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Summary

Vibrational kinetics of CO2 in non-thermal plasma
The intermittency property of renewable energy provides a great challenge when
the share of renewable energy sources increases. For example, solar energy is
only produced during the day, while the electrical energy demand at nighttime
rarely drops below 60% of daytime demand. To overcome this problem, excesses
of renewable energy should be stored for utilization at time and location of choice.
The work in this PhD thesis is concerned with a method of storage in which energy-
dense hydrocarbon fuels are created from CO2. In this method, renewable energy
is used to reduce CO2 to CO, which is further processed to hydrocarbons, or solar
fuel. The combustion of this fuel releases the stored energy and returns the initial
CO2, completing the CO2 neutral energy loop.

The reduction of CO2 to CO is energy expensive, and is therefore a key step
within the solar fuel cycle: an efficient dissociation is essential for an efficient
cycle. A dissociation method which is finding much attention makes use of the
non-thermal nature of plasma, or ionized gas. Within a plasma, the energy that is
supplied to molecular vibrations, rotations, or translation is not necessarily equal.
Exploiting this phenomenon, the most efficient method to reduce CO2 to CO is in
literature proposed to be by selectively exciting the asymmetric stretch vibration
of CO2. In this so-called vibrational ladder-climbing process, the distance between
CO and O becomes ever larger, until at 5.5 eV dissociation happens without signif-
icant heat formation.

The goal of this PhD project is to develop two complementary diagnostic tech-
niques to study molecular vibrations and the molecular composition in CO2 dis-
charges, providing an experimental foundation to enhance our current level of un-
derstanding of the vibrational kinetics involved. Ultimately, this should contribute
to a controlled and efficient CO2 dissociation process. The diagnostic techniques
are (1) time resolved in situ Fourier transform infrared (FTIR) spectroscopy and
(2) spatiotemporally resolved in situ rotational Raman spectroscopy. The resulting
line-of-sight averaged transmittance spectra of (1) are recorded with a temporal
resolution of 10 µs to be able to track the evolution of a varying (pulsed) plasma.
Additionally, an analysis algorithm has been developed to be able to compute the
transmittance through a non-thermal medium of CO2, CO, and O2 (Chapter 2).
The parameters of interest that are acquired from the analysis are the rotational
temperature Trot, the temperature of the asymmetric stretch vibration of CO2, T3,
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the combined temperature of the other two vibrational modes of CO2, T1,2, the
vibrational temperature of CO, TCO, and the fractional conversion of CO2 to CO
(i.e. the number densities of both molecules).

For diagnostic (2) a laser setup is built, employing a 100 Hz Nd:YAG laser
which is frequency doubled to 532 nm, and an algorithm is developed to measure
and analyse spatiotemporally resolved (100 × 100 × 100 µm3, 10 ns resolution)
pure rotational Raman spectra (Chapter 3). Before Raman scattered light can be
recorded, the intense Rayleigh scattered light has to be rejected which is done
by implementing a volume Bragg grating (VBG) as an ultra-narrow-band notch
filter (OD 3–4, 7 cm-1 full-width at half-maximum) (Chapter 5). The parameters
of interest that result from analysis are the rotational temperature, the number
densities of CO2, CO, and O2, and an indication of the vibrational temperatures
of CO2. The latter is acquired through the nuclear degeneracy of CO2 which is
dependent on the vibrational state of the molecule, and which is expressed in the
ratio between even and odd numbered scattering peaks.

The plasma under study is a CO2 glow discharge, operated in the mbar range
with a plasma current of several tens of mA. The motivation of studying a glow dis-
charge is its homogeneity (useful for line-of-sight measurements), its capability of
vibrational excitation (known from the CO2 laser community), and its suitability
to be numerically modeled (beneficial for extended analysis and model valida-
tion). The vibrational kinetics are studied by pulsing the plasma with a typical
pulse cycle of 5-10 ms on-off. Note that the residence time of the gas in the order
of seconds is much larger than the cycle period, hence the gas composition at the
start of every pulse is a combination of CO2 and its dissociation products from
previous pulses: CO, O2, and possibly O.

FTIR (1) and Raman (2) measurements both show that T3 and TCO rapidly in-
crease within the first ∼1 ms of the discharge for several hundreds of K, after
which they stabilize during the remainder of the pulse. Trot slowly increases with
tens of K during the discharge period, reaching higher values for larger pressures
and currents. T1,2 follows the same trend as Trot, exceeding it with a few tens of K.
In the afterglow, the vibrational temperatures decay to the rotational temperature,
which in turn slowly decays to initial value. During the whole cycle, the temper-
atures are ordered as TCO ≥ T3 ≥ T1,2 ≥ Trot (Chapters 2 and 4). With rotational
Raman spectroscopy (2) it is shown that apart from a longitudinal homogeneity
in temperatures, the glow discharge is very homogeneous in gas composition as
well, despite using pure CO2 as initial gas. It is argued that the homogeneity is
caused by gas mixing, stimulated by diffusion as well as expansion and contrac-
tion throughout the plasma cycle (Chapter 3). The demonstrated homogeneity
directly justifies the assumption made for FTIR analysis, of a uniform line-of-sight
of absorption.
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Within the conditions under study, the exponential decay rate of T3 to Trot in
the afterglow is found to be purely a function of Trot. Pressure and gas composi-
tion (varying fractions of CO, O2, and (presumably) O) do not appear to play an
important role (Chapters 2 and 4).

In the active discharge, the dependence of T3 elevation over Trot on pressure and
current is studied for constant Trot. It is found that the elevation scales inversely
to pressure, while an increasing current showed an increase of T3. However, the
latter relation is difficult to quantify, as a clear relation is found between current
and CO concentration, while CO is shown to have a strongly stimulating effect on
T3 (Chapters 2 and 4).

For the majority of the active discharge period the elevation of T3 above Trot

decreases significantly for increasing pressure, while no clear relation is observed
between CO concentration and pressure. Therefore, a relation between T3 eleva-
tion and CO formation could not be confirmed (Chapter 4). Nonetheless, promis-
ing conversion peaks in the near afterglow are observed. A future study can reveal
whether this is related to non-thermal ladder-climbing, which is a known effect in
e.g. the afterglow of N2 discharges.

Concluding, the two diagnostic techniques were successfully developed and im-
plemented and are used to provide the first detailed T3 study in a time-resolved
fashion. This PhD project yields an ample experimental foundation to expand
our knowledge on CO2 vibrations and dissociation, especially through comparison
with numerical models, which should include interactions between CO2, CO, O2,
O, and de-excitation at the reactor wall.

