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Summary

Vibrational energy exchange in plasmas containing CO2
The ongoing transition from fossil fuels to renewable energy sources introduces
new challenges, such as the intermittent nature of these renewable energy sources.
Hence, scaling up the production from renewable energy sources should go handin-hand with utilising excess energy during peak hours. The production of solar
fuels from renewable energy can be used to store this excess energy, while also
allowing sectors such as transportation and industry to be electrified. These solar
fuels can be synthesised by using energy from renewable sources to first convert
CO2 to CO, which is then further converted by the Fischer-Tropsch process to
hydrocarbons. These hydrocarbons can be burnt on demand to releasing the
stored energy, while the CO2 that is generated is ideally reused to close the
carbon-neutral energy storage loop.
Dissociation of CO2 is a highly endothermic process and is a key step in the
efficient synthesis of solar fuels. The vibration of the CO2 molecule is of particular
interest here, since it can reduce the energy required to overcome the energy
barrier of 5.5 eV for dissociation of CO2 . The highly reactive nature a (nonequilibrium) plasma provides a promising route to selectively channel energy
towards the vibration of CO2 , while spending as little energy as possible on other
energy channels of CO2 , such as electronic excitation, rotation or translation. A
plasma additionally provides an excellent scalability, while allowing the process
to be started and stopped quickly and easily.
The aim of this PhD project is to gain insight into the rotational and vibrational
excitation and relaxation mechanisms in a CO2 glow discharge. The focus was on
studying the effects of impurities such as N2 and H2 O on the internal excitation
of the CO2 . These impurities are commonly present in sources of CO2 , such as
industrial waste gas streams. The plasma source that is used in this study is a
pulsed DC glow discharge operated at 6.7 mbar. A current of 50 mA is supplied
during the 5 ms on-time of the plasma, followed by a 10 ms off-time. The glow
discharge was selected since it is a known source of vibrational non-equilibrium.
Furthermore, it provides easy diagnostic accessibility and an excellent homogeneity in the positive column, allowing line-of-sight diagnostics to be applied.
The homogeneity of the discharge also allows experimental results to be used for
validation of (0D) numerical models.
Measurements are performed using in-situ Quantum Cascade Laser (QCL) absorption spectroscopy. Due to the narrow linewidth of a QCL, these measurements
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provide a very high sensitivity for the rotational and vibrational temperatures,
while also allowing a direct measurement of the gas temperature. Three colinear
QCLs are used to measure transmittance spectra, with a time-resolution of 100 µs.
These transmittance spectra depend strongly on the rotational and vibrational
temperatures, even when only measuring small frequency intervals (Chapter 2).
Spectra are analysed using a custom tool that calculates and fits the transmittance
of CO2 and CO under non-equilibrium conditions. This allows extraction of the
rotational temperature Trot , the CO2 asymmetric stretch vibrational temperature
T3 , a combined temperature T12 for the symmetric stretch and bending modes of
CO2 , the CO vibrational temperature TCO and the CO2 and CO number densities.
The gas temperature Tgas can additionally be extracted from the width of the
measured absorption lines.
A non-equilibrium was found between the various vibrational modes of CO2
and CO in a CO2 glow discharge, with both T3 and TCO showing an initial fast
rise, before reaching a maximum after about 1 ms and decreasing towards the
end of the on-time. In contrast, the time evolution of Trot , T12 and Tgas was
characterised by a much slower increase towards the end of the on-time. The
order of the measured temperatures always follows TCO ≥ T3 ≥ T12 ≥ Trot = Tgas
(Chapters 3, 4 and 5).
The addition of N2 has been studied since it is suggested to allow easy energy
transfer towards the asymmetric stretch mode of CO2 . N2 is shown to significantly enhance the vibrational non-equilibrium, with T3 and TCO reaching 2250 K
and 3700 K respectively for N2 admixtures up to 90% (Chapter 3). These peak
temperatures were reached significantly later than for a pure CO2 gas feed, suggesting that N2 causes V-T relaxation to become significantly lower with respect
to the excitation of the vibrational levels by electron impact and V-V interactions.
Hence, N2 has been shown to significantly increase the non-equilibrium character
of the plasma to drive energy towards the desired asymmetric stretch vibrational
mode of CO2 .
Water vapour is generally present in small quantities in industrial waste
gas streams or is added on purpose for combined conversion of CO2 and H2 O.
Absorption spectroscopy and rotational Raman spectroscopy were used to study
the effect of water vapour on the vibrational temperatures in a CO2 plasma
(Chapter 4). This showed only little effect for water admixtures of up to 0.5%.
Higher water admixtures showed significantly vibrational quenching of T3 and
TCO , although the time evolution of T3 in the initial few hundred microseconds of
the plasma on-time was not affected upon admixing water. This suggests that the
initial vibrational excitation rate through e-V and V-V interactions is not affected
by water vapour. The conversion was shown to drop by almost a factor 4 when
admixing 10% water vapour, which can be partially attributed to the vibrational
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quenching. Even small quantities of water have been shown to significantly
reduce the vibrational temperatures of CO2 , as well as the CO2 conversion, and
thus care should be taken to remove water from the CO2 feed gas.
Subsequently, the effect of changes in reactor geometry and constant current
or voltage operation is investigated (Chapter 5). Significant differences in the
time evolution of the pressure due to gas heating are observed when changing
the reactor geometry. These changes are related to changes in reactor volume
and gas inlet and outlet conductance. The effect of changes in pressure on the
vibrational temperatures seems to be low, but further measurements are required.
The difference between constant current and voltage operation was shown to
significantly affect the instantaneous input power during the first few milliseconds
of the on-time. This only marginally affected measured vibrational temperatures,
but showed an increase in conversion from 19 ± 2% for constant voltage operation
to 23 ± 2% for constant current operation, which is attributed to a higher direct
electron impact dissociation rate. This demonstrates the importance of explicitly
reporting the time evolution of the input power.
In conclusion, QCL absorption spectroscopy was successfully applied to measure rotational, vibrational and gas temperatures, as well as the CO2 to CO
conversion efficiency. This allowed the effect of N2 and water vapour on the vibrational temperatures to be studied, which can be used to validate and improve
numerical models. Experimental considerations such as the reactor geometry
and the power regulation method are additionally highlighted to improve future
consistency among measured data.
In addition to line-of-sight absorption spectroscopy in a uniform discharge,
Two-photon Absorption Laser-Induced Fluorescence (TALIF) was set up to measure the CO number density and rotational temperature both spatially and
temporally resolved, allowing future measurements in discharges with spatial
gradients (Chapter 6). These measurements use two-photon excitation in the
B1 Σ+ (v’=0) ← X 1 Σ+ (v”=0) band using a nanosecond pulsed laser, while the
emission is recorded from the B1 Σ+ (v’=0) → A1 Π(v”=2) transition. A fit of the
full Q-branch is used to determine the rotational temperature, while absolute
CO number densities are extracted by taking into account quenching from calculations based on a rough estimation of the plasma conversion. This diagnostic
can be applied to measure arbitrary rotational distributions, while absolute CO
number densities can be determined in any system where a guess for the (local)
pressure and gas composition is available and changes in quenching frequency
are limited.

Samenvatting

Vibrationele energie overdracht in plasma’s met CO2
De transitie van fossiele brandstoffen naar hernieuwbare energiebronnen zorgt
voor nieuwe uitdagingen, zoals het periodieke karakter van de energieproductie
uit hernieuwbare bronnen. Het opschalen van productie uit deze hernieuwbare
energiebronnen zou dus hand in hand moeten gaan met de opslag van energie
overschotten tijdens piekuren. De productie van zonnebrandstoffen uit hernieuwbare energie kan gebruikt worden om de energie op te slaan, terwijl het ook de
elektrificatie van de transport sector en industriële sector toestaat. Deze zonnebrandstoffen kunnen worden gesynthetiseerd door energie uit hernieuwbare
bronnen te gebruiken om CO2 eerst om te zetten naar CO. De CO kan vervolgens door middel van het Fischer-Tropsch proces verder worden omgezet naar
koolwaterstoffen. Deze koolwaterstoffen kunnen worden verbrand waarbij de energie wordt vrijgegeven. De gegenereerde CO2 kan idealiter worden hergebruikt,
waarmee de CO2 neutrale cyclus wordt gesloten.
Dissociatie van CO2 is een zeer endotherm proces en een belangrijke stap in
de efficiënte productie van zonnebrandstoffen. De vibratie van het CO2 molecuul
is hier van specifiek belang omdat het de energie kan verminderen die benodigd
is voor het overwinnen van de energie barrière voor dissociatie van CO2 van
5.5 eV. Het zeer reactieve karakter van een (niet-evenwichts) plasma biedt een
veelbelovende optie om energie selectief over te dragen aan de vibratie van CO2 ,
terwijl er een minimale hoeveelheid energie gespendeerd wordt aan elektronische
excitatie, rotatie of translatie. Een plasma is meestal goed schaalbaar, terwijl het
ook makkelijk en snel kan worden aan- en uitgezet.
Het doel van dit PhD project is om inzicht te krijgen in de rotationale en vibrationele excitatie en relaxatie mechanismen in een CO2 gloeiontlading. De focus
ligt bij het bestuderen van onzuiverheden zoals N2 en H2 O op de interne excitatie
van CO2 . Deze onzuiverheden zijn vaak aanwezig in bronnen van CO2 , zoals
industriële restgassen. De plasma bron die wordt gebruikt in dit onderzoek is een
gepulste DC-gloeiontlading bij een druk van 6.7 mbar. De stroom is 50 mA tijdens
de 5 ms aan-tijd van het plasma, welke wordt gevolgd door een uit-tijd van 10 ms.
De gloeiontlading is geselecteerd omdat het een bekend niet-evenwichts plasma
is. Daarnaast voorziet dit plasma in goede diagnostische toegang en een goede
homogeniteit in de positieve kolom, waardoor lijn geïntegreerde diagnostieken
kunnen worden toegepast. De homogeniteit van de ontlading zorgt er ook voor
dat experimentele resultaten kunnen worden gebruikt voor het valideren van
(0D) numerieke modellen.
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Metingen werden gedaan door middel van in-situ Quantum Cascade Laser
(QCL) absorptie spectroscopie. Door de smalle lijnbreedte van een QCL hebben
deze metingen een hoge gevoeligheid voor rotationele en vibrationele temperatuur, terwijl een directe meting van de gas temperatuur ook mogelijk is. Drie
evenwijdige QCLs werden gebruikt om transmissie spectra te meten met een
tijdsresolutie van 100 µs. Deze transmissie spectra zijn erg afhankelijk van rotationele en vibrationele temperaturen, zelfs als er wordt gemeten over een klein
frequentie interval (Hoofdstuk 2). Spectra werden geanalyseerd met behulp van
een algoritme die de transmissie van CO2 en CO in niet-evenwichts omstandigheden uitrekent en fit. Hierdoor kunnen de rotationele temperatuur Trot , de CO2
asymmetrische rek vibrationele temperatuur T3 , een gecombineerde temperatuur
T12 voor de symmetrische rek- en buig vibraties van CO2 , de CO vibrationele
temperatuur TCO en de CO2 en CO dichtheden worden bepaald. De gastemperatuur Tgas kan daarnaast worden bepaald aan de hand van de breedte van de
absorptielijnen.
Een niet-evenwicht werd gemeten tussen de vibraties van CO2 en CO in een
CO2 gloeiontlading, met een snelle initiële stijging voor zowel T3 als TCO , gevolgd
door een maximum na ongeveer 1 ms en een daling richting het einde van de aantijd. De tijdsevolutie van Trot , T12 en Tgas daarentegen laat een veel langzamere
stijging zien richting het einde van de aan-tijd. De gemeten temperaturen voldoen
altijd aan de rangschikking TCO ≥ T3 ≥ T12 ≥ Trot = Tgas (Hoofdstukken 3, 4 en
5).
De toevoeging van N2 is onderzocht omdat het makkelijke energieoverdracht
mogelijk zou maken naar de asymmetrische rek trilling van CO2 . N2 zorgt
voor een sterke toename van het vibrationele niet-evenwicht, waarbij T3 en TCO
waarden bereiken van 2250 K en 3700 K respectievelijk voor N2 toevoegingen tot
90% (Hoofdstuk 3). Deze piek in de vibrationele temperaturen werd later bereikt
dan voor puur CO2 , wat suggereert dat V-T relaxatie significant lager wordt in
verhouding tot excitatie van vibrationele niveaus door botsingen met elektronen
en V-V interacties. N2 versterkt dus het niet-evenwichts karakter van het plasma
en zorgt voor een toevoer van energie naar de gewenste asymmetrische rek
vibratie van CO2 .
Waterdamp is vaak aanwezig in industriële restgassen in kleine hoeveelheden
of wordt bewust toegevoegd voor gecombineerde conversie van CO2 en H2 O.
Absorptie spectroscopie en rotationele Raman spectroscopie werden gebruikt
om het effect van waterdamp te bestuderen op de vibrationele temperaturen in
een CO2 plasma (Hoofdstuk 4). Dit liet een klein effect zien voor water toevoegingen tot 0.5%. Hogere toevoegingen van water lieten een significante reductie
zien van T3 en TCO , hoewel de tijdsevolutie van T3 in de eerste paar honderd
microseconden niet veranderde door toevoeging van water. Dit suggereert dat
de snelheid van de initiële vibrationele excitatie door e-V en V-V interacties niet
wordt beïnvloed door waterdamp. De conversie liet een daling zien van bijna een
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factor 4 bij een water toevoeging van 10%, wat deels kan worden toegeschreven
aan vibrationele quenching. Zelfs kleine hoeveelheden water veroorzaken een
significante reductie van de vibrationele temperaturen van CO2 en het is dus
verstandig om water te verwijderen uit de gastoevoer.
Hierna werd het effect bestudeerd van veranderingen in de reactor geometrie
en het gebruiken van de ontlading met een constante stroom of een constant voltage (Hoofdstuk 5). Significante verschillen werden gemeten in de evolutie van
de druk als gevolg van de verhitting van het gas voor verschillen in reactor geometrie. Deze verschillen worden veroorzaakt door een veranderend volume en
verschillen in geleiding van de gas invoer en uitvoer. Het effect van veranderingen in de druk op de vibrationele temperaturen lijkt klein te zijn, al zijn verdere
metingen nodig. Het leveren van een constante stroom of een constant voltage
heeft een significante invloed op het instantane opgenomen vermogen gedurende
de eerste paar milliseconden van de aan-tijd. Dit heeft maar beperkte invloed
op de gemeten vibrationele temperatuur, maar de CO2 conversie nam toe van
19 ± 2% voor de toevoer van een constant voltage tot 23 ± 2% voor toevoer van
een constante stroom. Dit wordt toegeschreven aan een hogere dissociatie door
botsingen met elektronen. Dit toont het belang aan van het expliciet vermelden
van de tijdsevolutie van het opgenomen vermogen.
Samenvattend, QCL absorptie spectroscopie werd succesvol toegepast voor
het meten van de rotationele, vibrationele en gas temperatuur en de CO2 naar
CO conversie efficiëntie. Hierdoor kon het effect van N2 en waterdamp op de
vibrationele temperaturen worden bestudeerd, wat kan worden gebruikt voor
het valideren en verbeteren van numerieke modellen. Experimentele overwegingen zoals de reactor geometrie en de regulatie van het vermogen worden ook
aangestipt om de consistentie van toekomstige metingen te kunnen verbeteren.
Naast zichtslijn absorptie spectroscopie in een uniforme ontlading, werd er
een diagnostiek op basis van twee foton absorptie laser geïnduceerde fluorescentie gebouwd om de absolute CO dichtheid en rotationele temperatuur te meten,
zowel plaats en tijd opgelost. Dit maakt toekomstige metingen in ontladingen
met spatiële gradiënten mogelijk (Hoofdstuk 6). Deze metingen gebruiken excitatie door middel van twee fotonen in de B1 Σ+ (v’=0) ← X 1 Σ+ (v”=0) transitie
met een nanoseconde gepulste laser, terwijl de emissie werd gemeten van de
B1 Σ+ (v’=0) → A1 Π(v”=2) transitie. Een fit van de volledige Q-branch werd
toegepast om de rotationele temperatuur te bepalen, terwijl de absolute CO
dichtheid werd bepaald met inachtneming van de quenching, door berekeningen
op basis van een ruwe schatting van de plasma conversie. Deze diagnostiek kan
worden toegepast om arbitraire rotationele verdelingen te meten. Ook kunnen
absolute CO dichtheden worden bepaald in elk systeem waar er een inschatting
van de lokale druk en gas compositie beschikbaar is, en waarbij veranderingen in
de quenching frequentie beperkt zijn.
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1
General introduction

This first chapter is intended to provide the reader with the building blocks
to understand the title of this thesis “Vibrational energy exchange in plasmas
containing CO2 ” and its relation to the next chapters in this thesis. This is done
by first sketching the ongoing transition in energy production methods towards
renewable energy, which creates new challenges in energy storage. One of the
methods to store energy is by creating so called solar fuels, in which the efficient
conversion from CO2 to CO plays an important role. We will see that an efficient
way to perform this conversion is by letting the CO2 molecules vibrate. The
concept of a plasma is then introduced, and the role of a plasma is discussed in
potentially stimulating the vibration of CO2 molecules efficiently and selectively,
without producing much excess heat. This is followed by a short literature
overview of important recent and historic studies in various types of plasmas.
Finally, the outline of this thesis is discussed on a chapter-by-chapter basis.
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Climate change by CO2 emissions

1.1

Since the start of the industrial revolution, global energy demand has been increasing significantly, and is expected to keep growing by an additional 25%
towards 2040.1,2 This growing energy demand is attributed partially to a growing global population to about 9 billion by 20403 and partially to an increase in
the energy consumption per capita in developing countries, which is correlated
directly to economic growth.1,4
The global energy demand is at present mostly satisfied by burning fossil fuels,
e.g. producing heat from natural gas for domestic heating, providing mechanical
work from gasoline or diesel for transportation of people and goods and electrical
energy from coal in power plants. Burning of these fossil fuels leads to large
anthropogenic CO2 emissions, in turn leading to an increase in CO2 levels from
277 parts per million at the start of the industrial era to 407 parts per million in
2018.6,7
Rising CO2 levels enhance the greenhouse effect by absorbing and re-emitting
reflected infrared radiation to the earth, effectively trapping heat within the
atmosphere. Rising global temperatures as a result of this greenhouse effect have

a)

b)

% renewables of total energy consumption

a significant impact on the global and local climate, for example leading to rising
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Figure 1.1: Share of renewable energy in the gross energy consumption per EU country in
a) 2004 and b) 2018.5 The average share from renewables increased from 9% in 2004 to 18%
in 2018. Countries were data was unavailable are marked in grey.
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sea levels, more extreme weather and climate events and significant changes in
ecosystems.8,9 A recent study shows that continued anthropogenic CO2 emissions
at the current level can lead to irreversible global warming for the next 10000
years,8 demonstrating the importance of drastically reducing fossil energy usage.
Climate awareness is growing in recent years, leading to the Paris agreement
in 2015, where 194 states and the European Union pledge to mitigate emission of
greenhouse gases with the goal to keep the global increase in temperature below
1.5 °C with respect to pre-industrial levels.10 Recently, the Dutch government has
even been forced in a lawsuit to uphold its promises in the Paris agreement,11
while court cases against other governmental bodies are ongoing.12 A recent study
by the Intergovernmental Panel on Climate Change in 2018 states that achieving
the Paris agreement goals would require “rapid and far-reaching transitions in
energy, land, urban and infrastructure (including transport and buildings), and
industrial systems”.9

Renewable energy as a sustainable alternative

1.2

As a direct result of growing concerns about anthropogenic climate change, the
share of energy from renewable sources in the total energy consumption has been
increased significantly. In 2004, the share of renewable energy in the total gross
energy consumption in the European Union was only 9%, which has doubled
to 18% by the end of 2018,5 and is again projected to grow significantly towards
2020.10
Figure 1.1 shows the share of electricity generation from renewables per
country in Europe in both 2004 and 2018, showing a significant increase in the
share of renewable energy in the total energy consumption for most European
countries. Especially Iceland and Norway stand out in their high percentage
of energy generation from renewable sources, which is mainly generated from
hydroelectric and geothermal sources.13 The increase in electricity generation
from renewables in Europe since 2004 is mainly caused by an increase in wind
and solar power to 38% and 12% of the total renewable electricity generation
respectively.13 Since current investments in renewable energy technology focus
mainly on solar photovoltaics (PV) and wind energy, this share is expected to
increase rapidly in the future.14,15
Currently however, energy from renewable sources still supplement, rather
then replace energy from fossil fuels. With an increasing share of renewables
in the energy mix comes the requirement for further electrification of many
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Figure 1.2: Energy demand and production from solar and wind sources in Germany
during a week in April 2020.21

fields of society. In the transport section, this electrification is already underway,
with European sales of electric cars increasing by 58% over 2016 for example.14
While the global market share of electric cars in 2016 was only 1.1%, this is
expected to further increase towards 2040, with market share predictions ranging
from several tens of percents to 80%.16–18 Railway transport in some countries,
including The Netherlands, is already mainly electrified,14 and electrification of
domestic heating using heat pumps instead of natural gas is heavily encouraged
and subsidised by the Dutch government.19
Electrification of some forms of transportation however may not be possible.
Aviation and cargo shipping depend heavily on high energy density fuels to be
economical for example and thus the synthesis of high-density fuels using electricity might be required to remove their dependence on fossil fuels. Furthermore,
the industrial sector depends heavily on materials obtained from fossil fuels like
petroleum and natural gas for products ranging from plastics to medicines.20
With increasing the share of renewable energy sources and the related electrification of society, new challenges arise due to a mismatch in energy production
and energy demand, both in time and space. This intermittent nature of renewable energy from solar and wind sources is illustrated in Figure 1.2, where the
net energy demand and production from solar and wind sources in Germany is
displayed during a week in April 2020. Day-night cycles can be clearly identified,
where the energy demand is highest during the day, but rarely drops below
60% of its maximum during the night. Solar energy however is only produced
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Figure 1.3: Potential energy production from photovoltaics across the globe.22 The data
only spans from 60°N to 45°S due to limited satellite coverage.

during the day, while there is no solar energy production during the night at all.
Day-to-day variations are also present due to changing cloud coverage. Wind
energy varies drastically over the displayed week due to a change in weather
patterns. Furthermore, seasonal changes also affect production from solar and
wind sources. Long summer days result in a much higher solar energy production, while short winter days yield little solar energy production. Assuming that
Figure 1.2 is representative for the variations in energy production from solar
and wind sources globally, together with the increasing share of solar and wind
energy in the global energy mix, a storage method is required to overcome daily
and seasonal energy production variations.
The potential energy production from renewable sources typically shows large
spatial variations. For example, hydroelectric energy production is restricted to
countries with large water flows and/or large height differences. Wind energy
production generally works best near coastlines,23 while geothermal energy only
works near tectonic plate boundaries. The potential output from solar PV varies
wildly across the globe, as is shown by yearly averages in Figure 1.3.22 Even
a combination of multiple renewable energy sources would still result in large
spatial variations in renewable energy production potential. While these spatial
variations are also present for fossil fuels (71% of oil and gas reserves are located
in just four regions24 ), these fossil fuels can easily be transported due to their high
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Figure 1.4: Energy densities and specific energies of different energy storage materials,
excluding latent heat of evaporation.25,26

energy density.25 To allow transport of renewable energy, a similar high energy
density storage medium should be pursued.
To overcome the intermittent nature of renewable energy, an energy storage
method is required that stores energy during peak production while addressing
the stored energy when production is low. This can be done using pumped
hydroelectric storage (PHS) by pumping water to higher altitudes when an energy
surplus is available, releasing the water through turbines during an energy deficit
to release the potential energy of the water. Energy can also be stored in the
chemical bonds of molecules, by charging and using batteries or by producing
hydrogen or hydrocarbons during peak production and combust these when
additional energy is required. All of these options can be used to store energy
locally, but they have varying levels of applicability when energy has to be
transported before consumption.
Figure 1.4 shows the energy content per kilogram (specific energy) and per
litre (energy density) of various energy storage media, excluding any additional
latent heat of evaporation. It is clear from this figure that batteries are not very
well suited to transport energy over large distances due to their limited energy
density. Hydrogen or compressed natural gas (CNG) both have high specific
energies, while the energy density depends heavily on the pressure at which it is
stored. To store these materials at high pressure though, heavy storage vessels
are required which reduce the effective specific energy to below 10 MJ/kg with
current technology.27,28 Liquid hydrocarbons have both a high specific energy and
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a high energy density and their transportation infrastructure is already in place,
making these liquid hydrocarbons well suited for energy storage and transport.
Liquid high-energy-density hydrocarbons can be synthesised from CO2 using
a cycle as depicted in Figure 1.5, in which the dissociation of CO2 to form CO
is a key step. CO2 is initially extracted from an external source, for example
industrial facilities. The CO2 is then reduced to CO by adding surplus energy
from a renewable source. Hydrogen is subsequently added to the generated CO,
creating syngas that can be processed further using the Fischer-Tropsch process
to create (liquid) hydrocarbons.30,31 The Fischer-Tropsch process is a common
process to generate hydrocarbons, although it typically uses syngas from coal or
biomass instead of syngas from a renewable energy source.32 Upon combustion
of the synthesised hydrocarbons, the renewable energy as well as the CO2 used to
create them is released again. Hence, the CO2 cycle can be used near intermittent
renewable energy sources as a buffer to overcome day-night cycles, as well as

CO2

CO2

CxHyOz

CO

NEUTRAL

FUEL

H2
Figure 1.5: A schematic representation of a CO2 neutral energy storage cycle. Here, a
surplus of renewable energy is used to dissociate CO2 into CO, which is subsequently
converted into hydrocarbons using the Fischer-Tropsch process. The input energy is
effectively stored in the chemical bonds of the hydrocarbons and can be released by
burning these hydrocarbons at the desired time. By reusing the CO2 released by the
hydrocarbons, this loop is carbon neutral. Figure adapted from Klarenaar.29
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seasonal changes, allowing renewable energy sources to be implemented more
readily in the energy mix.
The depicted process can additionally provide a way to synthesise the highdensity fuels required for sectors that are difficult to fully electrify, such as the
previously mentioned aviation and cargo shipping sectors. It should be noted
though that for these sectors, it is generally impractical and/or not economically
feasible to capture the emitted CO2 at the source, i.e. the emitted CO2 is lost from
the cycle. When such losses of CO2 from the cycle occur, additional CO2 has to be
introduced in the cycle (for example using direct air capture), which reduces the
overall efficiency of the cycle. Harvesting new CO2 for introduction in the cycle is
at present energy costly, but the cost of direct air capture is expected to decrease
significantly over the next decades.33,34
In industry, one can use part of the proposed cycle to generate carbon based
materials from CO2 and (renewable) energy, thus removing their dependency on
raw materials such as petroleum and natural gas.20 If these carbon based materials
are subsequently incorporated into durable products, CO2 will be stored in these
products, thus achieving a negative net CO2 emission.

Efficient reduction of CO2

1.3

Chemical reduction

1.3.1

The efficient reduction of CO2 into CO is an important step to achieve efficient
energy storage into liquid hydrocarbon fuels. Since CO2 is the most oxidised
form of carbon and a stable molecule, it is however not straightforward to achieve
highly energy efficient reduction towards CO.35
One way of overcoming the inherent energy barrier for CO2 reduction is by
pure thermal reduction, which is described by the reaction:
CO2 → CO + O,

∆H ◦ = 5.5 eV.

(1.1)

where ∆H ◦ describes the reaction enthalpy required to produce products without
any additional kinetic or internal energy. Atomic oxygen produced in this reaction
can further aid the dissociation of another vibrationally excited CO2 molecule
through the reaction pathway:36
O + CO2∗ → CO + O2 ,

∆H ◦ = 0.3 eV.

(1.2)
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Assuming vibrationally excited CO2 molecules are available (generally requiring
high temperatures), the net CO2 reduction reaction can be written as follows:
1
CO2 → CO + O2 ,
2

∆H ◦ = 2.9 eV.

(1.3)

Since the dissociation of CO2 is a highly endothermic reaction, CO is also converted back to CO2 without active removal of either CO or O2 . To shift the balance
of this reaction towards the production of CO, temperatures of up to 3300 K are required to achieve the maximum thermal energy efficiency of 47%, corresponding
to a conversion of about 66%.35
Alternatively, catalysts can be used to overcome the CO2 reduction energy
barrier. Dry reforming of CH4 and CO2 for example is often performed using a
Ni-based catalyst:37,38
CH4 + CO2 → 2CO + 2H2 ,

∆H ◦ = 2.6 eV.

(1.4)

Although the reaction enthalpy is less then that of reaction 1.3, high temperatures
of 900-1200 K are still required.39–41 This allows theoretical energy efficiencies
at 1000 K of up to 70%, with a conversion of 83%.35 However, one byproduct
of the reformation is soot, which can deposit onto the catalyst and deactivate it,
resulting in a significantly lower effective energy efficiency.
While these approaches are able to reduce CO2 to CO, they are inherently
limited by the high temperatures required to achieve significant energy efficiencies
and conversions. Due to the heating times involved in these processes and
relatively long stabilisation times that are common in catalytic processes, these
solutions can hardly be considered turnkey solutions, making them less suitable
for energy storage of energy from intermittent sources.

Plasma-assisted reduction

1.3.2

Chemical activation of CO2 can also be done using a plasma, which typically
requires low investment cost since no rare earth materials are required, while
also providing the excellent scalability of a plasma reactor.42 Most importantly
though, various plasma sources provide a true turnkey solution for CO2 reduction
and are thus well suited for energy storage of energy from intermittent sources.
A plasma is a gas that is highly energised, either as a result of high temperatures or high electromagnetic fields, to the point where electrons can break free
from the nucleus of particles. This creates a highly reactive environment, that

Chapter 1. General introduction

Fractional power transfer

10

1.0

Sym. stretch (v1 = 1)
Bending (v2 = 1)
Asym. stretch (v3 = 1)

Rotational
Other vib. modes
Electronic

0.8
0.6
0.4
0.2
0.0100

101

E/N (Td)

102

Figure 1.6: Fractional energy power transfer from electrons to CO2 for rotational, vibrational and electronic excitation as a function of the reduced electric field E/N.43 Data is
digitally extracted from a figure by Fridman.36

includes electrons and heavy particles like ions, radicals, excited species, neutral
species and photons ranging from the (deep) UV to the (far) infrared. When a
plasma is initiated using high electric fields, much of the energy will be channelled
towards the lighter electrons rather then the heavier ions, due to their lower mass.
As a result, the electrons can gain large amounts of kinetic energy, with electron
temperatures commonly being over 10000 K, while ion temperatures can be as
low as room temperature.
These highly energised electrons can in turn transfer energy towards neutral
atoms and molecules. This can result in these species being excited to a higher
electronic state, but can also result in vibration or rotation of molecules. How
the energy is distributed among these different channels is determined by the
energy of the electrons which is closely related to the reduced electric field E/N.
Figure 1.6 shows the fractional deposited power in different CO2 energy modes
as a function of the reduced electric field E/N. This figure shows that direct
rotational excitation only happens at very low reduced electric fields, while
electronic excitation requires high reduced electric fields. The reduced electric
fields required for efficient vibrational excitation of CO2 varies for different modes
of vibration of the CO2 molecule (the symmetric stretch, bending and asymmetric
stretch modes respectively). Figure 1.6 shows that one could tune the plasma
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through the reduced electric field to direct the CO2 energy input towards a specific
energy channel.
The usefulness of directing the energy input towards a specific channel depends on the type of plasma, where the distinction between a thermal and nonthermal plasma has to be made. To understand this distinction though, we first
need to carefully define the concept of temperature. Intuitively temperature is
used to describe how much thermal energy an object has, e.g. if something feels
hot or cold. In a (canonical) ensemble of gas molecules in thermal equilibrium,
the temperature describes the distribution of energy over the molecules. Here, a
higher temperature means that the particles have a higher average kinetic energy
and thus the gas is hotter, while the particles have less average kinetic energy at
lower temperatures.
Similarly, temperatures can be used to describe the amount of energy stored
in a system of discreet energy levels in thermal equilibrium, for example to
describe the vibration and rotation of a molecule. In this case, temperature again
describes a distribution of energy over these discreet energy levels according to
the Boltzmann relation for example:


E
pi ∝ exp − i
kB T

(1.5)

where pi describes the probability of finding a particle in a certain discreet level i
with energy Ei . k B is the Boltzmann constant, while T is the temperature describing the energy distribution over the discreet levels. Again, a higher temperature
means that the probability of finding a particle in a more energetic state is higher.
Some systems out of thermal equilibrium can be described using Boltzmann-like
distributions such as the Treanor distribution, although there are also systems
out of thermal equilibrium that are not well described using any distribution and
thus no temperature can be assigned.
In a thermal plasma, the heavy particles are in what is called local thermodynamic equilibrium (LTE). As a result, energy is distribution evenly among all
energy channels and the distribution of energy among these heavy particles can
be described by a single temperature. This generally happens at higher pressures, where collisions between electrons and heavy particles are more frequent.36
Hence, trying to direct energy towards a specific energy channel in a thermal
plasma serves little use, since this energy input will redistribute evenly across all
channels very quickly. Despite this, thermal plasmas have found many everyday
applications due to their directionality and high temperature (gradients), ranging
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from metallurgy (i.e. plasma cutting and arc welding) to treatment of hazardous
waste materials.44 Thermal plasmas can also be used to reduce CO2 to CO, but
they are thermodynamically limited to a maximum energy efficiency of 47% and
a conversion of 66% at 3300 K, just like thermal conversion without a plasma.
In a colder, non-thermal plasma however, the species are in non-local thermodynamic equilibrium (non-LTE). This means that the energy is not evenly
distributed among all channels (kinetic, electronic, vibrational or rotational energy). In most cases though, it is possible to split these systems into smaller
subsystems that are in thermal equilibrium, which can be described using their
own respective temperatures. For example, a temperature Te can be used to
describe the kinetic energy distribution of electrons, Ti is used for the heavy ions
and a translational temperature Tgas is assigned to the neutral species. Further
subsystems can be defined within a single species, where the vibrational energy distribution of a molecule can be assigned a vibrational temperature Tvib ,
while a rotational temperature Trot can also be defined. These temperatures in a
non-thermal plasma are usually found in the following hierarchy:36
Te  Tvib > Trot ≈ Ti ≈ Tgas .

