode" after approximately two seconds. This lack
of precise step control poses a reproducibility issue, as motor steps cannot be reliably replicated.

To address this, a LabVIEW control system was programmed using an Arduino. The
step motor controllers apply voltage to initiate movement, and the duration of this voltage
application depends on how long the lever is engaged. By programming the Arduino to
apply a fixed time of voltage application for each step (550 ms for the SHG and 230 ms for
the THG), the step duration remains consistent, improving reproducibility. These dura-
tions were determined based on experience with the setup: adjustments to the SHG require
larger movements than those for the THG to observe changes in the diode signal or laser profile.

While this method ensures consistent step sizes, absolute positional reproducibility remains
unattainable, as the optimal crystal positions must still be manually determined before each
measurement. The wavelength scans are required to obtain the rotational temperature of the
CO and at each position, the crystals therefore must be adjusted.

The wavelength scan procedure follows these steps:

o The optimal positions of both the SHG and THG at the starting wavelength (689.80 nm)
are manually determined using the levers. This method is faster and more precise than
using the Arduino, as it does not require reprogramming the step duration.

o In the next step, the positions of the crystals at higher wavelengths (in 10 pm steps up
to 690.1 nm) are obtained using the Arduino. These positions are determined using the
program, and not manually, as the reproducibility of it is essential. If it would be done
manually, the positions for the automatic scan would have a great uncertainty.

e A key consideration in adjusting the crystals is gear slippage. When reversing direction,
the absolute position may shift. To mitigate this, adjustments are made in only one
direction. If an overshoot occurs, the crystal must be moved beyond the intended
position before returning to restart the alignment process.

Following this procedure, the crystal positions shown in figure 4.7 were determined. The
two measurement sessions were conducted several weeks apart, highlighting the necessity of
periodic realignment. However, the overall trend remained consistent: in both measurements,
the SHG and THG required adjustments in the same direction. Additionally, SHG adjustments
were needed less frequently than THG adjustments, likely due to the longer set step duration
for the SHG (more than twice that of the THG).

Despite this, the crystal positions do not exhibit a strict one-to-one correlation, in other words

the SHG and THG do not require identical adjustments. In summary, the crystal positions
must be checked periodically, particularly after extended downtime of the setup.
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Figure 4.7: SHG and THG positions set in the LabVIEW program for two different measure-
ments.

A challenge with crystal positioning is that adjustments can drastically alter the recorded
signals for both the reference photodiode, photomultiplier and the ICC camera. This comes
from the I-dependence as shown in equation 2.43. To mitigate this issue, several approaches
were tested in this thesis, as discussed in the following.

Figure 4.8 illustrates crystal adjustments at different positions in the excitation spectrum of the
CO, specifically at 689.98 nm, 690.02 nm and 690.06 nm. Those wavelength values correspond
to the wavenumbers 86959 cm ™!, 86954 cm~! and 86949 cm~!, which will be used from now
on in this thesis. These specific values have been chosen, as they are equally distributed over
the range of the spectrum. The measurement was performed using an unknown concentra-
tion of CO, as beforehand, measurements with plasma were performed, which produced the CO.

One attempted approach to minimise the impact of adjustments was to modify the crystal
positions only when the signal became too weak. However, this method led to an undesirable
effect: the signal shifted from one measurement point with a very low intensity to another
with a much higher intensity, creating artificial spikes in the spectrum, as clearly visible in
figure 4.8. Due to these inconsistencies, this approach was deemed ineffective and ultimately
abandoned.

Another approach involved making a single adjustment to the crystal position within a
spectral region where only a low signal was expected. This method is demonstrated in figures
4.9 and 4.10. However, this approach also introduced complications. In figure 4.9, the crystals
were adjusted at 86950 cm ™!, roughly in the middle of the spectrum. After the adjustment,
the laser was reset to the starting wavelength to minimize grid slippage effects. The scan
direction proceeded from lower to higher wavelengths, corresponding to a transition from
higher to lower wavenumbers. As seen in figure 4.9, this resulted in a significant overestimation
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Figure 4.8: Crystal adjustment at 86959 cm ™!, 86954 cm ™! and 86949 cm ™.

of the background signal in the high wavenumber range, reaching nearly half the total signal
strength.
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Figure 4.9: Crystal adjustment at 86950 cm™".

In figure 4.10, the crystal adjustment was performed at 86954 cm™!, shifting it into the range
of lower signal. While this approach improved the signal trend in the low-intensity region
compared to figure 4.9, it again led to background overestimation at the lower wavenumber
end. These signal fluctuations can be attributed to changes in the laser profile induced by
crystal adjustments. A misaligned crystal setup, even by visual estimation, would compromise
measurement accuracy.
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Figure 4.10: Crystal adjustment at 86954 cm™!.

The solution to this issue is automating the crystal adjustment process. As outlined in
section 4.2.3, the optimal crystal positions are pre-recorded in small increments (e.g., 10 pm or
2cm™!) before starting a measurement. These values are then integrated into the LabVIEW
program, which automatically scans the selected wavelengths and adjusts the crystals at
predefined positions. The outcome of this automated approach is shown in figure 4.11. A
minor signal deviation remains visible at 86948 cm™!, which can be due to the adjustment,
or come from the CO itself. However, as later comparisons with simulations indicate, this
does not interfere with the extraction of rotational temperature, confirming that the method
provides a reasonably accurate solution.

In the next section, the automated crystal adjustment is applied in a measurement of the
laser profile at different wavelengths, testing its reliability.
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Figure 4.11: Automated crystal adjustment with adjustion in 2cm™! steps.
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4.2.4 Laser profile

The laser profile was measured using a gentec-eo profiler (BSF23RS11.3N). The crystal posi-
tions were optimised based on the diode signal maximum at each wavelength. The profiler was
placed behind the chamber, at the location of the beam dump. The results are shown in figure
4.12. As seen in figure 4.12, the laser profiles remain highly consistent, despite the wavelength

Intensity
Intensity

Intensity
Intensity

Figure 4.12: Measurements of the laser profile at different wavelengths: (a) 229.93nm, (b)
230.01nm, (c) 230.02nm and (d) 230.04 nm.

variations across the measured CO spectrum. This level of consistency was only achieved
through precise crystal adjustments at each wavelength position. Before optimisation, the
laser profile was weak or even undetectable.