In addition, the versatility of the developed laser setup (2) is demonstrated by
expanding the research field to pulsed kHz driven He jets in open air (Chapter 6).
It is shown that the VBG notch filter works satisfactorily for the crucial rejection
of Rayleigh scattering for Thomson spectroscopy, too. The scattering analysis al-
gorithm is extended with Thomson theory, to acquire electron densities and tem-
peratures. Results show that a target which is placed at 1 cm from the capillary
exit of the jet can greatly influence its development. High-permittivity (water) and
metallic targets (copper) cause the voltage drop over the reactor to the target to be
maintained, increasing electron densities with respect to a freely expanding jet. In
both cases a return-stroke is observed, which for the metallic target is succeeded
by a long lasting (>1 µs, voltage pulse duration) diffuse discharge right above the
target. A low-permittivity target (glass) is associated with rapid charge accumula-
tion on the surface, neutralizing the voltage drop. The jet ionization wave is then
continued as a surface discharge in radial direction. This work has implications
for e.g. the field of plasma medicine, as in literature metallic and water targets are
often compared to living tissue. Hence, this work serves as an initiation of filling
in the many knowledge gaps of jet-target interaction.
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Samenvatting

Vibrationele kinetiek van CO2 in niet-thermisch plasma
Het periodieke en onregelmatige karakter van duurzame energie zorgt voor grote
uitdagingen nu het aandeel duurzame-energiebronnen toeneemt. Zonne-energie
wordt bijvoorbeeld enkel overdag opgewekt, terwijl de vraag naar elektrische
energie ’s nachts meestal boven 60% van de dagbehoefte blijft. Dit probleem kan
worden opgelost door energie-overschotten op te slaan, waarna ze op een tijd en
locatie naar keuze weer kunnen worden aangesproken. Dit proefschrift is gemoeid
met een opslagmethode waarbij koolwaterstof brandstoffen worden gemaakt van
CO2. In dit proces wordt duurzame energie gebruikt om CO2 te reduceren naar
CO, wat daarna wordt omgezet in koolwaterstoffen, oftewel zonnebrandstof. Bij
het ontbranden hiervan komt niet alleen de opgeslagen energie weer vrij, maar
ook de aanvankelijke CO2, waarmee de CO2-neutrale energiecyclus is voltooid.

De reductiestap van CO2 naar CO kost veel energie en is daarom een belangrijke
stap binnen de zonnebrandstofcyclus: een efficiënte dissociatie is essentieel voor
een efficiënte cyclus. Een dissociatiemethode die veel aandacht krijgt in de vak-
literatuur maakt gebruik van de niet-thermische eigenschappen van gëıoniseerd
gas, oftewel plasma. In een plasma is de energie die naar moleculaire vibraties, ro-
taties of translaties gaat niet per se gelijk. De literatuur stelt dat CO2 het efficiëntst
naar CO reduceert door te profiteren van deze ongelijkheid en de asymmetrische-
rekvibratie van CO2 selectief aan te slaan. In dit zogeheten ladderklimproces blijft
de afstand tussen CO en O alsmaar groeien, totdat bij een energie van 5,5 eV het
molecuul dissocieert zonder grote hoeveelheden warmte te produceren.

Het doel van dit promotieproject is om twee complementaire diagnostieken
te ontwikkelen om moleculaire vibraties en de moleculaire compositie in CO2-
ontladingen te onderzoeken. Hiermee wordt een aanzet gedaan om onze huidige
kennis van de betreffende vibrationele kinetiek te verruimen. Op de lange termijn
moet dit bijdragen aan een gecontroleerd en efficiënt dissociatieproces van CO2.
De diagnostische technieken zijn (1) tijdsopgeloste in situ Fouriertransformatie-
infraroodspectroscopie (FTIR) en (2) tijd- en plaatsopgeloste in situ rotationele-
Raman-spectroscopie. De transmissiespectra van (1), gemiddeld over de absorp-
tielengte, zijn vastgelegd met een tijdsresolutie van 10 µs om de ontwikkeling van
een veranderend, pulserend, plasma te kunnen volgen. Daarbij is een analyse-
algoritme ontwikkeld om de transmissie door een niet-thermisch medium van
CO2, CO en O2 te berekenen (Hoofdstuk 2). Dit levert de volgende grootheden op:
de rotationele temperatuur Trot, de temperatuur van de asymmetrische-rekvibratie
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van CO2, T3, de gecombineerde temperatuur van de overige twee vibrationele
modi van CO2, T1,2, de vibrationele temperatuur van CO, TCO, en de fractionele
conversie van CO2 naar CO (de dichtheden van beide moleculen).

Voor diagnostiek (2) is een laseropstelling gebouwd met een 100 Hz Nd:YAG-
laser, frequentieverdubbeld naar 532 nm. Ook is er een algoritme ontwikkeld
om de tijds- en plaatsopgeloste (100 × 100 × 100 µm3, 10 ns resolutie) pure-
rotationele-Raman-spectra te meten en analyseren (Hoofdstuk 3). Om Raman-
verstrooid licht vast te leggen, wordt het intense Rayleigh-verstrooide licht weg-
gefilterd. Hiervoor wordt een volume Bragg-rooster (VBG) gebruikt als een ultra-
smalbandig spleetfilter (OD 3–4, 7 cm-1 halfwaardebreedte) (Hoofdstuk 5). Dit
levert de volgende grootheden op: de rotationele temperatuur, de dichtheden van
CO2, CO en O2 en een indicatie van de vibrationele temperaturen van CO2. Deze
laatste wordt verkregen via de nucleaire ontaarding van CO2, die afhankelijk is
van de vibrationele toestand van het molecuul en die zich uit in de verhouding
tussen even en oneven verstrooiingspieken.

Het onderzochte plasma is een CO2-gloeiontlading, ontbrand in het mbar-bereik
met een plasmastroom van enkele tientallen mA. De reden voor het bestuderen
van een gloeiontlading is haar homogeniteit (geschikt voor absorptiemetingen),
haar mogelijkheid tot stimuleren van vibraties (bekend van de CO2-lasers) en haar
bruikbaarheid in numerieke modellen (gunstig voor uitgebreide analyse en model-
validatie). Vibrationele kinetiek is onderzocht door het plasma te pulseren met een
karakteristieke cyclus van 5-10 ms aan-uit. De doorstroomtijd van het gas ligt in
de orde van seconden, wat veel langer is dan de pulsperiode. Hierdoor is het gas
aan het begin van elke puls samengesteld uit CO2 en zijn dissociatieproducten van
eerdere pulsen: CO, O2 en mogelijk O.