(1.6)

Due to the non-LTE conditions in a non-thermal plasma, it is possible to improve
the selectivity for a single energy channel. In this way, energy can be directed
towards vibrational excitation, with resulting vibrational temperatures exceeding rotational and gas temperatures significantly.45,46 As a result, little thermal
storage is present in the plasma. Hence, the plasma can be switched on and off
easily, making a non-thermal plasma a true turnkey solution for energy storage
applications.

Non-thermal reduction of CO2

1.3.3

Figure 1.7 schematically depicts some of the important energy exchange processes
in a non-thermal CO2 plasma. Initially, the energy from the electromagnetic field
is transferred to the electrons, which typically transfer their energy to the CO2
molecule by electronic of vibrational excitation, depending on the reduced electric
field. Since CO2 is a triatomic linear molecule it has four vibrational degrees of
freedom to which energy can be transferred, which are the symmetric stretch vibrational mode ν1 , two degenerate bending modes ν2 and the asymmetric stretch
mode ν3 . The vibrational state of the CO2 molecule is expressed as (ν1 , ν2l2 , ν3 ),

1.3. Efficient reduction of CO2
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Figure 1.7: Schematic overview of energy exchange processes of CO2 in a plasma. The
energy is initially transferred from the electromagnetic field to the electrons, which can
lead to vibrational excitation of CO2 or dissociation through direct electron impact. Energy
exchange in the ν3 mode can initiate vibrational ladder climbing, leading to efficient
dissociation if a sufficiently high energy is reached. Vibrational energy is also lost to
translations, mainly through the vibrational bending mode, leading to energy exchange
towards translations and rotations. Direct transfer of energy from electrons to translation
is also possible through elastic collisions. Figure adapted from Britun et al.47

with l2 the contribution of the bending mode to the angular momentum. In
principle, each of these vibrational modes can be selectively excited by tuning the
electron energy of the plasma. For example, Figure 1.6 shows that ν3 is most efficiently excited at a reduced electric field of about 20 Td. Typical reduced electric
fields for most non-thermal plasmas are usually higher, resulting predominantly
in electronic excitation and vibrational excitation of the ν3 mode, with only minor
(direct) vibrational excitation of the other modes.36 Excitation of the ν3 mode by
electrons occurs through the reaction pathway
e− + CO2 (0, 00 , 0) → e− + CO2 (0, 00 , 1).

(1.7)
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Once CO2 has been excited to its first asymmetric stretch vibrational level,

it can undergo vibration-vibration (V-V) interactions with other ν3 excited CO2
molecules, where one of these CO2 molecules gains vibrational energy while the
other loses vibrational energy, which is also known as vibrational ladder climbing:
l0

CO2 (ν1 , ν2l2 , ν3 ) + CO2 (ν10 , ν20 2 , ν30 ) →
l0

CO2 (ν1 , ν2l2 , (ν3 + 1)) + CO2 (ν10 , ν20 2 , (ν30 − 1))

(1.8)

In this way, a CO2 molecule can gain enough energy to dissociate. However,
other processes take place simultaneously that affect the overall dissociation
efficiency. These processes are included in Figure 1.7 as well, where V-V energy
exchanges between different vibrational modes can redistribute energy over these
modes, while energy can be lost from the vibrational modes through vibrationaltranslational (V-T) and subsequent translation-rotation (T-R) energy transfer.47
A more detailed model of the energy exchange processes in a CO2 plasma are
available in.48–53
Dissociation through vibrational ladder climbing and electronic excitation of
CO2 are schematically depicted using a potential energy diagram in Figure 1.8.
Orange arrows indicate the ladder climbing process up to ν3 = 21, where the
energy is high enough to overcome the dissociation energy barrier for CO2 at
5.5 eV, forming CO and atomic oxygen without generating excess heat.54 To reach
the dissociative electronic state of CO2 at 5.5 eV, a transition from a the singlet
ground state to a triplet state is required (also known as intersystem crossing),
which is spin-forbidden. However, calculations on the transition probability from
the X 1 Σ to the 3 B2 electronic state show that this transition can be considered
as effectively allowed,55 thus not obstructing efficient CO2 dissociation via the
triplet 3 B2 state. Using vibrational ladder climbing, theoretical efficiencies of up
to 90% are reported in a non-thermal plasma.36
As mentioned before, CO2 dissociation can also occur through direct electron
impact by inelastically scattering of electrons with CO2 . However, since the
separation of the O-CO bond can not change instantaneously in this case, the only
way to achieve direct electronic excitation from the vibrational ground state of
CO2 is by providing over 7 eV of energy.35 Since the reaction enthalpy for CO2
reduction is only 5.5 eV, as shown in reaction 1.1, the excess energy is transferred to
the products as kinetic or internal energy (indicated by the black arrow), resulting
in a lower dissociation efficiency. A combination of vibrational ladder climbing
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Figure 1.8: Potential energy curves for various electronic states of the CO2 molecule as
a function of the O-CO bond length, with asymmetric stretch vibrational levels in blue
drawn for the electronic ground state (1 Σ+ ). Stepwise vibrational ladder climbing up to
the dissociation energy is depicted using orange arrows. Solid red arrow indicate direct
electronic excitation from the vibrational ground state to a dissociating state, with the
generated excess heat indicated by the black arrow. The dashed red arrow indicates a
combination of vibrational ladder climbing and electronic excitation. This figure was based
on a figure originally reported by Fridman.36

16

Chapter 1. General introduction

and electronic excitation is also possible, as illustrated in Figure 1.8 by the dashed
pathway. In this case, vibrational excitation of CO2 could help in reducing the
energy barrier of the dissociation reaction, potentially improving the dissociation
through direct electron impact.
Vibrational excitation of CO2 can also benefit CO2 dissociation by other means
than ladder-climbing or electron impact dissociation. For example, vibrationally
excited CO2 can react with atomic oxygen to form CO with a relatively low reaction enthalpy (Equation 1.2). Furthermore, the reactivity of various gas phase
reactions is known to depend on the vibrational excitation of the species,56,57 thus
potentially allowing reactions to be steered through the degree of vibrational
excitation. On Ni(100) catalytic surfaces, molecular dynamics studies have also
indicated that vibrational excitation allows activation of dissociative chemisorption of CO2 .58 Hence, vibrational excitation can play a significant role in efficient
dissociation of CO2 and thus a better understanding of the vibrational dynamics
in a non-thermal CO2 plasma is required.

Non-thermal CO2 dissociation in literature

1.4

This section will provide a brief overview of literature regarding the dissociation
of CO2 in non-thermal plasmas to sketch the scientific field to which this PhD
thesis belongs. While this mainly contains recent literature, some historically
important references are also included.
Within the field of CO2 plasmas, many computational and experimental studies have been performed in recent years (2016-2019) on plasmas containing pure
CO2 .45,47–53,59–69 Studies on the admixture of various gases are performed, either
to try to improve the dissociation of CO2 (by Ar,63,67,70–74 He,73,75 N2 47,67,70,73,76,77
and O2 76 ) or to try to directly synthesise the desired hydrocarbons in the plasma
phase (CH4 ,39,78,79 H2 ,80 H2 O81 ). Catalysts are also often introduced, for example
by covering the reactor walls with a catalytic compound or by introducing beads
into the reactor.39,70,82

Microwave and RF discharges

1.4.1

The scientific field on CO2 dissociation was initially started in the 1970s with
the theoretical groundwork by Polak,83 showing the contribution of vibrational
excitation to the dissociation of molecular species. The first experimental results
based on this theoretical basis were reported by Capezzuto et al.,84 showing a
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strongly non-thermal capacitively coupled RF plasma operated at pressures of
tens of mbars at a plasma frequency of 35 MHz. Their results showed up to 60%
of the energy pumped into the vibrational system of CO2 being utilised for its
dissociation.
Within a few years, Legasov et al. reported energy efficiencies of up to 80%
in a subsonic flowing non-equilibrium microwave (MW) discharge at moderate
pressures of 50-200 Torr.85 This energy efficiency was further improved by Asisov
et al. by operating a microwave discharge in supersonic flow, reaching an energy
efficiency of up to 90%.86,87 While these studies seem very promising, their results
have not been reproduced yet despite considerable effort.47,61–64,88 This is mainly
attributed to the relatively high gas temperatures that are achieved in microwave
plasmas, especially at the higher pressures that are of interest for further industrialisation of the process. Furthermore, high gas temperatures lead to higher V-T
relaxation rates,68,89 which can increase the gas temperature further, leading to an
runaway effect that can eliminate the vibrational excitation of CO2 and lead to
thermalisation of the vibrational modes.

Dielectric-barrier discharge

1.4.2

Another historically important plasma source is the dielectric barrier discharge
(DBD), finding its origins in the field of ozone generation.42 A DBD generally
consists of parallel or concentric electrodes with a dielectric material in between.
An alternating voltage of 1-100 kV at a frequency in the Hz to MHz range is
applied across the electrodes. Upon breakdown of CO2 , non-thermal plasma
filaments are formed at the anode which propagate towards the cathode. The
dielectric prevents arcing by reducing the local electric field as a result of charge
deposition by the filaments until the micro discharge stops. When the polarity of
the anode and cathode is reversed, this deposited charge helps the formation of
new filaments in the opposite direction.
Typical operating pressures of DBDs are near atmospheric pressure, leading to
low investment cost and easy scalability. DBDs have been investigated for the field
of CO2 conversion extensively, although energy efficiencies are typically (well)
below 15%.35,60,70,73 Modelling results show that the CO2 reduction is dominated
by direct electron excitation, while dissociation as a result of vibrationally excited
states only plays a minor role.51
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Gliding arc discharge

1.4.3

A gliding arc (GA) discharge is a plasma that tries to combine the positive aspects
of the DBD and MW discharges by allowing operation at atmospheric pressure
while simultaneously exploiting vibrational excitation for efficient dissociation.
The classical gliding arc consists of two electrodes that diverge in the direction
of the gas flow. If these electrodes are powered using a high voltage, an arc is
initially formed between two electrodes where they are closest. The gas flow
subsequently pushes this arc in the direction of the gas flow, which increases
the length of the arc. Upon reaching a critical length, heat losses from the arc
exceed the energy input and the arc transitions towards a non-LTE state. After this
transition, the length of the arc keeps increasing until the arc becomes too long
and extinguishes, allowing a new thermal arc to be formed where the electrodes
are closest, repeating the cycle.35
During the non-thermal phase of the gliding arc discharge, up to 80% of the energy can be dissipated, suggesting a high potential for efficient CO2 reduction.59,69
Due to its flat geometry though, a significant fraction of the gas does not pass
through the active region of the arc and hence the conversion is limited.59,67,69
To overcome this issue, (three dimensional) cylindrical gliding arc plasma reactor designs have recently been proposed that exploit vortex flow stabilisation,
allowing a significant increase in the fraction of gas that passes through the active
region of the discharge.65,66

Nanosecond repetitively pulsed discharge

1.4.4

Another plasma type that has gained more attention within the CO2 dissociation
field is the nanosecond repetitively pulsed (NRP) discharge.74,90–92 These discharges are initiated by applying a high voltage pulse with nanosecond rise time
and duration across two pin electrodes. These discharges allow very high plasma
densities in highly non-thermal conditions while keeping power consumption
low.35,74 A significant benefit of these discharges is that the electron energy can be
controlled by tuning the shape of the applied nanosecond pulse, allowing more
direct control of the plasma chemistry without requiring changes in the reactor
geometry.93
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Figure 1.9: Basic schematic configuration of a (flowing) glow discharge. A ballast resistor
is used to prevent arcing between the electrodes. A power supply is used to regulate the
current flow from the anode on the right to the (grounded) cathode on the left.

Glow discharge

1.4.5

The glow discharge is a well-known non-equilibrium plasma with a very simple
configuration, depicted in Figure 1.9, and is the discharge under study in this
thesis. A tube is filled with a gas and a high DC voltage is applied over the reactor.
A ballast resistor is typically used to limit the current, preventing the discharge
from transitioning into a thermal arc. This type of discharge is typically operated
at a pressure between 10−2 and 10 mbar.94 While the positive column of this
discharge is generally homogeneous in terms of the reduced electric field, several
other sections can be distinguished in the glow discharge near the cathode and
anode, characterised by alternating bright and dark regions.
In the glow discharge, electrons are generated at the cathode, mainly due
to secondary electron emission due to bombardment by positive ions. These
electrons are accelerated by the electric field, but initially have a low energy
which is insufficient for electronic excitation of the gas, resulting in the Aston
dark space. Upon further acceleration by the electric field, the electrons gain
enough energy to electronically excite the gas, resulting in a luminous region
called the cathode glow. This luminous region is followed by a dark region called
the cathode dark space or Crookes dark space, resulting from a further increase
in the electron energy leading to ionisation rather than excitation of the gas.
Ionisation of atoms predominantly takes place in this region, leading to a steep
increase in electron density and a large voltage drop over this region. Due to the
resulting fast increase in electron density, the mean electron energy goes down,
allowing recombination with positive ions to take place more readily, leading to a
region of intense emission called the negative glow. Since the electric field in this
region is already low, this is followed by a dark region, where electrons do not
have sufficient energy to cause excitation and thus emission, called the Faraday
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dark space. These layers combined form the cathode layer, the length of which
scales inversely with pressure, but is independent of the distance between the
electrodes. If the glow is operated at a pressure of a few millibars, as is done in
the work in this thesis, this cathode layer typically has a length in the order of a
few millimetres.36,95
The cathode layer is followed by the positive column, which is electrically
neutral and exhibits a relatively constant electric field. This results in a weakly
ionised and homogeneous non-equilibrium plasma with a typical electron energy
of 1-2 eV.95 This electron energy allows excitation of gas species, leading to
emission of photons. While the length of the cathode layer does not depend
on the distance between the electrodes, the length of the positive column does
depend heavily on the distance between the electrodes, while the positive column
can even disappear completely if the electrodes are close.94,95 The positive column
is followed by the anode glow, where electrons are extracted from the positive
column by the anode, while positive ions are repelled, leading to a negative space
charge region near the anode.
The glow discharge is historically studied for its application in CO2 lasers,
where the positive column of the glow discharge allows the asymmetric stretch
level of CO2 to be efficiently populated,46,96–102 with lasing taking place to the
first symmetric stretch level and second bending mode level of CO2 . Furthermore,
fast relaxation of the bending vibrational mode is desired to empty the lower
level of the lasing transition quickly. These discharges used in CO2 lasers are
typically ignited in a mixture of CO2 , N2 , He, H2 O and Xe to achieve the optimum
laser output power.97 Many of these studies investigate the selective asymmetric
stretch mode excitation, which is of interest for the CO2 dissociation field as well.
However, these studies focus on the population in the first vibrationally excited
state, while higher asymmetric stretch levels are of lesser interest for a high output
power. Furthermore, CO2 dissociation is generally avoided to prevent a drop in
output power over time.
Within the field of CO2 dissociation, the glow discharge is ideally suited to
perform fundamental research on the excitation and relaxation of CO2 vibrational
modes to allow validation of 0D kinetic models.48–50,103 Experimentally, the glow
discharge allows easy in situ diagnostic accessibility, in contrast to many of the
discharges previously mentioned. Furthermore, the homogeneity of the positive
column of the glow discharge allows line-of-sight diagnostics such as absorption
spectroscopy to be used.45,46 Since this discharge is operated at a pressure of a
few millibars, both the excitation and relaxation of vibrational states are relatively
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slow in pulsed operation, which allows a wide range of time-resolved optical
diagnostics to be applied. Hence, a pulsed CO2 glow discharge is used in this
thesis to study the vibrational excitation and relaxation in a non-equilibrium
plasma.

This thesis

1.5

The aim of this work is to gain insight into the (ro)vibrational excitation and
relaxation mechanisms in a CO2 glow discharge and the effect of common impurities in the CO2 feed gas on this excitation and relaxation. These impurities
include N2 and H2 O and are often present in the industrial waste gas streams
that are proposed as a source of CO2 for the dissociation process. Hence, it is
important to gain a good understanding of the effect of these impurities on the
vibrational kinetics of CO2 . These vibrational kinetics are studied using in situ
diagnostics to measure rotational and vibrational temperatures, as well as CO and
CO2 number densities in a CO2 glow discharge. To this end, two diagnostics are
build to measure these parameters: line-of-sight absorption spectroscopy using a
Quantum Cascade Laser (QCL) and spatially resolved Two-photon Absorption
Laser-Induced Fluorescence (TALIF) spectroscopy.
The structure of this thesis is as follows. First, in Chapter 2 it is discussed
how the vibrational excitation of both CO2 and CO can be determined from the
absorption of infrared light by these respective molecules. The relation between
rotational and vibrational temperatures and the CO2 and CO absorption spectra
are fundamental for the measurements presented in the following chapters. The
first section of the chapter briefly discusses the vibrational modes of the CO2
and CO molecules. The second section then discusses the calculation of vibrational and rotational energy levels in these modes and introduces the concept of
rotational and vibrational temperatures to describe the population in the rovibrational levels. It is then discussed how the absorption spectrum is related to the
population in these rovibrational levels of CO2 and CO. In the last section, some
example absorption spectra are presented for a few combinations of vibrational
and rotational temperatures. .
In Chapter 3, the results of an absorption spectroscopy study are presented
with three colinear narrow bandwidth quantum cascade lasers. Time-resolved
CO2 and CO vibrational temperatures, as well as rotational and gas temperatures
are measured for different mixtures of CO2 and N2 . The addition of N2 is studied
since it is a common element in industrial waste gas streams and is suggested
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to be an efficient energy reservoir for the vibrational excitation of CO2 . The
rotational, vibrational and gas temperatures are extracted from the measured
absorption spectra using a fitting algorithm that uses the theory that is treated
in Chapter 2. The transitions present in the measured absorption spectra are
discussed in relation to the sensitivity for the various temperatures in the plasma.
This is then followed by a comparison of measured temperature evolutions in a
CO2 plasma with previously reported temperature evolutions measured using
Fourier-transform infrared spectroscopy, during both the plasma on-time and
off-time. The change in input power during the on-time of the plasma due to the
addition of N2 is then discussed, followed by a discussion of the effect of N2 on
the rotational temperature and gas temperature. The effect of N2 admixing on the
vibrational excitation of the various modes of CO2 and CO is finally discussed.
Water vapour can be present in industrial waste gas streams as well and is
often suggested to quench the vibrational modes of CO2 significantly. Direct measurements of the vibrational temperature evolution are lacking though. Hence,
the effect of the admixture of small amounts of water vapour on the rotational
and vibrational temperature evolutions in a CO2 glow discharge is studied. The
results of this study are presented in Chapter 4. These time-resolved line-of-sight
measurements are supported by rotational Raman scattering measurements in
the centre of the reactor, to validate the assumption of spatial uniformity in the
positive column of a pulsed CO2 glow discharge upon water admixing. The
time-evolution of the rotational temperature is discussed, which is measured
both using line-of-sight absorption spectroscopy and using rotational Raman
scattering in the centre of the reactor. This is followed by a discussion of the time
evolutions of the gas temperature and vibrational temperatures during the plasma
cycle upon admixing up to 10% water vapour. Special attention is given to the
elevation of the vibrational temperatures above the rotational temperature, which
serves as an indication of the non-equilibrium in the plasma. The vibrational
excitation from line-of-sight absorption spectroscopy is compared to the apparent
odd rotational degeneracy that can be extracted from rotational Raman scattering
measurements. Finally, the effect of the admixture of water vapour on the CO2
conversion is discussed.
Differences in glow discharge operating conditions related to the design of the
reactor and input power are often overlooked in literature. The results of a study
into the effect of this geometry of the plasma reactor and the operation mode of
the power supply of a pulsed CO2 glow discharge on the time-evolution of the
pressure, gas temperature, rotational temperature, vibrational temperatures and
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the CO2 conversion are presented in Chapter 5. The evolution of the pressure
as a result of the fast gas heating is measured using a fast pressure gauge in
three different reactor geometries, where the reactor volume and configuration
of gas inlet and outlet is varied. Additionally, the effect of the operating mode
of the power supply (constant current vs constant voltage) is investigated, using
time-resolved infrared spectroscopy to measure the gas temperature, rotational
temperature, vibrational temperatures and the CO2 conversion. These measurements are additionally supported with electrical measurements to characterise
the time evolution of the input power of the discharge.
Two-photon absorption laser-induced fluorescence is a diagnostic technique
that allows spatially and temporally resolved measurements of the CO rotational
temperature and the absolute CO number density and can be very beneficial
to determine the dissociation degree locally. Hence, the first results using this
diagnostic are presented in Chapter 6. Measurements are performed by recording
electronic excitation spectra using two-photon absorption in the UV near 230 nm.
First, it is discussed how the rotational temperature can be extracted by fitting the
spectral profile of the two-photon excitation spectrum. This fitting algorithm is
validated against an excitation spectra reported in literature with a high signal-tonoise ratio. To extract absolute CO number densities, knowledge on the quenching
of the upper electronic state is required. While this cannot be measured directly,
it is discussed how this can be approximated from a CO2 conversion estimate,
without introducing a large uncertainty on the CO absolute number densities.
The time-evolution of rotational temperatures and CO number densities are then
benchmarked against Fourier-transform infrared spectroscopy measurements.
Finally, Chapter 7 provides an overview of the conclusions from all previously
mentioned chapters.
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2
The infrared spectrum of a CO2 plasma

This chapter describes the infrared absorption spectrum of a CO2 plasma and is
intended to demonstrate its relation to the rotational and vibrational temperature(s). While various chapters of this thesis discuss the infrared spectrum of CO2
and CO, they only discuss small subsets of these spectra, making it challenging to
connect changes in the absorption spectra to changes in rotational and vibrational
temperatures. Hence, this chapter serves to discuss the infrared spectrum of a
CO2 plasma in a more global manner.
First, the infrared active vibrational transitions of CO2 and CO are discussed,
which is followed by a mathematical description of the CO2 and CO vibrational
and rotational levels and the effect of Fermi resonance on these levels. The
relation between the rovibrational levels of CO2 and CO and their respective
infrared spectrum is subsequently described. Finally, some examples of infrared
absorption spectra are shown for various combinations of temperatures to provide
a foundation for understanding and appreciating the other chapters of this thesis
that use infrared absorption spectroscopy.
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Introduction

2.1

Infrared absorption spectroscopy is an optical technique that is used to identify
and study the state of molecules. It exploits the fact that molecules only absorb
radiation that is resonant with their respective energy transitions and hence
most molecules have a specific infrared ’fingerprint’. These infrared fingerprints
generally consist of hundred of thousands to many millions of absorption lines
per molecule,1 with each line corresponding to a (ro)vibrational transition. In
a plasma, one not only has to consider the feed gas species like CO2 , but also
the products that are formed. In a CO2 plasma, these products are typically CO
and O2 , with possible traces of O and O3 also being present. Hence, multiple
infrared fingerprints should be taken into account when analysing the absorption
spectrum of a CO2 plasma.
In this chapter, the infrared spectrum of O2 is not discussed further, since it
can typically not be measured without extremely long absorption path lengths
due to its very low absorption cross sections.1,2 Furthermore, O3 is typically not
formed in the low pressure plasmas used in this thesis, while atomic oxygen has
no rovibrational transitions and is thus not infrared active. Hence, to interpret the
infrared absorption spectrum of a CO2 plasma, it is most important to understand
the CO2 and CO energy levels involved in the infrared absorption spectrum.
CO2 is a triatomic linear molecule, containing a carbon atom in its centre,
with an oxygen atom doubly bonded at each end of the carbon atom. It has an
axis of symmetry along the axis through the nuclei and a plane of symmetry
perpendicular to this axis.3,4 As a result, CO2 has four vibrational degrees of
freedom in total, which are depicted in Figure 2.1, consisting of the symmetric
y
x
z

ν1

ν2

ν3

Figure 2.1: The vibrational modes of the CO2 molecule, with ν1 being the symmetric stretch
mode, ν2 the degenerate bending mode and ν3 the asymmetric stretch.
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Figure 2.2: An example of an atmospheric CO2 absorption spectrum (296 K, 1 atm, 400 ppm
CO2 molar fraction, 23.7 cm absorption path length) with the three strongest infrared bands
between 500 and 4000 cm−1 . Gaussian broadening is included with a half-width at halfmaximum of 0.02 cm−1 .

stretch vibrational mode ν1 , two degenerate bending vibrations ν2 and the asymmetric stretch mode ν3 . The vibrational state of the CO2 molecule is expressed as
(v1 , v2l2 , v3 ), with l2 the contribution of the bending mode to the angular momentum. Of these vibrational modes, excitation of both the bending mode ν2 and the
asymmetric stretch mode ν3 result in a change of dipole moment and thus they
are considered infrared active. The excitation of the symmetric stretch mode ν1
does not change the dipole moment and thus this vibrational mode is not infrared
active. Hence, two strong infrared absorption bands are found at 667 cm−1 and
2349 cm−1 , corresponding to the bending mode and asymmetric stretch mode of
CO2 respectively.
CO is a diatomic hetero nuclear molecule with a triply bonded carbon and
oxygen atom. Since it is a hetero nuclear diatomic molecule, it only has a single
vibrational mode, which is at 2143 cm−1 .
Various line-by-line databases are available for the calculation of rovibrational
infrared CO2 and CO absorption lines, such as the high-resolution transmission
molecular absorption database (HITRAN),1,5 the high-temperature molecular spectroscopic database (HITEMP)6 and the Carbon Dioxide Spectroscopic Databank
(CDSD-4000).7 Using for example the HITRAN Application Programming Interface (HAPI),8 it is relatively straightforward to calculate equilibrium infrared
absorption spectra for CO2 . Figure 2.2 shows the three strongest rovibrational
infrared bands of CO2 between 500 and 4000 cm−1 under atmospheric conditions
(296 K, 1 atm pressure, 400 ppm CO2 ) in a 23.7 cm absorption cell, depicting
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the mentioned bending and asymmetric stretch vibrational bands at 667 cm−1
and 2349 cm−1 . An additional combination band is also present at 3682 cm−1 ,
corresponding to (Fermi-resonant) ν1 + ν3 and 2ν2 + ν3 transitions.
Most line-by-line databases include the strength of each line at roomtemperature, allowing the calculation of the line strength at an arbitrary temperature. However, it is not straightforward to exploit this line strength data for
an arbitrary non-thermal absorption system. While line strengths can be calculated from the Einstein A-coefficients, which are often also present in line-by-line
databases, this requires calculation of the density in all relevant rovibrational
states. These calculations require a firm understanding of the rovibrational energy
levels of CO2 and CO, allowing the calculation of the absorption spectrum of a
non-thermal CO2 plasma.

Spectrum of a non-equilibrium CO2 plasma
Vibrational levels of CO2

2.2
2.2.1

The energy E0 corresponding to a vibrational level (v1 , v2l2 , v3 ) of CO2 in cm−1 ,
without considering Fermi resonance, can be approximated as an anharmonic
oscillator up to second order by:9
!
dj
= ∑ ωj vj +
+
2
j =1
!

dj
dk
vk +
+ xl2 l2 l22 ,
vj +
2
2

E0 (v1 , v2l2 , v3 )/hc
3

3

∑ ∑ x jk

j =1 k ≥ j

3

(2.1)

where h is the Planck constant and c is the speed of light. Furthermore, ω j , x jk and
xl2 l2 are spectroscopic constants in cm−1 , as listed in Table 2.1. The summation
iterates over j, representing the vibrational modes ν1 , ν2 and ν3 with associated
vibrational quantum v j and degeneracy d j (d1 = 1, d2 = 2 and d3 = 1).10
The energy E is now defined by spectroscopic convention as the energy of
vibrational level (v1 , v2l2 , v3 ) with respect to the zero point energy E0 (0, 00 , 0),
instead of the bottom of the potential well of the harmonic oscillator:
E(v1 , v2l2 , v3 )/hc = E0 (v1 , v2l2 , v3 )/hc − E0 (0, 00 , 0)/hc.

(2.2)
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Table 2.1: Spectroscopic constants in cm−1 for the calculation of vibrational energy levels
of the three most abundant isotopologues of CO2 .4

Symbol

12 C16 O

13 C16 O
2

16 O12 C18 O

ω1

1354.31

1354.31

1315.21

ω2

672.85

653.70

667.72

ω3

2396.32

2328.12

2378.53

x11

-2.93

-2.93

-2.76

x12

-4.61

-4.46

-4.45

x13

-19.82

-19.33

-19.04

x22

1.35

1.28

1.34

x23

-12.31

-11.54

-12.18

x33

-12.47

-11.71

-12.34

x l2 l2

-0.97

-0.91

-0.95

2

Figure 2.3 shows the energy levels associated to each vibrational mode individually in dashed red for ν1 , orange for ν2 and green for ν3 . Additional levels are
shown in blue, which appear due to Fermi-resonance between states.
Fermi resonance
The spacing of the symmetric stretch vibrational mode of CO2 is almost exactly
twice that of the bending mode. If there is no contribution of the bending mode to
the angular momentum of the molecule (e.g. l2 = 0), the symmetries of both vibra12
tional modes are also the same (Σ+
g ). As a result, these vibrational modes have a

strong Fermi coupling between states (v1 , v2l2 , v3 ) and ((v1 − 1), (v2 + 2)l2 , v3 ) and
thus the vibrational levels of resonant states are a superposition of their unperturbed vibrational levels. Fermi resonant vibrational levels can fundamentally
not be attributed to either vibrational mode.
For example, the unperturbed vibrational level (2, 00 , 0) is Fermi resonant with
(1, 20 , 0) and in turn also with (0, 40 , 0), together forming a Fermi triad. Since Fermi
resonant levels can not be attributed to only ν1 or ν2 , a new quantum number r
is introduced, changing the notation of Fermi-resonant vibrational levels of CO2
to (v1 , v2l2 , v3 , r). Here r denotes the relative location of an energy level within a
Fermi polyad, where the highest energy level is assigned r = 1. The convention
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Figure 2.3: Energy level diagram for the vibrational energy levels of CO2 . Blue levels are
attributed to the symmetric stretch mode ν1 , including all associated Fermi resonant energy
levels. Dashed red levels indicate unperturbed vibrational states in the ν1 vibrational
mode. Orange levels represent bending mode ν2 energy levels for non-resonant states (e.g.
v2 = l2 ). Green lines represent energy levels associated to the asymmetric stretch mode ν3 .
Vibrational energy level calculations are based on constants by Suzuki et al.4 and Stull et
al.11

of the HITRAN database is followed, where all Fermi resonant levels are gathered
under the ν1 vibrational mode. Hence, the above mentioned Fermi resonant
levels should thus be labelled as (2, 00 , 0, r = 1, 2, 3). In general, the total amount
of Fermi-resonant states m for an arbitrary level (v1 , v2l2 , v3 ) can be expressed as
(v −l )
m = v1 + 22 + 1.
The energies associated with levels in a Fermi-resonant set of levels can be
calculated by determining the eigenvalues of the tridiagonal Hamiltonian matrix
of the Fermi-resonant system, following the notation of Courtoy:13

 E1

 0
W
 12


 0
H=
 ..
 .



 0


0


0
W12

0

...

0

E2

0
W23

...

0

0
W23
..
.

E3
..
.

...
..
.

0
..
.

0

0

...

Em−1

0

0

...

Wm0 −1,m

0




0 



0 
.

..

.



0
Wm−1,m 


Em

(2.3)
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Table 2.2: Fermi-resonance perturbation constants in cm−1 for the three most abundant
isotopologues of CO2 .11

Symbol

12 C16 O

13 C16 O
2

16 O12 C18 O

W0

51.31

46.52

52.5

λ1

0.15

0.10

0.10

λ2

0.41

0.37

0.40

λ3

0.78

0.74

0.75

λ l2

0

0

0

2

Here Ei are the energies described by equation 2.2 associated with the unperturbed
energies of the vibrational levels, with v1 = m − i, v2 = l2 + 2(i − 1) and v3
0
unchanged for all Fermi-resonant states. Off-diagonal elements Wi,i
+1 are then

given by:11
W 0 ( v 1 , v 2 , l2 , v 3 ) =


1
W0 − λ1 v1 − λ2 v2 − λ3 v3 − λl2 l2
2 q
√
× (v2 + 2)2 − l22 v1 ,

(2.4)

with W0 and λi Fermi perturbation constants, listed in Table 2.2. Additional
second-order off-diagonal elements Wij00 are also given by Amat et al.,14 but their
contribution only becomes significant at very high vibrational levels, which is outside of the scope of this thesis. For example, the contribution of each unperturbed
level to the wavefunctions of levels in the Fermi polyad (2, 00 , 0, r = 1, 2, 3) can be
determined from equation 2.3 by determining the coefficients of the eigenvectors
of the Hamiltonian:
E
E
E
E
2, 00 , 0, 1 = +0.5134 2, 00 , 0 − 0.5742 1, 20 , 0 + 0.6377 0, 40 , 0
E
E
E
E
2, 00 , 0, 2 = −0.7259 2, 00 , 0 + 0.1058 1, 20 , 0 + 0.6796 0, 40 , 0
E
E
E
E
2, 00 , 0, 3 = +0.4577 2, 00 , 0 + 0.8118 1, 20 , 0 + 0.3625 0, 40 , 0

(2.5)

For the three-level Fermi-resonant system described above, the unperturbed
vibrational energies are 2662 cm−1 for (2, 00 , 0), 2664.3 cm−1 for (1, 20 , 0) and
2690 cm−1 for (0, 40 , 0) respectively. The corresponding Fermi-resonant mixed
energy levels are at 2797.2 cm−1 , 2671.4 cm−1 and 2547.6 cm−1 , with each level
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Table 2.3: List of constants used to calculate rotational energies of the first three isotopologues of CO2 .4,15

12 C16 O

Symbol

Unit

B0

cm−1

D

10−6

H

10−12

α1

10−4

α2
α3

2

13 C16 O

2

16 O12 C18 O

0.39022

0.39024

0.36819

0.1333

0.1332

0.1187

0.009

0.009

0.0075

12.40

12.41

11.38

10−4 cm−1

-7.4

-7.01

-7.03

10−4

30.60

29.48

28.79

cm−1
cm−1

cm−1
cm−1

being a linear combination of the wavefunctions of the unperturbed vibrational
states. Figure 2.3 shows all (first-order) Fermi-resonant levels in blue, grouped in
the ν1 vibrational mode, as per HITRAN convention.