With this knowledge, the general setup has been verified and deemed suitable for conducting
TALIF measurements with CO. The next section discusses the correct crystal alignment,
which is essential for obtaining good results. The next section discusses additional precautions

taken to ensure measurement reliability.
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4.2.5 Remarks on analysis

When analysing the TALIF signal (PMT/ PD2), several precautions must be taken to ensure
accuracy. The first consideration concerns the treatment of the reference photodiode signal.

For calculation of the absolute CO densities, the diode signal is used. However, the question
arises as to which part of the diode signal should be utilised. The common approach is to
integrate the signal over time. However, measurements conducted in this thesis indicate that
there is no significant difference between using the integral of the diode signal and using its
peak value.

Another important aspect of the analysis is how the TALIF signal (PMT/PD?) averaging is
performed. The TALIF signal averaging is needed, as single measurement points are subject
to large fluctuations of up to 20 %. There are two possible approaches:

o Averaging the signals directly at the oscilloscope: This is a straightforward method, as
modern oscilloscopes offer built-in averaging functions. Here, the average PMT signal is
divided by the average reference photodiode signal.

e Division of each individual laser shot before averaging: In this approach, the PMT
signal of each laser shot is divided by the square of the reference photodiode signal’s
maximum. This ensures that stronger and weaker signals are treated individually,
reducing systematic errors. The averaging process is then applied afterward. The
systematic errors can come from the various methods of averaging.

This second method has been implemented in the LabVIEW analysis program. An example
of the recorded signals is shown in figure 4.13. The first and a second peak of the photodiode
signal are clearly visible, along with a third peak. These two additional peaks likely originate
from the photodiode’s electrical circuitry rather than from a second or third laser pulse.

To summarise, the characteristics of analysis and the laser setup have been described. It is
now possible, to investigate the behaviour of the photon energy behaviour, in order to verify
the assumptions made in the theoretical background regarding the equations behind TALIF
2.42.

1.0 1 1 Il 1 1 1

—— Photodiode
0.5+ —— Photomultiplier [
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Figure 4.13: Photomultiplier and reference photodiode signal in time, averaged over 1000 laser
shots, performed in 500 mbar of 99 % He and 1% CO.
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4.3 Laser Intensity Variation

In this section, we examine and verify our theoretical assumptions regarding the rate equations
of TALIF. The rate equations 2.41 lead to an equation 2.42 which shows, that the fluorescence
signal scales with the square of the laser intensity. This can be verified by varying the
laser energy using neutral density (ND) grey-filters, manufactured by Thorlabs. In the rate
equations, effects like photoionisation and stimulated emission are neglected. However, if the
laser energy is too high, the signal may saturate. This would invalidate the model.

In the measurements, different ND grey-filters were put into the laser beam. To get more
measurement points, even combinations of different ND grey-filters were put behind each other.
The wavelength was fixed at maximum CO signal, and 200 averages of each configuration were
taken. The chamber was filled with 1atm of 99 % He and 1% CO, while the photomultiplier
voltage was kept constant at 1.3kV. The plot is shown in figure 4.14. The linear trend is
clearly visible for the lower PMT signals. For the higher signals, only a few measurement
points could be obtained, due to the fact that the ND filters are very strong, thus combinations
of them weaken the laser beam even more.

To counter this, additionally to the ND filter variation, the delay for the Nd:YAG am-
plifier was varied. This however also changes the laser profile, which makes the measurement
inaccurate. The profile changes, because the change in the delay-amplifier changes the energy
that is stored in the Nd:YAG crystal. Despite this limitation, the experiment was conducted
to gain further insight. The results are shown in figure 4.15. An approximately linear trend is
also visible for the lower values of PD?. However, for the higher values after 0.6 V2 of PD?,
the beginning of saturation can be interpreted from the data.
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Figure 4.14: The ND grey-filter variation shows the PMT-signal plotted against the PD? at
full Nd:YAG amplifier power.

The combination of both measurements is shown in figure 4.16. The measurements do not
overlap perfectly, the amplifier-delay variation values are somewhat higher than the grey-filter
variation. Nevertheless, those values are in each others error bars, which are calculated
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Figure 4.15: The amplifier-delay variation of the Nd:YAG without ND grey-filters shows the
PMT-signal plotted against the PD?.

according to section 4.5 and have a value of 10%. To ensure that future measurements
remain within the linear regime and avoid excessive laser energy, an ND grey-filter with an
optical density (OD) of 0.2 is used in future measurements. This corresponds to the third
measurement point in figure 4.14, counted from the right side. This value lies in the upper
limit of the supposed linear regime, resulting in the best possible signal-to-noise ratio without

leaving the linear regime. The value of NDO0.2 results in a transmission T of the signal given
by:

1

The next section covers the behaviour of the signal at different pressures.
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Figure 4.16: Both variations of amplifier-delay variation and grey-filter variation are shown
here. To make sure future measurements are in the linear regime, a grey-filter of
ND = 0.2 is used.
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4.4 Pressure Variation

In this section, the pressure of 99 % He and 1% CO in the chamber was varied to investigate
quenching effects and verify whether the TALIF signal remains within the linear regime.
Figure 4.17 presents example curves of the normalised PMT signal, averaged over 100 laser
shots. The set wavenumber was at maximum signal, so at 86947 cm~'. The curves do not
overlap for different pressures, indicating that they exhibit different lifetimes according to
equation 2.28.
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Figure 4.17: Normalised photomultiplier signals at different pressures.