FTIR- (1) en Raman-metingen (2) laten beiden zien dat T3 en TCO snel enkele
honderden K toenemen binnen de eerste ∼1 ms van de ontlading, waarna beide
stabiliseren gedurende de rest van de puls. Trot neemt langzaam tientallen K toe
gedurende de ontladingsperiode en is hoger bij grotere drukken en elektrische
stromen. T1,2 volgt dezelfde trend als Trot, verhoogd met enkele tientallen K.
Na de ontlading nemen de vibrationele temperaturen af tot de rotationele tem-
peratuur, die op zijn beurt langzaam afneemt tot de oorspronkelijke waarde. Tij-
dens de gehele cyclus is de volgorde van de temperaturen TCO ≥ T3 ≥ T1,2 ≥ Trot

(Hoofdstukken 2 en 4). Met Raman-spectroscopie (2) is aangetoond dat de gloei-
ontlading naast een longitudinale homogeniteit in temperaturen, ook een zeer ho-
mogene gascompositie heeft, ondanks het gebruik van puur CO2 als aanvoergas.
Er wordt aangevoerd dat de homogeniteit een gevolg is van gasmenging, gesti-
muleerd door zowel diffusie als door expansie en contractie gedurende de plas-
macyclus (Hoofdstuk 3). De aangetoonde homogeniteit bevestigt de aanname die
is gemaakt voor de FTIR-analyse, namelijk die van een uniform absorptiepad. Bin-
nen de onderzochte condities is vastgesteld dat de afnamesnelheid van T3 naar Trot
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na de ontlading alleen afhankelijk is van Trot. Gasdruk en -samenstelling (wisse-
lende concentraties CO, O2 en waarschijnlijk O) lijken geen belangrijke rol te spe-
len (Hoofdstukken 2 en 4). Het is onderzocht hoe de verhoging van T3 boven Trot

in de actieve ontlading afhangt van de gasdruk en elektrische stroom. Deze ver-
hoging schaalt omgekeerd met de gasdruk, terwijl een toenemende stroom zorgt
voor een toename van T3. Deze laatste relatie is echter moeilijk te kwantificeren,
aangezien stroomsterkte en CO-concentratie gecorreleerd zijn en er is aangetoond
dat CO een sterk stimulerend effect heeft op T3 (Hoofdstukken 2 en 4).

In het grootste deel van de ontladingsperiode neemt de verhoging van T3 boven
Trot significant af bij hogere gasdruk, terwijl er geen duidelijk verband is gevonden
tussen CO-concentratie en druk. Hierdoor kan een verband tussen T3-verhoging
en CO-formatie niet worden bevestigd (Hoofdstuk 4). Desalniettemin verschijnen
er kort na de ontlading veelbelovende conversiepieken. Toekomstig onderzoek
kan uitwijzen of dit gerelateerd is aan een niet-thermisch ladderklimproces, dat
bijvoorbeeld een bekend fenomeen is vlak na de terminatie van N2-ontladingen.

Concluderend zijn de twee diagnostische technieken succesvol ontwikkeld en
gëımplementeerd en zijn ze gebruikt voor het eerste gedetailleerde, tijdsopgeloste
T3-onderzoek. Dit promotieproject heeft een uitgebreide gegevensset opgeleverd
die in combinatie met een numeriek model onze kennis over CO2-vibraties en
-dissociatie kan vergroten. Dit model dient interacties tussen CO2, CO, O2 en O te
omvatten, evenals de-excitatie aan de reactorwand.

Bovendien is de veelzijdigheid van de ontwikkelde laseropstelling (2) aange-
toond door het onderzoeksveld uit te breiden naar gepulseerde kHz-aangedreven
He-jets in de open lucht (Hoofdstuk 6). Het is aangetoond dat het VBG-filter ook
geschikt is voor het vereiste wegfilteren van Rayleigh-verstrooiing voor Thomson-
spectroscopie. Het algoritme voor de verstrooiingsanalyse is uitgebreid met de
Thomson-theorie om elektronendichtheden en -temperaturen te verkrijgen. Resul-
taten laten zien dat een doelwit op 1 cm van de uitgang van de jet, de ontwikkeling
van de jet sterk kan bëınvloeden. Doelwitten met hoge permittiviteit (water) en
metalen doelwitten (koper) zorgen voor behoud van de spanningsval tussen de
reactor en het doelwit. Hierdoor stijgt de elektronendichtheid ten opzichte van
een zich vrij ontwikkelende jet. In beide gevallen wordt er een retour-ontlading
waargenomen die bij een metalen doelwit wordt gevolgd door een langdurige
(>1 µs, de duur van de spanningspuls) diffuse ontlading direct boven het doel-
wit. Een doelwit met een lage permittiviteit (glas) wordt geassocieerd met snelle
ladingsopbouw op het oppervlak, wat de spanningsval opheft. De ionisatiegolf van
de jet wordt dan voortgezet als een oppervlakteontlading in een radiale richting.
Dit werk heeft implicaties voor bijvoorbeeld plasmageneeskunde, aangezien in de
literatuur levend weefsel vaak met metaal en water wordt vergeleken. Met dit
werk is dus een aanzet geleverd tot het invullen van de vele hiaten in de kennis
op het gebied van jet-doelwitinteractie.
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1
General Introduction

The title of this PhD thesis, “Vibrational kinetics of CO2 in non-thermal plasma”,
probably raises several questions to the general reader. What are ‘vibrational kinetics’,
and why are they relevant? Or, why study a ‘CO2 plasma’ in the first place? The aim
of this introduction chapter is to answer these and other questions by sketching the
‘big picture’ in which this research applies, and pointing out its position within.

This illustration starts with the advance in renewable energy sources and the in-
creasing challenge of matching energy production and demand. We will see that the
reduction of CO2 to CO can play a key role in a solution to this challenge, as a means
to create so-called solar fuels. Then, the reduction step is looked further into, intro-
ducing the vibrations of the CO2 molecule and how the stimulation of one of these
vibrations could lead to an energy efficient reduction. The nature of plasma and its
potential for this vibrational excitation are treated then, followed by a brief literature
overview of other work on the dissociation of CO2 in a plasma. Finally, this work’s
contribution to the field is discussed, including the motivation of the chosen plasma
source and diagnostic techniques. A solid foundation should then be acquired for the
appreciation of the research in the other chapters of this PhD thesis.