Rotational levels of CO2

2.2.2

Vibrational energy levels can be subdivided into discrete rotational energy levels.
For linear molecules, these rotational energy levels can be denoted using a single
rotational quantum number J. The rotational energy E J corresponding to level J
can be calculated from
E J /hc = BJ ( J + 1) − DJ 2 ( J + 1)2 + H J 3 ( J + 1)3

(2.6)

with B the rotational constant in the rigid rotor approximation, D the centrifugal
distortion constant and H a third order correction, the values of which are listed
in Table 2.3. For some molecules, higher order correction terms are available,
although this is only required for very high temperatures or for measurements
with extremely low line broadening.
Due to the vibration of a linear molecule such as CO2 , the lengths of the bonds
of the molecule can change and hence the moment of inertia can change. This in
turn changes the rotational constant B with vibrational level (v1 , v2l2 , v3 ). This is
typically expressed using vibration-rotation interactions constants αi (listed in
Table 2.3):4
B(v1 , v2l2 , v3 )

3

= B0 − ∑ αi
i =1



d
vi + i
2


,

(2.7)
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where B0 is the rotational constant of the vibrational ground state, di is the
vibrational degeneracy and i iterates over the three vibrational modes of CO2 .
The centrifugal constant D and third order correction constant H also change with
the vibrational quanta, although this effect is much weaker and is thus omitted.
Fermi resonance
Since Fermi resonant vibrational states are a linear combination of m unperturbed
states, it is not possible to directly use equation 2.7 to find the rotational constant
B for these states. Due to this fundamental level mixing though, the rotational
constant B can be expressed as a linear combination of the rotational constants Bi
of the unperturbed vibrational levels 1 ≥ i ≥ m:16
B(v1 , v2l2 , v3 , r ) =

m

∑ α2ri B(v1 , v22 , v3 ).
l

(2.8)

i =1

Here αri are the coefficients of the eigenvectors of the Hamiltonian in equation 2.3.
The vibrational quanta for unperturbed level i can be expressed by v1 = m − i,
v2 = l2 + 2(i − 1) and v3 the same for all Fermi-resonant states.

Rovibrational levels of CO

2.2.3

The rovibrational levels of CO can be described more easily than those of CO2 , due
to the absence of Fermi resonance and by only having a single vibrational mode.
The rovibrational energy levels E0 (v, J ) of diatomic molecules are relatively easily
described using Dunham coefficients Yk,l :
E0 (v, J )/hc =

∑ Yk,l
k,l


v+

1
2

k
J ( J + 1)

l

(2.9)

where v is the vibrational quantum number and J the rotational quantum number. Similarly to CO2 , by following spectroscopic convention, the energy of a
rovibrational level E(v, J ) with respect to the zero point energy is subsequently
calculated by:
E(v, J )/hc = E0 (v, J )/hc − E0 (0, 0)/hc.

(2.10)

The Dunham coefficients show some analogies to the coefficients used for
the calculation of CO2 vibrational and rotational energy levels. For example, if
the summation of the energy E(v, J ) is limited to k = 0, the Dunham expansion
reduces to equation 2.6, where Y0,1 equals to rotational constant B, while −Y0,2
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Table 2.4: List of the first few Dunham coefficients used to calculate rovibrational energies
of the first three isotopologues of CO.17,18

Symbol

Unit

Y0,1 (B)

cm−1

Y0,2 (− D)

10−6

Y0,3 (H)

10−12

Y1,0 (ωe )

cm−1

Y2,0 (−ωe xe )

cm−1

cm−1
cm−1

12 C16 O17

13 C16 O18

12 C18 O18

1.93128

1.84615

1.83911

-6.122

-5.593

-5.551

5.827

5.013

4.956

2169.81

2121.44

2117.40

-13.29

-12.70

-12.65

is equal to the centrifugal constant D and Y0,3 is equal to H. For vibrational
levels, the Dunham coefficient Y1,0 is often labelled ωe , which is similar to the
first order CO2 anharmonic force constants ωi listed in Table 2.1, while Y2,0 is
analogous to the xii constants in the same table. All other coefficients Yk>0,l >0 are
vibration-rotation interaction terms and are generally omitted if the vibrational
and rotational temperatures differ.
The first few pure vibrational (Yk>0,l =0 ) and rotational (Yk=0,l >0 ) coefficients
for the first three isotopologues of CO are listed in Table 2.4. Although higher
order coefficients are available,17,18 these only affect very high rovibrational levels.
Since these levels are only populated at much higher temperatures than those
reached in this work, higher order constants are not listed.

Population of rovibrational levels

2.2.4

To calculate the population of a CO2 or CO rovibrational level, the assumption is
made that independent energies can be assigned to the rotational and vibrational
modes. While this assumption is widely used, it typically starts to deviate at
higher vibrational levels.19–21
For CO2 , the (unperturbed) vibrational level (3, 53 , 1) can be split into its
respective contributions to the independent vibrational modes, with (3, 20 , 0),

(0, 33 , 0) and (0, 00 , 1) being the contributions to the ν1 , ν2 and ν3 vibrational
modes respectively. Here, the contribution to ν1 also includes a Fermi-resonant
contribution, leading to perturbed levels (4, 00 , 0, r = 1, 2, 3, 4, 5) as stated before.
Any energy contribution of l2 is hence grouped under the ν2 vibrational mode.
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The number density nk in a given rovibrational level k with rotational quantum
number J and vibrational quantum numbers vi can be expressed as a fraction of
the total number density n by:
nk = nφrot,J ∏ φvib,vi ,

(2.11)

i

where φrot,J and φvib,vi are the fraction of molecules in a given rotational or vibrational mode respectively and i iterates over the vibrational modes (ν1 , ν2 and ν3
for CO2 and νCO for CO).
The fraction of molecules in a given rotational state J is calculated by assuming
a rotational Boltzmann distribution with temperature Trot :

φrot,J

grot,J
hcE J
=
exp −
Qrot
kB Trot

!
.

(2.12)

Here h, c and kB are Planck’s constant, the speed of light and the Boltzmann
constant respectively. grot,J is the rotational degeneracy, consisting of the factor

(2J + 1) and a state dependent and independent weight. The state dependent and
independent weights differ per isotopologue and are listed by Šimečková et al.22
For isotopologues with a symmetry about an inversion centre, such as 12 C16 O2 ,
13 C16 O and 12 C18 O , the state dependent weight depends on the symmetry of the
2
2
vibrational mode12 due to a different symmetric and antisymmetric component
of the state independent weight. The rotational partition sum Qrot is used to
normalise φrot such that its sum over all J equals unity. This partition sum for
CO2 is calculated using an analytical expression provided by McDowell et al.,23 to
avoid computationally expensive summing over a large range of rotational levels.
Dang et al. showed that the population in the CO2 vibrational levels in modes
ν1 and ν2 can be accurately described using a Boltzmann distribution with a joined
temperature T12 .24 Hence, for these modes, the distribution function φvib,v12 is
given by
φvib,v12



gvib,12
hcEv12
=
exp −
Qvib,12
kB T12

(2.13)

where gvib,12 is the degeneracy of the vibrational mode, with gvib,12 = 2 for l2 6= 0
and gvib,ν12 = 1 for l2 = 0.10,21 Qvib,12 is the vibrational partition sum of the ν1
and ν2 vibrational modes, which normalises φvib,v12 such that its sum over all v12
equals unity.
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The population in the ν3 and νCO vibrational modes is calculated using a

Treanor distribution.25 This Treanor distribution is similar to a Boltzmann distribution, but with an additional anharmonic component due to V-V energy
exchange, leading to a higher population of high vibrational levels with respect
to a Boltzmann distribution. Dang et al.24 and Campbell et al.26 showed that
this Treanor distribution accurately describes the population in the ν3 and νCO
vibrational modes due to vibration-vibration (V-V) exchange rates being much
higher than the vibration-translation (V-T) exchange rates.25 It should also be
noted that the Treanor distribution significantly overestimates the population of
vibrational levels near the dissociation limit25 and thus the Treanor distribution
is not valid for systems where a significant population in these high levels is
expected. The population in a given Treanor-distributed vibrational state vi is
described by:


φvib,vi =

gvib,i
hc
exp −
Qvib,i
kB

Eh,i
E
+ a,i
Tvib,i
Tgas

!
,

(2.14)

where Tvib,i is the vibrational temperature associated to mode i and gvib,i is the
degeneracy of the vibrational mode, with gvib,3 = gvib,CO = 1. The energy of
the given vibrational state vi is split into a harmonic component Eh,i = vi G1,i ,
and an anharmonic component Ea,i = −vi (vi − 1)ωe xe,i . Here G1,i is the energy
spacing between the ground and first vibrational level of mode i and is calculated
from constants listed in Table 2.1 and Table 2.4 for the ν3 mode of CO2 and the
vibrational mode of CO respectively. The anharmonicity ωe xe,i of vibrational
modes ν3 and νCO and the harmonic level spacing G1,i are listed for the first three
isotopologues of CO2 and CO in Table 2.5.
The Treanor distribution reduces to a Boltzmann distribution in equilibrium
conditions, when Tvib,i = Tgas . In contrast, if the vibrational temperature is
significantly elevated with respect to the gas temperature, the vibrational state
distributions can exceed those of a Boltzmann distribution significantly, especially
for higher vibrational quantum numbers.
An example of the vibrational state populations is shown in Figure 2.4 for the
ν3 mode of CO2 (blue) and the vibrational mode of CO (orange). The solid lines
indicate a Treanor distribution with a gas temperature of 500 K and an elevated
vibrational temperature. Solid circles mark the vibrational states, some of which
are labelled with their respective vibrational quantum number. For reference,
the vibrational state populations in equilibrium calculated from a Boltzmann

vib, vi

/

vib, 0
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Figure 2.4: Calculated vibrational state populations with respect to the population of
the vibrational ground state as a function of the vibrational energy. The calculated state
distribution is shown for both a Boltzmann and a (non-equilibrium) Treanor distribution
at various temperatures. The state population of the ν3 mode of CO2 in shown in blue,
while the vibrational mode of CO is shown in orange. Some coloured numbers are added
to indicate the vibrational quantum numbers related to a given vibrational energy.

distribution are included as dashed lines. For the ν3 vibrational mode of CO2 ,
a Treanor distribution is depicted with T3 = 1500 K and Tgas = 500 K, while a
Boltzmann distribution is shown at an equilibrium temperature of T = 1500 K. At
these temperatures, a difference between the Treanor and Boltzmann distribution
is clearly visible for vibrational levels above v3 = 4, while the difference in
population of v3 = 10 is already about 1 order of magnitude. For CO, a Treanor
distribution with a increased vibrational temperature TCO = 2000 K is shown,
while Tgas = 500 K. Here, the difference between the Boltzmann and Treanor
distribution is even more significant. It should be noted that the presented
vibrational temperatures are often not achieved in a pure CO2 glow discharge
but requires additional molecules to stimulate vibrational excitation (see also
Chapter 3).

Absorption line profiles

2.2.5

The strength S of an absorption transition of a rovibrational transition can be
calculated from the number density nl of the lower state and the number density
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Table 2.5: List of harmonic and anharmonic constants in cm−1 used for Treanor distribution
calculations for the first three isotopologues of CO2 and CO. These values are calculated
from constants reported in literature.4,17,18

Isotopologue

Mode

G1,i

ωe xe

12 C16 O 4
2

ν3

2349.16

12.47

13 C16 O 4
2

ν3

2283.50

11.71

16 O12 C18 O4

ν3

2332.15

12.34

12 C16 O17

νCO

2143.24

13.29

13 C16 O18

νCO

2096.03

12.70

12 C18 O18

νCO

2092.09

12.65

nu of the upper state, using equation 2.11:
Ia Aul gu
S=
8πcν̃02

nl
nu
−
gl n
gu n

!
,

(2.15)

where Ia is the natural terrestrial isotopic abundance22 and n is the total density
of the molecule. Furthermore, gu and gl are the degeneracies related to the upper
and lower state respectively. ν̃0 is the frequency of the transition (often expressed
as wavenumbers in cm−1 ) and Aul is its Einstein A-coefficient in s−1 , as tabulated
on a line-by-line basis in the HITEMP database.6
The absorption cross section of the transition as a function of the incident
radiation frequency ν̃ is given by the product of the line strength S and the
normalised line profile ψ(ν̃ − ν̃0 ), centred around the transition frequency ν̃0 . The
transition frequency ν̃0 is given by
ν̃0 =

1
( Eu − El + ν̃shift ),
hc

(2.16)

with Eu and El the upper and lower state (rovibrational) energy. Additionally, the
transition frequency is shifted as a function of pressure by a factor ν̃shift = δair p,
with p the total pressure and δair the air pressure shift coefficient in cm−1 atm−1 ,
listed in HITEMP on a line-by-line basis.
The normalised line profile ψ(ν̃ − ν̃0 ) can be described using a Voigt profile,
which can be efficiently approximated numerically using the real part of the
Fadeeva function.27–29 The Voigt profile is the convolution of a Gaussian and
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Lorentzian contribution, where the former is mainly attributed to Doppler broadening, while the latter is mainly the result of pressure broadening. Natural line
broadening is neglected, since its contribution to the line profile is negligible with
respect to the other broadening mechanisms at typical experimental conditions
used in this study. The half-width at half-maximum of the Doppler broadening
ν̃D is given by
r
ν̃D =

2NA kB Tgas ln 2
ν̃0 ,
Mc2

(2.17)

where NA is Avogadro’s number, Tgas is the gas temperature and M is the molar
mass. Similarly, the half-width at half-maximum of the pressure broadening ν̃p is
given by

ν̃p =

Tref
T

nair


γself pi + γair ( p − pi ) ,

(2.18)

where Tref = 296 K, as defined in the HITEMP database. nair is the coefficient of
the temperature dependence of the air-broadened half width as is listed on a lineby-line basis in HITEMP. The pressure broadening depends on a self broadening
coefficient γself and an air broadening coefficient γair (both listed for each line in
HITEMP) in cm−1 atm−1 , where the former is scaled with the partial pressure of
the absorbing species pi , while the latter is scaled with the sum of partial pressures
of all other species.

Transmittance

2.2.6

The transmittance Tk of a given absorbing slab k with length Lk can now be
calculated from a set of absorption line strengths S j and their corresponding
normalised line profiles ψj (ν̃ − ν̃0,j ) of molecule i using the Beer-Lambert law:30




Tk (ν̃) = ∏ exp −ni Lk ∑ S j ψj (ν̃ − ν̃0,j )
i

(2.19)

j

with ni the number density of species i. The contribution due to isotopologues of
species i is already included through weighting of the absorption line strengths
S j with the abundance of the respective isotopologue (see equation 2.15). If the
optical path includes multiple slabs with distinct temperature parameters, the
total transmittance T of the system can be calculated from the product of the
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transmittance contributions Tk :

T (ν̃) = ∏ Tk (ν̃)

(2.20)

k

Since the transmittance T (ν̃) scales with the negative exponent of the line
strength, which in turn scales with the differential population of the upper and
lower state, this provides a significantly higher sensitivity to vibrationally excited
states with respect to linear optical detection techniques such as vibrational
Raman scattering on CO2 ,31 generally allowing a more precise determination
of vibrational temperatures. Furthermore, the transmittance of a system can be
easily increased or decreased by changing the absorption length L, either by
employing multipassing (for example using a Heriott32 or White cell33 ), or by
increasing the physical dimensions of the system. In the latter case, care should
be taken to maintain uniformity of the absorbing medium.

Effect of temperature on transmittance spectra 2.3
While the previous section presents the theory related to the calculation of transmittance spectra under non-equilibrium conditions, it does not provide a direct
insight into the strength and shape of the transmittance spectrum of a CO2 plasma
under various example conditions. This section discusses the effect on the above
introduced rotational temperature Trot , the vibrational temperatures T12 and T3
for CO2 and TCO for CO and the gas temperature Tgas . This is done for a hypothetical non-thermal plasma in a reactor with a length L of 23.7 cm, a total pressure p
of 6.7 mbar and CO2 and CO molar fractions of 75% and 25% respectively. These
conditions are representative of the conditions measured throughout this thesis.
This discussion focuses on the frequency interval from 1900 cm−1 to 2400 cm−1 ,
which includes absorption from (v1 , v2l2 , v3 ) → (v1 , v2l2 , v3 + 1) transitions of CO2
and absorption from (vCO ) → (vCO + 1) transitions of CO.

CO2 transmittance spectra

2.3.1

Figure 2.5 shows some examples of calculated transmittance spectra of CO2 in
the frequency range from 2150 cm−1 to 2400 cm−1 . This region is of particular
interest since it is the strongest rovibrational infrared band of CO2 . Contributions
from different v3 transitions are colour coded from blue for v3 = 0 → 1 to yellow
for v3 = 4 → 5. Grey regions represent the frequency intervals that are covered
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by the Quantum Cascade Lasers (QCLs) that are used to measure rotational and
vibrational temperatures in Chapter 3, Chapter 4 and Chapter 5. One of these
intervals (2252.30 − 2253.51 cm−1 ) will be discussed briefly in section 2.3.3.
The transmittance of all v3 transitions combined could be obtained from the
product of the transmittances of each individual vibrational transition. The total
transmittance is omitted however to avoid clutter of the presented figures. Instrumental broadening with a Gaussian profile and a half-width at half-maximum
of 0.02 cm−1 is applied in the calculation of the spectra to prevent heavy saturation of some presented transitions, which would make it difficult to discuss the
changes in shape of the CO2 transmittance spectrum with changing temperatures.
It should be stressed though that the line profile of the absorption lines is much
narrower than in the presented transmittance spectra when using Tunable Diode
Laser Absorption Spectroscopy (TDLAS) or Quantum Cascade Laser Absorption
Spectroscopy (QCLAS), where the instrumental broadening is often negligible
with respect to pressure and Doppler broadening.
Figure 2.5a) shows the transmittance spectrum of CO2 in equilibrium at 600 K.
At this temperature, most of the light is absorbed from the vibrational ground
state, while only a minor contribution is present due to absorption from vibrationally excited levels. Although not visible on the presented scale, it should be
noted that this transmittance spectrum of CO2 is calculated from line-by-line data
of about 85000 distinct rovibrational transitions, where some weaker lines are
already omitted due to their limited contribution to the spectrum.
The effect of an increase of the asymmetric stretch temperature is shown
in panel b), where Trot and T12 are identical to the previous panel, while T3 is
elevated to 1500 K. Although the overall shape of the transmittance spectrum
is the same as in panel a), the strength of the contribution from v3 = 0 → 1
transitions is reduced while contributions from higher asymmetric stretch levels
appear, with transitions up to v3 = 4 → 5 already clearly visible. Furthermore, a
clear shift towards lower frequencies is observed for the absorption from higher
vibrational levels. This is due to a decrease in spacing between subsequent
vibrationally excited v3 levels by about 2ωe xe (approximately 25 cm−1 for the first
isotopologue) as a result of the vibrational anharmonicity.
Panel c) shows the effect of an increase in T12 with respect to panel a). It should
be noted that this is not a very probable scenario, since the ν3 mode is typically
elevated in a plasma due to e-V interactions. Furthermore, a non-equilibrium
between T12 and Tgas is often quickly thermalized due to the high V-T relaxation
rates of the ν2 vibrational mode.34 While this might not represent a very probable
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Figure 2.5: Calculated transmittance spectra for the v3 → v3 + 1 transitions of the first
three isotopologues of CO2 between 2150 cm−1 and 2400 cm−1 . The different v3 transitions
are colour coded from blue for v3 = 0 → 1 to yellow for v3 = 4 → 5, while the frequency
intervals covered by the QCLs are represented by grey shaded areas. A 75% CO2 molar
fraction is assumed at a total pressure of 6.7 mbar with a 23.7 cm absorption length.
A Gaussian instrumental broadening with a half-width at half-maximum of 0.02 cm−1
is included to prevent heavily saturated lines. Panels a)-e) show the effect of different
combinations of Trot , T12 and T3 on the transmittance spectrum.
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real-world scenario in a plasma, it is still useful to illustrate the effect of an increase
in T12 on the transmittance spectrum though.
An increase in T12 at first glance does not affect the transmittance spectrum
much. Since the transitions in this region do not have a change in v1 or v2 quantum
(or r for Fermi-resonant levels), transitions from vibrationally excited levels in
these modes do not exhibit a similar shift as observed for an increase in T3 . Hence,
more lines appear in the same frequency interval due to the population of higher
states in the (Fermi-resonant) ν1 and ν2 vibrational modes. Furthermore, the line
strengths of various absorption lines are generally reduced since the population
is distributed over more distinct vibrational levels. Although the presented figure
does not have the resolution to observe this effect clearly, it is reflected in the
panel by a reduction in individually identifiable lines, whereas the band appears
to be more of a continuum.
The effect of an increase in the rotational temperature is depicted in panel d),
where Trot is increased to 1500 K with respect to panel a). Similar to a substantially
elevated T12 , this scenario does not represent a real-world scenario, where Trot is
generally lower or equal to the vibrational temperatures.34,35 Panel d) shows the
isolated effect of an increased gas temperature very well however. Due to this increase in the rotational temperature, higher rotational levels are populated, which
clearly results in more absorption in the P branch towards lower frequencies. For
the R branch, a band head just below 2400 cm−1 appears, where higher rotational
levels ’wrap around’ and move again to lower frequencies.
For completeness, the transmittance spectrum in equilibrium at 1500 K is
presented in panel e), showing the combined effect of the elevation of all respective
temperatures.

CO transmittance spectra

2.3.2

Figure 2.6 shows transmittance spectra of CO in the frequency range from
1900 cm−1 to 2300 cm−1 at various combinations of the rotational temperature Trot
and the CO vibrational temperature TCO . Individual contributions from different
vCO transitions are colour coded ranging from blue for vCO = 0 → 1 to yellow
for vCO = 3 → 4. Similarly to the CO2 spectra presented above, a Gaussian
instrumental broadening with a half-width at half-maximum of 0.02 cm−1 is
applied to prevent heavily saturated absorption lines. It should be noted that this
figure only shows the CO absorption spectrum, but this CO spectrum shows a
significant overlap with the CO2 absorption spectrum as depicted in Figure 2.5.
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Figure 2.6a) depicts the transmittance of the previously mentioned hypotheti-

cal system at an equilibrium temperature of 600 K. This spectrum clearly shows a
larger spacing between subsequent rovibrational absorption lines due to the larger
rotational constant B of CO with respect to CO2 (see also Table 2.3 and Table 2.4).
Furthermore, only a single vibrational mode is present, significantly reducing
the amount of involved absorption lines, resulting in a much simpler spectrum
compared to that of CO2 . At a temperature of 600 K, only a small contribution is
visible due to absorption from vibrationally excited levels. Upon elevating the
vibrational temperature to 1500 K, as depicted in panel b), contributions from
these vibrationally excited levels become more significant. Similarly to the CO2
transmittance spectrum, contributions by vibrationally excited levels are shifted
(by about 26.6 cm−1 for the first isotopologue of CO) towards lower frequencies
due to the vibrational anharmonicity.
An increase in the rotational temperature to Trot =1500 K shows a clear
increase in population of higher rotational levels, as depicted in panel c). This
results in widening of the vibrational band, leading to even more overlap with the
rovibrational transitions of CO2 . As a result of this widening, the line strengths
of lower rotational transitions go down and the contribution of transitions from
vibrationally excited levels almost completely disappears. Upon populating
higher rotational states, no band head in the R branch is observed at Trot =1500 K,
in contrast to CO2 . Finally, panel d) shows the combined effect of an increase in
the rotational and vibrational temperatures to 1500 K, resulting in both a widening
of the spectrum over a larger frequency range and a clearly visible contribution
from vibrationally excited levels.

Narrow bandwidth QCL transmittance spectra

2.3.3

The previous sections have discussed the CO2 and CO transmittance spectra in
the frequency interval between 1900 cm−1 and 2400 cm−1 with a Gaussian instrumental broadening with a half-width at half-maximum (FWHM) of 0.02 cm−1 .
While this provides a good way to understand changes in the shape and intensity
of the transmittance spectra of CO2 and CO, the added instrumental broadening
is about one order of magnitude larger than Doppler and pressure broadening
combined, resulting in wide lines and a low absorption cross section at the line
centre. Since the width is dominated by instrumental broadening, any information on the gas temperature by Doppler broadening and the total pressure
through pressure broadening is lost. While instrumental broadening is inherently
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Figure 2.6: Calculated transmittance spectra for the vCO → vCO + 1 transitions of the
first three isotopologues of CO between 1900 cm−1 and 2300 cm−1 . The different vCO
transitions are colour coded from blue for vCO = 0 → 1 to yellow for vCO = 3 → 4, while
the frequency intervals covered by the QCLs are represented by grey shaded areas. A 25%
CO molar fraction is assumed at a total pressure of 6.7 mbar with a 23.7 cm absorption
length. A Gaussian instrumental broadening with a half-width at half-maximum of
0.02 cm−1 is included to prevent heavily saturated lines. Panels a)-d) show the effect of
different combinations of Trot and TCO on the transmittance spectrum.
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present when using Fourier-Transform InfraRed (FTIR) spectroscopy for example,
it is often negligible for tunable diode lasers or quantum cascade lasers, resulting
in significantly narrower absorption line profiles and thus a higher sensitivity.
This additionally allows information on the gas temperature Tgas and/or the total
pressure p to be determined from their contributions to the line profiles.
A set of three Quantum Cascade Lasers (QCLs) is used for the measurements
presented in Chapter 3, Chapter 4 and Chapter 5. These QCLs can typically only
scan over about 1 cm−1 , which is only a small frequency interval of the spectra
presented in Figure 2.5 and Figure 2.6. The intervals that are covered by the QCLs
are marked in these figures by grey shaded regions. One of the intervals that
is scanned by a QCL spans from 2252.30 cm−1 to 2253.51 cm−1 . This interval is
chosen such that the contribution from vibrational ground-state CO2 is limited,
while the contribution from higher vibrational levels is relatively high due to
the vibrational anharmonicity, as is clearly shown by Figure 2.5. This interval is
also exactly in between (heavily) saturated CO transitions, preventing overlap
of these saturated transitions with weaker CO2 transitions. Two more spectral
intervals are covered by the other 2 QCLs, which are marked by grey shaded
areas in Figure 2.5 and Figure 2.6. These other QCLs are mainly used to measure
the CO number density and vibrational temperature, which requires scanning
two frequency intervals due to the large spacing of CO rovibrational transitions
with respect to the maximum span of the QCL scan interval.
The remainder of this chapter will focus on the differences between transmittance spectrum that include instrumental broadening and those that do not. This
is illustrated based on the QCL that is mainly used for CO2 measurements. A
more extensive discussion of the transitions and frequency intervals covered by
the other two QCLs can be found in Chapter 3.
Figure 2.7 shows calculated transmittance spectra within the frequency interval 2252.30 cm−1 to 2253.51 cm−1 , with CO2 transitions colour coded based on
their initial v3 quantum. No instrumental broadening is included here, resulting
in significantly more absorption at the centre of the absorption lines with respect
to Figure 2.5. Panel a) again shows the CO2 transmittance spectrum in equilibrium
at 600 K. Most transitions correspond to high J from the vibrational ground-state,
while a small contribution is present due to absorption from v3 = 1.
When T3 is increased while maintaining the other temperatures at 600 K, the
non-equilibrium spectrum contains many absorption lines from vibrationally
excited states in the ν3 mode, as depicted in panel b). A transition for v3 = 3 → 4
shows a transmittance as low as 25% at these conditions, with a v3 = 2 → 3
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Figure 2.7: Calculated transmittance spectra for the v3 → v3 + 1 transitions of the first
three isotopologues of CO2 between 2252.30 cm−1 and 2253.51 cm−1 . This frequency
interval corresponds to one of the intervals that is scanned by the QCLs used in this
work. A 75% CO2 molar fraction is assumed at a total pressure of 6.7 mbar with a
23.7 cm absorption length. Here, no instrumental broadening is present, thus depicting the
maximum achievable resolvability at the given conditions. Panels a)-c) show the effect of
different combinations of Trot , T12 and T3 on the transmittance spectrum.

transition even almost reaching saturation. The high line strengths for these
transitions from v3 > 0 provides an excellent sensitivity to determine T3 .
Panel c) shows the CO2 transmittance spectrum at an equilibrium temperature
of 1500 K. Here, a drop in line strengths for vibrationally excited levels can be
observed. This results from the fact that transitions from vibrationally excited
levels typically have lower rotational quanta J due to their shift towards lower
frequencies with respect to the vibrational ground state. Since this is not the
case for vibrationally excited levels in the ν1 and ν2 vibrational modes, these
transitions increase in strength with increasing Trot .
Figure 2.5, Figure 2.6 and Figure 2.7 demonstrate how the CO2 and CO transmittance spectra from v3 → v3 + 1 and vCO → vCO + 1 transitions show significant changes as a function of the rotational temperature Trot and the various
vibrational temperatures T12 , T3 and TCO , even in the small frequency interval
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that can be scanned with a QCL. Hence, rotational and vibrational temperatures
can be determined from the line strengths of the CO2 and CO absorption spectra,
while the gas temperature can be determined from the widths of the absorption
line profiles.
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3
Temperature evolution in a pulsed CO2-N2
glow discharge measured using quantum
cascade laser absorption spectroscopy

Abstract
This work uses in situ narrowband Quantum Cascade Laser (QCL) absorption
spectroscopy to study the effect of N2 on the time evolution of gas temperature, rotational temperature and the vibrational temperatures of CO2 and CO in a pulsed
glow discharge. Three colinear QCLs are used to scan three regions of about
1 cm−1 between 2179.20 and 2253.51 cm−1 , including (v1 , v2l2 , v3 ) → (v1 , v2l2 , v3 + 1)
CO2 transitions up to the asymmetric stretch level v3 = 6, as well as
(vCO ) → (vCO + 1) CO transitions up to vCO = 1. A fitting routine is used
to extract temperatures from the measured absorption spectra. The time resolved
measurements are performed in CO2 , admixed with up to 90% N2 , with the
plasma operated with a 5-10 ms on-off cycle, a discharge current of 50 mA and a
pressure of around 6.7 mbar. The time evolution of the gas temperature has been
measured and agrees well with the time evolution of the rotational temperature.
The asymmetric stretch vibrational temperature T3 of CO2 reaches a maximum of
1060 K at 0.7 ms for pure CO2 , while T3 goes up to 2250 K for a N2 content of 90%
and stays constant until the plasma is switched off. Both T3 and the vibrational
temperature of CO TCO show a clear non-equilibrium with respect to the rotational temperature Trot . Both do not equilibrate with the rotational temperature
Trot between consecutive plasma cycles for a N2 content above 70%, although
Published as: M. A. Damen, L. M. Martini, and R. Engeln. Temperature evolution in a pulsed
CO2 -N2 glow discharge measured using quantum cascade laser absorption spectroscopy. Plasma Sources Sci.
Technol. 29.6 (2020), 065016. DOI: 10.1088/1361-6595/ab8e50.
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T3 and TCO always equilibrate with each other in the afterglow. The symmetric stretch and bending mode temperature T12 is elevated more with respect to
the rotational temperature for increasing N2 content, while the maximum of the
rotational temperature decreases for increasing N2 admixtures, which might be
attributed to the energy stored in the vibrational modes of N2 , CO2 and CO.
Additionally, an indication of an increase in the total pressure during the plasma
on-time due to heating and a subsequent decrease in the afterglow due to cooling
was found for a pure CO2 plasma.