By applying a simple fitting routine based on equation 2.28, the lifetime of the excited state
can be determined for each pressure. An exponential decay fit with the following formula was
applied:

y=yo+ A e (4.2)
to extract the fitted lifetime 7;;. An example fit is shown in figure 4.18. As can be seen, the
fit does not begin at the peak of the signal. The reason for this is that, at this point in time,
the laser is still on and thus influencing the signal. The fit only starts after roughly 15ns,
where the laser beam should already be off for a few ns at least.

Additionally, the obtained lifetime can be compared to the theoretical value, calculated
as follows: Using equation 2.30, the quenching frequency @ for different pressures can be
determined:

Q = (quefHE +9cOfCO) P (4.3)

Here, gye and qco are the quenching rate coefficients, fye and fco represent the respective
gas fractions, and p denotes the total pressure. Now, only the literature values for the Einstein
coefficients As; and Az have to be added to Q for each pressure to obtain the total decay
rate g:

q= A+ Ay +Q (4.4)
with Aoy = 31 MHz and Agz = 13 MHz [45]. The total decay rate ¢ is given in MHz, to calculate
the lifetime 7, the inverse has to be calculated according to "= 1/q. Using this approach, the
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Figure 4.18: Normalised photomultiplier signal of 300 mbar measurement with exponential
decay fit.

theoretical lifetimes are determined and compared to the experimentally measured lifetimes
obtained from fitting the normalised signals. Figure 4.19 illustrates this comparison. The zero
crossing of the theoretical lifetime gives the natural lifetime of 22 ns, as shown in figure 2.14.

A significant discrepancy between the measured and theoretical lifetimes is observed: the
measured lifetimes are 50 % to 100 % longer than theoretically expected. This confirms the
assumption made in the theoretical background (section 2.4.1) that the laser pulse duration
71, is not sufficiently short in comparison to the effective lifetime 7. to measure it accurately.
Due to this deviation, only the theoretical lifetimes will be used in subsequent analysis.
Next, the pressure variation is extended over a wider pressure range to verify that the
quenching correction is properly accounted for. To achieve this, the obtained TALIF signal
PMT/PD? is divided by the branching ratio:

G;' = V— a pry
kTS AR +Q 7P T 31MHz + 13MHz + Q

(4.5)

using the same (Q as in equation 4.3. The results are shown in figure 4.20. A linear trend is
observed up to the highest measured pressure, indicating that quenching has been properly
accounted for. If quenching had been incorrectly handled, it would have reduced the measured
TALIF signal and disrupted the linear trend.
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Figure 4.19: Comparison between theoretically calculated lifetimes and lifetimes obtained
from fitting the measurement.
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Figure 4.20: The TALIF signal (PMT/PD?) divided by the branching ratio ag;.
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4.5 Variation of Distance between MCPA and Laser Beam

In this section, the height of the MCPA is varied relative to the laser beam without the quartz
glass cover. The MCPA was put into the chamber without a quartz glass cover. The plasma
is not ignited during these measurements, as the purpose is to investigate potential reflection
effects and to estimate the measurement uncertainty of the signal.

The height of the array was varied with a Z-stage. The scanning began with the height
of the stage being set to z = 0 mm, and subsequently raised. The measurements were per-
formed with 20 mbar of 99 % He and 1 % CO, and the set wavelength of the laser was 690.08 nm
or 86946.4cm ™!, at maximum signal. The results are shown in figure 4.21. For distances
between 0 mm up to 8 mm, the signal should remain unchanged, as no interference from the
array is expected. These measurements are therefore considered suitable for error estimation
in future experiments. To quantify the uncertainty, only data points up from 0.5 mm are used,
since measurements beyond this point may already be affected by reflections. The standard
deviation calculated from these values is oy = £1.14 - 10~ " a.u.. However, this standard
deviation is valid only for the present measurement. A repeat experiment on a different day,
focusing specifically on reflection effects, yielded different absolute values, as shown in figure
4.22. To account for day-to-day variations, a relative error calculation is performed. The
average signal value measured is 2.23 - 1075 a.u., resulting in a relative deviation of +5.1%.
Given the high sensitivity of TALIF measurements, this error is relatively small. Therefore,
the error margin is doubled, leading to an assumed uncertainty of 10 % in future experiments.
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Figure 4.21: Distance variation of the array with no plasma, performed at 20 mbar of 99 % He
and 1% CO at 86946.4cm™!.

In figure 4.21, the moment when the laser beam hits the edge of the array is clearly visible,
as stray light is reflected into the photomultiplier. When the distance is further decreased,
the signal decreases rapidly, indicating that a portion of the laser beam is being blocked
by the array, reducing the excitation of CO molecules. To investigate this effect in greater
detail, a second measurement was performed with a finer distance resolution, focusing on the
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critical region, as shown in figure 4.22. This second measurement reveals the same abrupt
transition compared to the initial experiment. A peak-like structure is now observed, which is
again attributed to stray light reflections. The gradual signal decrease also aligns with the
expectation that with each height increment, a fraction of the laser beam is obstructed by the
array.

In summary, a reliable error estimation for future measurements has now been established.
Additionally, the interaction between the MCPA and the laser beam has been characterised. In
subsequent measurements, it is critical to ensure that the laser beam is positioned sufficiently
high above the array to prevent signal distortion due to reflections.

With this section, the laser setup and its associated challenges have been analysed and
addressed. The following sections will now focus on conversion experiments using plasma.
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Figure 4.22: Height variation of the array with no plasma, performed at 20 mbar of 99 % He
and 1% CO at 86946.4cm~! and focussed on the area of reflections.
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This chapter presents the experimental results obtained from plasma operation in a stationary
atmosphere. Unlike flowing mode operation, the plasma ignition in these experiments was not
performed at atmospheric pressure, rather at pressures of 800 mbar of helium and roughly
8mbar (or 1%) of COa.

The motivation behind these measurements is the following: the setup is simpler in comparison
to flowing mode, due to the fact that no quartz glass cover is needed. This also enables
measurements with the PMT, particularly for obtaining the rotational temperature of the
CO. Additionally, when the chamber is closed, high CO densities can be produced, because
the CO is not flushed away.