2 Chapter 1. Introduction

1.1 The reduction of CO2 for the production of solar fuels

The fraction of energy used worldwide that is originating from renewable re-
sources is increasing steadily. At the end of 2016 the renewable energy share
of global electricity production was estimated at 24.5%,1 while five years earlier,
at the end of 2011 the share was estimated at 20.3%.2 Meanwhile, our society is
built on the consumption of fossil fuels to, e.g., produce heat in household boil-
ers or stoves, mechanical work in vehicle engines, or electrical energy in power
plants. The output of renewable sources is predominantly in the form of electrical
energy and therefore it is necessary to advance the implementation of an electric-
ity based society. That this is a work which is already in progress, becomes clear
from e.g. the upcoming popularity of electric cars1 and the recent agreement of
the Dutch government to remove natural gas connections from existing homes
and to build new ones connectionless.3 However, the mere replacement of fossil-
fuel based equipment with their electrical counterparts is not sufficient, as one of
the bigger challenges inherent to an increasing share of renewable energy is the
intermittency problem.4

The intermittency problem for day-to-day energy demand is visualised well us-
ing Fig. 1.1. Here the net generation of solar and wind power is shown in Germany
for the month of August 2017, together with the electrical power demand.5 Day
and night cycles are clearly visible from the drop in demand when the evening
falls, though the demand decreases rarely below 60% of the maximum. On the
other hand, solar energy is only produced during daytime, and the amount of wind
energy varies strongly over the full month. Additionally, there is a seasonal imbal-
ance: significantly more solar energy is produced during long summer days than
during the darker winter, while in winter there is an increased electrical energy de-
mand. Assuming that the energy production and consumption in Germany is more
or less representative for other countries, it should be clear that when renewable
energy sources should become predominant in the total energy production, we
need a solution to match short- and long-term production and demand.

This solution consists of the storage of an energy surplus during peak produc-
tion, which then can be addressed when the demand cannot be met. A notewor-
thy and very efficient method to accomplish this, is pumped hydroelectric stor-
age (PHS), where the energy is stored in the potential energy of water by simply
pumping it to a higher-up reservoir and releasing it through turbines when the
energy is needed. Efficiencies of this technique can even be greater than 80%.10

PHS is being used at many locations around the earth, but the amount of water
and/or height difference that is needed to make this a viable option for solving the
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Figure 1.1: The electrical power demand and generation of solar and wind power in Ger-
many in the month of August 2017. Data taken from5.
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intermittency problem makes this not a very practical solution for every location.

A different approach could be to store the energy in chemical bonds, where
the most common chemical energy carriers are: batteries, hydrogen, and (liquid)
hydrocarbon fuels. These are all promising energy carriers for the local storage of
renewable energy. However, if the energy has to be transported to a different loca-
tion before consumption, the energy density and specific energy will start playing
an important role: the more energy you can transport per volume or per mass,
the less energy the transportation will cost. Fig. 1.2 shows the energy density and
specific energy for several of these chemical storage materials. From this graph
it is clear that batteries are by far least suitable to transport energy over longer
distances, which perfectly illustrates the range challenge that manufacturers of
electrical vehicles experience. Hydrogen, on the other hand, seems better suited
due to its large specific energy. However, when the heavy carbon fiber vessels are
taken into account, crucial for safe transportation, the total specific energy is closer
to 10 MJ/kg.11 Liquid hydrocarbons are most appropriate for the transportation
of energy, even when taking into account the conversion efficiency to mechanical
work or electricity, which for most of these fuels is close to 50%.12

Where electricity can directly be used to charge batteries or to create hydrogen
by the electrolysis of water, the work in this thesis is involved with the develop-
ment of a method to utilize electrical energy for the creation of hydrocarbon fuels
from their core raw material, CO2. The dissociation of CO2, as introduced in the
abstract of this Chapter, is a key part in this process, which is illustrated by the
energy cycle in Fig. 1.3. Here, CO2 is initially harvested from an external source,
such as the exhausts of factories. Then, electrical energy surpluses of renewable
sources are used to reduce CO2 to CO. In the next step, (a source of) hydrogen
is added to create a syngas mixture, which is further converted to hydrocarbons,
or solar fuels by the Fischer-Tropsch process. The Fischer-Tropsch process is a
common method in industry to create liquid hydrocarbons from syngas (yet often
created from e.g. coal or natural gas).13 The combustion of solar fuels returns the
initial CO2 and releases the renewable energy that is used to create it. In the ideal
case, a CO2-neutral energy cycle is created.

It should be noted that this cycle works most efficiently if the CO2 does not
leave the system and is reused for the next cycle. It is appealing to use solar fuels
in vehicles such as airplanes and cargo ships where batteries are not a serious
option due to their weight, but then the produced CO2 is generally emitted in the
open air. In this case, the energy cost of harvesting new CO2 should be added to
the overal efficiency of the storage and consumption procedure, which is not yet
very favourable.14 Nonetheless, in the long therm this might still be a solution for
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Figure 1.3: A three-step CO2-neutral energy cycle. Renewable energy is used to dissociate
CO2 to CO, which is then further processed to hydrocarbon fuels, or solar fuels. The com-
bustion of these fuels releases the stored energy and gives back the initial CO2, closing the
cycle.

enabling the use of these vehicles when fossil fuels are no longer an option. Until
then the main application of this cycle would be in a dedicated plant, presumably
close to the renewable energy source, where the solar energy is converted to solar
fuel during the day, and back to electricity at night, as well as seasonal storage to
match supply and demand in summer and winter.

1.2 Reduction through vibration and the role of plasma therein

Dissociation of CO2 can be done in a thermal way, where the CO2 gas is heated
to 3000–3500 K. 45% to 80% of the gas is then reduced to CO, with a maximum
energy efficiency of 47%.4 This thermal splitting process is however slow to ini-
tiate which is disadvantageous when quick reaction to the fluctuating renewable
energy production is required. Plasma processes, on the other hand, generally
work on an on/off principle. Additionally, the targeted exploitation of vibrations
of CO2 could lead to higher energy efficiencies.

The diagnostics that are used in this PhD project are very much concerned with
these vibrations. In the next section, the CO2 vibrations are explained in depth to
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provide a solid basis for the understanding and appreciation of the diagnostics to
come. The subsequent section is concerned with the basics of non-thermal plasma
and how these vibrations are manipulated by it.

Vibrations of CO2

CO2 is a triatomic molecule which has a linear configuration in its vibrational
ground state. A carbon atom occupies the center and is double bonded to both
oxygen atoms on its sides, see Fig. 1.4. It has four degrees of freedom for vibra-
tion, resulting in the following vibrational modes: the symmetric stretch mode,
designated by quantum number ν1, two degenerate bending modes, ν2, and the
asymmetric stretch mode, ν3.

A CO2 molecule can get excited in one or more of these vibrational modes by
acquiring enough energy to reach a vibrational level within the mode, e.g. by the
absorption of a photon or the kinetic energy of a colliding particle. The levels are
depicted schematically up until an energy of 10,500 cm-1 in Fig. 1.5. The total
vibrational state is notated in the form (ν1, ν2

l2 , ν3), where l2 is the contribution
to the angular momentum by bending mode ν2.