3.1. Introduction

Introduction
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3.1

For the widescale adoption of energy from renewable sources, it is vital to develop efficient energy storage methods to overcome the inherently intermittent
nature of these energy sources. A promising energy storage method is the conversion of CO2 into hydrocarbon fuels using renewable energy. The efficient
reduction of CO2 to CO is an essential step in this process1–3 and can be done
efficiently through the selective excitation of the asymmetric vibrational stretch
mode of CO2 using a non-equilibrium plasma.4,5 The vibrational excitation of
CO2 has historically been studied in a CO2 -N2 continuous glow discharge for
their application in CO2 lasers.6–11 These discharges are well suited to study
the vibrational state densities in CO2 , due to their easy diagnostic accessibility
and excellent homogeneity in the positive column of the glow discharge.12–14 By
pulsing the plasma, additionally information can be gathered on the vibrational
excitation and relaxation mechanisms, which can be useful for comparison with,
and validation of, kinetic models of CO2 discharges.
CO2 -N2 plasmas are studied for their application in CO2 conversion, as well
as for their relevance for Mars missions, where a CO2 -N2 plasma is formed upon
Martian atmospheric entry.15,16 In the case of CO2 conversion, many industrial
waste gas streams contain N2 as the main impurity. Hence, the effect of N2 on the
CO2 vibrational kinetics must be considered. Since the first vibrational level of
N2 is within 19 cm−1 of the first excited asymmetric stretch level of CO2 , quasiresonant vibrational energy exchange between these respective levels is relatively
easy.7,9,17 Furthermore, due to the slow relaxation of the first vibrational N2 level,
vibrationally excited N2 can serve as an energy reservoir for the CO2 asymmetric
stretch, potentially having a significant impact on the plasma behaviour.6,18
The effect of N2 on the vibrational state densities of CO2 can be measured
with high spatial and temporal resolution using spontaneous vibrational Raman
scattering,19–21 as well as Coherent Anti-Stokes Raman Scattering (CARS).22,23
While these techniques are well suited to measure vibrational state densities of
molecules such as CO, O2 and N2 , the asymmetric stretch vibrational level of
CO2 is not Raman active. Hence, asymmetric vibrational state densities can only
be determined by relatively weak hot bands of the Raman active CO2 bending
mode.21 Alternatively, some information on vibrational state densities can be
extracted from the change in rotational degeneracy for higher vibrational levels
of CO2 , although this method does not allow a distinction between the different
vibrational modes.12,13,24
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While the asymmetric stretch vibrational mode of CO2 is not Raman active, it

is infrared active. Hence, some studies have used emission spectroscopy to extract
information on temperature profiles in infrared active species,20,25,26 although
reabsorption of emitted radiation by the optical thick CO2 usually results in large
uncertainties. The fact that CO2 is optically thick, even at low pressures, can
however be exploited to measure vibrational state densities of CO2 over many
orders of magnitude using absorption spectroscopy.27 To this end, the excellent
homogeneity of the positive column of the glow discharge has been employed by
Rivallan et al.28 to measure time resolved CO2 spectra in a CO2 -air plasma using
step-scan Fourier-Transform InfraRed (FTIR) spectroscopy. Klarenaar et al.27 have
recently demonstrated a fitting procedure to extract time-resolved vibrational
temperatures from absorption spectra measured using FTIR spectroscopy in a
CO2 glow discharge, which has also been employed to extract some vibrational
temperatures in a CO2 -N2 mixture.17
Although FTIR spectroscopy can provide time-resolved absorption spectra
across large frequency ranges, the instrumental broadening is typically much
larger than Doppler and pressure broadening at pressures of a few millibar and
temperatures in the range of 300-2000 K. Hence, information in the lineshapes of
absorption lines is lost, making it especially difficult to analyse saturated lines,
where only the effective width of the line changes with increasing number density.
Furthermore, the sensitivity for absorption by high vibrational states is low as
a result of the large instrumental broadening, especially when the CO2 partial
pressure is low due to admixing. Additionally, step-scan FTIR measurements are
relatively slow, with measurements of many hours not being uncommon, caused
partly by the requirement for additional measurements to correct for plasma
emission.27
By using a Quantum Cascade Laser (QCL), CO2 and CO absorption spectra
can be measured with a small instrumental broadening and high time resolution, allowing information such as the gas temperature to be extracted from the
measured line widths, as well as number densities to be extracted from saturated
lines with relatively high accuracy. Furthermore, time-resolved series can typically be measured with time resolutions down to a few hundred nanoseconds
at sufficiently high pressures, although this adversely affects the instrumental
broadening29,30 and can introduce distortion of absorption line shapes due to the
rapid passage effects.31–33
In this work, we use intermittent scanning of a QCL30 to measure CO2 and
CO absorption spectra in a CO2 -N2 pulsed glow discharge at 6.7 mbar, with a

3.2. Experimental methods
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sufficiently low time resolution of a few tens of microseconds to allow measurements of high resolution absorption spectra with a small instrumental broadening
and without rapid passage effects. This allows the gas temperature, as well as rotational and vibrational temperatures to be measured during the ignition, plasma
on-time and in the cooldown phase of the plasma with high accuracy, as well as
with a high sensitivity for higher vibrational states of CO2 , even for mixtures with
a low CO2 content.

Experimental methods
Laser system

3.2
3.2.1

The experimental setup is schematically depicted in Figure 3.1a). A Neoplas QMACS Basic MC multichannel controller was used to drive three QCL laser heads
with exchangeable distributed feedback lasers (Alpes Lasers TO3-L-53, TO3-L-54
and TO3-L-55 respectively). These lasers were driven by a square current pulse,
superimposed by a current ramp, with the lasers turned off completely in between
spectral scans (also known as the intermittent scanning scheme30 ). By starting
the current ramp below the lasing threshold, the fast frequency-(down)chirp
at the onset of the laser emission was avoided, which could cause distortion
of absorption line shapes at sufficiently low pressure due to the rapid passage
effects.31–33 Due to the increase in current during the spectral scan, the QCL
temperature increases, corresponding to a decrease in emission frequency. The
spectral scan of each QCL was offset in time with respect to the other QCLs to
prevent an overlap in time of the emission of multiple QCLs. An additional
(shared) time shift td was introduced to shift the spectral scans with respect to the
start of the plasma cycle.
Each laser was collimated into a 2 mm diameter beam using the lens built into
the TO3 package and was redirected using gold mirrors such that all infrared
beams were colinear with their centres spaced 4 mm apart in a 2x2 grid (with
one position not being used in this study). The combined beam was attenuated
using a neutral density filter (Thorlabs NDIR03B, OD 0.3) to prevent saturation
of the detectors. Hereafter, 5% of the beam was redirected by a 95/5 beam
splitter (Spectrogon BBAR-2500-14000 nm, 25.4x0.5 mm) towards a 3 inch-long
germanium etalon (free spectral range 0.01617 cm−1 , calibrated using a pure CO2

room temperature spectrum). This beam was focused using an off-axis parabolic
mirror onto a DC-coupled detector (Thorlabs PDAVJ8, 100 MHz bandwidth) to
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Figure 3.1: A schematic representation of the laser and plasma setup in a). Here three
colinear laser beams are generated in a 2x2 grid, as depicted by a beam cross section.
The combined beam is subsequently split by a beamsplitter (BS) into two paths, with one
beam going through the reactor, while to other one passed through an etalon to perform a
wavelength calibration for each shot. The beams are attenuated with neutral density filters
to prevent saturation of the detectors. The plasma was formed between a grounded and
powered electrode, where a constant current was applied, with a 50 kΩ resistor placed in
series with the anode to limit the current. A pulse delay generator was used to shift the
laser pulses by a time td with respect to the start of the plasma cycle, as shown in b).

3.2. Experimental methods

61

Table 3.1: List of QCLs, their assigned numbers for further referencing and their scan
parameters. These scan parameters include the minimum wavenumber νmin and maximum
wavenumber νmax for the spectral scan, the covered wavenumber range ∆ν, the minimum
downchirp rate |∂ν/∂t|min and the maximum downchirp rate |∂ν/∂t|max .

No.

QCL

νmin

νmax

∆ν

cm−1

cm−1

cm−1

MHz

|∂ν/∂t|min

|∂ν/∂t|max

ns−1

MHz ns−1

1

TO3-L-53

2252.30

2253.51

1.21

2.4

5.6

2

TO3-L-54

2211.64

2212.85

1.21

2.2

5.3

3

TO3-L-55

2179.20

2180.11

0.91

2.9

4.8

record the spectral tuning and intensity variations of the lasers on a shot-to-shot
basis. The main part of the beam travelled through the plasma reactor to perform
in situ measurements. This main beam was then further attenuated using a neutral
density filter (Thorlabs NDIR10B, OD 1.0) and focused onto a second DC-coupled
detector (Thorlabs PDAVJ8, 100 MHz bandwidth) by an off-axis parabolic mirror.
Both detector signals were simultaneously recorded using an oscilloscope (LeCroy
Waverunner 610Zi, 1 GHz bandwidth).

QCL scan intervals

3.2.2

The laser frequency scan interval was coarsely tuned by regulating the QCL
temperature using a Peltier element with water acting as the heat sink. Fine
tuning was achieved through regulation of the applied current ramp. Table 3.1
shows the wavenumber scan range and associated downchirp rates for each QCL,
as well as the number assigned to each QCL for further referencing within this
text.
QCL 1 was used to scan between 2252.30 cm−1 and 2253.51 cm−1 , which contains various (v1 , v2l2 , v3 ) → (v1 , v2l2 , v3 + 1) CO2 absorption lines from vibrational
transitions v3 = 0 → 1 up to v3 = 6 → 7 with relatively high Einstein A coefficients (100-1000 s−1 ).34 Hence, for a sufficiently high ν3 vibrational temperature,
higher levels are expected to be populated enough for absorption lines up to
v3 = 6 → 7 to be visible in this scan interval. Furthermore, this region was chosen
such that no strong CO lines are present.
The second QCL was used to scan the frequency interval between
2211.64 cm−1 and 2212.85 cm−1 , which contains lines from both CO2 and CO. For
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CO2 , vibrational bands up to v3 = 6 → 7 are again present, but with lower line
strengths due to the generally higher rotational quantum numbers J associated
to these transitions.34 One strong CO absorption line is present at 2212.63 cm−1 ,
which is saturated at most of the measured conditions. Despite this, ground state
CO number densities can still be extracted from the width of the saturated line if
the gas temperature can be reliably extracted from other non-saturated absorption
lines. This is in contrast to measurements done with FTIR, where the width of
absorption lines is mainly determined by the instrumental broadening for both
saturated and non-saturated lines.
QCL 3 was used to scan between 2179.20 cm−1 and 2180.11 cm−1 , which only
contains lines from CO. Due to the large rotational constant of CO, rotational
lines are spaced over 3.5 cm−1 apart, making it impossible to capture multiple
rotational lines from the same vibrational band (and the same isotopologue) of
CO within a single QCL scan interval. Hence, the scanned interval only contains
two significant CO lines, including a transition from the vibrational ground state
at 2179.77 cm−1 , as well as a vibrationally excited transition (vCO = 1 → 2) at
2179.24 cm−1 .35 In addition to the absorption lines, some fringes were present in
the spectra measured using QCL 3 due to optical interference within its packaging.
This could not be digitally filtered since its frequency is close to the frequency
components present in the absorption lines.

Plasma setup

3.2.3

The plasma reactor used in this study is made of a 18.5 cm long Pyrex tube with
an internal diameter of 2 cm. This tube extends 2.5 cm into two Pyrex KF40
flanges, with a CaF2 window mounted at each end, resulting in a total internal
reactor length of 23.7 cm. A high voltage and grounded electrode were attached
to the sides of the KF flanges and spaced 16 cm apart. The gas inlet and outlet
were placed opposite to the powered and grounded electrode respectively. The
formation of products was monitored downstream in a 25 cm long absorption cell
with an FTIR spectrometer (Bruker Vertex 80v).
Two pulse delay generators (Stanford Research Systems DG535) were used
to shift the plasma trigger with respect to the master clock from the QCL driver
(shifting the QCL a time td with respect to the start of the plasma-on time) and to
generate a square pulse with a 5 ms on-time and a 10 ms off-time respectively.
This pulse was subsequently amplified by a high voltage power amplifier (Trek
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10/40A-HS) operating in constant current mode. The current and applied voltage
were monitored using monitoring outputs on the high voltage power amplifier.
A pure CO2 gas flow (Linde 4.5 Instrument, ≥99,995% purity) and a pure N2
gas flow (evaporated liquid N2 , ≥99.999% purity) are mixed to produce a total
flow of 7.4 sccm using two mass flow controllers (Bronkhorst F-201CV, 30 sccm
N2 calibrated). The accuracy of the CO2 /N2 input ratio is estimated at 3%. At
this flow, the molecules on average reside about 100 plasma cycles in the active
region of the discharge. The pressure was kept constant at 6.7 mbar using a dry
Roots pump (Pfeiffer ACP 15) by adjusting the effective pumping speed with an
automatic valve (Pfeiffer EVR 116), a feedback controller (Pfeiffer RVC 300) and a
pressure gauge (Pfeiffer CMR 263) mounted directly at the gas inlet of the reactor.

Experimental procedure

3.2.4

A measurement series was recorded according to the following procedure. Before
starting the plasma, the reactor was purged with N2 to remove any infrared active
species and was subsequently pumped down to record the background. The
reactor was then filled with the desired CO2 -N2 mix at a pressure of 6.7 mbar and
the plasma was started. Custom software was subsequently used to set the time
shift td using the pulse delay generators and to vary this delay stepwise over the
15 ms long plasma cycle with a resolution of 0.1 ms, recording a sequence of 50
signal traces at each delay. The total acquisition time for a time-resolved series
was about 8 minutes. By automatically scanning the time delay parameter td of
the laser in a relatively short time, a drift in laser power between the background
measurement and corresponding plasma measurements was minimised.

Computational methods

3.3

An example of the signal measured by detector 1 at 3.2 ms after the start of the
plasma cycle is shown in Figure 3.2a), with the measured signal in a 50% N2 , 50%
CO2 plasma at 6.7 mbar in blue and the measured background in orange. Since
the lasers are all started with a current below their laser threshold, their emission
starts at zero and ramps up slowly. As a result, the initial part of each spectral
scan has a poor signal-to-noise ratio and it is excluded from the analysis, indicated
by the grey regions. At the end of the current ramp, the current is reduced again
to zero, leading to an inversion in the scan direction. Due to the relatively quick
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chirp rate in this part of the scan it is more prone to rapid passage effects31–33 and
it is thus not used for further analysis.
Figure 3.2b) shows the etalon fringes as measured by detector 2, which are
used to convert the time axis to relative wavenumbers. About 75 fringes are
included for the first two QCLs and about 55 fringes for the third QCL. Since
the etalon is not temperature stabilised, a slight phase shift is visible between
the fringes that are recorded during the plasma and background measurements.
No significant effect of the temperature changes on the free spectral range of the
etalon is noticed however.

QCL data processing

3.3.1

A transmittance spectrum is generated from the measured detector signals (such
as the example shown in Figure 3.2a)), where 50 individual traces are recorded
for each delay td . Averaging these 50 traces on the oscilloscope could introduce
artificial line broadening if a shot-to-shot variation in chirp rate or jitter between
the traces is present. Hence, it was first verified that neither of these effects are
present by overlaying the 50 traces for a given delay td . The average of the 50
traces was subsequently taken for each delay td to improve the signal-to-noise
ratio of the transmittance spectrum. Each averaged trace was then filtered using a
digital lowpass fifth-order Butterworth filter with a cutoff frequency of 25 MHz
to remove electrical noise at higher frequencies. This cutoff frequency is chosen
such that the shapes of the absorption lines are not affected. The background is
corrected for changes in laser intensity over time using the etalon measurements.
For each measurement, the time axis is converted into a wavenumber axis
by mapping the positions of the etalon fringes in the time domain onto a relative wavenumber domain. Due to the change in chirp rate during the scan, a
fourth-order polynomial fit is used to derive the relative wavenumber calibration
function, which is then applied to the time axis. The resulting relative wavenumbers are subsequently converted into absolute wavenumbers by shifting the
spectrum for each QCL to align with known absorption lines at 2179.77186 cm−1 ,
2212.6253 cm−1 and 2253.6746 cm−1 respectively.34,36 The transmittance spectrum is subsequently determined by dividing the measurement by the associated
background.
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10

QCL 1

0.2 15
20 0.4
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Figure 3.2: Measured detector signals for absorption by a pure CO2 plasma (detector 1) in a) and by the etalon (detector 2) in b) using QCL 1,
2 and 3 consecutively. The blue lines indicate data measured 3.2 ms after the start of a plasma cycle, while the orange lines indicate data
measured with the reactor pumped down.
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Transmittance spectrum calculation

3.3.2

In order to extract CO2 and CO number densities and temperatures, an algorithm is used to calculate and fit transmittance spectra of a CO2 plasma in nonequilibrium conditions. This algorithm uses line-by-line data from the HITRAN2010 database34 for CO2 (in turn based on data from the CDSD-1000 database36 ),
such as transition frequencies, Einstein A coefficients and air- and self-broadening
constants. For CO, a HITRAN-like dataset by Li et al.35 is used, which contains airand self-broadening constants, as well as broadening constants for CO with CO2 ,
which can differ up to 20% from air broadening coefficients in the covered spectral
interval. The above mentioned databases include (v1 , v2l2 , v3 ) → (v1 , v2l2 , v3 + 1)
CO2 transitions up to v3 = 6 → 7 and (vCO ) → (vCO + 1) CO transitions up to
vCO = 5 → 6 within the spectral intervals covered by the QCLs.
Line selection
While the databases include over 26,000 absorption lines within the small
wavenumber intervals covered by the QCLs, typically only a few hundred absorption lines contribute significantly to the spectrum. Calculating the lineshape
of these transitions, with the high spectral resolution that is required, is computationally expensive due to the small instrumental broadening. Hence, reducing
the absorption line dataset before fitting significantly speeds up data processing.
To achieve efficient filtering, the full set of CO2 and CO line data is loaded into an
in-memory SQLite relational database, which allows efficient lookup of a small
subset of the full database. The line-by-line dataset is subsequently reduced using
the following filters:
1. For both CO2 and CO, only line-by-line data for the first three isotopologues
is included. For CO2 , this is mainly determined by vibrational constants
only being available for the first three isotopologues * . Higher isotopologues
of CO are excluded since no significant lines from isotopologues are covered
by the spectral interval of the QCLs.
2. Vibrational bands that have no lines within the spectral interval of interest
are discarded.
* While Klarenaar et al.27 specify constants for the first four isotopologues of CO2 , the constants
listed for 16 O12 C17 O are not listed in the original source,37 which lists constants for the fifth isotopologue 16 O13 C18 O instead.
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Table 3.2: Number of vibrational bands included for each (v3 ) → (v3 + 1) and
(vCO ) → (vCO + 1) transition for the isotopologues of CO2 and CO respectively.

vi,lower

Isotopologue
12 C16 O
13 C16 O

0

1

2

3

4

5

6

2

100

80

50

25

10

5

2

2

25

15

5

2

1

0

0

16 O12 C18 O

10

5

2

1

0

0

0

12 C16 O

25

10

5

2

1

0

0

13 C16 O

10

5

2

1

0

0

0

12 C18 O

5

2

1

0

0

0

0

3. For CO2 , the strongest vibrational bands for a given (v3 ) → (v3 + 1) transition are selected based on the isotopologue, while for CO, the strongest
vibrational bands are selected for a given (vCO ) → (vCO + 1) transition. The
amount of included vibrational bands for each combination of vibrational
quantum and isotopologue is listed in Table 3.2.
4. Absorption lines outside the spectral interval of interest are discarded.

Calculation of rovibrational distributions
Once the relevant absorption lines are selected, the (non-thermal) state distribution for both CO2 and CO has to be calculated. This is done under the assumption
that no coupling is present between rotational and vibrational levels (i.e. the
rotational and vibrational energy levels are independent). While rovibrational
coupling terms are generally available,36,38,39 one cannot arbitrarily assign the
coupling energy term to either the rotational or vibrational energy term, since
these are each scaled with their own respective temperatures. While uncoupled
rotational and vibrational levels are widely assumed in literature, it should be
noted that this assumption becomes less accurate for higher vibrational levels.40–42
The rotational distribution function φrot,J is calculated from a Boltzmann distribution with a temperature Trot and the degeneracy being a product of the
state-dependent and state-independent weights and a (2J + 1) degeneracy.43 Rotational constants B, D and H from27 are used for the calculation of the rotational
energies, where the rotational constant for Fermi-resonance is calculated from
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the rotational constants and weights of the unperturbed levels.37 The rotational
partition sum is calculated from an analytical function by McDowell et al..44
Dang et al. showed for CO2 that the ν1 and ν2 modes of CO2 can be described
using a Boltzmann distribution with a joined temperature T12 as a result of their
Fermi-resonance.11 Hence, the vibrational distribution function φvib,v12 of the ν1
and ν2 levels is described by:
φvib,v12 =



gvib,12
hcEv12
exp −
Qvib,12
kB T12

(3.1)

with h the Planck constant, c the speed of light and kB the Boltzmann constant.
gvib,12 is the degeneracy of the vibrational mode and Qvib,12 the vibrational partition sum for the given mode, such that ∑v12 φvib,v12 = 1. The energy of the vibrational levels Ev12 in modes ν1 and ν2 is calculated from constants by Suzuki et al.37

and Fermi-resonance level mixing between (v1 , v2l2 , v3 ) and ((v1 − 1), (v2 + 2)l2 , v3 )
levels is taken into account by finding the eigenvalues of the Hamiltonian.45
The population of the asymmetric stretch vibrational mode ν3 of CO2 and
the vibrational mode of CO are calculated using a Treanor distribution. The
latter is generally used when vibration-vibration (V-V) exchange rates are much
higher than vibration-translation (V-T) exchange rates. It has been shown for
both the ν3 mode in CO2 and CO that the V-V exchange rates justify using a
Treanor vibrational distribution in a nitrogen-rich environment.11,46 The Treanor
and Boltzmann distributions typically yield equal populations for low vibrational
levels, while Treanor yields higher populations for higher vibrational levels with
respect to the Boltzmann distribution due to V-V interactions.11,47 The Treanor
distribution is given by a harmonic energy contribution Eh,i that is scaled with the
vibrational temperature Tvib,i and an anharmonic energy contribution Ea,i that is
scaled with the gas temperature Tgas , where i refers to either the ν3 mode of CO2
or the vibrational mode of CO. The vibrational distribution function φvib,vi in a
given vibrational state vi of these modes is given by:

φvib,vi


gvib,i
hc
=
exp −
Qvib,i
kB

!
Eh,i
Ea,i 
+
.
Tvib,i
Tgas

(3.2)

Here Eh,i = vi G1,i , with vi the vibrational quantum of the given mode and G1,i
the spacing between the ground state and first level of this mode. The anharmonic energy contribution is given by Ea,i = −vi (vi − 1)ωe xe,i , with ωe xe,i the
anharmonicity of the vibrational mode. G1,i and ωe xe,i are calculated from CO2

3.3. Computational methods

69

anharmonic force constants37 and CO Dunham coefficients.38,39 The calculation
of the vibrational partition sum Qvib,i is truncated at vibrational levels v1 = 4,
v2 = 8, v3 = 6 for CO2 and vCO = 8 for CO respectively, resulting in a maximum
error due to the truncation of the partition sum of 0.5% at all measured conditions.
The population fraction of a rovibrational state is now given by the multiplication of the rotational distribution function φrot,J and the product of all vibrational
distribution functions φvib,vi . A more extensive description of the calculation of
the state populations can be found in.27
Calculation of line cross sections
The strength of each absorption line can be calculated from the Einstein A coefficient and the populations of the lower and upper state under non-thermal
conditions.27 The pressure broadening full-width at half-maximum (FWHM) can
be calculated from the air- and self-broadening coefficients, as well as CO2 broadening for CO, all of which are listed in the used line-by-line databases. Broadening
due to collision partners that are not included in the database are approximated as
being equal to air broadening. The Doppler broadening FWHM is calculated from
the gas temperature Tgas and ranges from 4 × 10−3 to 6 × 10−3 cm−1 for CO2 at our
experimental conditions, which exceeds the typical pressure broadening FWHM
at 6.7 mbar (ranging from 3 × 10−4 to 4 × 10−4 cm−1 ) by an order of magnitude.
The instrumental broadening FWHM is determined to be < 2 × 10−4 cm−1 by
fitting a pure CO2 spectrum at room temperature. The individual contributions
of Doppler, pressure and instrumental broadening to the measured lineshapes
are additionally included in supplementary Figure S1 for part of the spectrum
measured by QCL 1.
The line cross section is calculated by multiplying the line strength with a normalised Voigt profile, taking into account the pressure and Doppler half-widths.
The Voigt profile is calculated from the real part of the Fadeeva function.48–50
The cross section is then calculated by summing all individual line profiles. The
transmittance of the plasma is subsequently determined from the calculated
cross sections, CO2 and CO number densities and the reactor length L using the
Beer-Lambert law.27,51

Data fitting

3.3.3

The analysis of the processed QCL data is done by fitting the data using the
algorithm described in section 3.3.2 to calculate infrared absorption spectra for a
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non-thermal CO2 plasma and to extract number densities and various temperatures from these fits. QCLs 1 and 3 scan over intervals containing only visible
lines of CO2 and CO respectively, while the interval scanned by QCL 2 contains a
strong CO line as well as weak lines of CO2 . Hence, each spectrum individually
does not contain sufficient data to reliably extract the CO and CO2 number densities and the temperatures. Since all spectra combined do provide sufficient data
to extract these densities and temperatures, a fit on the transmittance spectra of
all QCLs combined provides the best confidence intervals on all individual fitting
parameters.
Since absorption spectroscopy is a line-of-sight technique, the measured spectra are the result of absorption by the plasma as well as absorption from the
regions between the plasma and the windows (22% of the total absorption path),
as shown in Figure 3.1a). This can be accounted for using two slabs with different
temperatures, with the first representing absorption from the plasma (18.5 cm
long) and the second representing absorption from the regions outside the plasma
(5.2 cm long). The molar fractions in these regions are assumed equal due to
efficient gas mixing.12 While for pure CO2 , the regions outside the plasma are generally cold and thermal,27 it is unlikely that this holds for a mix of 90% N2 /10%
CO2 due to the low deactivation rate of vibrationally excited N2 .6 Hence, an
estimate for the rotational and vibrational temperatures in the regions between
the plasma and windows is retrieved by fitting the measured spectra just before
turning on the plasma (td = 15 ms) as a single slab and using the retrieved temperatures as fixed parameters for the region between the plasma and windows.
It should be noted that the effect of this estimate on the measured absorption
spectra is limited due to the generally low line strengths of the observed transitions compared to the relatively hot plasma region, while the contribution of this
region to the total path length is moderate.
Finding a fit outcome that satisfies the data measured using all three QCLs is
done in two steps. First, each QCL transmittance spectrum is fitted individually
using the parameters listed in Table 3.3, taking into account the temperature
estimates for the region between the plasma and windows. Furthermore, a shift in
frequency is introduced to remove the phase shift between absorption lines in the
measured data and the relevant databases as much as possible. An additional 4th
order polynomial baseline correction is included for each spectrum to make sure
that the baseline of the combined spectrum is flat and consistent. The relevant fit
parameters, as well as their initial conditions and bounds are listed in Table 3.3.

1
0

Rot. temperature

ν12 vib. temperature of CO2

ν3 vib. temperature of CO2

Vib. temperature of CO
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0
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0
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CO2 number density
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Description
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m−3
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1.6×1023
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3

3

3

7

3

3

3

3

7

3

1

3

3

3

3

3

3

3

3

3

3

2

QCL

3

3

3

3

7

7

3

3

3

7

3

7

7

7

3

3

3

3

3

3

3

Combined

Table 3.3: List of fitting parameters with their respective symbols, description and their initial values, as well as lower and upper bounds. The
last four columns indicate whether the parameters are used in fits for the individual QCLs 1, 2 and 3 respectively and in the fit of the combined
spectrum. A 4th order polynomial with coefficients p0 and pi , with 0 < i ≤ 4, is used to fit the baseline of the measured transmittance.
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Figure 3.3: A fit of data from Dang et al.11 in a non-equilibrium CO2 discharge, resulting
in Trot = 491 ± 3 K, T12 = 518 ± 2 K and T3 = 2633 ± 19 K. The data points are digitally
extracted from the article and divided by an artificial background.

A spectrum is generated from the combined data of each QCL by performing
a correction for the skewed baseline (using the fit outcome of each individual
QCL spectrum) as well as the wavenumber shift νshift . The combined spectrum is
then similarly fitted as the individual spectra, using the fit parameters listed in
Table 3.3. This yields CO2 and CO number densities, as well as the CO2 and CO
vibrational temperatures from the line strengths and the gas temperature from
the line widths. By fitting the spectra of all QCLs simultaneously, we inherently
assume that the respective temperatures and number densities do not change
significantly within the 42 µs between the start of the scan of QCL 1 and the end
of the scan of QCL 3.

Validation
The fit code is validated by fitting literature data measured using a tunable diode
laser by Dang et al., as shown in Figure 3.3. This fit shows a very good agreement
between the measured data and the calculated spectrum. The fit indicates a CO2
fraction of about 6.0±0.4% and temperatures of Trot = 491 ± 3 K, T12 = 518 ± 2 K
and T3 = 2633 ± 19 K, corresponding very well to a fit performed using similar
code,27 showing an identical temperature for Trot and a difference of 0.2% for T12 ,
while T3 differs by only 0.3%.
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Figure 3.4: Line assignment of absorption spectra taken at a mixture of 50% CO2 and
50% N2 at 1 ms after the start of the plasma for QCL 1 in a), QCL 2 in b) and QCL 3 in
c). Assignment labels for all lines with a line strength of at least 3.5 × 10−22 , 1.5 × 10−22
and 5 × 10−22 cm−1 / (molecule cm2 ) respectively are included. CO2 transitions are
labelled using their initial state in the form (v1 , v2l2 , v3 ), P/R( J ), where P or R indicates
the branch (∆J = −1 and ∆J = +1 respectively) and J indicates the initial rotational
quantum number. The ranking index r quantum number for Fermi-resonant levels is
omitted to reduce complexity. For CO, levels are labelled in the form (vCO ), P/R( J ). The
level assignments are colour coded based on their respective initial v3 and vCO vibrational
quanta. Any lines closer than 9 × 10−3 cm−1 of each other are labelled with “overlap” at
their average frequency, where the digit in the label refers to further line assignment in
Supplementary Table S1.

Results
Fitting of time-resolved measurements

3.4
3.4.1

Figure 3.4 shows an example of the absorption spectra measured in a 50% CO2 ,
50% N2 plasma at 1 ms after the start of the plasma on-time. For each of the three
QCLs, the respective lines are labelled using the information from the respective
CO2 and CO line-by-line databases. For CO2 , all lines are labelled using their
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initial state in the form (v1 , v2l2 , v3 ), a letter indicating whether it is a line from
the P or R branch, and the rotational quantum number J. The line assignment
is colour coded based on the value of the v3 quantum number. For CO, all lines
are labelled using the initial vibrational quantum number, a letter denoting the
P or R branch, and the initial rotational quantum number J. Any lines that are
spaced less than 9 × 10−3 cm−1 apart are labelled at the average frequency as a
combination of lines, where the included number in the respective label refers to
further line assignment in supplementary Table S1.
Panel 3.4a) shows the absorption from CO2 lines in the interval between
2252.30 cm−1 and 2253.51 cm−1 . Transitions from high rotational and vibrational
levels are quite common in this region, since this is quite far from the start of the

(v3 ) → (v3 + 1) band (also avoiding saturated CO2 transitions). Vibrational levels
up to v1 = 2, v2 = 5 and v3 = 3 are visible in this region, as well as rotational
levels ranging from J = 9 to J = 72. As a result, the spectral region for QCL 1 is
very sensitive to changes in Trot , T12 and T3 . Some CO2 features are also visible
in the spectra of QCL 2 (panel 3.4b)), which is even further from the start of the
band, resulting in even higher rotational levels ranging from J = 29 up to J = 75.
Vibrational levels up to v1 = 1, v2 = 2 and v3 = 4 are visible, as well as a single
saturated CO vibrational ground state transition from J = 19. The spectra of QCL
3 in panel 3.4c) is too far from the start of the CO2 band to see any CO2 transitions.
Two CO transitions are visible, one from the vibrational ground state from J = 9
and one from the first vibrationally excited state from J = 17. Higher vibrational
transitions of CO were not found, mainly due to limitations on the scanning
range and relatively high noise of QCL 3. While Figure 3.4 shows a representative
example of a spectrum used for the extraction of gas, rotational and vibrational
temperatures, the visible transitions and, as a result, the sensitivity to the various
fitting parameters changes as a function of the respective temperatures, as well as
the CO2 and CO molar fractions. For an admixture of 90% N2 for example, CO2
transitions up to v3 = 6 → 7 have been observed.
Due to the presence of N2 , the formation of molecules of the form Nx Oy
might be expected. Some of these molecules can be detected using the QCLs
and in line FTIR spectroscopy. For example, all QCL scan intervals overlap with
a strong infrared band of N2 O. Despite the low detection limit of the order of
1018 m−3 (molar fraction of about 10−5 ), no N2 O absorption lines were observed
for any CO2 -N2 mixture. Some NO ranging from 0% for a pure CO2 plasma to a
maximum of about 0.18% for a mixture of 40% N2 and 60% CO2 was observed
using the in line FTIR spectrometer. No absorption from NO2 from the band near
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Figure 3.5: Examples of fitted absorption spectra for a mixture of 50% CO2 and 50% N2 just
before the start of the plasma in a), during the plasma-on phase at 0.7 ms in b) and 4 ms in
c) and during the plasma-off time at 7 ms after the start of the plasma in d). The measured
data is displayed in blue, with the corresponding fit in orange. Below each panel, the
residual is shown on an equal scale as the respective data. Although data from QCL 2 is
used for the fitting procedure, it is not presented in this graph due to low absorption cross
sections of CO2 lines for most conditions in the given frequency range.