5.1 Temporal Evolution of the TALIF Signal

The first experiment aimed to verify the CO production of the plasma by analysing the
temporal evolution of the TALIF signal. For this purpose, the chamber was filled with
800 mbar of He and 5 mbar of COs (which corresponds to an admixture of 0.6 %), ensuring
that the stage height was sufficiently low to avoid potential reflections, but still as close as
possible to the MCPA surface, so at z = Omm. The plasma was ignited using 600 V for the
voltage amplitude at 15kHz, and the laser wavelength was set to 86946.4 cm ™!, corresponding
to the maximum signal.

Prior to plasma ignition, a background measurement was conducted with the gas mixture
present but no plasma discharge. Each data point represents an average of 100 laser shots,
and the background was subtracted.

The results are presented in figure 5.1. A clear linear increase in the TALIF signal over time
is observed, indicating continuous CO production by the plasma. Even after the measurement
was paused after 100 min, the increasing trend persisted. No saturation effects were detected
within the observed time frame. This result confirms the CO production by the plasma, and
therefore the investigation can go further.

The next section focuses on the estimation of rotational temperature, derived from the
measured spectra, which is needed for calculation of absolute CO densities. As described in
the theoretical background, a change in rotational temperature would require another analysis
method 2.6.
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Figure 5.1: Measurement of plasma produced CO over time, performed at 800 mbar of He and
5mbar of COy at 86946.4cm™'. The plasma was ignited with 600V at 15kHz,
and the stage height was at z = 0 mm, to avoid reflections.
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5.2 Estimation of the Rotational Temperature

In this section, the rotational temperature of plasma-generated CO is investigated. The
knowledge of the rotational temperature of the CO is essential for calculation of the absolute
densities of CO, as the rotational temperature is directly linked to the population of different
rotational states J. For this purpose, the chamber was filled with 795 mbar of He and 5 mbar
of COq, corresponding to an admixture of 0.6 %. The plasma was ignited using a 15 kHz
triangular frequency with an applied voltage amplitude of 700 V. The plasma was ignited for
several hours, ensuring a sufficient concentration of CO in the chamber. The array surface
was carefully positioned as close to the laser beam as possible without obstructing any portion
of the beam.

A higher rotational temperature compared to room temperature is typically indicated by a
stronger signal at higher rotational quantum numbers (J), particularly around 86923 cm™—! as
shown in figure 2.15 b). However, in the present measurements, no such increase was observed.
The signal remained relatively constant, as shown in 5.2 over a period of 4.5h and 6 h. The
fitting routine yielded the best results for a temperature of 290 K. This is a major result, as it
shows, that the plasma does not significantly heat up the gas.
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Figure 5.2: Measurement of a spectrum of plasma produced CO, after the plasma was running
for 4.5h (black) and 6 h (blue). The theoretical spectrum (green) was applied with
a temperature of T = 290 K.

A comparison between the obtained experimental spectrum here and the theoretical one,
especially in figure 2.15, yields an absolute difference of roughly 27 cm™!. This shift can come
from the optical pathway and reflections, and even a wavelength shift in the setting of the
laser. They have been accounted for in the theoretical spectrum.

As the plasma was running during the measurement, the CO density was increasing, increasing
the signal intensity and thus altering the spectrum. Therefore, the wavelength scan was
performed faster than usual, with less averages, as the change in signal intensity would distort
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the spectra. The result demonstrates, that this approach worked.

These findings indicate that, within the measurement accuracy, the plasma does not sig-
nificantly influence the rotational temperature of CO under these conditions. With this
knowledge, it is now possible to calculate the absolute CO densities produced by the plasma,
which is covered in the next section.

5.3 Evolution of Absolute Density in Time

In this section, the absolute CO densities produced by the plasma are determined. Using
equation 2.47 from the theoretical background, along with the knowledge that the rotational
temperature of CO remains constant at room temperature, the absolute density at each
measurement point in time can be determined. With that, there is no need to measure the
whole spectrum, and one wavelength is sufficient to calculate the absolute CO density. The
wavelength chosen is at maximum signal.

However, there are some uncertainties in this calculation, primarily related to quenching
effects. Since CO2 and CO have different quenching rate coefficients (as shown in table 2.1),
the total quenching rate does not remain constant. It is assumed that in principle, it would be
possible to recalculate the quenching iteratively at each time step using the first measurement
point as a reference. However, the first measurement itself takes a finite amount of time,
introducing additional uncertainty that would accumulate over subsequent points. To mitigate
this issue, the quenching correction is only applied to the initial gas mixture. Consequently,
for all later measurements, the CO density is overestimated. This comes from the values of
the quenching frequencies: the COq is overestimated in this calculation and therefore the the
quenching is also overestimated. The quenching is in the denominator as in equation 5.3 for
the calculation of the branching ratios. The branching ratio itself is in the denominator of
the calculation of the CO density as in equation 5.1, so the final calculated CO density is
overestimated.

An estimation at the same measurement point found that the difference between a con-
version of 0%, as assumed for the calculation of quenching in this thesis, and a conversion
of 100 % of CO4 to CO would yield a difference in absolute CO density of nearly 46 % for
an admixture of 1% COs. The systematic error in calculation therefore is 46 %, but for
convenience, the statistical error is used in the graphs.

The equation used to calculate the CO density is:

a21 ref P2 £ r
— 9 . re L. 5.1
Nco w1 Ty PP NCO ref (5.1)

with ao; being the branching ratio for each case, I' being the photomultiplier signal and
P? the diode signal. As can be seen, a reference density is needed, which is obtained by a
measurement with fixed admixture. The reference density Nco ret is then calculated using

the ideal gas law. For a reference pressure of 500 mbar at room temperature, the reference
CO density is:

b

NCO,ref = kpar =125 1023 mig (52)

sl
In this equation, ppq, is the partial pressure of CO, in the case of the reference measurement
5 mbar. The branching ratios are determined as follows:

I 31 MHz (5.3)
2T (0,083 Mz g 06 Mz g 061 M2 gy, 4 31 MHz + 13 MHz, ‘
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where p is the pressure in mbar and f; represents the fractional concentration of each gas
component.