In the next section we will see that the asymmetric stretch mode is most rel-
evant for the reduction of CO2, but first a special form of coupling between the
symmetric stretch and bending mode is discussed. In Fig. 1.5 one can see that
the levels of ν1 are depicted in two colors: black (dashed) and green (solid). The
black levels are the locations of what would be the pure energies of the symmetric
stretch mode. However, in reality these levels are shifted (green) due to a Fermi
resonance between the states (ν1, ν2

l2 , ν3) and ((ν1 − 1), (ν2 + 2)
l2 , ν3). This res-

onance occurs, as the symmetry of a molecule in the symmetric stretch mode is
equal to the symmetry of the bending mode without contribution to the angular
momentum (Σ+

g ), while the energy of one ν1 quantum is very close to the energy
of two ν2 quanta.15–17

As an example, state (1, 00, 0) is Fermi resonant with state (0, 20, 0). Both are
depicted as the first two green levels around 1334 cm-1. It is impossible to claim
that one of these shifted levels is purely linked to the bending and the other to
the symmetric stretch vibration, as the quantum mechanical wave functions of the
resonant states consist to a comparable amount of the unperturbed wave functions
of both vibrations:18

(1, 00, 0) ≡ −0.7666 |1, 00, 0〉 − 0.6326 |0, 20, 0〉 − 0.0831 |2, 00, 0〉+ . . .

(0, 20, 0) ≡ −0.7726 |0, 20, 0〉+ 0.6289 |1, 00, 0〉+ 0.0635 |2, 00, 0〉+ . . .
(1.1)
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Figure 1.4: A CO2 molecule and its modes of vibration. ν1 and ν3 vibrate over the x-axis,
while for ν2 the two degenerate vibrations are orthogonal, one in the xy-plane and the other
in the xz-plane.
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Figure 1.5: The levels of the vibrational modes of CO2, up to 10,500 cm-1. For ν1, the
dashed black lines indicate the positions of the pure levels, while the green lines represent
the Fermi-shifted levels which result from a Fermi resonance between the symmetric stretch
and bending mode. All non-shifted levels are calculated using the molecular constants
from15, while the Fermi shifts are determined using the theory as described in15,16.
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Out of convenience, all Fermi-resonant states are therefore gathered under ν1.
As a result, all levels under ν2 are those where l2 = ν2 and which do not have
this resonance since their symmetries are different (Πu, ∆g, Φu, . . . ). This is also
clearly visible from their wave functions, as for example the wave function of
(0, 11, 0) is almost unperturbed:18

(0, 11, 0) ≡ 0.9992 |0, 11, 0〉 − 0.0263 |1, 31, 0〉+ 0.0207 |1, 11, 2〉+ . . . (1.2)

Dissociation of CO2 using plasma

In this section it is explained how the plasma can be exploited to dissociate CO2,
starting with an introduction to plasma and its non-thermal properties. These are
then linked to the selective excitation of the asymmetric stretch vibration.

Non-thermal plasma

The reason why plasma can very effectively stimulate certain chemical processes
is its ability to be selective in the excitation of energetic modes. To understand
this, we first have to go through some plasma basics. Plasma is a gas which is
ionized by applying heat or a strong electromagnetic field, from which the latter is
most common in research and industry. It generally consists of ions, free electrons,
radicals, and neutral atoms and molecules which can be excited in an electronic,
rotational or vibrational state. As one can imagine, plasmas create highly reactive
environments, where many chemical bonds are being broken and formed, while
more often than not emitting photons ranging from infrared to ultraviolet. When
working with plasma to e.g. make or break certain bonds, like with the dissoci-
ation of CO2, the trick is to find, comprehend, and maintain the right discharge
conditions to channel the input energy into a (set of) reaction(s) of choice.19,20

A distinction is made between two types of plasmas: thermal and non-thermal
plasmas. The craft of welding is a perfect example of the first one, where a very
hot plasma is used to heat, melt, and glue metals together. These hot plasmas
are called thermal because they are in local thermodynamic equilibrium (LTE),
meaning that all the plasma species are described with the same temperature.19,20

The work in this PhD thesis, however, is more concerned with colder, non-
thermal (or non-equilibrium) plasmas. Here, the species in the plasma are in
non-local thermodynamic equilibrium (non-LTE) and are described by individual
temperatures, if the distribution of kinetic energy within a species is such that one
can speak of a temperature at all. Electrons have their temperature Te, ions follow
Ti, and the translational (kinetic) temperature, or ‘convential’ gas temperature of
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Figure 1.6: Electron collision cross sections for CO2, reproduced from Itikawa. 21 Legend:
tot: total cross section; elas: elastic scattering; mom: momentum-transfer; ion.tot: total
ionization cross section; ion.diss: dissociative ionization; CO2

+(A) & (B): emission from A
and B states of CO2

+; O(1S): production of O(1S); 100 & 010 & 001: vibrational excitation.

neutrals is referred to by Tg. Moreover, even energetic modes within molecular
species, are described by their own temperature, like Tν for vibrations or Trot for
rotations, which both can be different from Tg.19,20

The fact that these temperatures can be all different, results from the following:
in plasma the energy transfer into the system mostly happens through the accel-
eration of free electrons in an electric field.† These heated electrons then collide
with neutrals and ions, resulting in many possible outcomes, of which some are
listed here:

• Momentum transfer between the particles.
• Vibrational or electronic excitation of the neutral or ion.
• (Continued) ionization of the neutral or ion, freeing a second electron.
• Recombination, decreasing the ionization level or even forming a negative

ion from a neutral.
• Breaking a chemical bond.
†The average energy of the electrons is often a function of the reduced electric field: the ratio of the

electric field over the number density of neutrals. The electric field causes the electrons to accelerate,
while the number density of neutrals affects the mean free path of acceleration.
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To illustrate this, Fig. 1.6 shows the scattering cross section (or probability) for
scattering processes with CO2, versus the kinetic energy of the electron. Although
updates have been suggested for several of these cross sections, e.g. by Grofulović
et al,22 this graph gives a comprehensive overview of the possible reactions that
can happen upon electron impact. The cross sections for vibrational excitation are
shown as well, indicated by 100 (ν1), 010 (ν2), 001 (ν3).

Consequently, the energy input in the plasma is passed through from the trans-
lational (or kinetic) energy of the electrons to the vibrational and translational
energy of the neutrals and ions.21 Vibrational energy can be further transferred
through collisions to translational energy of neutrals and ions, which is referred to
as vibrational-translational relaxation. For now, let’s assume that all translations,
vibrations, and rotations follow their own Maxwell-Boltzmann distribution, where
the temperature T describes the probability density f of a particle having energy
E:20,23

f(E) ∝ exp

(
− E

kBT

)
. (1.3)

Here, kB is the Boltzmann constant. For most non-thermal plasmas the tempera-
tures within a non-thermal plasma are then ordered as:23

Te � Tν > Trot ≈ Ti ≈ Tg. (1.4)

The reason why in thermal plasmas these temperatures become equal, is a com-
bination of a relatively long plasma life time, with high currents (>1 A) and a high
operating pressure (usually atmospheric), resulting in a high number of equilibrat-
ing collisions.