2900 cm−1 was observed using the FTIR spectrometer above the detection limit
of about 1018 m−3 .
Some examples of measured absorption spectra for a mixture of 50% CO2 and
50% N2 at different times during the plasma cycle with a 5 ms on-time and 10 ms
off-time are shown in Figure 3.5. This figure includes the measured absorption
spectra for QCLs 1 and 3 in blue, corrected for the baseline and a shift in frequency,
as discussed in section 3.3.3. The least-squares fit result is displayed in orange,
while the residual is shown below each panel on an scale equal to the respective
data.
Panel a) shows the recorded spectra just before starting the plasma. Hence,
the system is thermalized at about 400 K, resulting in only two significantly
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visible absorption lines from the vibrational ground state of CO2 and a single
absorption line from the vibrational ground state of CO. 0.7 ms after starting the
plasma, the absorption spectra have changed significantly, as shown in panel b).
Various CO2 absorption lines from higher asymmetric stretch vibrational levels
appear, especially between 2253.2 cm−1 and 2253.5 cm−1 , indicating a strong
rise of T3 . Furthermore, a significant absorption line from the first vibrational
level of CO appears near the left of the panel, indicating a strong rise of the CO
vibrational temperature as well. Near the end of the plasma on-time, depicted in
panel c), more lines appear, both for higher symmetric stretch and bending mode
vibrational states, as well as for higher rotational states, indicating a rise in both
T12 and Trot . At the same time, the strength of the leftmost CO absorption line
decreases slightly with respect to t = 0.7 ms, either due to a drop in TCO or due to
an increase in the rotational temperature. Finally, panel d) shows the absorption
spectra measured 2 ms after the plasma is turned off. Here, most absorption lines
have decreased significantly in strength with respect to t = 4 ms, indicating a
decrease in temperature(s), while the CO vibrational temperature has decreased
enough already to almost make the absorption line from the first vibrational level
disappear.
The fits in Figure 3.5 generally fit the data well, as is shown from the depicted residuals. Some residuals are present, but these are mostly anti-symmetric
around the position of the absorption line, indicating a discrepancy between the
measured line positions and those listed in the databases. These anti-symmetric
residuals of up to 0.2 can result from a discrepancy between the experimental
line position and the line positions reported by CDSD-1000.36 It is worth to note
that this discrepancy is always within the line position residuals of the database
(10−3 cm−1 ). As shown by Figure 3.2, many high signal-to-noise ratio fringes
are used to calibrate the frequency axis and thus the calibration is better than
10−3 cm−1 . Hence, residuals of this order are to be expected when fitting narrow
linewidth laser absorption spectra based on the CDSD-1000 database, even with a
high-precision frequency calibration.
Some small contribution to the residual is also present due to low strength
absorption lines from the fourth isotopologue (16 O12 C17 O) of CO2 , which is not
included in the fitting routine due to the lack of anharmonic force constants in
literature. For QCL 3 specifically, some contribution to the residual originates
from the optical interference within the laser package.
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3.4.2

To test the QCL absorption spectroscopy setup, measurements are first performed
on a pure CO2 plasma at a current of 50 mA and a plasma on-time and off-time
of 5 ms and 10 ms respectively. This allows comparison with earlier measurements on an almost identical system using FTIR spectroscopy.27 Figure 3.6a)
shows results of Tgas , Trot , T12 , T3 and TCO from the least-squares fitting as a
function of time with respect to the start of the plasma on-time at t = 0 ms.
Just before starting the plasma, all temperatures are around 400 K, indicating
equilibrium. At these temperatures, the fitting error is relatively large due to a
lack of v3 > 0 features within the spectra. After turning on the plasma, an initial
fast rise of T3 and TCO is visible in the first 0.7 ms, with T3 reaching 1060 K and
TCO reaching 1370 K. Tgas , Trot and T12 show a slower increase in temperature,
with T12 always being slightly elevated with respect to Trot . Due to the increase
of Tgas towards the end of the plasma on-time, V-T interaction rates of the CO2
bending mode go up significantly, resulting in an increase of the characteristic
interaction time from 0.6 ms (Tgas = 400 ± 36 K) at t = 0 ms to 0.1 ms at t = 5 ms
(Tgas = 840 ± 76 K).52 This results in more quenching of T3 and TCO , reducing
their elevation above Trot and Tgas towards the end of the on-time. Near the end
of the plasma on-time, all temperatures will approach a steady state temperature,
which quickly equilibrate upon turning off the plasma at t = 5 ms and exponentially decrease again towards 400 K during the off-time. The temperatures
measured using FTIR spectroscopy by Klarenaar et al.27 are shown as dotted lines
in the same figure, showing excellent agreement on measured rotational and
vibrational temperatures. Furthermore, the comparison between TCO measured
using QCL absorption spectroscopy and FTIR spectroscopy clearly shows an
increased sensitivity for TCO using the narrow bandwidth QCL in the cooldown
phase. In contrast, FTIR spectroscopy does not provide the small instrumental
linewidth required to resolve lines from higher vibrational states of CO, resulting in a value for TCO that is below the temperatures of the other (thermalized)
degrees of freedom.
Figure 3.6a) additionally shows both the measured time evolution of gas and
rotational temperatures Tgas and Trot respectively. These are generally assumed
equal due to the extremely high T-R interaction rates of CO2 , resulting in a
characteristic interaction time of < 0.5 µs at our experimental conditions.52 When
taking the statistical error of 9% for Tgas and 5% for Trot (determined from reduced
chi-squared analysis) for this time series into account, Tgas and Trot show a good
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Figure 3.6: The time evolution of the gas temperature Tgas , rotational temperature Trot and
CO and CO2 vibrational temperatures (TCO , T12 and T3 ) in a). Solid lines indicate the result
from QCL measurements, while dotted lines indicate measurements on a CO2 plasma at
identical conditions as measured by Klarenaar et al.27 using FTIR spectroscopy. The grey
regions indicate when the plasma is turned on. Panel b) shows the sum of the CO2 , CO
and O2 partial pressures, assuming no atomic oxygen being present. The dashed black line
indicates the average of this pressure. The pressure varies as a result of gas heating during
the plasma cycle.

agreement. The gas temperature is determined from the width of the absorption
lines, which includes both Doppler and pressure broadening. The pressure
broadening component here is calculated assuming a constant total pressure and
from self-broadening constants for CO2 and CO, as well as broadening constants
for CO2 with air and CO with air and CO2 . A gas temperature that exceeds the
rotational temperature can thus also be an indication of a change in the total
pressure, or of the formation of species that cause CO2 and/or CO lines to be
broadened significantly, for example due to the formation of atomic and molecular
oxygen.53 Due to the lack of these additional pressure broadening constants, the
uncertainty of the measured gas temperature might increase with respect to the
above mentioned statistical error on Tgas . The unknown pressure broadening
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coefficients might be extracted by doing Doppler free QCL measurements54 on
different gas mixtures.
A change in the total pressure is observed from the time evolution of the
sum of the partial pressures of CO2 , CO and O2 as depicted in Figure 3.6b).
This pressure is determined from measured CO2 and CO number density time
evolutions, where CO2 and CO molar fractions of around 67% and 20% were
measured respectively. The O2 partial pressure is calculated under the assumption
that a single O2 molecule is formed for every two dissociated CO2 molecules.
The time-averaged sum of partial pressures is indicated by the black dashed
line. This figure clearly shows a variation in the pressure over time due to fast
heating/cooling by the plasma. Furthermore, if significant amounts of atomic
oxygen are formed during the plasma on-time, this would lead to an even larger
pressure variation over time, as well as an increase of the time-averaged pressure
closer towards the setpoint of 6.7 mbar. However, the increase in pressure is small
with respect to the increase of temperature, which is around a factor of two. This
suggests that most of the gas expands into the rest of the vacuum system, which
is over 25 times larger than the reactor. Hence, the vacuum system can easily
accommodate the gas expansion without a significant increase in pressure. The
minor increase in pressure is thus mainly caused by the limited conductance of
the gas inlet and outlet that prevents fully isobaric expansion.
The presented initial drop in pressure upon starting the plasma is due to the
fit algorithm that assumes a single set of temperatures for the spectra measured
with QCL 1, 2 and 3. However, TCO and T3 change significantly during the first
few hundred microseconds, thus changing the vibrational populations of the
states between the data acquisitions of QCL 1, 2 and 3. This only marginally
affects measured temperatures (resulting in the average temperatures during the
acquisition), but the effect on number densities can be more significant, leading to
a maximum underestimation of the total pressure of 5% during the initial part of
the plasma on-time. The rise in pressure towards the end of the plasma on-time is
most probably related to the assumption of a temperature in the regions between
the positive column and reactor windows. While this temperature is assumed
time-invariant in the fit procedure, the temperature in this region will decrease
slightly during the cooldown phase,27 which can result in a minor overestimation
of the CO number density if the temperatures inside the plasma column are low.
Although the pressure is often taken as a constant for modelling,17,55 a change
over time will change various reaction rates, such as those for dissociation,56 V-V
interactions and V-T relaxation and is likely to depend on reactor geometry.
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A reduced chi-squared analysis57 is done to estimate the statistical error in

the measured temperatures, as well as estimating the sensitivity in various temperature ranges. While the statistical errors for the measured temperatures vary
somewhat with changing N2 admixtures, the determined statistical errors are on
average 13% for Tgas , 7% for Trot , 9% for T12 , 8% for T3 and 12% for TCO respectively. These are all determined using the criterium χ̃2 ( T ) = χ̃2 ( Tmin ) + 1, where
χ̃2 is the reduced chi-squared as a function of the given temperature parameter
and Tmin is the temperature at which a fit optimum is reached. Additionally,
this analysis shows a reduced sensitivity for T3 < 500 K and TCO < 400 K
due to a negligible population in excited vibrational levels within the measured
spectral region. The values for the reduced chi-squared at the fit optimum are
well above unity for some conditions, mainly caused by the uncertainty in the
line frequencies in the database used for fitting as depicted by the residuals in
Figure 3.5. χ̃2min could be reduced significantly by manually correcting the line
positions in the database to be consistent with the measured data, but this does
not affect the fit outcome or the uncertainties in the measured temperatures significantly. Measured number densities used to calculate the pressure in Figure 3.6b)
have a systematic error of about 10% due to the uncertainty in the database line
strengths.34,36

Input power

3.4.3

To investigate the effect of N2 on the vibrational excitation of CO2 in a CO2 -N2
plasma, time resolved absorption spectra were measured for gas mixtures ranging
from pure CO2 to 10% CO2 admixed with 90% N2 . Figure 3.7a) shows measured
current evolutions for various CO2 -N2 mixtures, all of which stabilise within
0.4 ms to reach the current setpoint of 50 mA. Panel b) shows the related applied
voltage, calculated from the measured total applied voltage and the voltage drop
over the 50 kΩ resistor. This figure clearly shows a higher applied voltage at
higher N2 content to maintain a current of 50 mA, hence suggesting a higher
impedance of the plasma for higher N2 /CO2 ratio. As a result, the time evolution
of the power input, depicted in panel c), changes depending on the CO2 /N2 ratio.
Initially, the input power for all mixtures peaks to about 130 W, which is likely
the maximum that can be supplied by the power amplifier. For pure CO2 , the
input power quickly reaches the asymptotic value of about 75 W, while for 90%
N2 , the power decreases more slowly to a value of about 90 W just before turning
off the plasma. The total power deposition during a single plasma cycle ranges
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Figure 3.7: Time evolution of the applied current in a), the voltage drop over the reactor in
b) and the deposited power in c) for various CO2 /N2 mixing ratios. The grey coloured area
shows the time during which the plasma is turned on. The current is directly regulated
to 50 mA during the plasma on-time by the power amplifier and thus stabilises quickly,
while the applied voltage increases with more N2 present.

from 0.54 J to 0.67 J for pure CO2 and 90% N2 respectively and this should be kept
in mind when interpreting the measured temperature evolutions.
The input power also depends on the power regulation mode that is used.
Some recent experimental studies have used a voltage regulated power supply,
where an initial spike and subsequent slight drop in the current is visible, with
the current at the end of the plasma on-time being the regulated parameter.12,27
We have recently employed a current regulated power amplifier to allow quick
stabilisation of the applied current,58 which is also used in this work. In most
cases, the power regulation method is not explicitly specified.13,17,53 However,
as demonstrated by Figure 3.7, the impedance of the plasma changes over time
and depends on the gas mixture. Hence, the time profile of the power deposition
could affect the temperatures, even if the total deposited power is unchanged.
This especially affects the early phase of the plasma on-time and it would thus be
advisable to report the time evolution of the applied current and voltage explicitly.
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Nitrogen addition

3.4.4

Figure 3.8 shows the time evolution of the various measured temperatures. Panel
a) shows the time evolution of Trot for various CO2 -N2 mixtures, ranging from
blue lines for a pure CO2 plasma to yellow for a 90% N2 and 10% CO2 plasma,
while the grey shaded region indicates the plasma on-time. The rotational temperature evolution for 0-70% N2 is practically identical, while the rotational
temperature at 80% and 90% N2 has a smaller slope just after the start of the
plasma, while the maximum rotational temperature that is reached at t = 5 ms is
also less with respect to lower N2 admixtures. This lower rotational temperature
is beneficial for the excitation of the asymmetric stretch mode because the V-T
relaxation is reduced at lower rotational temperatures.27,55 The time evolution of
the gas temperatures is omitted in this figure due to the lower sensitivity for the
gas temperature than for the rotational temperature. Measured gas temperatures
show almost identical results as the depicted rotational temperature time evolutions, with some similar differences to those shown in Figure 3.6a). While this
work is aimed towards measuring the time evolution of various temperatures,
time-averaged molar fractions for various N2 admixtures are additionally listed
in Supplementary Table S2 for completeness.
Measured rotational temperatures agree well with previous measurements
using rotational Raman spectroscopy, reporting rotational temperature evolutions
that are largely independent of the N2 fraction for 25%, 50% and 75% N2 addition,
reaching about 830 K at the end of the 5 ms on-time,13 while our measurements
show the rotational temperature going up to about 850 K for N2 fractions below
80%. FTIR measurements by Terraz et al.17 on a plasma in CO2 admixed with
50% N2 show an increase of the rotational temperature with respect to a pure
CO2 plasma. This could be caused by a difference in reactor design, where the
conductance of the gas inlet and outlet might affect the energy loss as a result
of the gas expansion. In our reactor, the pressure increase seems quite modest
(see Figure 3.6b)), indicating a relatively efficient expansion through the gas
inlet and/or outlet. A similarly modest pressure increase is expected for the
rotational Raman measurements due to the extensions that are connected at each
end of the reactor.13 Further investigation on the role of the reactor design on the
temperature evolution is required.
Panel b) shows the time evolution of T12 , where for a pure CO2 plasma, this
temperature goes up to 890 K and it is only elevated by about 60 K with respect
to the rotational temperature. While the initial slope of T12 just after starting the
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Figure 3.8: Time evolution of the rotational temperature Trot in a), the CO2 symmetric stretch and bending mode vibrational temperature T12
in b), the CO2 asymmetric stretch vibrational temperature T3 in c) and the CO vibrational temperature TCO in d), at various CO2 -N2 mixtures,
ranging from pure CO2 in blue to 10% CO2 and 90% N2 in yellow. Measured gas temperature evolutions are not included since they show
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plasma does not change upon the addition of N2 , the non-equilibrium between
T12 and Trot further into the plasma on-time increases up to a maximum of 370 K
for a N2 fraction of 90%. The latter can be explained by the decrease in the VT relaxation rate by N2 of at least 30%, with typical relaxation time constants
between 2 ms (at 300 K) and 200 µs (at 1000 K).15 Furthermore, for 90% N2 content,
T12 never fully reaches an equilibrium with Trot and it is elevated by about 80 K
with respect to Trot at the end of the cooldown phase. Similarly to the rotational
temperatures, these temperatures are generally lower than those reported by
Terraz et al.,17 where T12 goes up to about 1100 K for a mixture of 50% CO2 and
50% N2 just before turning off the plasma, whereas T12 reaches only 950 K in our
measurements.
The time evolution of the CO2 asymmetric stretch vibrational temperature T3
is depicted in panel c). For pure CO2 , T3 quickly rises from 400 K before the start
of the plasma to 1060 K at 0.7 ms before decreasing towards the end of the plasma
on-time. Modelling has shown that T3 initially rises due to direct electron impact
and V-V interactions, reaches a maximum and subsequently decreases due to
increased V-T relaxation as a result of an increase in the gas temperature.55 Upon
increasing the N2 fraction, the maximum value that is reached by T3 gradually
increases, while also time t at which this maximum is reached increases. This
can be explained by a decrease in the typical V-V quenching frequency by one
order of magnitude in the presence of 90% N2 (with typical V-V interactions
times increasing from 0.06 µs52 to 0.6 µs15 ). Additionally, vibrationally excited
N2 can serve as an efficient energy reservoir for the asymmetric stretch levels,
with typical quasi-resonant interaction times around 10 µs (at 300 K).15 Hence,
the maximum of T3 is reached at a higher gas temperature before quenching of
the asymmetric stretch levels results in a decrease of T3 .
For a mixture of 50% N2 and 50% CO2 , T3 reaches a temperature of 1525 K
at t = 0.9 ms, before decreasing to about 1240 K just before the plasma is
turned off. The maximum for T3 is in good agreement with FTIR spectroscopy
measurements,17 while our T3 near the end of the plasma on-time is about 160 K
lower than those measured using FTIR spectroscopy. This agrees well with the
hypothesised difference in inlet and/or outlet conductance, resulting in more
energy loss from our reactor due to an efficient expansion into the cold gas inlet
and outlet. This would affect temperatures just after the start of the plasma only
marginally due to the small initial increase in gas temperature, while the measured temperatures towards the end of the plasma on-time are affected more as a
result of the thermal expansion due to a significant increase in gas temperature.
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For 90% N2 and 10% CO2 , T3 reaches around 2250 K at t = 1.8 ms, without
showing the typical decrease of T3 towards the end of the plasma on-time. This
suggests that the quenching of the CO2 asymmetric stretch is mostly balanced
against excitation processes of CO2 , such as electron excitation or interaction with
CO and N2 vibrationally excited states.55 Furthermore, for N2 fractions above
70%, T3 is always elevated with respect to the rotational temperature, even near
the end of the plasma off-time. A significantly slower decay rate towards thermal
equilibrium is observed with respect to pure CO2 , clearly indicating that long
lived vibrationally excited N2 serves as an energy reservoir for the asymmetric
stretch levels of CO2 .6
Panel d) finally shows the time evolution of the CO vibrational temperature
TCO . This shows a similar trend to the time evolution of T3 , with a steep initial
increase to 1350 K for pure CO2 at t = 0.6 ms and a subsequent decrease to a
temperature of 1000 K just before the plasma is turned off. For 50% CO2 and 50%
N2 , TCO goes up to 2250 K at t = 0.8 ms before decreasing to 1530 K near the
end of the plasma on-time, showing excellent agreement with reported values
for TCO from FTIR measurements.17 The maximum value for TCO of 3700 K at
t = 1.5 ms is reached for a N2 fraction of 80%. Similarly to the evolution of T3 , TCO
does not equilibrate with Trot for N2 fractions upwards of 70%. However, T3 and
TCO do equilibrate with each other for all measured conditions within 3 ms after
stopping the plasma, suggesting relatively efficient energy exchange between
these vibrational modes caused by the close spacing of the first vibrationally
excited levels of CO and the asymmetric stretch of CO2 .19,59

Conclusions

3.5

We have demonstrated a method to measure the time evolution of gas temperature, rotational temperature and vibrational temperatures of CO and CO2 in
a pulsed glow discharge at different mixtures of CO2 and N2 by in situ narrow
linewidth QCL absorption spectroscopy. Absorption spectra are measured, which
include CO2 transitions from asymmetric stretch levels up to v3 = 6 → 7 as well
as CO transitions from levels up to vCO = 1 → 2, with a 0.1 ms time resolution.
These spectra are subsequently fitted using a custom non-equilibrium absorption
spectrum calculator for CO2 and CO to extract relevant temperatures and absolute
number densities.
Measured temperature evolutions in a pure CO2 plasma are compared with
previously published temperature evolutions measured using FTIR spectroscopy,
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showing excellent agreement. Absolute number densities, the rotational temperature and vibrational temperatures can be measured with both techniques.
However, with QCL absorption spectroscopy it is possible to achieve a higher
sensitivity to number densities and temperatures, while also allowing time evolution scans within minutes. QCL absorption spectroscopy additionally allows a
direct measurement of the gas temperature from the line broadening, showing
good agreement with measured rotational temperatures. Combining the gas
temperature with the total number density allows the time-resolved pressure to
be determined in the active region of the plasma. This shows early indications for
an increase in pressure during the plasma on-time and subsequent decrease as a
result of the significant gas heating and cooling.
Vibrational temperatures of CO2 were studied for admixtures of N2 up to
90%. It was observed that the asymmetric stretch vibrational temperature T3
reaches temperatures up to 2250 K for a 90% N2 admixture, without showing a
characteristic peak within ∼1 ms after the start of the discharge, as is typically
observed for a lower N2 content. Hence, the V-T relaxation of CO2 does not
become strong enough to overcome the excitation of ν3 levels by electron impact
and V-V interactions with other CO2 molecules, N2 and CO. Furthermore, for N2
admixtures above 70%, T3 does not equilibrate with Trot in the off-time, but it does
equilibrate within 3 ms with the CO vibrational temperature, indicating relatively
efficient V-V interactions between CO and CO2 . The vibrational temperature T12 ,
which is only 60 K elevated for pure CO2 , is elevated up to 370 K with respect to
Trot for N2 admixtures below 80%, while the rotational temperature (and similarly
for the gas temperature) is almost identical to those of a pure CO2 plasma. A
difference in time evolution, as well as a slightly lower rotational temperature just
before stopping the plasma is observed for high N2 admixtures of 80% and 90%.
This might stimulate further ν3 excitation due to a reduction in V-T relaxation
rates, which could be exploited to increase CO2 dissociation through vibrational
excitation.
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Supplementary material
Table S1: Line assignment of absorption spectra taken at a mixture of 50% CO2 and 50%
N2 at 1 ms after the start of the plasma for lines that are not included in Figure 3.4 since
they are closer than 9 × 10−3 cm−1 from each other. CO2 transitions are labelled using their
initial vibrational state, the branch (with P for ∆J = −1 and R for ∆J = +1 respectively)
and Jinitial for the initial rotational quantum.
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Figure S1: A detailed view of the absorbance measured with QCL 1 in pure CO2 at
t = 0.7 ms, showing measured data and the corresponding fit in panel a). Normalized
contributions to the absorbance by instrumental, Doppler and pressure broadening are
depicted in panel b), clearly indicating that Doppler broadening dominates over pressure
and instrumental broadening.
Table S2: Time-averaged CO2 and CO molar fractions for various CO2 -N2 mixtures,
calculated from fitted CO2 and CO number densities and assuming a constant total pressure
of 6.7 mbar. An estimate for the statistical error of the listed molar fractions is calculated
from the standard deviation of the time evolution of each molar fraction.

Input mixture

Measured molar fraction

N2

CO2

CO2

CO

0%
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67±4%

20±2%
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4
Vibrational quenching by water in a CO2
glow discharge measured using quantum
cascade laser absorption spectroscopy

Abstract
In situ Quantum Cascade Laser (QCL) absorption spectroscopy is used to investigate the effect of admixed water in a pulsed CO2 glow discharge on the vibrational
excitation of CO2 and CO and the conversion of CO2 . Time-resolved transmittance spectra of the non-equilibrium CO2 plasma are measured with a 100 µs time
resolution. A custom fitting routine is used to extract the time evolution of the
gas temperature, rotational temperature and vibrational temperatures of CO2 and
CO, while the CO2 conversion is determined from measured CO2 and CO number
densities. Rotational Raman scattering is additionally performed in the centre
of the reactor to verify measured rotational and vibrational temperatures from
line-of-sight absorption spectroscopy. The plasma is operated at 6.7 mbar, with up
to 10% water admixed, and is pulsed with a 5-10 ms on-off cycle, with a current
of 50 mA supplied during the plasma on-time. Vibrational temperatures and
CO2 conversion are not significantly affected by water admixtures below 0.5%.
However, the asymmetric stretch temperature of CO2 (T3 ) shows considerable
quenching upon admixing 10% water vapour, with the maximum elevation above
the rotational temperature (Trot ) decreasing from 580 ± 86 K to 230 ± 63 K. For
the vibrational temperature of CO (TCO ), a similar trend is measured. However,
the slopes of T3 and TCO within the first few hundred µs after the start of the
Accepted as: M. A. Damen, L. M. Martini, and R. Engeln. Vibrational quenching by water in a CO2
glow discharge measured using quantum cascade laser absorption spectroscopy. Plasma Sources Sci. Technol.
(2020). DOI: 10.1088/1361-6595/abad54.
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plasma remain unchanged, even when admixing 10% water vapour, suggesting
equal excitation of the vibrational modes through e-V and V-V interactions. The
conversion decreases by almost a factor of 4 when admixing 10% water. We argue
that vibrational quenching of CO2 by water can explain part of the decrease.
Changes in electron density and temperature and reactions between CO and OH
can also play a role.

4.1. Introduction

Introduction
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4.1

To reduce global anthropogenic carbon emissions, renewable energy sources such
as solar and wind energy are being implemented on an ever growing scale. As
a result, the contribution from these intermittent energy sources into the energy
mix increases quickly, requiring an efficient energy storage method. One possible
method of energy storage with a high volumetric and gravimetric energy density
is in the form of value-added hydrocarbons.1 These (liquid) hydrocarbons can be
synthesised using the Fischer-Tropsch process from syngas, i.e. a mixture of CO
and H2 .2,3
Syngas can be produced from a combination of low-cost and abundant CO2
and H2 O, although other (higher cost) methods that use H2 4,5 or CH4 6–8 are also
available. Low-cost syngas production could potentially be achieved by combined conversion of CO2 and H2 O, or by separate dissociation of both molecules
and combining their products. Even in the latter case, small amounts of water
would still be present when using the proposed industrial waste gas streams,
where water (vapour) is a common impurity. Both for separate and combined
conversion, vibrational excitation of CO2 can help to efficiently dissociate the
CO2 to form CO without generating excess heat.9,10 This can be achieved in the
reactive environment of a non-equilibrium plasma to selectively deposit energy
into the vibrational modes of CO2 .9,11–14 However, it has been suggested that
water quenches CO2 vibrational states significantly, potentially leading to a lower
CO2 conversion.15–19
The effect of water on the conversion of CO2 has been studied in various
discharges, including (packed bed) dielectric-barrier discharges (DBD),13,20 surface discharges,21 corona discharges,22 surface-wave microwave discharges,12,23
nanosecond repetitively pulsed discharges (NRP)24 and transversely excited atmospheric (TEA) CO2 laser discharges.25 In most cases, the CO2 conversion drops
significantly upon addition of water vapour, with the exception being the work
of Chen et al.,23 where a slight increase in the conversion was measured upon
adding 10% water. To the authors knowledge however, no direct measurements
on the quenching of vibrational temperatures of CO2 by H2 O are available, while
these vibrational temperatures can be relevant to understand CO2 dissociation
in the presence of water vapour.12 Furthermore, measuring these vibrational
temperatures can help to validate results from kinetic modelling of combined
conversion of CO2 and H2 O. It can also help to set requirements on the water
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content that can be tolerated in the (industrial) gas stream that is used for CO2
conversion.
Recently, we published work where a set of three quantum cascade lasers
(QCLs) was used to measure in situ CO2 and CO absorption spectra in a pulsed
CO2 -N2 glow discharge.26 The uniformity of the positive column of the glow
discharge27 was exploited to extract rotational and vibrational temperatures, as
well as the gas temperature from the line broadening. These parameters were
determined with high accuracy and sensitivity by measuring the absorption
spectrum in three small frequency intervals (about 1 cm−1 each). Although
conversion and energy efficiency in a glow discharge are typically limited,1 a
glow discharge is a well-known source of vibrational non-equilibrium (both for
continuous28–30 and pulsed discharges31–33 ) and it is easily accessible with various
optical diagnostics. Hence, this discharge is particularly well suited for studying
vibrational excitation of CO2 and to verify related reaction rates in numerical
models.
In this study, we again employ in situ QCL absorption spectroscopy to measure
time resolved rotational and CO2 and CO vibrational temperatures, as well as the
gas temperature in a pulsed CO2 glow discharge. We admix up to 10% water to
study the suggested vibrational quenching of CO2 by water vapour.15,16 Since
absorption spectroscopy is a line-of-sight technique, we additionally support
these measurements with spatially resolved rotational Raman scattering measurements in the centre of the reactor. This allows verification of the absorption
spectroscopy measurements, using spatially resolved rotational temperatures and
CO2 vibrational excitation from the apparent rotational degeneracy.27,34,35

Experimental methods

4.2

The experimental setup is schematically depicted in Figure 4.1 and is described
in more detail in our previous work.26 Hence, this section only highlights some
important features and relevant changes in the setup. The reader is referred
to the previous work for a more extensive description of the QCL absorption
spectroscopy setup and data processing procedures, as well as a description of
the measured transitions.

4.2. Experimental methods

Plasma setup
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4.2.1

A CO2 flow was controlled by mass flow controller MFC1 (Bronkhorst F-201CV,
750 sccm N2 calibrated), which was combined with a controlled flow of water
from a He-pressurised vessel containing distilled water using MFC2 (Bronkhorst
µ-Flow L01, 0.25 g/h) by a controlled evaporative mixer (CEM) at 120 ◦ C. This
gas stream then went through a 250 mL buffer volume, where a reduced pressure
below 200 mbar was maintained and monitored by pressure gauge P1, to allow
water up to 10% to be added without condensation within the gas feed system. A
flow of 7.4 sccm of this gas stream was sampled using MFC3 (Bronkhorst F-201CV,
100 sccm N2 calibrated), with the remainder leaving the system through pump 1.
Using this configuration, relatively large CO2 and H2 O flows could be used to
help maintain a good gas feed stability, while a low flow and pressure could be
maintained in the plasma reactor.
The sampled gas stream flowed from MFC3 through a Bruker multipass
cell with a length of 25 cm, which was placed in the sample compartment of a
Bruker Vertex 80v Fourier-transform infrared (FTIR) spectrometer, to allow the
molar fraction of the dosed water to be monitored. The internals of the FTIR
spectrometer were pumped down to 2 mbar, while a small N2 flow was supplied
to purge as much water from the FTIR spectrometer as possible. The pressure in
the multipass cell was monitored using a Pfeiffer CMR 263 pressure gauge (P2).
The gas stream subsequently travelled to the plasma reactor through a gas line
of a few meters. This gas line prevents products created in the plasma reactor to
diffuse into the FTIR multipass cell. The pressure inside the reactor is maintained
at 6.7 mbar. A current of 50 mA is supplied during the plasma on-time of a
sequence of pulses with a 5-10 ms on-off cycle.26
The time evolution of the current and applied voltage over the reactor, as well
as the instantaneous power are measured for all water admixtures and can be
found in Supplementary Figure S1. Supplementary Table S1 lists the energy input
per cycle, derived from the instantaneous power, for all water admixtures.

Quantum cascade laser system

4.2.2

A set of three colinear distributed feedback quantum cascade lasers (QCLs) were
used to measure the transmittance of the plasma over three different frequency
intervals. QCL 1 was used to measure the CO2 (v1 , v2l2 , v3 ) → (v1 , v2l2 , v3 + 1)

band between 2252.30 and 2253.51 cm−1 . QCL 2 and QCL 3 were used to measure the CO (vCO ) → (vCO + 1) band in the 2211.64-2212.85 cm−1 and 2179.20-
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Figure 4.1: A schematic representation of the laser setup and the gas and water supply system. Three colinear quantum cascade lasers were
combined into a single beam using gold mirrors. This beam was split by a beamsplitter (BS), with part of the beam being used for frequency
calibration using an etalon, while the other part was used for absorption spectroscopy on a pulsed glow discharge. Water was added to a
CO2 stream from a He-pressurised container, using a controlled evaporative mixer (CEM) and a combination of a liquid and gas mass flow
controller. A flow of 7.4 sccm of this mixture was sampled and travelled through the reactor, where a plasma was ignited using a power
supply operating in constant current mode.
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Figure 4.2: A timing diagram showing the trigger of the QCLs and the pulse that is
supplied to the plasma power supply. The plasma is triggered with a 5 ms on-time and a
10 ms off-time, whereas the QCLs are triggered at a 1.5 ms interval, where a pulse delay
generator was used to shift the QCL trigger by a time td with respect to the start of the
plasma cycle. Note that for every QCL trigger, QCL 1, 2 and 3 are subsequently fired with
a time delay of a few tens of µs in between to prevent a time overlap in the emission of the
QCLs (not included in this diagram).

2180.11 cm−1 intervals. These lasers were current-driven in the intermittent
scanning mode,36 allowing the scan rate of the QCLs to be sufficiently slow to
avoid rapid passage effects.37–40 A fraction of the laser emission was split off
using a 95/5 beamsplitter to allow for frequency calibration using an etalon (free
spectral range 0.01617 cm−1 ).
The master clock for the experiment was generated by the QCL controller
(Neoplas Q-MACS Basic MC) at an interval of 1.5 ms, with the plasma clock phase
shifted by a time td by a set of two pulse delay generators (Stanford Research
Systems DG535). An additional time shift with respect to the master clock of 0 µs,
40 µs and 75 µs was introduced for QCL 1, 2 and 3 respectively to prevent time
overlap in their emission. Hence, for each plasma cycle, spectra are collected at
10 time points t = 1.5 · i + td (in ms), with 0 < i < 10, significantly reducing the
acquisition time with respect to previous work.26 By adjusting td stepwise from
td = 0 ms up to 1.4 ms, a time resolution of 100 µs is achieved within a single
period of an infinite sequence of plasma pulses. A schematic representation of
the timing scheme is depicted in Figure 4.2.
An example of the measured transmittance, 500 µs after starting the plasma,
is shown in Figure 4.3 for water admixtures ranging from 0% to 10%. Figure 4.3a)
includes only CO2 transitions, while Figure 4.3b) only includes CO transitions.
The absorption spectra of all three QCLs were analysed using a single custom
least-squares fitting algorithm. This algorithm is based on data from the HITEMP
database41,42 for CO2 and a HITRAN-like dataset by Li et al. for CO.43 1393 CO2
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Figure 4.3: a) Measured transmittance between 2252.85 and 2253.33 cm−1 containing
transitions for CO2 , and b) between 2179.22 and 2179.85 cm−1 containing transitions for
CO. Both for a few water admixtures ranging from 0% (blue) to 10% (yellow). Some fringes
in panel b) are present due to interference within the laser packaging. The lower state
vibrational quanta (v3 and vCO ) of the respective transitions are indicated as black and red
annotations. The grey annotation is related to overlapping transitions of CO2 from v3 = 1
and v3 = 2. The full line assignment can be found in.26

transitions and 29 CO transitions are used to perform a least-squares fit of the
transmittance of the measured spectral regions.
The fit algorithm calculates the transmittance for a dual slab system, with
one 18.5 cm long slab representing the non-equilibrium plasma column and a
second 5.2 cm long slab representing the regions between the plasma column
and the reactor windows. For the latter, a constant time-invariant temperature
of 400 K is assumed, which can affect the measured temperatures. However,
transitions with high rotational and/or vibrational quanta are mainly measured,
which are relatively weak at 400 K. The effect of this assumption on measured
temperatures is thus only small and is included in the statistical errors of the
respective parameters. The fitting algorithm was validated against a previously
published non-equilibrium spectrum measured by Dang et al. using tunable diode
laser absorption spectroscopy29 and time evolutions of vibrational temperatures
measured by Klarenaar et al. using Fourier-transform infrared spectroscopy,32
showing excellent agreement with previous work.26
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Table 4.1: List of fitting parameters for analysis of QCL absorption spectra, including
symbols, a short description and the initial value that is used for the least-squares fit.