Since the rotational temperature of CO remains constant at room temperature, this ap-
proach for density calculation is valid. If the temperature were not constant, then instead
of using the maximum photomultiplier signal divided by the squared photodiode signal, the
integrated signal over the whole excitation spectra would be required. The calculated absolute
CO densities are shown in figure 5.3.
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Figure 5.3: Plasma produced absolute CO densities over time. The frequency was 15 kHz, the
voltage 600V and the chamber was initially filled with 797 mbar of He and 7 mbar
of COa.

As expected, the density increases linearly over time, indicating that the gas exchange within
the chamber is highly efficient. This is also supported by the linear fit applied to the mea-
surement points, which has a R = 0.991, and thus a great agreement between fit and data.
At 130 min, the absolute density reaches a value of 6.16 & 0.6 - 102! m~3. This results in a
conversion of 3.5 + 0.4 %. In Roloffs work [59], CO densities were determined using Fourier-
Transform-Infrared-Spectrometry (FTIR-Spectrometry) to obtain CO2-to-CO conversion rates
of an MCPA of same design as in this thesis. The measured conversion rates ranged between
0.5 % to 1.5%, depending on the specific plasma parameters. Given that in this experiment, a
voltage of 600 V was applied, the observed absolute conversion rate is higher than the expected
range.

This can be explained by the difference in the measuring: Roloff measured in flowing mode,
and not in stationary mode as done here. Furthermore, Roloff’s experiments were performed
at the gas exhaust, were then consequently only average values were obtained, where as here,
the measurement was performed directly above the cavities, leading to a higher expectation
of the density, since the CO will mainly be produced within closely above the cavity. This
means, that although not directly comparable due to the different operation modes of the
plasma, the obtained results seem reasonable.

95



5 Stationary Plasma Experiments

In the next chapter, the plasma will be operated in flowing mode. This is the usual operation
mode for this specific MCPA. But as already stated in in section 3.4, it is not possible to
measure the fluorescence with the PMT in flowing mode operation due to the added quartz

glass cover. This is why several precautionary steps must be taken before measuring absolute
densities.
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In this chapter, the plasma is operated in flowing mode, which represents the typical operation
mode for this specific MCPA. The next section covers the background for the absolute density
calculation.

6.1 Calculation of Absolute CO Densities using the ICCD Camera

The ICCD images taken consist of not only the CO TALIF signal, but also background noise.
This is also the case for the PMT measurements, but there, a single measurement is sufficient
for background correction. The background noise of the ICCD images is particularly bad in
the case of this thesis, because the quartz glass cover is predestined for stray light in huge
amounts. Additionally, the laser beam only has a width of about 200 pm at the measurement
location, making the signal area small in contrast to the whole acquired area. A self written
script addresses these issues and is described in this section.

In the first step, the program adjusts the values of each pixel of the measurement. This needs
to be done to deal with hotspots of cosmic rays. These values, which are much higher then
values of the signal, are set to zero. The pixel values are then adjusted with the squared value
of the diode signal, as needed for normalisation. The diode signal comes from a simultaneous
measurement at the oscilloscope, where 1000 averages are taken.

Rotated image (87°) Image with selected areas

Figure 6.1: The left image shows the rotated and normalised image. Hotspots have been
cancelled out. The right image shows the selected areas, with the red rectangular
as the signal and the blue rectangular as the background.
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6 Flowing Mode Plasma Experiments

In the next step, the taken ICCD image gets rotated by an angle of 87° because of an
inaccuracy in the camera placement or the beam path, or even both. The laser beam seems
to have a tilt in the original image, which with the chosen angle value is evened out. The last
steps are, to choose the areas of interest for the signal as well as for the background. The
program then sums up the values of each pixel in the signal and background area, averages
both and subtracts the background value from the signal value. In figure 6.1 the areas are
marked. Now, the density can be calculated with using the signal value and multiplying it with
factor for density calculation ('density factor’) which is given by the reference density Nco
and the branching ratios for measurement and reference conditions, as shown in equation 2.45
in the theoretical background. With this, the next section covers the quartz glass reflections,
and how the background for the density calculation is chosen.

6.2 Reflections in the Quartz Glass Cover

To operate the plasma in flowing mode, a quartz glass cover must be placed over the MCPA
array. Unlike standard glass, quartz glass is transparent to VUV light and does not absorb
the photons required for TALIF excitation. The quartz glass cover needs to be glued to the
array, to ensure that the gas flows over the MCPA and no leakage is happening.

In the following measurements, the detection is done using the ICCD camera instead of the
PMT. This is due to geometric reasons, as the quartz glass cover leads to many reflections,
making measurements with the PMT challenging. As the rotational temperature stays
constant, there is no need for a wavelength scan, and ICCD images can be taken at one laser
wavelength.

Initial ICCD images of the MCPA with the laser revealed significant reflections in the upper
region of the quartz glass cover. To mitigate this, a 3D-printed plastic mold was attached to
the cover, leaving openings only for the laser beam path and the ICCD camera. Figure 6.2
presents an overlay of two ICCD images, highlighting three distinct regions:

e Reflections in the upper part of the quartz glass cover, marked in red.
e The TALIF signal in the middle, signalling the laser beam path, marked in green.
e The plasma cavities at the bottom, marked in blue.

The reflections occur across the entire quartz glass cover, but are most prominent at the
top. This may result from the cover’s design, where the top section consists of a single
quartz glass pane without additional interfaces to refract light. Additionally, the TALIF
signal intensity in the middle section is comparable to the reflections, which must be ac-
counted for during data analysis. The image also reveals a tilt in either the MCPA array,
the laser beam path, or both. Additionally, the camera can also be the reason for the tilt.
Resolving this misalignment was beyond the scope of this thesis, as determining the exact
horizontal reference proved challenging. Consequently, image analysis requires an additional
rotation correction to align the system horizontally. It is also to note that, in contrast to the
PMT, which had a top view of the MCPA, the ICCD camera looks from the side at the MCPA.