Plasma-assisted reduction mechanisms

As previously mentioned, the vibrational mode most relevant for the reduction of
CO2 to CO is the asymmetric stretch mode. This is best further explained using the
potential energy diagram of Fig. 1.7. Here, the potential energy of a CO2 molecule
is plotted versus the distance between O and CO, while ν3 levels are indicated for
the molecule in the electronic ground state (1Σ+).

The most efficient dissociation pathway is by selectively exciting this asymmet-
ric stretch mode up until level 21 at 5.5 eV (right path of solid arrows), where
the distance between the O and CO becomes so large that dissociation happens
without the formation of rest heat.23,25,26 This mechanism is often referred to as
step-wise vibrational excitation or ladder-climbing. This process can be stimulated
by plasma: from Fig. 1.6 it can be seen that for electrons with energies between
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Figure 1.7: The potential energy of the CO2 molecule versus the distance between CO
and O. Arrows indicate two different dissociation mechanisms: direct electronic excitation-
dissociation, step-wise vibrational excitation or ladder-climbing, and a combination of
both.4,24

0.3 eV and 2 eV the most probable plasma excitation of CO2 is the excitation of
the asymmetric stretch vibration. For example, a CO2 molecule gets excited from
its vibrational ground state to the first asymmetric stretch level:

e− + CO2(0, 00, 0)→ e− + CO2(0, 00, 1). (1.5)

The excited molecule can then be further excited by a second electron or by the
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collision with another excited CO2 molecule:

CO2(0, 00, 1) + CO2(0, 00, 1)→ CO2(0, 00, 2) + CO2(0, 00, 0) (1.6)

The continuation of this process is generalized with the following vibrational-
vibrational exchange reaction:27

CO2(ν1, ν2
l2 , ν3) + CO2(ν1, ν2

l2 , ν3)→ CO2(ν1, ν2
l2 , ν3 + 1) + CO2(ν1, ν2

l2 , ν3 − 1)

(1.7)
The reactions above are the ones that are strictly necessary to explain the general
principle of vibrational-ladder-climbing, while more vibrational-vibrational reac-
tions, even between different vibrational modes, play an important role in the
overall process. The same holds for other electronic excitation reactions, as well
as vibrational-translational transfer in which vibrational quanta are lost to trans-
lational energy, and even the absorption and spontaneous emission of photons.
See27–29 for a detailed overview of these mechanisms.

A second and clearly less efficient method of dissociation is a direct electronic
excitation from ground state CO2 to CO and O (e.g. the left path of solid arrows
in Fig. 1.7), caused by the impact of an energetic electron:

e− + CO2 → e− + CO + O. (1.8)

Not only are both molecules left with more kinetic energy, but also the atomic
oxygen may occupy a higher electronic state. A combination of these two methods
is also a possibility, where a similar electronic excitation-dissociation occurs when
the vibrational ladder is partially climbed (dashed arrows). Although not most
efficient, the required energy is reduced with respect to pure electronic excitation.

For either mechanism, the chemical equation for the reduction step can be writ-
ten as:

CO2 → CO + O; ∆H = 5.5 eV, (1.9)

using the lowest reaction enthalpy ∆H possible. The atomic oxygen that is then
produced, should be recycled by colliding with a vibrationally excited CO2 molecule
and causing a second dissociation:23

O + CO*
2 → CO + O2; ∆H = 0.3 eV. (1.10)

In total, the net reaction of one CO2 molecule can then be written as:

CO2 → CO +
1

2
O2; ∆H = 2.9 eV. (1.11)
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For most work in literature, this reaction enthalpy of 2.9 eV is used when dissoci-
ation efficiencies are calculated.

1.3 CO2 dissociation in literature

In this section a modest literature overview is provided to illustrate the scientific
field in which this PhD project is carried out. The overview is mostly concerned
with CO2 dissociation research published within the last few years (2015-2018),
and addresses the different plasma sources and diagnostic methods with which
vibrational excitation and dissociation are pursued.

A great deal of numerical and experimental work can be found that is con-
cerned with plasmas that are made in pure CO2,27,29–43 but also plasmas where
CO2 is diluted with other species, such as Ar,44–48 He,45 N2,45,47–49 H2O,50,51 and
CH4.52–54 While Ar, He, and N2 are often used to improve the dissociation reaction,
hydrogen-containing molecules are mostly added to try to directly produce hydro-
carbons, skipping the step where CO is the intermediate product (dry reforming
of methane, DRM). However, the work in this PhD thesis is concerned with the
rovibrational kinetics of CO2, studied in a pure CO2 discharge, and therefore these
dilutions are mostly not included in this overview. Furthermore, extensive work
is done on the synergy between plasma and catalysts that are included in the dis-
charge in the form of beads or as a coating on the reactor wall,34,55–57 which is
also not the focus of this section.

The overview is subdivided into the plasma sources that are most common in
literature. First, the microwave (MW) and radio frequency (RF) discharges are
discussed, as the field of CO2 plasmas is instigated in the late 1970s using these
kind of sources.25,26,58 Nowadays they are still popular sources within the research
community. The next section is concerned with the workhorse in the dissociation
community, the dielectric-barrier discharge (DBD), which gained its popularity
by its success in the field of ozone generation.59 More recently, the interest is
expanding towards other plasma sources, particularly to the gliding arc (GA) and
nanosecond repetitively pulsed discharges (NRP), which will be discussed as well.

The focus of the discussions to follow lies on the relevant plasma-assisted disso-
ciation mechanisms as well as the suitability for doing in situ diagnostics to study
these dissociation mechanisms. The possibility of using ex situ diagnostics, mostly
in order to determine reaction products, is often not inherent to the plasma source.
Reaction products are mostly detected using mass spectrometry,40,43,60,61 gas chro-
matography,36,40–42,62 or Fourier transform infrared (FTIR) spectroscopy.30,38,44
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Figure 1.8: A schematic of the capacitively coupled RF discharge of Capezzuto et al 25 on
the left-hand side, and on the right-hand side an example of a reactor for a microwave
discharge, including the magnetron, waveguide and tuners for the proper coupling of the
microwaves into the plasma.