Symbol

Description

Initial

Tgas

Gas temperature

600 K

Trot

Rot. temperature

600 K

T12

CO2 ν12 vib. temperature

600 K

T3

CO2 ν3 vib. temperature

600 K

TCO

CO vib. temperature

600 K

nCO2

CO2 number density

4×1022 m−3

nCO

CO number density

4×1022 m−3

The measured spectra contain contributions from transitions up to v3 = 4 → 5
and vCO = 1 → 2 for CO2 and CO respectively. Tgas represents the gas temperature and was extracted from the Doppler line broadening, assuming a constant
pressure broadening contribution at 6.7 mbar during the plasma cycle. Trot
describes the rotational state distribution, while T12 describes the combined temperature of the symmetric stretch and bending vibrational modes of CO2 , both
assuming a Boltzmann distribution. The CO2 asymmetric stretch vibrational
temperature T3 and the CO vibrational temperature TCO were used to calculate vibrational populations using a Treanor distribution, due to fast vibrationvibration (V-V) interactions in these respective modes.29,44 While the Treanor
temperatures T3 and TCO are expressed in K, they are strictly apparent vibrational
temperatures.45,46 However, it has become common to refer to these parameters
as vibrational temperatures and we will follow this convention.29,32,47–49 It is also
important to note that the Treanor and Boltzmann distributions produce almost
identical absorption strengths for the measured CO2 and CO transitions within
the range of temperatures measured. Despite some of the saturated CO transitions
in Figure 4.3b), the fit algorithm can still accurately determine TCO , since the line
strength of these saturated transitions is related to the width of the line. This
does require an accurate measurement of Doppler and pressure line broadening
however, which can be done thanks to the narrow bandwidth of the QCLs and
the non-saturated transitions in Figure 4.3. The typical statistical error for TCO is
12% (determined using a reduced chi-squared analysis), despite the presence of
some saturated transitions.26
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The absolute number densities nCO2 and nCO for CO2 and CO were deter-

mined from their respective contributions to the measured spectra. The initial
values of the fit parameters are listed in Table 4.1.

Experimental procedure

4.2.3

Time-resolved absorption spectra were taken according to the following procedure. Every measurement series was started with the reactor pumped down
to below at least 1 × 10−1 mbar. All three QCLs were subsequently configured
and their emission was started. A background measurement was taken to obtain
the QCL emission without any absorption by the plasma. The CO2 flow was
started by setting MFC1 to the appropriate setpoint, which varied between 50
and 100 sccm depending on the desired water vapour admixture. The pressure
P1 was then increased to the desired value, followed by setting the flow of MFC2
to admix the desired water vapour. The pressure setpoint in the reactor (P3) was
subsequently increased to 6.7 mbar. Once the pressure inside the reactor (measured by P3) reached the pressure setpoint, the system was given an additional
10 minutes to fully stabilise. Hereafter, 4 FTIR absorption spectra were acquired
within 10 minutes, at 4 different times, to check the dosed water content and its
stability.
An absorption spectrum was collected for the given CO2 /H2 O mix, initially
without starting the plasma to check the CO2 content in the reactor. The plasma
was subsequently started and the current during the plasma on-time was set
to 50 mA. The plasma was given a few minutes to stabilise, after which the
(automatic) acquisition of the QCL absorption spectra was started using custom
software, collecting 150 absorption spectra during both the plasma on-time and
off-time over about 6 minutes. Once the QCL acquisition finished, the scope traces
for the applied voltage and current were acquired as well on the oscilloscope.
Once this was completed, the plasma was turned off and the QCL emission was
stopped. The system was now purged for 5 minutes with pure CO2 at 6.7 mbar,
followed by pumping down the system to at least below 1 × 10−1 mbar, to remove
as much water as possible, before starting the next acquisition series.
Care has been taken to prevent water to accumulate inside the system over
time. This was checked by repeating the measurements without water admixed
after all other measurements were completed. The results were almost identical
to the pure CO2 measurements before the water admixing experiments.

4.2. Experimental methods

Rotational Raman scattering
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4.2.4

In addition to absorption spectroscopy, rotational Raman scattering was used to
perform spatially resolved measurements. These measurements were performed
using the same gas feed system and plasma setup described above, although
23 cm long extensions were attached to either end of the reactor to reduce the laser
energy density at the windows. Since the laser scattering setup is described in
detail in previous work,33 this section only provides a brief overview of this setup.
Rotational Raman spectroscopy serves as a validation for the line-integrated absorption spectroscopy measurements. While spatially resolved measurements in
a pulsed CO2 glow discharge have already shown the uniformity of the plasma,27
it should be validated that this also holds for a CO2 plasma with water admixed.
Measurements were performed in the centre of the plasma at 11 strategically
determined time points during the plasma cycle and were limited to 0% and 5%
water admixture. This is due to acquisition times of up to 45 minutes per time
point for rotational Raman scattering, in contrast to about 2 seconds for a QCL
absorption spectrum.
A frequency-doubled Nd:YAG laser at 532 nm was focused into the centre
of the plasma reactor by a set of lenses. Hence, it should be mentioned that
the reactor configuration differed from the one depicted in Figure 4.1. Scattered
light was collected at 90◦ , focused into a glass fibre and subsequently collimated.
This light passed through a volume Bragg grating, which allowed the strong
Rayleigh scattering to be filtered.50 The collimated beam was then focused onto
the 100 µm wide entrance slit of a spectrometer and was spectrally resolved by a
2400 lines/mm grating. It was then detected by a custom intensified camera, for
which the spectral sensitivity was determined from the black-body radiation of a
W-ribbon lamp.
Both the Stokes and anti-Stokes branches were recorded up to a positive and
negative Raman shift of 96 cm−1 and analysed using a custom fitting algorithm.
The rotational temperature Trot describes the rotational state distribution, assuming a Boltzmann distribution. The number densities nCO2 , nCO and nO2 , for CO2 ,
CO and O2 respectively, were determined from the contributions of the respective
species to the total spectrum. The initial values of the fit parameters are listed in
Table 4.2. The scattering intensity and instrumental broadening (assuming equal
Gaussian and Lorentzian contributions) were both calibrated using a rotational
Raman spectrum for pure CO2 at room temperature and a pressure of 6.7 mbar.
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Table 4.2: List of fitting parameters for analysis of rotational Raman spectra, including
symbols, a short description and the initial value that is used for the least-squares fit.

Symbol

Description

Initial

Trot

Rot. temperature

600 K

nCO2

CO2 number density

4×1022 m−3

nCO

CO number density

4×1022 m−3

nO2

O2 number density

4×1022 m−3

Avg. CO2 odd degeneracy

0.25

g J,o

In the vibrational ground state of CO2 , only even rotational levels contribute to
the rotational Raman spectrum, whereas odd rotational levels have a degeneracy
of zero. If higher vibrational levels are populated however, odd rotational levels
can have a non-zero degeneracy.35,51 Hence, the rotational Raman spectrum of
CO2 is affected by the vibrational temperatures T12 and T3 through the apparent
degeneracy of even and odd rotational levels h g J,e/o i:35

h g J,e/o i =

1 1
±
2 2



1 − z2
1 + z2



1 − z3
1 + z3


,

(4.1)

with the plus sign corresponding to the degeneracy of even rotational levels
and the minus sign corresponding to the degeneracy of odd rotational levels.
Furthermore, h g J,e i + h g J,o i always equals unity for CO2 . The factor zi is related
to the vibrational temperature Ti through


hcG1,i
zi = exp −
kB Ti


,

(4.2)

with h the Planck constant, c the speed of light and kB the Boltzmann constant.
G1,i is the energy spacing between the vibrational ground state and the first
vibrationally excited state for vibrational mode i, which is equal to 667.47 cm−1
for the bending mode of CO2 and 2349.16 cm−1 for the asymmetric stretch mode
of CO2 .32 Due to the strong Fermi-resonance between the symmetric stretch and
bending modes of CO2 , a shared temperature T12 is used, which substitutes the
vibrational temperature T2 in the equation above.
By including h g J,o i as a fitting parameter (with an initial value of 0.25), it is
possible to characterise vibrational excitation locally. Since h g J,o i measures the
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combined effect of changes in T12 and T3 , it is not possible to find values for T12
and T3 independently, but it can be used verify measured vibrational temperatures
using line-integrated absorption spectroscopy with a spatially resolved technique.
This allows verification of the assumption that the plasma is uniform.

Results
Rotational temperatures

4.3
4.3.1

The measured time evolutions of the rotational temperatures are shown in Figure 4.4. Solid lines represent absorption spectroscopy measurements, with the
lines colour coded based on the water admixture, ranging from blue for 0% water
admixture to yellow for 10% water admixture. Rotational temperatures measured
using rotational Raman scattering at 0% and 5% water admixture are included as
scatter points (including a 2σ fitting error) at a few time points, using the same
colour coding of the corresponding solid lines. The grey shaded time interval
represents the on-time of the plasma, between t = 0 ms and t = 5 ms.
The measured rotational temperature Trot starts at 370 ± 19 K for a pure CO2
plasma at t = 0 ms. This is due to the residual heat that is left over from previous pulses. The rotational temperature then increases during the on-time of a
pure CO2 plasma to Trot = 840 ± 42 K at t = 5 ms, followed by an exponential
decrease before starting the next plasma cycle. This measured evolution of the
rotational temperature corresponds well with previous measurements on the
same discharge.26,27,32 A similar increase in the measured rotational temperatures is observed upon admixing water, reaching a maximum temperature of
810 ± 41 K, which is well within the statistical error of results for pure CO2 .
Despite differences in reactor design for rotational Raman spectroscopy with
respect to absorption spectroscopy measurements (due to the extensions mounted
to either end of the reactor for rotational Raman scattering), the rotational temperatures measured using rotational Raman spectroscopy and QCL absorption
spectroscopy agree well when taking into account their statistical (fitting) error.
For the absorption spectroscopy results, some small sawtooth features are
visible with a period of 1.5 ms, especially near the end of the plasma off-time.
These features are related to long-term drift of either the plasma or QCL in
combination with the triggering scheme (see also Figure 4.2). The effect of these
features on the measured rotational temperature is included in the statistical error
estimation of 5%.
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Figure 4.4: Time evolution of the rotational temperature Trot for different water admixtures,
ranging from blue for no water to yellow for 10% water admixture. Solid lines indicate
results from QCL absorption spectroscopy measurements, while measured rotational
temperatures using rotational Raman scattering at various times are included as scatter
points in the same colours as the related QCL measurements.

Gas temperatures

4.3.2

The gas temperature Tgas is generally assumed equal to the rotational temperature
Trot due to the high translation-rotation (T-R) interaction rates.52,53 To verify this
assumption, the gas temperature Tgas can be determined from the Doppler broadening width of the absorption line. The absorption cross section is a convolution
of the Gaussian-shaped Doppler broadening contribution and the Lorentzianshaped pressure broadening contribution. Hence, if the pressure broadening is
known, the gas temperature Tgas can be extracted from the absorption line profile.
To determine the spectral profile of the absorption profile though, the instrumental broadening needs to be sufficiently small. It was verified experimentally
that the instrumental broadening of each QCL is negligible by measuring the gas
temperature Tgas from a pure CO2 absorption spectrum at room temperature.
At the conditions presented in this work, the typical Doppler broadening fullwidth at half-maximum (FWHM) is around 0.004 cm−1 for CO2 at Tgas = 600 K
and exceeds the pressure broadening FWHM by about one order of magnitude.
However, the tail of the Lorentzian pressure broadening contribution can become
significant, especially for highly saturated lines (such as those of CO). Hence, the
error in the measured gas temperature Tgas depends for a significant part on the
error in pressure broadening constants. Only a few pressure broadening constants

Tgas
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Figure 4.5: Time evolution of the gas temperature Tgas for different water admixtures,
ranging from blue for no water to yellow for 10% water admixture. The spike in Tgas
at t = −900 µs is the result of the fit procedure stopping at a local instead of the global
minimum.

are available, such as the self broadening coefficients for CO2 and CO41,42 and for
broadening of CO by CO2 .43 To our knowledge though, no database is available
that includes broadening of CO2 and CO by water. Hence, we estimated the
statistical error for Tgas to be 10% as a result of experimental uncertainties and the
uncertainties in the pressure broadening component.
Figure 4.5 shows the time evolution of the measured gas temperature Tgas .
Generally, Tgas is slightly elevated with respect to Trot , with Tgas = 410 ± 41 K just
before turning on the plasma and Tgas = 845 ± 85 K at t = 5 ms without water
admixture. Measurements on Tgas and Trot show good agreement when considering their related errors. Similarly to the time evolution of Trot , no significant
changes in Tgas were observed due to the addition of water.

Vibrational temperatures

4.3.3

Figure 4.6 shows the time evolution of the vibrational temperatures of CO2 and
CO, during the plasma on-time and the cooldown phase, for water admixtures
from 0% (blue lines) up to 10% (yellow lines). The related statistical error for
vibrational temperature T12 is determined to be 9% on average from a reduced
chi-squared analysis. Figure 4.6a) shows the time evolution of T12 , where the
admixture of water vapour causes a slight reduction in T12 , especially towards
the end of the plasma on-time. To visualise the degree of non-equilibrium,
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the elevation of T12 above Trot is included in Figure 4.6d). This shows that the
elevation of T12 during the plasma on-time almost completely disappears upon
admixing 10% water vapour. This is in line with high rate constants reported
for vibrational relaxation of the bending mode upon admixture of water, which
exceeds those of a pure CO2 mixture by over three orders of magnitude.18,54
It should be noted though that these changes in elevation of T12 are only just
above the statistical error for T12 − Trot of 40 K at the beginning of the plasma
on-time, while the statistical error increases to 100 K towards the end of the
plasma on-time. Hence, it is difficult to differentiate between subsequent water
admixture conditions. In the cooldown phase, T12 − Trot initially goes to zero,
before increasing again towards the end of the cooldown phase. This is attributed
to the fact that T12 is determined from transitions with high rotational quantum
number J and thus the sensitivity for T12 is reduced significantly at low rotational
temperature. Furthermore, the regions outside the positive column are assumed
to have a constant temperature in the fit algorithm. While this assumption affects
Trot and T12 only very marginally, its effect becomes more significant at lower
(rotational) temperatures and thus mainly affects Trot and T12 at the beginning of
the plasma on-time and the end of the cooldown phase.
The time evolution of the asymmetric stretch vibrational temperature T3 of
CO2 is depicted in Figure 4.6b), with the statistical error for T3 being 8% on
average. Here, a fast increase of T3 is visible upon starting the plasma, with a
maximum of 1060 ± 85 K being reached at t = 700 µs. T3 subsequently decreases
slightly, followed by a relatively constant temperature at the end of the plasma
on-time. When admixing water, T3 is mainly affected in the first few milliseconds
after turning on the plasma, while the temperature near the end of the plasma ontime is only slightly affected. After the plasma is turned off, a similar exponential
temperature decrease is observed for all water admixtures. Towards the end of
the cooldown phase, the statistical error of measured T3 values increases due to
a lower population of v3 > 0 levels, with almost all of the sensitivity being lost
below T3 = 500 K with only very minor changes to the measured CO2 spectrum
as a function of T3 . Hence, this method does not produce reliable results for
T3 < 500 K, which is demonstrated by the time evolution of T3 in Figure 4.6b),
which shows occasional underestimations of T3 near the (low temperature) end
of the cooldown phase.
The relatively constant T3 in the last 3 ms of the plasma on-time suggests
that excited asymmetric stretch levels show only a minor effective relaxation.
However, the relatively high T3 towards the end of the plasma on-time is mainly
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Figure 4.6: a) Time evolution of the combined temperature of the symmetric stretch and bending mode T12 of CO2 , b) the vibrational
temperature of the asymmetric stretch T3 of CO2 and c) the vibrational temperature of CO TCO . The elevation of these vibrational temperatures
above the rotational temperature Trot is depicted in panels d)-f) respectively. Colours indicate the water content, ranging from blue for no
water addition to yellow for 10% water admixture.
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caused by the simultaneous increase in Trot . Hence, it is more illustrative to visualise the non-equilibrium with respect to Trot , as depicted in Figure 4.6e). Here, a
fast increase in T3 − Trot in the first few hundred µs is observed, with a slope that
does not change upon admixing water. Since this initial slope is mostly affected
by e-V and V-V interaction rates, this seems to imply that the electron density
does not change significantly during this part of the plasma on-time, despite
the electronegativity of water (vapour) which is generally considered to reduce
electron density.1,25 Alternatively, changes in e-V and V-V interaction rates could
be compensated by a simultaneous change in both electron density and temperature. Upon admixing water, the maximum value for T3 − Trot is reached much
sooner with respect to pure CO2 and the maximum vibrational non-equilibrium
T3 − Trot is much lower. For pure CO2 , T3 − Trot reaches a maximum of 580 ± 86 K
at t = 500 µs, while the maximum of 230 ± 63 K is reached at t = 200 µs for an
admixture of 10% water vapour. This change is indicative of a significant increase
in vibrational relaxation rates upon admixing water, which has been linked to
fast V-V relaxation towards the bending mode of CO2 via the bending mode of
H2 O, with a typical quenching rate of around 1 × 10−12 cm3 molecule−1 s−1 at
T = 300 K. This exceeds quenching due to CO2 molecules by about two orders
of magnitude.17–19 Additionally, atomic oxygen and molecular hydrogen can
contribute to efficient quenching of the CO2 asymmetric stretch, due to their
relatively high typical quenching rates of about 2 × 10−13 cm3 molecule−1 s−1
and 4 × 10−12 cm3 molecule−1 s−1 at T = 300 K respectively.55,56 However, the
molar fraction of atomic oxygen is not expected to increase upon admixing water
since it is typically consumed in the formation of hydrogen containing reactive
oxygen species,57 while typical yields for the formation of molecular hydrogen
from admixed water are only around a few percent.12,24 Hence, the quenching of
the asymmetric stretch mode of CO2 by atomic oxygen and molecular hydrogen
with respect to the quenching by water vapour is expected to be only marginal.
Furthermore, since V-T relaxation also increases significantly with increasing
rotational temperature,32 the non-equilibrium decreases further towards the end
of the plasma on-time, with T3 − Trot showing only very minor changes towards
t = 5 ms for each individual water admixture. Once the plasma is turned off,
equilibrium conditions are reached within about 200 µs.
Finally, Figure 4.6c) shows the time evolution of the CO vibrational temperature TCO , with its relative elevation above Trot in Figure 4.6f). The statistical error
for TCO is determined to be 12% on average. The measured trends of TCO are very
similar to those of T3 , with an initial fast rise of TCO in the first few hundred µs.
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Due to the increase in V-T relaxation rates as a result of the increase in Trot during
the plasma on-time, a maximum is reached for TCO , followed by a slight decrease
towards a steady-state temperature. Once the plasma is turned off, TCO goes
down exponentially and quickly equilibrates with the rotational temperature.
Similar to T3 , the sensitivity to TCO is lost at temperatures below 400 K due to the
low contribution of transitions from excited CO vibrational levels in the measured
spectral regions. Upon addition of water, the initial fast rise of TCO − Trot does not
change, again indicative of a relatively constant excitation of the vibrational mode
through e-V and V-V excitation. However, an increase in vibrational relaxation
due to the presence of water results in reaching a lower maximum for TCO − Trot
and sooner after starting the plasma, suggesting efficient vibrational quenching
of CO by water. Indeed, the vibrational bending mode (ν2 ) of water is suggested
as a possible loss channel for this CO vibrational excitation.54,58 Since energy
exchange between the asymmetric stretch vibrational mode of CO2 and CO is
relatively easy,26,54,59 this quenching of the CO vibrational mode can indirectly
also affect the asymmetric stretch vibrational excitation of CO2 .

Apparent odd fraction

4.3.4

In addition to the vibrational temperatures measured using line-of-sight QCL
absorption spectroscopy, a few spatially resolved rotational Raman spectroscopy
measurements in the centre of the reactor were performed at 0% and 5% water
admixture respectively, to verify the spatial uniformity of the plasma. While the
measured rotational temperatures using rotational Raman scattering were already
presented in Figure 4.4, these measurements also yield information on vibrational
excitation through the apparent odd fraction h g J,o i (Equation 4.1).
Figure 4.7a) shows the measured apparent odd fraction h g J,o i at a few times
during the plasma cycle, which increases both due to vibrational non-equilibrium
and due to overall heating of the plasma. This figure shows that the measured
apparent odd fractions for 0% water admixture exceed those for 5% water admixture during the plasma on-time, which subsequently equalise in the cooldown
phase.
To distinguish between vibrational non-equilibrium and heating of the plasma,
Figure 4.7b) shows the difference between the measured odd fraction h g J,o i and
the calculated odd fraction at thermal conditions h g J,o ith , assuming T12 and T3
equal Trot . Here, a value for h g J,o i − h g J,o ith above zero indicates that T12 and/or
T3 are elevated above Trot , while this equals zero for thermal equilibrium con-
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Figure 4.7: a) Measured time evolution of the apparent degeneracy of odd rotational levels
h g J,o i using rotational Raman scattering, with dashed lines serving as a ’guide to the eye’.
The plot includes the time evolution of this apparent degeneracy for pure CO2 and for 5%
water admixture. b) The difference between the measured apparent degeneracy of odd
rotational levels and its value at thermal conditions h g J,o i − h g J,o ith , where the dashed
grey line represents full thermalisation. This difference in apparent odd degeneracy with
respect to thermal conditions is also calculated from time evolutions of T12 and T3 using
QCL absorption spectroscopy and is included as solid lines.

ditions. Additionally, the time evolution of the apparent odd fraction from
line-of-sight absorption spectroscopy measurements is included as solid lines for
0% and 5% water admixture respectively.
The data presented in Figure 4.7b) shows a good agreement between line-ofsight QCL measurements and spatially resolved rotational Raman spectroscopy
measurements in the centre of the reactor. A slight disagreement is observed in the
cooldown phase, where h g J,o i − h g J,o ith from absorption spectroscopy is above
zero. This corresponds to the measured elevation of T12 above Trot (as depicted in
Figure 4.6d)) and is caused by the assumed time invariant temperature in the cold
regions outside the plasma column. This leads to a slight underestimation of Trot ,
especially when Trot in the plasma column is relatively low. Since h g J,o i is quite
sensitive to changes in especially Trot and T12 , this slight underestimation of Trot
can manifests itself as an overestimation of h g J,o i. It should be stressed though
that this does not affect the measured apparent odd fractions during the relatively
hot plasma on-time, where the effect of the assumed time invariant temperature
in the regions outside the plasma column is negligible.
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The good agreement between the measured apparent odd fractions and the
rotational temperature evolution presented in Figure 4.4 with a spatially resolved
and line-of-sight technique confirms the absence of large spatial temperature
gradients within the positive column of the plasma.

CO2 conversion

4.3.5

In addition to rotational and vibrational temperatures from relative differences
in transition line strengths, the number densities nCO2 and nCO of CO2 and CO
respectively can be determined from the absolute line strengths obtained using
absorption spectroscopy. The fraction of converted CO2 molecules αabs can be
expressed as:
αabs =

[CO]f
[CO]f
=
[CO2 ]i
[CO]f + [CO2 ]f

(4.3)

where [CO] and [CO2 ] express the amount of moles of CO and CO2 respectively.
The indexes i and f refer to the initial (before the plasma) and final (after the
plasma) number densities, such that [CO]f = [CO2 ]i − [CO2 ]f . We assume here
that there is no significant loss of carbon by carbon deposition on surfaces or
through formation of hydrocarbons. Under the additional assumption that the
dissociation reaction stoichiometry is fixed (e.g. 2CO2 → 2CO + O2 ), Equation 4.3
can be expressed in terms of the measured number densities nCO and nCO2 , such

that αabs = nCO / nCO2 + nCO , taking into account the expansion as a result of
the dissociation reaction.
The effective conversion αeff expresses the fraction of the total gas that is
converted to CO and is related to the absolute conversion through
αeff = αabs · f CO2 ,

(4.4)

where f CO2 is the initial molar fraction of CO2 . The energy efficiency η is now
related to the effective conversion αeff by
η = αeff ·

∆HR
Emolec

(4.5)

with ∆HR the reaction enthalpy for CO2 dissociation of 2.9 eV per molecule.
Emolec is the average energy input per molecule and is calculated from the average
energy input P in W and the flow rate of the gas mixture through the reactor F in
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Figure 4.8: Measured absolute CO2 conversion αabs for various admixtures of water
vapour. Conversions measured with QCL absorption spectroscopy are depicted in black,
while the red points depict conversions calculated from measured CO2 and CO number
densities with rotational Raman spectroscopy. The statistical error for rotational Raman
measurements originates mainly from a high statistical error in the number density of CO
due to its low scattering cross section.

slm and can be expressed as
Emolec (eV) = 1.39 × 10−2

P(W)
.
F(slm)

(4.6)

The change in absolute conversion αabs as a function of the water admixture is
depicted in Figure 4.8, including results from both QCL absorption measurements
in black and rotational Raman spectroscopy in red. A good agreement is found
between the absorption spectroscopy measurements and rotational Raman scattering measurements, although the statistical errors associated to the conversion
αabs for rotational Raman spectroscopy measurements are high due to the low
CO scattering cross section.
Without admixing any water vapour, the conversion αabs measured using
absorption spectroscopy is 23 ± 2%, while the conversion does not change significantly upon admixing up to 0.5% of water vapour, with the conversion
αabs = 21 ± 2%. However, when increasing the water vapour admixture above
1%, the conversion quickly decreases by almost a factor of 4 to αabs = 6.2 ± 0.7%
upon admixing 10% water. The related energy efficiencies range from 1.3 ± 0.1%
without water to 0.33 ± 0.04% for a 10% water admixture and show a very similar
trend as the conversion αabs due to the relatively small changes in f CO2 . For
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completeness, a plot of the energy efficiency as a function of the water vapour
content is included in Supplementary Figure S2.
The decrease of the conversion could be partially related to the reduction in
vibrational excitation depicted in Figure 4.6. Morillo-Candas et al.60 have recently
shown however that most of the conversion occurs through direct electron impact (up to 80%) in a very similar reactor (although their discharge current was
40 mA instead of 50 mA). This does not strictly exclude the vibrational excitation
from affecting the direct electron impact dissociation rate though, since a higher
vibrational excitation can lead to a reduction in the energy barrier to overcome
for CO2 dissociation, allowing a larger fraction of the electrons to have sufficient
energy available for dissociation.61 The large reduction in conversion upon water
admixing can also be related to other effects, which can include a reduction in
electron density by electron attachment to atomic oxygen1,21 or by OH and CO
reacting to form CO2 .1,25 However, the initial slope in the measured vibrational
temperatures (Figure 4.6) does not change when admixing water, which seems to
suggest that the (initial) e-V and V-V interaction rates do not change significantly.
This can be either due to a constant electron density, or due to a simultaneous
increase in the electron temperature that compensates the suggested decrease in
electron density. Further measurements on electron density and temperature are
required to attribute the drop in conversion due to water to the electron density
and temperature and/or reactions involving OH.

Conclusions

4.4

The effect of admixed water vapour on the time evolution of the rotational temperature and CO and CO2 vibrational temperatures has been measured in a pulsed
CO2 glow discharge. This was done using line-of-sight narrow linewidth QCL
absorption spectroscopy on transitions up to v3 = 4 → 5 and vCO = 1 → 2 and
with a 100µs time resolution. The CO2 conversion was additionally determined
from measured CO2 and CO number densities. These measurements are supported by spatially resolved rotational Raman spectroscopy measurements that
underpin the uniformity of the plasma.
The rotational temperature during the discharge showed an increase from
Trot = 370 ± 19 K before starting the plasma to Trot = 840 ± 42 K just before the
end of the plasma on-time and was not significantly affected by the admixture
of water vapour. Measured gas temperatures showed a similar trend to the
rotational temperature and agree both qualitatively and quantitatively.

116

Chapter 4. Vibrational quenching by water in a CO2 plasma
The suggested strong quenching of the CO2 vibrational population by water

is confirmed by direct measurement of the CO2 vibrational temperatures. This
is demonstrated by the strong drop in maximum elevation of T3 above Trot from
T3 − Trot = 580 ± 86 K without water vapour to 230 ± 63 K with 10% water
vapour admixed. Hence, care should be taken to eliminate water vapour from
the gas feed to prevent undesired quenching of the CO2 vibrational modes.
The time evolution of T3 in the initial few hundred microseconds of the plasma
on-time did not change upon admixing water, while the T3 peak decreased and
was reached at an earlier time. This suggests a change in vibrational relaxation
upon admixing up to 10% water vapour, while the vibrational excitation rate
(during the initial part of the plasma on-time) through e-V and V-V interactions
is constant. A similar trend was measured for TCO , although TCO is generally
higher than T3 .
The CO2 conversion was only marginally affected by small water admixture
of up to 0.5%, while it dropped by almost a factor of 4 upon admixing 10% water.
The reduction in vibrational excitation can explain part of this drop in conversion,
while changes in electron density and temperature and reactions between CO
and OH can also play a role. Further measurements or computational modelling
of the electron density and temperature, as well as the OH density, are required to
identify the mechanism(s) that reduce the conversion of CO2 . The results reported
in the present paper can be used to benchmark these models.
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Figure S1: a) Time evolution of the voltage over the plasma reactor, b) the applied current
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Table S1: The energy deposited within the 5 ms on-time per plasma cycle for various
water vapour admixtures.

Water content

Energy per cycle

0%

0.41 ± 0.01 J

0.25%

0.41 ± 0.01 J

0.5%

0.40 ± 0.01 J

1%

0.40 ± 0.01 J

2%

0.40 ± 0.01 J

5%

0.40 ± 0.01 J

10%

0.39 ± 0.01 J

118

Chapter 4. Vibrational quenching by water in a CO2 plasma

1.6

QCL
Raman

(%)

1.2
0.8
0.4
0.0 0

2

4

6

H2O content (%)

8

10
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vapour. Energy efficiencies measured with QCL absorption spectroscopy are depicted in
black, while the red points depict energy efficiencies calculated from number densities with
rotational Raman spectroscopy. The statistical error for rotational Raman measurements
originates mainly from a high statistical error in the number density of CO due to its low
scattering cross section.
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5
The effect of reactor configuration on the
pressure- and temperature-evolution in a
pulsed CO2 glow discharge

Abstract
This chapter investigates the effect of the reactor design of a pulsed CO2 glow
discharge on the time-evolution of the pressure and the effect of the regulation
of the instantaneous input power on the time-evolution of the gas temperature,
rotational temperature, vibrational temperatures and the CO2 conversion. The
pressure evolution as a result of an approximately twofold increase in the gas
temperature is investigated in three different reactor designs using a fast differential pressure gauge, where the reactor volume and configuration of gas inlet and
outlet are varied. This showed significant differences in peak-to-peak variation of
the pressure, ranging from 0.8 mbar to 1.5 mbar. Pressure waves were observed
in two reactors, with frequencies of 1210 ± 30 Hz and 405 ± 8 Hz, while pressure
waves were absent in a third reactor that allowed more efficient damping of these
pressure waves. The evolution of the gas temperature, rotational temperature,
CO2 and CO vibrational temperatures and CO2 conversion were additionally
measured, while switching between constant current and constant voltage operation. This showed only minor changes in measured temperatures between the
two regulation modes, while the conversion was significantly higher at 23 ± 2%
when providing a constant current, with respect to a conversion of 19 ± 2% when
providing a constant voltage. This can be attributed to an initial spike in instantaneous input power when operating the power amplifier in constant current mode,
leading to a higher initial electron density and in turn a higher direct electron
impact dissociation rate.