In the next section, again a laser intensity variation using ND grey-filters was performed.
Due to the change in setup and the introduction of the quartz glass, which weakens the laser
beam, a ND grey-filter of smaller attenuation is needed to stay in the linear regime, as done in
section 4.3. With a stronger ND grey-filter, the signal-to-noise ratio would just become worse.
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Figure 6.2: Two ICCD images laid on top of each other, showing the reflections of the quartz
glass cover, the TALIF signal from the CO and the plasma cavities, from top to
bottom.

6.3 Laser Intensity Variation in Flowing Mode

To ensure that the laser energy remains within the linear regime, a neutral density (ND)
grey-filter variation was conducted. This experiment aimed to evaluate how the signal intensity
changes when different ND grey-filters are applied. Additionally, the quartz glass cover itself
reduces the laser energy, which must also be accounted for in the analysis.

For the ND grey-filter variation, the plasma was ignited at a frequency of 15kHz, a voltage
of 700V and flows of 0.5slm He as well as 6sccm CO,. The image capturing mode was
accumulation, with 60 accumulations, a gatewidth of 300 ns, an exposure time of 15s and
a gain of 4000. These settings have been kept constant throughout the following chapter.
The results are shown in figure 6.3, with additional detailed images available in the appendix
(figures A.1 to A.4). The beam path is clearly distinguishable from the background in the
case (a) with no ND grey-filter present in the beam path, and is not distinguishable with a
NDO0.3 grey-filter. This would hint that, the NDO.1 grey-filter or NDO0.2 grey-filter might be
the best option for making sure the laser energy is in the linear regime.

Since the quartz glass cover itself reduces the laser energy (because of reflections), its effect
was quantified using an energy measurement diode of 541V /J before and after the beam
passed through the glass. The energy before the quartz glass was measured to be 39.7 nJ and
after the glass at 18.8 pJ. This corresponds to a transmission of ~ 75 % per pane, meaning
that with two panes in the beam path, a total reduction of ~ 50 % is expected.

Comparing this to the ND grey-filter measurement performed in section 4.3, the obtained value
of 75 % transmission lies between NDO0.1 (79 % transmission) and NDO0.2 (63 % transmission).
This means that an additional ND grey-filter is unnecessary. As we made sure that we have a
good signal-to-noise ratio and are within the linear regime of the laser energy, we can now
proceed with the measurement of absolute CO densities over time in the next section, as the
changed setup is sufficiently explored.
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|} DO 1 filter 1CCD image

Calums

Figure 6.3: Results of the ND grey-filter variation. Illustrated are: (a) no ND grey-filter in
beam path, (b) NDO0.1 grey-filter, (c) ND0.2 grey-filter, (d) NDO0.3 grey-filter.

6.4 Temporal Evolution of the CO Density

This section presents the measurement of absolute CO densities for constant plasma conditions
to investigate a potential accumulation of CO under the glass cover. For this measurement,
the plasma was ignited with 15kHz at 700 V with a Helium flow of 0.5slm and 6 sccm COs.
The measured CO density over time is shown in figure 6.4.

For the measurement procedure, each image was obtained by accumulating data for 10 min
to ensure a better signal-to-noise ratio. While shorter time steps (shorter than 10 min) were
possible, they would have increased noise levels and reduced precision in analysis of the TALIF
signal.

As shown in figure 6.4, the absolute CO densities in flowing mode are within the same
order of magnitude as those observed in stationary operation. This confirms that the setup
functions consistently in both modes, but is somewhat surprising that in the stationary case,
the CO density is comparable, as one would expect higher densities. A slight CO build-up
is observed in the first 10-20 min, after which an equilibrium is reached. However, the last
measurement point at 50 min is slightly lower than the preceding one. Since this deviation
remains within the error margin, the observed trend remains valid. In further measurements,
this time constant until the plasma reaches an equilibrium has to be taken into account.
The obtained absolute density of ~ 7.9-10?! m 3 corresponds to a conversion rate of 3.240.3 %.

When compared to the 20% up to 30 % conversion rate measured by Damen et al. [20]
in a CO9 glow discharge using TALIF, this value appears low. However, their experiments
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were conducted in a pure COs glow discharge plasma, whereas in this thesis, a DBD is used
and additionally, the pressure used in their work is significantly lower, meaning they have
less CO5 molecules that can be converted to CO. The observed conversion is consistent with
stationary plasma operation, indicating the result is reproducible.

In the following section, the distance of the MCPA to the laser beam will be varied to
determine where the majority of CO2 conversion is taking place.
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Figure 6.4: Time Variation of the plasma being operated in flowing mode.
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6.5 Distance Variation between the MCPA and the Laser Beam

In this section, the height of the array is varied using the z-stage. The lowest possible distance
is 0mm, where the laser beam with 200 pm remains unobstructed. Any further decrease in
height would result in partial beam cut-off. The plasma parameters remain unchanged from
the previous measurements. The results are shown in figure 6.5.

A decrease in absolute CO density is observed as the measurement moves further from
the plasma. This is expected since, at greater distances, the energy required for CO» dis-
sociation via stimulated vibrational excitation may not be given by the plasma electrons.
Additionally, diffusion of the CO away from the plasma also is a reason for this trend. The
highest CO density is measured directly above the plasma, matching the values obtained in
the time variation experiments. As a result, the conversion rate remains approximately the
same at 3.0 + 0.3 %. The best distance for conversion is therefore directly over the cavities.

In the next section, the voltage will be varied to determine the optimal conditions for
maximizing COg conversion.
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Figure 6.5: Variation of the distance between the MCPA and the laser beam.