Microwave and RF discharges

Table 1.1: Fraction of energy pumped into vibrational system of CO2 utilized for the disso-
ciation processes 〈Wvd〉/〈Wv〉, at different pressures and power densities. Reproduced from
Capezzuto et al.25

p, Torr 〈W 〉, cal cm-3 s−1 〈Wvd〉/〈Wv〉

40 3.75–5.5 0.54–0.59
20 2.0–4.0 0.28–0.42
10 2.14–2.38 0.03–0.06

Although microwave and RF discharges are two different kinds of discharges,
they are grouped together as they form the basis of the current research on the
dissociation of CO2. The first paper published in literature to study CO2 disso-
ciation by plasma is by Capezzuto et al,25 utilizing an RF discharge. This is a
low-pressure capacitively coupled discharge (tens of mbar), where a quartz tube
guides the CO2 flow and electrodes ignite the plasma, see the left-hand side of
Fig. 1.8. The applied frequency is in the high frequency part of the RF range, typ-
ically 13.56 MHz, however 35 MHz is used by Capezzuto. The plasma is strongly
non-thermal, while Capezzuto was able to calculate that vibrational excitation
plays an important part in the dissociation mechanisms: Table 1.1 shows that at a
pressure of 40 Torr ≡ 53 mbar up to 59% of the energy that was pumped into the
vibrations of CO2, 〈Wv〉, was in the end utilized for its dissociation, 〈Wvd〉.

Closely after, Legasov et al26 published experimental results and calculations
on what they call an ultrahigh-frequency (uhf) and high-frequency (hf) discharge.
The uhf discharge, more often referred to as a microwave discharge, uses a wave-
guide to transport microwave radiation from a generator to a quartz tube where
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Figure 1.9: The variation of the efficiency (curve 1) and of the conversion (curve 2) during
the dissociation of CO2 in a non-equilibrium plasma. a) Results of calculations; b, c) data
of the experiments with an uhf discharge (b) and a hf discharge in a magnetic field (c).
Reproduced from Legasov et al.26

the plasma absorbs the wave energy, see the right-hand side of Fig. 1.8. The radia-
tion frequency ranges from 300 MHz to 10 GHz, where Legasov used 2.3 GHz. Mi-
crowave plasmas are generally operated at pressures between 1 mbar and 800 mbar,
where the experiments by Legasov were performed in the range of 133–667 mbar.

The hf discharge uses an RF source, operating at 21 MHz. However, while the
plasma of Capezzuto et al is capacitively coupled using two electrodes, the plasma
of Legasov et al is inductively coupled. These inductively coupled RF discharges
generally operate at even lower pressures (mbar range) than the capacitively cou-
pled variant, 0.13–4 mbar for the experiments reported by Legasov et al.

Both plasmas are non-thermal, and Legasov et al also managed to link the vi-
brational ladder-climbing from section 1.2 to the dissociation of CO2, which will
be clear from Fig. 1.9. This is a reproduction of the graph that shows the results
of both reactors used by Legasov et al.26 The energy efficiency, η (curve 1), and
fraction of dissociated CO2, x (curve 2), are plotted versus the specific energy in-
put EV, showing an efficiency maximum exceeding 80% near 1 eV/molecule. The
solid lines represent calculations based on the ladder-climbing theory.

Although these reported efficiencies are very promising for the efficient cre-
ation of solar fuels, recent studies have not yet been successful in reproducing
these results.38,46,60,63,64 The challenging part of the microwave plasma happens
to be its gas temperature. For higher pressures, which are favourable when the dis-
sociation of CO2 gets industrialized, microwave plasmas become ‘warm’, with gas
temperatures up to 4000 K. At these temperatures it is likely that thermal splitting,
and not plasma assisted dissociation, is the predominant mechanism.38,60 Further-
more, numerical work shows that although these plasmas do have a potential of
efficient ladder-climbing, it is important to keep the gas temperature low to pre-
vent vibrational-translational relaxation.37,65–67
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In the meantime, microwave reactors are reasonably accessible for in situ diag-
nostics to study gas temperature, vibrational temperatures and molecular compo-
sition. Rayleigh scattering38,63,68 and optical emission spectroscopy on C2

60 have
shown to be useful for the spatially resolved determination of the gas temperature.
Furthermore, Van den Bekerom et al68 have shown how to implement a microwave
reactor in the sample compartment of a Fourier transform infrared spectrometer,
enabling the potential of performing infrared absorption spectroscopy in a plasma
to gain information on rotational and vibrational temperatures. However, a mi-
crowave plasma is more often than not largely non-uniform in temperature, both
radially and longitudinally, which challenges the analysis of the acquired trans-
mission spectra.

Dielectric-barrier discharge

The popularity of the dielectric-barrier discharges (DBDs) to study the dissociation
of CO2 finds its origins in its success for the creation of O3 from O2, in the form
of a so-called ozonator.59,69 The DBD reactor consists of two electrodes, with at
least one dielectric barrier in between which often directly covers one of the elec-
trodes. The most common reactor configurations in the field of CO2 dissociation
are shown in Fig. 1.10. An AC voltage is applied to the electrodes, ranging from
a few Hz to several MHz, while operating pressures are generally 100–1000 mbar.
When breakdown happens in CO2, plasma filaments or streamers form at the an-
ode side and propagate towards the cathode, having created a non-thermal micro-
discharge when the conductive channel is completed. The dielectric barrier pre-
vents the discharge to grow into a spark or thermal arc as the local electric field
is reduced by the accumulation of electrons on the dielectric surface, choking the
micro-discharge. The typical lifetime of these micro-discharges is in the order of
ns. In the next half-cycle, the electrodes switch their role of anode and cathode,
and streamers will propagate towards the other side. Any charge that was build up
from the previous half-cycle on the dielectric surface now stimulates the formation
of a filament near that location.

Most studies are performed in cylindrical reactors,36,41,61,62,70 often filled with
beads (packed-bed) of different materials to e.g. increase local electric
fields.24,42,43,56,57,67 As one can imagine, these reactors are very unsuitable for
doing in situ analysis, although it is sometimes attempted to measure the gas tem-
perature using optical emission spectroscopy on CO71 and small traces of N2.71,72

Parallel-plate configurations allow for better acces of other optical diagnostics,
like rotational Raman spectroscopy to measure the gas temperature,73 or infrared
absorption using a quantum cascade laser (QCL) to determine ground state CO
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Figure 1.10: The three most common dielectric-barrier discharge reactor configurations
for research on CO2 dissociation. Both a longitudinal (top) and a transverse (bottom) cross
section are shown. From left to right: parallel plate with both electrodes covered by a
dielectric; cylindrical with a bare central electrode; cylindrical with the central electrode
covered by a dielectric.

densities.74 However, due the transient nature of the plasma the detection volume
of the diagnostics will almost never overlap in space and time with the active dis-
charge. Hence, these techniques are mostly used to probe the conditions of the
bulk gas than those of the micro-discharges themselves.