124

Chapter 5. Effect of reactor configuration on pressure and temperature

Introduction

5.1

The vibrational excitation and energy exchange within CO2 is studied in various
types of plasmas using both experimental methods and kinetic models. Modelling of these plasmas is often done using 0D kinetic models to reduce model
complexity regarding spatial gradients and gas flows.1–5 Validating these 0D
models is thus preferably done in a non-equilibrium plasma that exhibits the
same spatial uniformity. A DC glow discharge has been shown to provide such
a uniformity within its positive column6–8 and it is thus very suitable for 0D
model validation.1–3,9 In addition to benefits for modelling, the uniformity of the
glow discharge can also be exploited experimentally, since it allows line-of-sight
measurement techniques such as absorption spectroscopy to be applied.10,11
In literature, many different experimental configurations of glow discharges are used, although the experimental configuration regarding gas inlet
and outlet and instantaneous input power regulation are often not explicitly
specified.6,7,9,10,12 However, due to the significant increase in gas temperature
during pulsed operation,6,9,10 differences in gas inlet and outlet conductance
and reactor volume can result in a significantly different increase in pressure
during gas expansion. This can affect the reduced electric field, as well as the
rates of many two-body (and multi-body) energy exchange collisions, such as
vibrational-vibrational (V-V) interactions, vibrational-translational (V-T) interactions and relaxation at the reactor wall.13 Furthermore, it is common in literature
to specify the current at the end of the plasma on-time for pulsed operation,
without including the time-evolution of this current and the associated voltage
and instantaneous power.7,9,12 These time-evolutions can differ depending on the
power supply that is used and whether the plasma is current or voltage driven.
Changes in instantaneous input power during the on-time can potentially affect
the energy that is transferred to the electrons and subsequently to the vibrational
modes and the dissociation of CO2 .14
The time evolution of the gas temperature in a pulsed glow discharge typically
does not depend significantly on the reactor configuration, which is illustrated
in Figure 5.1a). This figure shows temperatures measured by our group with an
applied current of 50 mA and a 5-10 ms on-off cycle in three different reactors,
with the gas temperature increasing about twofold from 400 K to slightly over
800 K. In contrast to the very similar time evolution of the gas temperature in
all reactors though, significant differences are observed in the time-evolution
of the pressures, which is depicted in Figure 5.1b). Here, the time evolution of

800
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Figure 5.1: Time-evolution of the digitally extracted gas temperature in a) and absolute
pressure in b) for various studies performed in our group using three different reactor
configurations. Measurements using Quantum Cascade Laser (QCL) absorption spectroscopy in the reactor that is used throughout this thesis is marked in blue15 and the
reactors used for Fourier-Transform InfraRed (FTIR) spectroscopy and rotational Raman
spectroscopy measurements in orange and green respectively.6,10 If the gas temperature
was not measured directly, it was assumed equal to the rotational temperature due to
fast translation-rotation (T-R) relaxation.14 The pressure evolution for reactor 3 is calculated from time-evolutions of temperature and number density.6 For the QCL and FTIR
studies,10,15 the O2 number density is calculated assuming that the effective dissociation
reaction is 2CO2 → 2CO + O2 . The grey dashed line indicates the pressure setpoint of
6.7 mbar in all studies.

the pressure is not measured directly, but determined from the reported time
evolution of the gas temperature and total number density, where the latter
is calculated from the CO2 , CO and O2 number densities, assuming that the
dissociation reaction stoichiometry follows 2CO2 → 2CO + O2 .
This chapter investigates the relation between the glow discharge reactor
design and the time evolution of the pressure during the plasma cycle by directly
measuring the pressure using a fast differential pressure gauge with a response
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time of 1 ms. This pressure gauge is attached directly to the end of the plasma
reactors. This allows investigation of the importance of differences in reactor
volume and gas inlet and outlet. The effect of driving the plasma using a constant
current or constant voltage is additionally investigated. This is done by measuring the time evolution of the instantaneous input power, while simultaneously
monitoring the time evolution of gas temperature, rotational temperature, CO2
and CO vibrational temperatures and the CO2 conversion using absorption spectroscopy. These differences in instantaneous input power could explain the higher
conversion measured in a reactor driven using a constant current as compared to
a reactor driven using a constant voltage.15,16

Experimental methods
Reactor designs

5.2
5.2.1

Figure 5.2 shows a schematic representation of the plasma reactors under study.
Panel a) shows reactor 1 that was used throughout this thesis for Quantum
Cascade Laser (QCL) absorption spectroscopy and is made of a 18.5 cm long
Pyrex tube with an internal diameter of 2 cm. This tube extends 2.5 cm at either
end into a Pyrex KF40 flange, resulting in a total internal length of 23.7 cm. The
high voltage electrode and grounded electrode are positioned 16 cm apart, with
the high voltage electrode positioned opposite to the gas inlet, while the grounded
electrode is positioned opposite to the gas outlet. Windows or (blind) flanges
were attached to either end of the reactor depending on the type of measurement
performed (vide infra).
Reactor 2 is depicted in Figure 5.2b), where the gas inlet and outlet and the
electrodes are attached directly to the 2 cm diameter main discharge tube. The
electrodes and gas inlet and outlet are spaced 17 cm apart, with KF25 flanges on
both ends of the reactor to allow windows to be attached. A similar reactor design
has been used to study the vibrational excitation of CO2 and CO using FourierTransform InfraRed (FTIR) spectroscopy in the past,9,10 although differences in
the gas inlet and outlet configuration might be present. Reactor 3 is depicted
in Figure 5.2c) and is based on the design of reactor 2, although an additional
23 cm extension was attached to either end of the reactor to reduce the optical
power density at the windows and to simultaneously allow diagnostic access for
laser scattering. This third reactor has been used previously to measure rotational
temperatures and gas compositions using rotational Raman scattering.6,7

5.2. Experimental methods
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Figure 5.2: An schematic overview of the three variations in reactor design that are used
to measured to time evolution of the pressure. Panel a) depicts reactor 1, with the central
discharge tube extending into two KF40 flanges. This reactor was used for measurements
with QCL absorption spectroscopy.15 Panel b) depicts reactor 2, which is of a similar
design to the one that was used for stepscan FTIR spectroscopy measurements10 and lacks
the KF40 flanges of the design in panel a). Panel c) depicts reactor 3, which was used for
rotational Raman scattering measurements6 and is based on the design in panel b), except
that a 23 cm extension is mounted to either end of the reactor to prevent laser-induced
damage of the windows.
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To prevent arcing from the high voltage electrode towards the metallic bellows

connecting the gas inlet to the gas feed system, a helical tube is typically used for
the gas inlet and a similar design is used for the gas outlet. Figure 5.3 schematically
depicts the configuration of the gas inlet and outlet of the reactors. The helical
tube is characterised by N windings and a major diameter d describing the outer
diameter of a single winding. Furthermore, p describes the pitch of the windings,
while a is the diameter of the helical tube itself (also the minor diameter). These
parameters differ per reactor, where N can vary between the gas inlet and outlet
and d, p and a are the same for the gas inlet and outlet. Table 5.1 lists the
parameters describing the helical gas inlet and outlet of each reactor, where Ni
and No represent the number of windings of the inlet and outlet respectively.
The wall thickness of the helical inlet and outlet is about 2 mm for all reactor
configurations.

Plasma setup

5.2.2

The plasma was ignited in a pure CO2 (Linde 4.5 Instrument, ≥99,995% purity)
gas flow of 7.4 sccm, which was provided by a mass flow controller (Bronkhorst
F201CV, 30 sccm N2 calibrated). The pressure inside the reactor was actively
maintained at 6.7 mbar by a feedback controller (Pfeiffer RVC 300) and an automatic valve (Pfeiffer EVR 116) to adjust the effective pumping speed of a dry
Roots pump (Pfeiffer ACP 15). The feedback controller adjusted the automatic
valve based on the reading of a pressure gauge (Pfeiffer CMR 263) positioned at
the gas inlet of the reactor.
The trigger waveform was supplied by a pulse delay generator (Stanford
Research Systems DG535), which provided a 5-10 ms on-off cycle. This trigger
was then amplified using a power amplifier (Trek 10/40A-HS) that was connected
through a 50 kΩ resistor to the high voltage electrode of the reactor, to prevent
formation of a thermal arc. This power amplifier can operate in both current and
voltage regulated mode, where the current or voltage was set such that a current
of 50 mA is provided towards the end of the 5 ms on-time. For measurements on
the evolution of pressure, the power amplifier was operated in current regulated
mode, providing a constant current of 50 mA during the plasma on-time. For reactor 1, the power amplifier was additionally operated in voltage regulated mode
to study the effect of changes in the time-evolution of the instantaneous input
power on the vibrational temperatures and conversion of CO2 . The instantaneous

5.2. Experimental methods
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Figure 5.3: Schematic representation of the helical gas inlet and outlet tubes that are
connected to the plasma reactor. This helical tube is characterised by N windings having
external diameter d (also called the major radius). These windings have a pitch p, while a
represents the external diameter of the helical tube (also called the minor radius). While
this design is used for the gas inlet and outlet of each reactor in this chapter, the parameters
describing the gas inlet and outlet vary between the different reactors.

Table 5.1: Parameters describing the helical gas inlet and outlet of the various reactors,
which are numbered for future reference. Ni and No represent the number of windings
of the gas inlet and outlet respectively. d is the external diameter of a single winding (the
major radius), while p represents the pitch of the windings and a is the external diameter
of the helical tube (the minor radius).

Ni

No

1

5

1 13

2

4

3

4

No.

d

p

a

mm

mm

mm

54

17

8

4

32

12

5

4

32

12

5
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applied current and voltage were measured using the monitoring outputs of the
power amplifier and an oscilloscope (Keysight DSOX3034T).

Pressure measurements

5.2.3

The time evolution of the pressure was measured by replacing the window near
the gas outlet by a flange that was connected through a 60 mm long plastic
tube to a low-cost piezoresistive differential pressure gauge (NXP MPXV7002DP,
ranging from -20 mbar to +20 mbar). It was verified that the length of the tube
did not affect measured pressures by comparing results with a 25 mm shorter
and longer tube respectively. The secondary port of the differential pressure
gauge was maintained at a low pressure by a (separate) Roots pump (Pfeiffer
ACP15 pump). Power to the pressure gauge was provided by a lab power supply
providing a constant voltage of 5 V. The time evolution of the output voltage
was recorded with the same oscilloscope that was also used for the acquisition
of the applied current and voltage. The differential pressure gauge allows direct
pressure measurements with a typical error of 2.5% and a typical response time
of about 1 ms.

Absorption spectroscopy

5.2.4

Rotational and vibrational temperatures in the glow discharge were measured to
investigate the effect of a change in the time-evolution of the instantaneous input
power, when operating the power amplifier in both current and voltage regulated
mode. To achieve this, three colinear QCLs operating in the intermittent scanning
mode17 were used to perform absorption spectroscopy along the longitudinal axis
of the reactor. The QCLs covered three frequency intervals between 2179 cm−1
and 2254 cm−1 . CaF2 windows were attached to either end of the reactor to allow
transmission of this infrared radiation. One of the scanned frequency intervals
overlaps with (v1 , v2l2 , v3 ) → (v1 , v2l2 , v3 + 1) CO2 transitions, while the other two
QCLs were used to cover (vCO ) → (vCO + 1) CO transitions. Time-resolved
absorption spectra in these intervals were measured by shifting the trigger of
these QCLs with respect to the start of the plasma cycle.
Measured spectra were analysed using a custom non-equilibrium least-squares
fitting tool based on line-by-line data from the HITEMP database for CO2 18 and
a HITRAN-like dataset by Li et al. for CO.19 This allowed extraction of the gas
temperature from the absorption line shape and the rotational temperature from
relative transition strengths (assuming a Boltzmann distribution). A (combined)
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Figure 5.4: Measured time evolutions of the differential pressure in all three reactors using
a fast (differential) pressure gauge. All pressure evolutions were measured with the power
amplifier operating in current regulated mode. Only marginal changes on the pressure
evolution were observed when switching to voltage regulated mode, while overall trends
were not affected.

temperature for the CO2 symmetric stretch and bending mode T12 (assuming a
Boltzmann distribution20 ) and the CO2 asymmetric stretch temperature T3 and
CO vibrational temperature TCO (both assuming a Treanor distribution20,21 ) could
also be determined from relative transition strengths. Finally, the CO2 number
density nCO2 and the CO number density nCO could be determined from absolute
transition strengths. More details on the experimental setup and data analysis
can be found in.15

Results
Pressure evolution

5.3
5.3.1

Figure 5.4 shows the time evolution of the differential pressure, measured using
the differential pressure gauge in all three reactors. The shaded grey region
indicates the on-time of the plasma. The pressure evolution of reactor 1 shows
an initial fast increase in the pressure due to the fast gas heating and reaches its
maximum towards the end of the plasma on-time. Once the plasma is turned
off, the pressure quickly drops again due to cooling of the gas. The peak-to-peak
variation of the pressure in reactor 1 is about 1.2 mbar. This limited increase
in pressure with respect to the increase of the gas temperature by a factor 2
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is indicative of a significant gas expansion through the gas inlet and outlet.
For reactor 2, a higher peak-to-peak pressure variation of about 1.5 mbar is
observed, which is probably related to the lower conductance of the gas inlet and
outlet and/or the slightly lower volume of the reactor, but these effects are not
distinguishable from the evolution of the pressure. The pressure evolution of
reactor 3, where a 23 cm extension is attached to either end of the reactor, shows a
much lower peak-to-peak variation of only 0.8 mbar. This is related to the much
higher volume of the reactor, of which only 25% is heated. Hence, even without
expanding into the gas inlet and outlet, a much lower increase in pressure is
expected with respect to reactors 1 and 2.
Some superimposed fringes in the time evolution of the pressure are visible
for reactors 2 and 3 in Figure 5.4. These fringes are most probably caused by
the propagation of pressure waves that are generated due to the fast heating of
the plasma volume. In reactor 2, this results in an average frequency during the
on-time of f = 1210 ± 30 Hz. The pressure waves are even more apparent in
the much longer reactor 3, where the (strongest) pressure wave has a frequency
(during the on-time) of f = 405 ± 8 Hz. This frequency is exactly a factor 3
lower than the frequency of the pressure wave for reactor 2, which corresponds
well with the increase in reactor length by a factor 3. It should be noted that the
amplitude of the measured pressure waves is probably larger than the differential
pressure gauge measures due to its typical response time of 1 ms. The pressure
gauge can thus follow the change in pressure more easily in reactor 3 then in
reactor 2 due to the lower frequency of the pressure waves. Hence, it is difficult
to quantitatively compare the strength of the pressure waves for reactors 2 and 3.
The fringes in the measured pressure in reactor 2, originating from the pressure
waves, are not observed in the pressure evolution for reactor 1 despite having the
same internal reactor length. This is related to the design of reactor 1, with the
main tube extending into the KF40 flanges, which allows part of the wave that is
reflected by the windows to be absorbed within the flange instead of travelling
back through the main tube. Hence, the reactor essentially acts as a dampener for
the pressure waves. Hence, the amplitude of the pressure waves in reactor 1 is
either reduced so much that the differential pressure gauge cannot measure these
waves with its typical response time of about 1 ms, or the pressure waves are not
present anymore at all. In the straight tube design of reactor 2, the reflection of
pressure waves can occur more easily.
The measured pressure evolutions for reactors 1 and 3 in Figure 5.4 agree quite
well with the pressure calculated from reported gas temperatures and number
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densities in Figure 5.1b). This is expected since the same reactors were used
for the measurements. However, the measured peak-to-peak pressure variation
for reactor 2 is significantly lower than the peak-to-peak variation depicted in
Figure 5.1b). Since no specifications are available on the gas inlet and outlet
for reactor 2 in Figure 5.1b), it is possible that the design of the reactor used
for direct pressure measurements is slightly different. Additionally, the (timeaveraged) pressure in Figure 5.1b) for reactor 2 is well above 6.7 mbar. This
might be related to a different placement of the pressure gauge, which is not
explicitly reported. Placement of the pressure gauge closer to the pump results in
an underestimation of the pressure in the reactor, due to a pressure drop over the
helical gas outlet or the pipes between the gas outlet and pump. Additionally,
the measured fringes caused by the pressure waves in reactor 2 are not observed
for the pressure evolution of reactor 2 measured using FTIR spectroscopy in
Figure 5.1b), despite their similar design. However, the number densities for
reactors 1 and 2 in Figure 5.1b) are measured using a line-of-sight diagnostic along
the propagation direction of the pressure waves. Hence, these pressure waves
will not be observed.
The effect of changes in (average) pressure on the vibrational kinetics in a CO2
plasma has been investigated by Klarenaar et al., showing significantly higher
asymmetric stretch vibrational excitation for lower pressures. This is related for
example to changes in reduced electric field (E/N) with pressure, affecting the
collision rate between CO2 and electrons, changing the rate at which asymmetric
stretch levels can be populated.13 Furthermore, vibrational relaxation of CO2 at
the reactor wall scales inversely with pressure, while V-T relaxation is generally
less for low pressures due to the lower gas temperature.13 Additionally, the
pressure affects the formation of atomic oxygen as well, which is known to be an
efficient quencher for the CO2 asymmetric stretch.22–24 Morillo-Candas et al. have
shown that the molar fraction of atomic oxygen scales inversely with pressure at
pressures above 1 Torr.12
In addition to the above mentioned effects, the vibrational kinetics can potentially also be affected by the gas expansion itself. For example, when having
a gas inlet with a (very) low conductance, the pressure would increase almost
twofold as a result of the increase in gas temperature, generally reducing the nonequilibrium during the on-time as a result.13 In contrast, having a gas inlet and
outlet with a (very) high conductance will result in an almost constant pressure
throughout the plasma cycle. Since the diameter of the gas inlet and outlet are
generally much smaller than the reactor diameter, diffusion towards the walls
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within the gas inlet and outlet is relatively easy, hence introducing vibrational
relaxation losses as a result of the gas expansion itself.
Despite these effects, almost no differences in the time-evolution of vibrational
temperatures are observed for reactors 1 and 2 from Figure 5.1.10,15 This suggests
only a small effect of changes in pressure during the plasma cycle. However,
these vibrational temperatures were measured in an almost isobaric system. In
contrast, a system where the conductance of the gas inlet and outlet is (very) low
will result in a mostly isochoric expansion, where the pressure increase directly
follows the increase in temperature. This can lead to an increase in the pressure
by a factor 2 in the discharge, which will affect the reduced electric field E/N
significantly and can thus change the vibrational kinetics as well.
The difference in vibrational excitation between reactors 1 and 3 has been
measured as well using rotational Raman spectroscopy, showing only marginal
differences in the vibrational excitation.25 However, the sensitivity of rotational
Raman spectroscopy for small changes in especially T3 is low.6,25
Recommendations
• The effect of large changes in reactor volume on the vibrational temperature evolution of CO2 should be investigated further using more sensitive
techniques than rotational Raman spectroscopy, for example using high
sensitivity absorption spectroscopy.
• The effect of the gas inlet and outlet conductance should be studied further
in a reactor with variable gas inlet and outlet conductance (for example
using needle valves), allowing an easy way to switch from an isobaric to an
isochoric system.
• Fast pressure gauges could be included in future reactors to allow further
investigation and/or monitoring of the pressure waves. These fast pressure
gauges could be included in other types of plasmas as well, since fast gas
heating is not restricted to the pulsed glow discharge.

Current and voltage regulation

5.3.2

In literature, the input energy per plasma cycle is often specified by the current
at the end of the plasma on-time.6,7,9,10,12 However, depending on the operation
mode of the power supply, significant differences in instantaneous input power
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Figure 5.5: The time evolution of the applied current a), the total applied voltage and the
voltage between the electrodes in b) and the instantaneous input power in c) for both
current and voltage regulation for in reactor 2. The current is set to 50 mA towards the
end of the on-time in both cases. The grey coloured area shows the time during which the
plasma is turned on.

can occur while still providing a current of 50 mA at the end of the plasma ontime. These differences in instantaneous input power are depicted in Figure 5.5,
where the time evolution of the applied current, voltage and instantaneous power
are shown with the power amplifier operating in constant current and constant
voltage mode. Panel a) shows the time evolution of the applied current, which
is 50 mA throughout most of the plasma on-time for constant current mode
(blue line), with the exception of an initial peak related to initial breakdown and
subsequent regulation of the current by the power amplifier. When operating the
power amplifier in constant voltage mode (orange line), the current shows an
initial drop in the current below 50 mA, with the current approaching its setpoint
at t = 2 ms.
Panel b) shows the related time evolution of the applied voltage, where the
solid lines indicate the voltage across the reactor electrodes, while the dashed
lines indicate the voltage applied across the 50 kΩ ballast resistor and reactor
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Figure 5.6: Measured time evolution of the gas temperature, rotational temperature and
CO2 and CO vibrational temperatures when operating the power amplifier in current
regulated (solid lines) and voltage regulated (dotted lines) modes.

combined. It is clearly visible that, when operating the power amplifier in constant
voltage mode, the total applied voltage is constant at around 4 kV throughout the
plasma on-time, while in constant current mode the total voltage initially spikes
before reaching 4 kV around t = 2 ms. The applied voltage over the reactor is
almost identical in both modes however, suggesting a difference in impedance of
the plasma in the first few milliseconds of the on-time. This impedance is lower
for the first few milliseconds in the current regulated mode, suggesting that more
charge carriers are available to sustain the discharge when operating in constant
current mode. These charge carriers are produced within the initial part of the
on-time, where the current is significantly higher for constant current mode.
Finally, panel c) shows the time evolution of the instantaneous input power,
which is calculated from the applied current and voltage across the reactor electrodes. In the case of current regulation, the instantaneous input power is significantly higher during the initial 2 ms of the plasma on-time, reaching an
instantaneous power of 130 W, while the instantaneous power for voltage regulated mode is about 80 W and is almost constant throughout the on-time. As a
result, the energy input per cycle for constant current mode is 0.42 J, while this is
0.40 J for constant voltage mode.
The effect of changes in instantaneous input power on the gas temperature,
rotational temperature and CO2 and CO vibrational temperatures is depicted in
Figure 5.6, with results for a current regulated power amplifier as solid lines and
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a voltage regulated power amplifier as dotted lines. The grey shaded area is again
used to indicate the plasma on-time. Only minor differences are visible in the
measured temperatures, despite the significant differences in instantaneous input
power. The most apparent differences are visible in the evolution of T3 , while
TCO is affected less. Both temperatures show a slightly slower initial increase,
while the peak is lower and is reached later when using the power amplifier
in voltage regulated mode, which could well be related to the lower overall
input energy. Additionally, Tgas , Trot and T12 are all slightly reduced for voltage
regulated operation, which is consistent with its lower (initial) instantaneous
input power. Towards the end of the on-time though, all temperatures reach
approximately the same values, irrespective of the regulation mode, suggesting
that the instantaneous input power and losses in the various modes reach an
equilibrium and thus the effect of the initial difference in instantaneous input
power disappears.
In addition to the time evolution of the temperatures, the conversion αabs can
also be determined from the measured CO and CO2 number densities nCO and
nCO2 from:
αabs =

nCO
.
nCO2 + nCO

(5.1)

Here, the assumption is made that the stoichiometry of the dissociation reaction
follows 2CO2 → 2CO + O2 . The conversion for constant current mode is determined to be 23 ± 2%, while a conversion of only 19 ± 2% is measured for constant
voltage mode (93% statistical significance for the difference). This can explain
differences in the measured conversion throughout this thesis with the conversion
reported by Klarenaar et al.,6,10 which uses a voltage regulated power supply.
Additionally, the higher conversion for constant current mode also leads to the
formation of more atomic oxygen throughout the on-time, which is known to be
a very efficient quencher of the CO2 asymmetric stretch levels (with a quenching
rate of about one order of magnitude higher than CO2 itself). This can explain
part of the small drop in T3 for constant voltage operation. However, the significant difference in conversion for both operating modes combined with the
minor differences in temperature evolution suggests that much of the additional
conversion for current regulated mode is the result of direct electron impact dissociation, which is typically the most significant dissociation mechanism in a
glow discharge.26 The voltage over the plasma reactor is unchanged between constant current and voltage operation though and thus the (reduced) electric field
is largely unchanged, which determined the rate coefficient for direct electron
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impact dissociation.27 However, the previously mentioned drop in impedance
suggests an increase in electron density and thus an increase in the total direct
electron impact dissociation rate. Hence, the initial peak in the time-evolution of
the instantaneous input power can affect the conversion αabs significantly.
Recommendations
• To allow a good comparison between measured temperatures and conversions in literature, it is recommended to always record and explicitly report
both the operating mode of the power amplifier (constant current/voltage)
and the traces of the applied current, voltage and instantaneous input
power. This additionally provides more accurate information for modelling
of the discharge under study.

Conclusions

5.4

In this chapter, we have compared direct measurements of the time-evolution of
the (differential) pressure in three pulsed CO2 glow discharge, with differences
in reactor volume and configuration of the gas inlet and outlet, using a fast
differential pressure gauge.
It has been shown that significant differences in the pressure evolution are
present for different reactor configurations, with the peak-to-peak change in
pressure ranging from 0.8 mbar to 1.5 mbar. These changes are the direct result
of variations in reactor volume and conductance of the gas inlet and outlet, but
show only a marginal effect on the vibrational temperature evolution. However,
the pressure evolution could affect the vibrational temperature evolution if the
conductance of the gas inlet and outlet is sufficiently low. Furthermore, the
presence of pressure waves in two of the three reactor designs were observed
with frequencies of 1210 ± 30 Hz and 405 ± 8 Hz, which are directly related to the
length of the reactor. In one of the three reactors, no pressure waves have been
observed, which we ascribe to its design that allows more efficient damping of
the pressure waves.
In addition to the time-evolution of the pressure, the effect of the operating
mode of the power amplifier (constant current or constant voltage) on gas temperature, rotational temperature, CO2 and CO vibrational temperatures and CO2
conversion is investigated. Only a very marginal effect was observed on the
time-evolution of the gas, rotational and vibrational temperatures when changing
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between constant current and constant voltage operation. However, the operating
mode of the power supply can significantly affect the CO2 conversion, which is
23 ± 2% for current regulated operation and only 19 ± 2% for voltage regulated
operation. This is attributed mainly to a higher initial electron density, leading
to more direct electron impact dissociation. This shows that a single value for
the applied current does not uniquely define the instantaneous input power
of the system and it is thus recommended to always explicitly report both the
power supply operating mode and the traces of the applied current, voltage and
instantaneous input power.
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O. Guaitella. Plasma Sources Sci. Technol. 29 (2020), 01LT01. DOI: 10.1088/13616595/ab6075.

[27]
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6
Absolute CO number densities measured
using TALIF in a non-thermal plasma
environment

Abstract
We report first measurements of time-resolved absolute CO number densities
and rotational temperatures in a non-thermal CO2 plasma environment using
TALIF with a nanosecond pulsed laser. Two-photon excitation spectra from
the B1 Σ+ (v’=0) ← X 1 Σ+ (v”=0) Q-branch are recorded and fitted to extract
rotational temperatures. Absolute number densities are determined from the
frequency-integrated excitation spectrum. The plasma under investigation is a
pulsed glow discharge operated at a frequency of 60 Hz with an plasma-on time
of 5 ms per plasma cycle, 50 mA plasma current and a pressure of 6.7 mbar. CO
number densities range from (2.6 ± 0.6) × 1022 m−3 to (1.2 ± 0.3) × 1022 m−3 ,
while rotational temperatures range from 370 ± 40 K to 700 ± 70 K at the beginning
and end of the plasma-on phase respectively. Our results show fair agreement
with literature data.

Compressed version published as: M. A. Damen, D. A. C. M. Hage, A. van de Steeg, L. M.
Martini, and R. Engeln. Absolute CO number densities measured using TALIF in a non-thermal plasma
environment. Plasma Sources Sci. Technol. 28.11 (2019), 115006. DOI: 10.1088/1361-6595/ab496e.
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Introduction

6.1

Laser-Induced Fluorescence (LIF) is a spectroscopic technique that allows speciesselective ground-state number densities to be determined with a high space
and time resolution, making the technique especially suited to measure in environments with high temperature and/or composition gradients. With LIF,
ground-state species are optically excited to a higher resonant electronic state,
where subsequent fluorescence can provide information on the ground-state population of the given species. LIF is applied to measure a variety of molecules,
including OH,1–3 NO,3,4 NH,2 C2 ,5 CN,2,5 CH,2,6 NO2 .7 Many atomic species
however require excitation wavelengths that are located in the vacuum ultraviolet
(VUV). Absorption of two photons can be used to make these high-lying electronic energy levels accessible without the need for experimentally challenging
VUV excitation wavelengths.
Two-photon Absorption Laser-Induced Fluorescence (TALIF) is typically applied to atomic species like hydrogen,8,9 nitrogen9,10 or oxygen.9,11,12 However,
two-photon excitation is also required for some molecular species like CO, which
has relatively high-lying electronic states.13,14 Some TALIF measurements have
already been performed on CO in combustion studies because of the low CO
detection limit.15,16 To the authors knowledge, no TALIF studies on CO in a
(non-thermal) plasma environment have yet been reported.
While Raman scattering can measure both the rotational temperature and CO
number density spatially and temporally resolved,17–19 the CO sensitivity in a CO2
environment is low due to crosstalk from CO2 .19 Similarly, absorption techniques
using tunable infrared lasers or Fourier-transform infrared spectroscopy provide
line-of-sight instead of spatially resolved measurements and typically do not
allow nanosecond time resolutions. TALIF on CO provides both the high spatial
and temporal resolution, while also being species selective (in both excitation and
detection), making the technique well suited for rotational temperature and CO
number density measurements in a CO2 rich environment.
Many of the studies on TALIF applied to CO report on two-photon absorption
using the B1 Σ+ (v’=0) ← X 1 Σ+ (v”=0) Q-branch,13,20,21 with fluorescence being
detected from the B1 Σ+ (v’=0) → A1 Π(v”) transition (450 − 700 nm). Alternatively, some investigations use the C1 Σ+ (v’=0) ← X 1 Σ+ (v”=0) Q-branch for excitation, since this eliminates potential single-photon absorption crosstalk from C2
at 230 nm without significantly impacting the fluorescence yield.13,16,22 Excitation
to the B1 Σ+ state however has the advantage of having well documented quench-
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Figure 6.1: An schematic of the relevant energy levels and the excitation scheme that was
used. Solid lines indicate laser excitation, while wavy lines indicate spontaneous emission.
Quenching processes are indicated using dashed lines. The ionisation limit is shown, as
well as triplet states that can be accessed through collisional quenching. The energies of
the electronic levels are given by Krupenie.14

ing rates and level constants of the B1 Σ+ state, in contrast to the C1 Σ+ electronic
level. CO molecules are hence pumped with two photons of around 230.1 nm
in the Hopfield-Birge system by the B1 Σ+ (v’=0) ← X 1 Σ+ (v”=0) transition, as
shown in Figure 6.1. The excited state can radiatively decay either through the
B1 Σ+ (v’=0) → X 1 Σ+ (v”) or B1 Σ+ (v’=0) → A1 Π(v”) channel. Further depopulation of the excited state to A1 Π, X 1 Σ+ or triplet levels can happen through
collisional quenching.
The aim of this paper is to measure time-resolved absolute number densities
of CO in a CO2 glow discharge. These glow discharges are well studied, both
historically for their application in CO2 lasers23–25 and more recently to study
CO2 vibrational kinetics19,26,27 for the synthesis of solar fuels.28–30 Due to its
uniformity in the positive column, CO number densities have been studied with
both absorption spectroscopy26,31 and rotational Raman spectroscopy.19 This
allows comparison of measured temporally resolved CO number densities using
TALIF with previously reported number densities. Furthermore, a glow discharge
can be operated in a favourable pressure window of a few millibars, avoiding
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radiative trapping at lower pressures20 while minimising non-radiative losses
from the electronically exited state at higher pressures.

Experimental methods
Excitation and detection system

6.2
6.2.1

The experimental setup is shown schematically in Figure 6.2a). A frequency
tripled nanosecond pulsed Nd:YAG laser (Spectra Physics Quanta Ray PRO 29030) was used to pump a dye laser (Sirah PrecisionScan, Coumarin 460 dye), which
generates vertically polarised light with a tunable wavelength around 460 nm.
The dye laser output was frequency doubled using a SHG BBO crystal to generate
a tunable wavelength around 230 nm with a spectral width of about 0.18 cm−1
and an energy of 10 µJ per pulse.
The laser beam was focused into the centre of the plasma reactor (both longitudinally and radially) using a combination of a negative ( f =-200 mm) and
positive lens ( f =100 mm). Fluorescence from the laser focus was collected by a
lens ( f =35 mm), spatially filtered by an iris and focused into a glass fibre with
a diameter of 200 µm by a second lens ( f =30 mm). Light from the fibre passed
through a bandpass filter (Thorlabs FB520-10, FWHM 10 nm) centred at 520 nm,
thus only detecting the B1 Σ+ (v’=0) → A1 Π(v”=2) transition, which minimises
detection of plasma emission. Fluorescence from this band was detected using
a photomultiplier tube (Hamamatsu R12829) and recorded by an oscilloscope
(Keysight DSOX3034T).

Plasma setup

6.2.2

The plasma reactor that was used in this study is shown schematically in Figure 6.2a) and is made of Pyrex. It consists of a 18.5 cm long cylinder with a 2 cm
internal diameter, extending at both ends 2.5 cm into a Pyrex KF40 adapter, resulting in a total internal reactor length of 23.7 cm. The high voltage and grounded
electrodes are spaced 16 cm apart and are placed opposite to gas inlet and outlet
respectively.
The high voltage electrode was connected via a 50 kΩ resistor to a highvoltage power amplifier (Trek 10/40A-HS) operating in constant current mode at
50 mA. A pulse delay generator (Stanford Research Systems DG535) was used to
provide the triggers (both lamps and Q-switch) at the operating frequency of the
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laser (30 Hz). The same pulse delay generator was used to generate two plasma
cycles with a 5 ms on-time and a 11.67 ms off-time each (60 Hz) upon each laser
shot, as illustrated in Figure 6.2b). The respective plasma on-time was chosen in
accordance with experiments performed by Klarenaar et al.,26 while the repetition
rate of the plasma was chosen as twice the laser repetition rate.
A pure CO2 gas flow (Linde 4.5 Instrument, ≥ 99.995% purity) of 7.4 sccm
was supplied using a mass flow controller (Bronkhorst F-201CV). This leads to a
plasma residence time of a few seconds, where the molecules experience about
100 plasma cycles on average before exiting the active region of the discharge. The
pressure was kept constant at 6.7 mbar by automatically adjusting the effective
pumping speed of a dry Roots pump (Pfeiffer ACP 15) through control of an
automatic valve (Pfeiffer EVR 116), a feedback controller (Pfeiffer RVC 300) and a
pressure gauge (Pfeiffer CMR 263).
Conditions were very similar to work performed by Klarenaar et al., including
pressure, gas flow and plasma current and thus similar reduced electric fields of
about 60 Td are expected.26

Experimental procedure

6.2.3

Custom software was used to tune the wavelength of the dye laser fundamental
stepwise over the excitation frequency, rotating the BBO SHG crystal accordingly
and subsequently recording the time-resolved fluorescence averaged over 128
laser shots on the oscilloscope. An initial estimation of the excitation frequency
was extracted from the dye laser grating angle and refined using a nonlinear
deformation of the two-photon frequency of the fit.
The time-resolved fluorescence at each excitation frequency was corrected for
any background illumination and subsequently integrated to retrieve the total
fluorescence at a given excitation frequency and combined into an excitation
spectrum. The effective measurement time is dominated by the time it takes the
oscilloscope to average the fluorescence of 128 laser shots, and is typically below
10 minutes for a full excitation spectrum at room temperature. This minimises the
effect of long-term laser power fluctuations due to degradation of the laser dye.
The experimental procedure for measuring a time-series in a plasma starts with
recording an excitation spectrum at a known temperature for pure CO at a known
CO number density. To refine the estimation of the excitation frequency from the
grating angle, a fit was performed on this excitation spectrum for intensity, laser
linewidth and wavelength calibration.
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Figure 6.2: A schematic representation of the TALIF setup in a), where the tunable excitation wavelength was generated by a combination of a Nd:YAG laser, a tunable dye
laser and a frequency doubling crystal. The laser beam was focused into a Pyrex reactor,
where the fluorescence was collected at a 90 degree angle and focused into a glass fibre.
The fibre was connected to a photomultiplier tube (PMT) and an oscilloscope to record the
fluorescence signal. The pulse delay generator was used to generate two plasma cycles for
each laser pulse, as shown in b). The laser pulse was shifted by a time td with respect to
the start of the plasma cycle.
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The plasma cycle was subsequently started, allowing approximately 5 minutes
for stabilisation of the plasma before measuring an excitation spectrum at a given
time delay td with respect to the start of the plasma cycle. Laser energy measurements were performed using a power meter for both the reference measurement
and time-series in the plasma to allow correction for changes in laser energy over
time.