6.6 Voltage Variation

In this section, the applied plasma voltage amplitude is varied between 600V and 720V to
determine its effect on CO9 conversion efficiency. It is expected, that for a higher voltage,
the plasma has a higher power density and therefore, more high-energy electrons, which can
dissociate more COsy. The gas flow rates remain unchanged at 0.5 slm of He and 6 sccm of
COg3. The results are presented in figure 6.6.

A clear linear increase in absolute CO density is observed with increasing voltage. The

highest measured CO density occurs at 720V, reaching ~ 1.1-10%2 m—3, which corresponds to
a conversion rate of 3.7+0.4 %. While this is the highest conversion rate measured in this study,
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it remains significantly lower than the values reported by Damen et al. [20], who achieved
conversion rates between 20 % and 30 % in a COq glow discharge. This discrepancy could be
attributed to differences between a DBD discharge and the glow discharge, as described earlier.

For this DBD, this is the highest measured conversion rate and therefore a success, as
it shows the capability of the DBD of COs-dissociation. Additionally, many optimisations are
possible, for example the use of catalysts, to improve the conversion rate even more.
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Figure 6.6: Variation of the applied voltage amplitude.

6.7 Further Measurements

One of the goals of this thesis was to achieve a 2D spatial resolution of the densities. While this
goal could not be fully realised in the current study, valuable insights were gained regarding
the challenges associated with this type of measurement. The reasons for that are:

e Low signal-to-noise ratio: In the analysis of the ICCD images beforehand, the whole
signal area was selected and integrated to obtain the absolute densities. When trying to
do it for each pixel, some pixels have a value that is only on the level of the background,
making the whole signal not trustworthy. This highlights the need for future studies to
explore techniques for improving the signal-to-noise ratio.

e Errors in analysis: The fact that for a good signal to be obtained, the background needs
to be subtracted, causes further problems in analysis. Some pixels of the selected signal
area have values that lay beneath the mean of the background, leading to densities of
zero in those specific pixels. Addressing this issue could involve refining the background
correction method or improving the sensitivity of the measurements.

One potential solution to this would be to increase the exposure time even further, which
already is at 10 min for each measurement point. This was deemed not suitable within means
of this thesis, but future experiments could explore this option. Another idea would be to
increase the laser power further, although this might lead to signals out of the linear regime.
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Another measurement that proved unsuccessful is the variation of the COy gas flow, measured
with the ICCD camera. The data were not reproducible, and multiple attempts resulted in
inconsistent trends. The reason for this might be the limited usability and accuracy of the
mass flow controllers at low flow rates. The mass flow controller works up to 100 sccm, but it
might not work at flows of 5sccm. The change of the mass flow controllers to for example one
of 25 scem would possibly enable this measurement.
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In this thesis, the conversion of COy to CO using a MCPA was investigated through two-
photon absorption laser-induced fluorescence (TALIF). The TALIF experiment was set up and
thoroughly analysed before a fitting routine was applied to the measured excitation spectra
to determine the rotational temperatures of CO. Subsequently, absolute CO densities were
measured under two different plasma operation modes while varying plasma conditions.

The laser setup, consisting of the Nd:YAG laser and the dye laser, was carefully charac-
terised. The energy of the Nd:YAG laser beam was monitored over time to ensure stability
during measurements, which lasted several hours. After the warm-up phase, the Nd:YAG laser
maintained a constant energy output of 320mJ per pulse. The dye laser’s output energy was
measured at approximately 300 1nJ, showing a decreasing trend likely caused by thermal effects,
possibly unrelated to the laser itself. Despite the air-conditioned laboratory environment,
temperature fluctuations still might have affected the second and third harmonic generator
crystals, leading to a poorer laser profile in space and thus, to a smaller energy per pulse.

Another critical aspect of the laser beam was its polarisation, as the calculation of ab-
solute CO density assumes linear polarisation. To verify this, a single polarisation filter was
placed in the laser beam, and the intensity was measured at different angles. The results
followed a cos?(f) pattern, consistent with Malus’ law, confirming that the laser light was
indeed linearly polarised.

The crystal alignment posed a significant challenge during this work. In contrast to TALIF
on atomic oxygen, TALIF for CO needs a whole excitation spectrum to determine absolute
densities. Therefore, the alignment of the crystals, resulting in a good and evenly distributed
laser profile in space, is absolutely crucial to obtain reasonable results for the absolute CO
densities. Several approaches were tested to optimise the quality of the excitation spectra,
but they were ultimately unsuccessful. The breakthrough came with the implementation of
a LabVIEW program that automated crystal adjustments via an Arduino interface, using
step sizes determined manually. This proved to be the breakthrough, as now the measured
excitation spectra were in agreement with the theoretical spectra.

Additionally, the laser beam profile was examined at different wavelengths to obtain a
comprehensive understanding of its behaviour. While the profile was not ideal, it remained
consistent across the entire spectral range when the crystals were properly adjusted.

Another crucial measurement involved determining whether the laser energy operated in the
linear or saturated regime. This was assessed using neutral density (ND) grey-filters for an
laser energy variation and a delay variation of the laser amplifier of the Nd:YAG. The results
confirmed that an ND grey-filter was necessary to ensure operation within the linear regime.
With these characterisations completed, the laser system was deemed sufficiently optimised
for TALIF measurements. Thus, the first major step of this thesis to achieve the goal of
measuring absolute CO densities, the development of the TALIF setup, incorporating both a
photomultiplier and an ICCD camera, was successfully achieved.
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Before proceeding with the TALIF measurements, a pressure variation study was conducted
to validate the correct handling of collisional quenching in data analysis. The TALIF signal
was divided by the branching ratio, revealing a clear linear relationship, confirming that the
quenching correction was correctly implemented. This validation enabled the subsequent
plasma experiments.

A distance variation study was performed to assess how the signal changed when the laser
beam was obstructed by the array. This experiment also provided an estimation of the
statistical error.