Theory

6.3

Spectral profile of fluorescence

6.3.1

The spectral profile of the measured two-photon excitation spectrum depends on
the rotational temperature, with rotational lines of CO typically being convoluted
due to pressure and Doppler broadening. The limited linewidth of a nanosecond
laser system however allows rotational temperatures to be extracted from the
fluorescence emission rate I f using a fitting procedure for the full excitation
spectrum. At our experimental conditions, Doppler broadening is typically one
order of magnitude larger than pressure broadening and similar to the laser
broadening. Hence a further improvement on the resolvability of the rotational
lines could be achieved by measuring Doppler-free excitation spectra, although
this is experimentally challenging.11,32
For a given electronic transition j → k, the emission rate I f is proportional
to the product of the Stern-Volmer factor describing the fluorescence yield, the
photon flux density Ĩ in m−2 s−1 , two-photon rate coefficient σ̂(2) in m4 s and the
CO number density N0 in m−3 :21,33
If ∝

A jk
Q + R Ĩ + ∑i6= j A ji

σ̂(2) ( Ĩ )2 N0 .

(6.1)

Here A ji is the Einstein A coefficient for spontaneous emission, Q is the total collisional quenching frequency and R is the single-photon ionisation rate coefficient.
It was experimentally verified that the fluorescence scales with the square
of the laser power and hence it can be concluded that the product of R Ĩ is negligible compared to the quenching frequency Q and the sum of the Einstein A
coefficients at our pulse energies. A significant ionisation contribution would
result in a sub-quadratic scaling. Additionally, this confirms that the ground
state is not significantly depleted (analogues to the linear regime in single-photon
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absorption).34 It has been shown by Di Teodoro et al. that the quenching frequency
Q for the B1 Σ+ state does not depend on the rotational level J,20 and therefore
the spectral profile of I f is fully determined by the two-photon absorption rate W
in s−1
W = σ̂(2) ( Ĩ )2 ,

(6.2)

where σ̂(2) is the two-photon rate coefficient in cm4 s. This rate coefficient can be
expressed as a function of the laser excitation energy Ωc 21
σ̂(2) (Ωc ) = σ0 G (2) ∑
(2)

J

×

Z ∞
0

(2)

with σ0



EJ
1
(2)
exp −
S J 0 ,J
Qrot
kB T ∑
J0

(6.3)

0

φ J 0 ,J (ξ − Ω J 0 ,J ) g (ξ − Ωc )dξ

being the spectrally integrated two-photon cross section in cm4 and G (2)

the second-order intensity correlation factor.35 J and J 0 are the lower and upper
rotational level indexes respectively. E J is the energy of rotational state J in the
electronic ground state, kB is the Boltzmann constant and T is the temperature
in


E

Kelvin. The rotational partition sum is given by Qrot = ∑ J (2J + 1) exp − k JT .
B
(2)

Furthermore, S J 0 ,J is the two-photon Hönl-London factor for the rotational tran-

sition J → J 0 . The integral defines the convolution of the normalised transition
line-shape φ J 0 ,J (ξ − Ω J 0 ,J ) centred at frequency Ω J 0 ,J with the effective spectral excitation width g0 (Ω). Since two-photons are used for excitation, g0 (Ω) is defined
as the self-convolution of the spectral laser width
g0 (Ω) =

Z ∞
0

g(ξ ) g(Ω − ξ )dξ

(6.4)

with g(ω ) being the normalised spectral profile of the laser beam used for exci(2)

tation. The two-photon Hönl-London factors S J 0 ,J are by convention normalised
according to

∑0 S J 0 ,J = (2J + 1).
(2)

(6.5)

J

Hönl-London factors

6.3.2

The two-photon selection rules restrict the allowed transitions to ∆J = 0, -2, +2,
corresponding to the Q, O and S branches respectively. As a result, this reduces
the summation over all J 0 in equations 6.3 and 6.5 to only include three HönlLondon factors. For two-photon absorption by CO of linearly polarised light,
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these Hönl-London factors are calculated by Bray et al.36
1 2
µs b J −2,J
45


1 2
1
SllQ = C (2J + 1)
µ I + µ2s b J,J
9
45
1
SllS = C (2J + 1) µ2s b J +2,J .
45
SO
ll = C (2J + 1)

(6.6)
(6.7)
(6.8)

Here µ2I and µ2S are invariants of the two-photon polarizability tensor, C is a
constant, which allows normalisation according to equation 6.5 and b J −2,J , b J,J
and b J +2,J are Placzek-Teller coefficients given by Long et al.:37
3J ( J − 1)
2(2J + 1)(2J − 1)
J ( J + 1)
=
(2J − 1)(2J + 3)
3( J + 1)( J + 2)
=
.
2(2J + 1)(2J + 3)

b J −2,J =

(6.9)

b J,J

(6.10)

b J +2,J

(6.11)

Using the fact that the sum of these Placzek-Teller coefficients equals unity,
the normalisation factor C can easily be determined as

C=

1 2
1
µ + µ2
9 I 45 s

 −1
.

(6.12)

Determining the relative values of the invariants of the polarizability tensor
µ2I and µ2s is often done through the relative intensity of the Q-branch upon twophoton excitation by linearly and circularly polarised light respectively. According
to Bray et al.,36 the Hönl-London factor of the Q-branch for two-photon absorption
Q
of circularly polarised light Scc
is given by
Q
Scc
= C (2J + 1)

1 2
µ b J,J .
30 s

(6.13)

By combining equation 6.7 and equation 6.13, we find that the ratio between
the Hönl-London factors for linearly and circularly polarised light is given by
SllQ
Q
Scc

2
=
3

5 µ2I
1+
b J,J µ2s

!
.

(6.14)
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Figure 6.3: Calculated normalised Hönl-London factors for the O, Q and S branch, based
Q
Q
on a Hönl-London factor ratio of linearly and circularly polarised light Sll /Scc of 200,38 as
a function of the rotational level J. This plot excludes J = 0, since the calculation of the
ratio of the invariants of the polarizability tensor is not defined at J = 0. The Q-branch
Hönl-London factor is approximately 2 orders of magnitude larger than that of the O and
S branches.

Q
It is experimentally found by Tjossem et al. that the ratio SllQ /Scc
is typically

over 200.38 Using this experimental result, the ratio between the invariants of
the polarizability tensor µ2I and µ2s can be determined and subsequently, the
Hönl-London factors for two-photon absorption of linearly polarised light can
be calculated for each J 6= 0. The dependence of the Hönl-London factors in
equations 6.6, 6.7 and 6.8 is shown in Figure 6.3. It shows that the Hönl-London
factor of the Q-branch is over two orders of magnitude larger than the line
strengths of the O and S branches for any value of the rotational quantum number
J 6= 0. This is also confirmed experimentally by the absence of the O and S
branches.13,38,39 As a result, the Hönl-London factor of the Q-branch effectively
reduces to (2J + 1) and thus the intensity of a single fluorescence transition from
rotational level J can be expressed by
IJ ∝



EJ
(2J + 1)
exp −
.
Qrot
kB T

(6.15)

This indicates that the spectral shape of the excitation spectrum can directly yield
the rotational temperature T when the energy E J of each of the rotational levels is
known.
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Collisional quenching

6.3.3

The collisional quenching rate Q (in the absence of single photon ionisation
processes) is preferably determined from the fluorescence decay rate after laser
pumping stops by measuring the effective fluorescence lifetime τeff

τeff =

Q+

 −1

1

,

τnat

(6.16)

where τnat is the natural lifetime of the fluorescing state. This equation only holds
in the absence of reabsorption of B1 Σ+ → X 1 Σ+ emission. At low pressures of
around ≈ 1 mbar, it has been shown by Di Teodoro et al. that radiation trapping
of B1 Σ+ → X 1 Σ+ emission can increase the effective lifetime of the fluorescing
state to about 65 ns. When radiation trapping starts to play a role, the effective
lifetime is not easily linked to single-photon ionisation and collisional quenching
rates anymore without accounting for radiation trapping factors based on specific
reactor geometry.40,41
At pressures above ≈10 mbar, the nanosecond laser pulse duration is typically
longer than expected effective lifetimes for pure CO. Effective lifetimes reduce
even further when more effective quenchers such as H2 O and CO2 are introduced
into the gas mixture and thus the quenching rate Q can not be measured directly
in our system. The quenching frequency Q is hence calculated from an estimate
of the plasma composition and known quenching rate coefficients
Q=

∑ qi pi

(6.17)

i

where qi is the quenching rate coefficient for quencher i and pi its partial pressure.
The quenching rate coefficient is temperature dependent and given by42
s
qi = σi

8
πµkB T

(6.18)

where µ is the reduced mass of the CO-quencher system and σi is the quenching
cross section for species i, which also depends on the gas temperature by42

σi = σi,0

293
T

 ni
.

(6.19)
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Table 6.1: List of values for the quenching cross sections and power law coefficients for
the quenchers in a CO2 glow discharge.42

Quencher

σi,0 (Å2 )

ni

CO2

134.7 ± 3.1

-0.33 ± 0.03

CO

36.69 ± 2.38

0.02 ± 0.06

O2

89.28 ± 2.16

-0.06 ± 0.04

Here σi,0 is the quenching cross section at a reference temperature of 293 K and ni
describes a power law dependence on temperature. Table 6.1 shows the quenching
cross sections and power law coefficients that were used in this study.
The composition of the plasma is estimated based on the plasma conversion
factor α, which is defined as
α=

[CO]
[CO] + [CO2 ]

(6.20)

where [CO] and [CO2 ] are the molecular number densities of CO and CO2 respectively. It has been shown previously that the global and local gas mixture are
identical (i.e. good mixing between the species is present in the reactor).19,26
From the CO2 dissociation reaction 2CO2 → 2CO + O2 it is assumed that
for every two molecules of CO2 , two molecules of CO and a single molecule
of O2 are formed. Although atomic oxygen is also likely formed,43 its number
density is expected to be very low with respect to molecular oxygen and thus its
contribution to the quenching frequency is neglected.44 From this dissociation
reaction, the molecular fraction of CO2 ( f CO2 ) can be calculated
f CO2 =

1−α
.
1 + α/2

(6.21)

where CO2 is removed by conversion, described by the 1 − α, which is then
renormalised due to formation of both CO and O2 by the factor 1 + α/2. Similarly,
the molecular fractions for CO and O2 are given by
f CO =

α
1 + α/2

(6.22)
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f O2 =

α/2
1 + α/2

(6.23)

Given these molecular fraction equations, the total quenching rate Q is now

Q = qCO2 f CO2 + qCO f CO + qO2 f O2 p

(6.24)

Figure 6.4a) shows calculated quenching frequencies as a function of the plasma
conversion factor α for two different temperatures, while Figure 6.4b) shows the
related Stern-Volmer factors. Klarenaar et al.26 found a conversion of α = 0.18 in
a very similar plasma. Even when taking our initial estimation for the plasma
conversion α̃ in the range of 0 < α̃ < 0.36, the Stern-Volmer factor only varies by
12% over this range at 300 K and 9% at 1000 K. A rough indication of the plasma
conversion α̃ is thus sufficient to estimate the B1 Σ+ quenching frequencies, which
in turn allows CO number densities to be determined within reasonable accuracy.
This is generally true for systems with limited changes in gas composition or
similar quenching rate coefficients for the reactants and products. The plasma
conversion α can subsequently be determined with a significantly smaller error
margin than the initial plasma conversion estimation α̃.

Computational methods

6.4

To be able to analyse measured excitation spectra, a computational procedure
has been developed to calculate and fit these excitation spectra to extract the
rotational temperature and spectral integral of the excitation spectrum. The fitting
function decouples the excitation spectrum into a normalised shape Φ(Ωc ) and its
amplitude Γ and is thus given by F (Ωc ) = ΓΦ(Ωc ) + Γ0 . Here Γ0 is introduced
as an intensity offset to account for any detected plasma emission and/or stray
light. The normalised spectral shape Φ(Ωc ) is given by
Φ(Ωc ) = σ̂(2) (Ωc )/

Z ∞
0

σ̂(2) (Ωc ) dΩc .

(6.25)

A constant spectral laser shape g(ω ) is assumed over the spectral range of the Qbranch, as well as J-independent Doppler and pressure broadening. This allows
the convolution of each transition line shape φ with the effective laser line shape
g0 in equation 6.3 to be moved out of the summation, allowing convolution with
the effective laser line shape in a single operation.
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Figure 6.4: An example of calculated quenching frequencies in a) and Stern-Volmer factors
in b), as a function of the plasma conversion parameter α at temperatures of 300 K and
1000 K. The Stern-Volmer factor increases with increasing plasma conversion as a result of
the lower quenching rate coefficients of CO and O2 with respect to CO2 . Shaded regions
represent the (systematic) uncertainties in the calculated values as a result of literature
data uncertainties.

The parameters and their (initial) values used in the fitting routine are listed
in Table 6.2. The rotational temperature Trot is assumed to be equal to the gas
temperature T.23 The pressure is fixed since the excitation spectrum is insensitive
for pressure and the line shape is dominated by laser and Doppler broadening
at these pressures. Hence, the pressure used in the fitting routine is measured
directly using a pressure gauge. The half-width at half-maximum of the effective
spectral laser width σg0 is determined by fitting a room-temperature excitation
spectrum with a high signal-to-noise ratio and is subsequently fixed for plasma
measurements.
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Table 6.2: List of parameters used in the fitting routine with their associated symbols and
whether or not the parameter was fixed during fitting. The laser column shows the value
of the parameter for fixed parameters and the initial value for non-fixed parameters.

Symbol

Parameter

Fixed

(Initial) value

T

Rot. temperature

7

300 K

p

Pressure

3

6.7 mbar

σg0

Eff. laser HWHM

3

0.25 cm−1

Γ

Intensity

7

Data max.

Γ0

Intensity offset.

7

0Vs

Table 6.3: List of values for the energy relative to the ground state E (cm−1 ), rotational
constant B (cm−1 ) and centrifugal constant D (10−6 cm−1 ) for the X 1 Σ+ (v=0) and
B1 Σ+ (v=0) state of CO.14

State

E

B

D

X 1 Σ+ (v=0)

0

1.922521

6.1193

B1 Σ+ (v=0)

86917.3

1.9475

6.1

Calculate transition frequencies
First, the position of a transition from level J is calculated from the electronic
level spacing E and the rotational and centrifugal constants B and D of the lower
and upper electronic state respectively. These constants are shown in Table 6.3.
Additionally, a pressure shift δ in cm−1 atm−1 is applied to the lines, given by a
empirically determined relation shown by Di Rosa et al.45

δ = −0.21

295
T

0.52
.

(6.26)

Calculate rotational line strengths
The Q-branch line strengths are determined from the product of the the HönlLondon factor for excitation using linearly polarised light and the population of
state J, given by equation 6.15.
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Apply Doppler and pressure broadening
Doppler and pressure broadening are applied to each individual transition. The
Doppler broadening halfwidth is calculated identically to single-photon Doppler
broadening. The pressure broadening halfwidth γ in cm−1 atm−1 is empirically
determined by Di Rosa et al. to be45

2γ = 0.74

295
T

0.65
.

(6.27)

Pressure broadening due to other molecules than CO is approximated as being
identical to pressure broadening for CO. The Voigt line profile φ J 0 ,J (Ω − Ω J 0 ,J ),
being a convolution of the Gaussian Doppler broadening and the Lorentzian
pressure broadening, is numerically approximated using the real part of an implementation of the Faddeeva function written by Steven G. Johnson, based on
the algorithms described in.46–48
Calculate normalised line cross sections
The individual cross sections as a function of excitation frequency of all rotational
lines up to Jmax = 100 are calculated from equation 6.3 and summed over the
rotational quantum J to find the two-photon rate coefficient σ̂(2) .
Overlap with spectral laser profile
The overlap of the calculated cross sections and the effective spectral laser profile
is performed by convolving the cross section with a Gaussian profile with a
half-width at half-maximum σg0 . This effective spectral excitation width is the
self-convolution of the spectral laser profile with half-width at half-maximum σg
√
and thus σg0 = 2σg . The overlap integral of the cross section with the spectral
laser profile is subsequently normalised to retrieve the spectral shape of the
excitation spectrum Φ(Ωc ) from equation 6.25.
Vertically scale spectrum
The spectrum is vertically scaled by its scaling factor Γ to account for solid
angle of detection, losses due to the optics and the quantum efficiency of the
photomultiplier tube, as well as other constants in equations 6.1 and 6.3. A
vertical offset Γ0 is added to excitation spectrum to account for any possible
plasma emission.
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Calculation of number densities

6.4.1

Number densities of CO in the X 1 Σ+ (v=0) state can be calculated by integrating the excitation spectrum over the B1 Σ+ (v’=0) ← X 1 Σ+ (v”=0) two-photon
excitation frequency. Due to the normalisation of Φ(Ωc ), the CO X 1 Σ+ (v=0)
number density NCO,0 can be expressed as
NCO,0 =

−1 P 2
Q + τnat
ref Γ
Nref ,
−1 P 2 Γ
Qref + τnat
ref

(6.28)

where Nref is the known number density from the reference measurement. Q
and Qref are the quenching frequencies at plasma and reference conditions respectively. P and Pref represent the measured laser power during the plasma and
reference measurements, while Γ and Γref are the fitted intensities for the plasma
and reference measurements. The number density of CO in the X 1 Σ+ (v=0)
state can be generalised to the total CO number density NCO if the vibrational
temperature and type of vibrational distribution are known.
It has been reported previously that CO vibrational temperatures can exceed
rotational temperatures substantially in a glow discharge,26 resulting in a significant population of higher vibrational levels. Vibrational temperatures reach
up to 1400 K at 0.7 ms after the start of the pulse, resulting in up to 11% of the
CO molecules to be excited above the vibrational ground-state.26 In contrast, just
before starting the plasma only 0.05% of the CO molecules is excited to higher
vibrational levels at an equilibrium temperature of T = 400 K.26 Total CO number densities are thus determined from the X 1 Σ+ (v=0) number densities and
the calculated population of excited vibrational levels by using the vibrational
temperatures measured by Klarenaar et al. and assuming a Treanor vibrational
distribution.26

Validation of the algorithm

6.4.2

The computational algorithm is tested on data from literature. Di Rosa et al.21
performed two-photon excitation cross section measurements on pure CO at
room-temperature (294 K) and a pressure of 17 kPa. They used a pulsed 80 µJ
per pulse laser, with a laser waist of 68 µm and a pulse duration of 6.9 ns. The
extracted data is an average of the data by Di Rosa et al. and their fit, since no
distinction could be made between these two datasets due to their overlap.
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Figure 6.5: A fit, using the fit algorithm, of digitised data from Di Rosa et al..21 The fit
residual is shown below the data on an identical scale as the data itself.

The spectrum is fitted using the above algorithm with the converged fit shown
in Figure 6.5, which gives T = 299 K and p = 16.1 kPa. It should be noted that
the fit in the work by Di Rosa et al. also includes absorption of the laser before the
focal point, while our fit does not. Despite this simplification, the fit parameters
are in good agreement with the reported data.

Results

6.5

Two-photon excitation spectra were taken at different times during the plasma
cycle by scanning the laser stepwise across 23 cm−1 , starting at an excitation
frequency of 86914 cm−1 , including rotational levels 0 ≥ J ≥ 28. Two normalised
excitation spectra measured at room temperature and during the cooldown phase
of the plasma (t = 7.5 ms) are shown in Figure 6.6a) and 6.6b) respectively. The
corresponding least-squares fit for the measurement at t = 7.5 ms results in a
rotational temperature of Trot = 510 ± 50 K. This includes a 1σ uncertainty in the
fitted value and an estimated 10% uncertainty to account for changing laser power
during an excitation scan and a difference in state-to-state Einstein A-coefficients
from the X 1 Σ+ (v=0) state average.
Figure 6.6 shows a clear difference in the population over the rotational states
between the excitation spectrum measured at room temperature and during the
plasma cycle. By fitting the full excitation spectrum, reliable rotational tem-

Intensity (normalized)
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Figure 6.6: Measured excitation spectra and their corresponding least-squares fits at room
temperature in a) and during the cooldown period of the plasma (t = 7.5 ms) in b).

peratures can be extracted from the overall shape of the spectrum despite the
noise. Furthermore, due to the increased spacing between rotational levels, partly
resolved lines are visible at excitation frequencies above about 86920 cm−1 , corresponding to J > 10.
Recorded rotational temperatures during the full plasma cycle are shown
in Figure 6.7a). The start of the plasma-on phase is defined as the time origin
and corresponds to a rotational temperature of Trot = 370 ± 40 K. Measured
rotational temperatures rise quickly after starting the plasma, with the rate of
heating going down until the rotational temperature reaches the maximum of
Trot = 700 ± 70 K at t = 4.9 ms. When the plasma is turned off, rotational
temperatures exponentially drop until reaching the minimum temperature again,
just before another plasma-on phase starts.
The measured rotational temperature trends are in good agreement with
earlier data acquired by Klarenaar et al.,26 while absolute rotational temperatures
are slightly lower. To match the discharge frequency to our laser repetition rate
however, the plasma-off time was increased from 10 ms to 11.67 ms, while the
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Figure 6.7: Measured rotational temperatures in a), CO X 1 Σ+ number densities in b)
and corresponding plasma conversion α in c) at different times during the plasma cycle
and in the cooldown period. A 1σ fitting error is taken into account for the rotational
temperature uncertainty. Additionally, an estimated 10% uncertainty is included to account
for drift in laser power during an excitation scan and a difference in state-to-state Einstein
A-coefficients from the X 1 Σ+ (v=0) state average. Number density error bars only include
statistical errors, while the systematic error is about 20%.

plasma-on time remained the same. As a result, our duty cycle was about 10%
lower, resulting in lower overall rotational temperatures.
Figure 6.7b) shows measured CO number densities, with corresponding
plasma conversion shown in Figure 6.7c) at different times during the plasma
cycle. The CO number density is not affected significantly by the initial estimation
for the plasma conversion α̃, needed for the calculation of the Stern-Volmer factor
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(as shown in Figure 6.4b)). Hence the initial estimation for the plasma conversion
is taken as α̃ = 0.18 ± 0.18, in agreement with the discussion in section 6.3.3. Error
bars include only the statistical errors to allow easy comparison of trends during
the plasma cycle. It should be noted that an additional systematic error of 20%
is present. Changes in number densities quantitatively follow the inverse trend
of the measured temperatures, suggesting an isobaric expansion of the plasma
volume from heating during the plasma-on phase.
Measured CO number densities, as well as the plasma conversion show similar
trends to the FTIR study done by Klarenaar et al. in a very similar plasma
reactor.19,26 Here CO number densities were measured of about 1.9 × 1022 m−3
just before the plasma-on phase starts, while number densities decreased to about
1.2 × 1022 m−3 at the end of this plasma-on phase. Our number densities as
well as the time-averaged plasma conversion of 22 ± 4% are in fair agreement,
especially when taking into account the 20% systematic error.
Directly determining the population in higher vibrational levels could by
achieved by two-photon excitation from the X 1 Σ+ (v=1) level in addition to the
vibrational ground state, thus allowing the number densities for the first two
vibrational levels to be determined. When assuming a vibrational distribution
(Boltzmann/Treanor) this can be extrapolated to obtain the total CO number density and vibrational temperature. This excitation can be done either to B1 Σ+ (v=0)
or B1 Σ+ (v=1) . Excitation to B1 Σ+ (v=1) can easily be achieved using the same
experimental setup due to a limited two-photon energy shift of only 61 cm−1 ,
whereas excitation to B1 Σ+ (v=0) is shifted by 2143 cm−1 ,49,50 thus required a
different laser dye for excitation. An excitation scheme as proposed here does
require quenching rates to be determined for the B1 Σ+ (v=1) state, which could
be achieved by directly measuring effective lifetimes of this state in a glow discharge at various plasma currents, which changes the ratio of quenching partner
contributions. The number densities of these quenching partners can be actively
monitored using FTIR due to the uniformity of the discharge.

Conclusions

6.6

We have demonstrated a method to determine time-resolved rotational temperatures and absolute CO number densities in a CO2 glow discharge using TALIF
with a nanosecond pulsed laser. This was done by analysing two-photon excitation spectra of CO using an appropriate fitting routine, where the full Q-branch
excitation spectrum of the B1 Σ+ (v’=0) ← X 1 Σ+ (v”=0) transition was used. The
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fitting routine was checked against a previously published high signal-to-noise
ratio excitation spectrum at room temperature, where good agreement was found
with our fitting routine.
It has been shown experimentally that measured rotational temperatures
show fair agreement with previously measured rotational temperatures. CO
number densities and the plasma conversion were also determined from the
excitation spectrum measurements by compensating for quenching based on
a rough estimation of plasma conversion and excitation of higher vibrational
levels. Our number densities show good agreement with CO number densities
measured in previous studies, thus showing applicability of TALIF on CO in a
plasma environment.
To allow measurements at non-thermal conditions in a plasma where high
vibrational temperatures (Tvib > 1000) are expected, an additional excitation
scheme within the same electronic transition is proposed where excitation is done
from and to the first vibrational level. This transition is only 61 cm−1 shifted
with respect to excitation from and to the vibrational ground-state. Measuring
this transition allows determination of vibrationally excited CO number densities
directly, from which the CO vibrational temperature and total CO number density
can be extracted without any prior knowledge on vibrational temperatures.
The presented method for rotational temperature measurements is applicable
to any nanosecond pulsed laser system with sufficiently narrow linewidth and
even allows measuring arbitrary rotational distributions with only minor changes.
Absolute CO number density measurements can be extended to any system
where the local pressure and an estimate of the gas composition can be guessed.
Our method will produce reliable results for CO number densities if changes in
quenching frequency are limited.
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7
General conclusions

This chapter summarises the most important results and conclusions from the
various chapters in this PhD thesis. Some suggestions for future research are
provided as well.

• Chapter 2 shows that in situ absorption spectroscopy using narrow linewidth
Quantum Cascade Lasers (QCLs) can be used to measure time-resolved
infrared transmittance spectra in a non-equilibrium glow discharge. These
measured transmittance spectra have a strong dependency on the rotational temperature and the CO2 and CO vibrational temperatures, where
the narrow linewidth of the QCLs provides an excellent sensitivity for these
temperatures, even when measuring over small frequency intervals.
The scanned frequency intervals include transitions for CO2 asymmetric
stretch levels up to v3 = 6 → 7, as well as CO transitions from levels
up to vCO = 1 → 2. Rotational and vibrational temperatures, as well
as the CO2 and CO number densities are determined by fitting the three
measured frequency intervals using a custom non-equilibrium fitting tool.
A single temperature T12 is attributed to the CO2 symmetric stretch mode ν1
and bending mode ν2 due to their strong Fermi-resonance, while separate
temperatures T3 and TCO are assigned to the asymmetric stretch mode ν3 of
CO2 and the CO vibrational mode νCO respectively.
In contrast to previously used Fourier-Transform InfraRed (FTIR) spectroscopy, the narrow linewidth of the QCL additionally provides a direct
measurement of the gas temperature Tgas from the width of the absorption
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lines, while a time-resolved scan using three QCLs can be performed in
minutes rather than hours.

• The evolution of T3 and TCO is typically characterised by a fast increase
in the first few hundred microseconds when the plasma is started. These
temperatures typically peak 0.6-1.8 ms after the plasma is started, followed
by a slower (asymptotic-like) decrease towards the end of the plasma ontime. In contrast, the evolution of T12 , Trot and Tgas are characterised by
a slower increase upon starting the plasma, with T12 generally slightly
elevated above Trot . Once the plasma is turned off, the rotational and
vibrational temperature quickly equilibrate, except for very high degrees of
non-equilibrium. For all conditions, the order of measured temperatures
follows TCO ≥ T3 ≥ T12 ≥ Trot = Tgas .
• The time-evolution of the rotational temperature Trot is almost identical
for all measurement in this thesis, even when adding N2 or water vapour,
changing the reactor design or increasing the instantaneous power in the initial part of the on-time for the case of constant current operation. A slightly
lower rotational temperature is only observed for high N2 molar fractions
of 80% or more, which is probably related to the energy stored in the vibrational modes of CO2 and CO. The gas temperature Tgas is found to be in
equilibrium with the rotational temperature for all measured conditions.
• The evolution of CO2 and CO vibrational temperatures were studied using
QCL absorption spectroscopy for a N2 content up to 90% in Chapter 3. Due
to the quasi-resonance between N2 vibrational levels and the ν3 vibrational
mode of CO2 and the long lifetime of the N2 vibrational states, N2 is suggested as an efficient energy reservoir for the vibrational non-equilibrium
of CO2 . The addition of N2 indeed resulted in a significant increase in T3 ,
reaching values of up to 2250 K for a 90% N2 admixture, while TCO peaked
at 3700 K for a N2 content of 80%, which is suggested to result from quasiresonance between the asymmetric stretch levels of CO2 and the vibrational
levels of CO.
The characteristic peaks in T3 and TCO are reached later in the presence of
N2 , suggesting that V-T relaxation does not overcome the excitation of the
vibrational levels by electron impact and V-V interactions. Additionally,
although T3 and TCO do not equilibrate anymore with the other temperatures in the cooldown phase for N2 admixtures above 70%, T3 and TCO do
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equilibrate with each other, which is indicative of relatively efficient V-V
interactions between CO and CO2 .
• The effect of water vapour on the vibrational temperatures in a CO2
glow discharge using QCL absorption spectroscopy was investigated in
Chapter 4. Water has been shown to significantly quench CO2 vibrational levels, with the maximum elevation of T3 above Trot reducing from
T3 − Trot = 580 ± 86 K without water vapour to 230 ± 63 K with 10% water
vapour admixed. This results in a decrease of the peak value for T3 , while
reaching this value sooner after starting the plasma. This can be attributed
mainly to the fast V-V relaxation towards the bending mode of CO2 via the
bending mode of water. However, the time evolution of T3 in the initial few
hundred microseconds of the plasma on-time was not affected upon admixing water, suggesting that the initial vibrational excitation rate through e-V
and V-V interactions is constant. A similar trend was measured for TCO ,
although TCO is generally higher than T3 .
QCL absorption spectroscopy measurements were supported by temporally
and spatially resolved rotational Raman spectroscopy. These measurements
allow Trot to be determined, while information on the vibrational excitation
can be extracted from the apparent degeneracy of odd rotational levels. Both
techniques showed good agreement, underpinning the spatial uniformity
in the positive column of the discharge.
• The CO2 conversion upon admixing water vapour in Chapter 4 was only
marginally affected by a water admixture of up to 0.5%. When admixing
10% water vapour however, the conversion dropped by almost a factor of
4. The reduction in vibrational excitation can partly explain this significant
drop in conversion, with changes in electron density and temperature and
reactions between CO and OH potentially playing a significant role as well.
Further measurements on the OH density (for example using Laser-Induced
Fluorescence (LIF)) and the electron density and temperature are required
to identify the mechanisms leading to the drop in conversion.
• It has been shown in Chapter 5 that significant differences in the pressure
evolution as a result of the fast gas heating are present for different reactor
configurations. Furthermore, the presence of pressure waves in two reactor
designs were observed with frequencies of 1210 ± 30 Hz and 405 ± 8 Hz,
with their difference directly proportional to the difference in reactor length.
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The design of a third reactor allowed more efficient dampening of the
pressure waves. Further investigation of differences in pressure evolution
and pressure waves on the vibrational kinetics should be performed in a
reactor with variable conductance of the gas inlet and outlet.

• The effect of constant current or constant voltage operation of a pulsed CO2
glow discharge on gas temperature, rotational temperature, CO2 and CO
vibrational temperatures and CO2 conversion is investigated in Chapter 5.
Only a very marginal effect was observed on measured temperatures. However, the operating mode of the power supply can significantly affect the
CO2 conversion, increasing from 19 ± 2% for constant voltage operation
to 23 ± 2% for constant current regulation. This increased conversion for
constant current operation is attributed mainly to a higher initial electron
density, leading to more direct electron impact dissociation.
• Two-photon Absorption Laser-Induced Fluorescence (TALIF) is introduced
in Chapter 6 as a method to determine spatially and temporally resolved
rotational temperatures and absolute CO number densities in a CO2 glow
discharge using a nanosecond pulsed laser. Quenching is taken into account
based on a rough estimation of the plasma conversion. Measured rotational
temperatures and number densities show good agreement with previous
studies, thus demonstrating the applicability of TALIF on CO in a plasma
environment. The presented method for determination of the rotational
temperature is applicable to any nanosecond pulsed laser system with
sufficiently narrow linewidth and additionally allows measurements on
arbitrary rotational distributions with only minor changes. Absolute CO
number density measurements using this method can be done in any system
where a guess for the (local) pressure and gas composition is available and
changes in quenching frequency are limited.
This method can additionally be extended to allow measurements at nonthermal conditions in a plasma where high vibrational temperatures are
expected, by optically exciting the transition from and to the first vibrational
level of CO, allowing determination of the CO vibrational temperature and
total number density directly.
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