The plasma was operated in two different modes: in a stationary atmosphere and a flowing
mode. Initial experiments in stationary mode led to the following observations:

e Validation of CO Detection: The chamber was filled with helium and COs, and an
increase in the TALIF signal from CO was observed, as expected in a stationary
atmosphere. Since CO is a stable molecule in this setting with no gas exchange, its
presence confirmed the system’s capability to detect CO.

¢ Rotational Temperature of CO: The plasma was ignited for several hours while the
chamber remained filled with helium and COs. Even after six hours, no increase in the
rotational temperature was observed. The temperature was determined using a fitting
routine applied to the measured spectra. This finding suggests that the microscaled
DBD used in this thesis does not significantly affect the rotational temperature within
the measurement and fitting accuracy.

e Absolute CO densities: With the established rotational temperature, absolute CO
densities were determined over time. The results showed a linear increase in density,
as expected. No saturation was observed after two hours, though it is anticipated
once the available COs is nearly depleted. The maximum measured CO density was
6.16 & 0.6 - 102 m 3, corresponding to a COs-to-CO conversion of 3.5 + 0.4 %, which
aligns well with conversion rates reported by Roloff [59].

Before conducting absolute CO density measurements in the flowing mode, modifications to
the setup were necessary. A quartz glass cover was added atop the MCPA to maintain gas
flow at atmospheric pressure. This alteration necessitated a laser intensity variation study
using ND grey-filters, which revealed that no additional ND grey-filter was required, as the
quartz glass cover itself transmitted only 75 % of the laser energy per pane.

In the next experiment, the potential build up of CO under the quartz glass cover was
examined. Despite the long accumulation time of 10 min per data point using the ICCD
camera, a slight increase in CO density was detected. The measured densities were on the
same order of magnitude as those from stationary operation, with a maximum conversion
rate of 3.2 + 0.3 %, again consistent with values reported by Roloff.

A distance variation experiment was then conducted, where the MCPA was moved rela-
tive to the laser beam. The highest CO density was found directly above the plasma, as close
as possible to the MCPA without obstructing the laser. The measured density of 7.4-10%! m~—3
corresponds to a conversion rate of 3.0 0.3 %.

66



7 Conclusion and outlook

Finally, a voltage variation study was performed. The highest CO density recorded in
this thesis was 1-10%?2 m~3, resulting in a conversion of 3.740.4 %. This density was measured
at the highest applied voltage, and the density increased linearly with voltage. In [59], Roloff
however measured a quadratic dependence. Nevertheless, the result remains reasonable.

The statistical error in the measurement data was estimated to be approximately 10 %.
However, the systematic error - primarily driven by uncertainties in quenching calculations -
was estimated at nearly 50 %, as is common in TALIF measurements. The recursive nature
of the quenching calculation, which depends on fractional gas components, contributes sig-
nificantly to this uncertainty. A quenching factor calculation assuming both 0% and 100 %
CO3-t0-CO conversion resulted in a 46 % variation of the absolute CO density, indicating that
the absolute CO densities reported in this thesis may be overestimated.

In conclusion, the second main step of this thesis, measuring the rotational temperature of
CO from the plasma, was successfully achieved, along with key aspects of the third goal:
determining absolute CO densities under different plasma conditions.

However, spatially resolving CO production within the plasma was not achieved due to
a low signal-to-noise ratio. While integrated signals provided reasonable density estimates,
individual pixel values were too small for reliable spatial mapping. This could be improved
by increasing the exposure time. Additionally, challenges arose in background subtraction,
sometimes leading to negative densities. Thus, while spatial resolution remains feasible, further
improvements are necessary.

Another limitation was the unsuccessful variation of gas admixtures in flowing mode, as
the 100 sccm mass flow controller operated near its lower limit, causing inconsistencies. This
issue could be resolved by using a lower-range mass flow controller (e.g., a maximum flow of
25 scem).

Overall, this thesis was a success. Nearly all objectives were met, and the results align

well with comparable studies. Future work could focus on achieving spatial resolution of CO
densities and measuring a flow variation.
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A Appendix

The calculation for the gas correction factors works as follows: the scaling control factor (SCF)
is equal to the product of the gauge factor (GF) and the gas correction factor (GCF):

SCF = GF - GCF (A1)

The gas correction factor itself consists of the product of the conversion factor (CF), provided
by the manufacturer, and a correction for temperature, in our case to room temperature:

293 K
F=CF. 2—“—*_ A2
Ge ¢ 273.15K (A.2)
Putting the two equations together:
293 K
F=GF.-CF.22“>_ A.
SC GF-C 273.15K (A-3)
we obtain the SCF values for both He and COs of
293 K
Fpe = 100-1.45 . ———— = 155. A4
SCFHe 00 5 573 15K 55.5 (A4)
293 K
Fco, =100-0.7- ——— = 75.1 A.
SCFco, 00-0.7 3 15K 75 (A.5)

In the case of the premixed bottle, the SCF value is not the weighted average of the single
values for He and CO, it has to be calculated like this, according to the manufacturer [60]:

0.3106 - (a181 + CLQSQ)
(a1dicr + azdacs)

GCF = (A.6)
In this equation, the a; stands for the fractional flow, s; is the molecular structure correction
factor, d; stands for the densities of the gases and ¢; for the specific heat of the gases. The
values are shown in table A.1. The calculation of the SCF is then:

293K
F =100-1.43 - ———— = 153. A.
SCF geco = 100 - 1.43 573 15— 1033 (A7)
Constant | Value | Constant Value Constant Value
e 0.99 die 0.1786 ¢ CHe 1.241 &
aco 0.01 dco 1.964 ¢ cco 0.2016 ;oag

Table A.1: Constants used for calculation of the GCF for gas mixtures. Values taken from
[60].
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Figure A.1: Results of the ND grey-filter variation with no ND grey-filter.
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Figure A.2: Results of the ND grey-filter variation with NDO0.1 grey-filter.
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Figure A.3: Results of the ND grey-filter variation with NDO0.2 grey-filter.
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Figure A.4: Results of the ND grey-filter variation with NDO0.3 grey-filter.
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