DBDs operate at lower gas temperatures, which is confirmed by both optical
emission and rotational Raman measurements, showing gas temperatures up to
500 K. Furthermore, the relatively high electric fields result in highly energetic
electrons and therefore the predominant dissociation mechanism is the direct
electronic excitation-dissociation by electron impact, leaving almost no role for
vibrations.32,67 Therefore, DBDs generally perform not so well regarding energy
efficiency and conversion, where cylindrical packed-bed reactor outperform other
configurations as their elevated electric fields result in an increased number of
highly energetic electrons.4

Gliding arc discharge

A plasma concept which is gaining more interest in the field of CO2 dissociation
is the gliding arc discharge. The classical gliding arc, shown on the left-hand side
of Fig. 1.11, consists of two electrodes for which the distance increases in the
direction of the gas flow. If under atmospheric pressure a high voltage is applied
over these electrodes, a thermal arc will form which starts translating quickly in
the direction of the gas flow. If its length exceeds a critical limit, the plasma cools
down and undergoes a transition to a non-thermal situation. When the discharge
becomes too long, it extinguishes and the cycle is repeated.4 Roughly 75% of the
energy is dissipated in the non-thermal phase, and therefore it has a high potential
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Figure 1.11: The classical gliding arc configuration on the left-hand side and the gliding
arc using a reverse vortex flow on the right.4,77

of dissociation using vibrational ladder-climbing.67,75,76

However, the plasma is very transient in nature, and due to the electrode de-
sign, the fraction of treated gas and therefore conversion ratios are very limited.
Therefore, other gliding arc designs are being developed,53,77 from which an ex-
ample is shown on the right-hand side of Fig. 1.11. In this cylindrically symmetric
reverse vortex example, the gas first circles close to the wall of the reactor to-
wards the outer end of the cathode, after which it returns through the center and
exits through a hole in the anode. The arc forms between the cathode and the
anode (top discharge in Fig. 1.11) and starts extending, down the anode (bot-
tom discharge). In this way, more of the working gas is transported along the
discharge area than with the classical configuration, which is beneficial for the
conversion.4,67,77–80

The gliding arc discharge is however a type of plasma which is difficult to study
using in situ diagnostics. The reactor geometries allow easy acces for e.g. lasers or
infrared beams to study the rovibrational distribution, but similar to the dielectric-
barrier discharges the transient nature of the arc and the unpredictability of its
path makes it almost impossible to match it to the timing and location of a detec-
tion volume.

Nanosecond repetitively pulsed discharge

Another upcoming plasma source within the CO2 community is the nanosecond
repetitively pulsed (NRP) discharge.32,44,51,81,82 These (above) atmospheric pres-
sure discharges are characterized by their very short nanosecond timescale but
repetitive discharges. Depending on parameters as the applied voltage (kV range),
repetition frequency (tens of kHz), electrode distance (mm range), and ambient
gas temperature, the NRP discharge can operate in the corona, glow, or spark
regime, shown in Fig. 1.12.83,84 These three different non-thermal regimes distin-
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Figure 1.12: Three different operation regimes of a nanosecond pulsed plasma. From left
to right: corona, glow, spark.83,84

guish themselves by the amount of current passing through them, which increases
from corona to glow to spark. The very short pulse time prevents the discharge
from advancing to a thermal arc, although higher currents still result in higher gas
temperatures, reaching over 2000 K in the spark regime.51 The corona and glow
regime operate at lower temperatures, which reduces vibrational-translational re-
laxation.

An additional advantage of the very short lifetimes is the fact that the plasma
does not have the time to become self-sustaining, allowing for a better control
of the electron energies and therefore reaction mechanisms. Nonetheless, the
reduced electric fields are generally rather high, resulting in highly energetic elec-
trons which promote the less efficient excitation-dissociation by direct electron im-
pact.32 Additionally, their transient nature limits the fraction of gas which can be
treated, resulting in low conversion rates, typically comparable to or below those
of dielectric-barrier discharges, while the NRP conversion efficiency is generally
somewhat higher.4

On the other hand, nanosecond repetitively pulse discharges are very predictable
in time, while the pin-to-pin configuration results in a well-defined discharge lo-
cation. Therefore, these discharges are very suitable for studying the dissociation
mechanisms using in situ diagnostics. The application of laser-based techniques
such as laser-induced fluorescence (LIF) have been reported,51 as well as time-
resolved infrared emission spectroscopy.82

1.4 Framework of this thesis

Now it should be clear that the challenge of efficient dissociation of CO2 by using
plasma is being approached from a lot of different angles, both experimentally
and numerically. This approach is often focused on the ex situ analysis of the ex-
haust gas to determine conversion and energy efficiency, while trying to maximize
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these by varying reactor properties and operating conditions. Numerical models
are then used to gain insight into the reaction mechanisms inside the plasma and
with that predict conditions for higher efficiency. In situ diagnostics are less of-
ten employed, but have the potential to determine plasma parameters such as gas
temperature and vibrational number densities, or spatially resolved information
on the formation of CO or other molecules. However, some discharge types make
it very difficult to do so, or make the interpretation of acquired data very challeng-
ing, e.g. due to the inhomogeneity of the plasma. Nonetheless, accurate in situ
diagnostic research is of great value for a better understanding of e.g. the vibra-
tional dynamics (excitation, relaxation, vibrational quantum exchange) and how
to take advantage of vibrational excitation for energy efficient CO2 dissociation.
Our knowledge on these topics is further expanded when the acquired data is used
for comparison to and validation of (rate constants in) numerical models.

Referring back to the title of this PhD thesis, “Vibrational kinetics of CO2 in
non-thermal plasma”, the aim of this work is to set up two of such in situ diag-
nostics, namely time resolved Fourier transform infrared (FTIR) spectroscopy and
spatiotemporally resolved rotational Raman spectroscopy, and use them to gain
further insight into the excitation and relaxation kinetics of (ro)vibrational levels
in a pulsed plasma. The plasma of choice is a non-thermal DC glow discharge.

The discharge under study: DC glow

A schematic of the used reactor is shown in Fig. 1.13. The Pyrex tube is pumped
down to pressures of several mbar, after which a high DC voltage (kV range) is
applied over the reactor, in series with a ballast resistor. The resistor limits the
electrical current after breakdown and prevents the discharge from turning into a
thermal arc.

An important reason for studying a glow discharge is the fact that its positive
column is well-known for being homogeneous in temperature and reduced elec-
tric field. This makes it very suitable for a fundamental rovibrational study for
both spatially resolved and line-of-sight techniques.19 However, not the whole dis-
charge is uniform as it exists of several light-emitting and dark phases.

Close to the cathode one can find an increased density of positive ions. The
electrons that are emitted due to ion bombardment of the cathode do not have
enough energy to electronically excite atoms or molecules, leaving a dark region
(Aston dark space). Cathode glow happens when the electrons get accelerated
and electronic excitation (and therefore relaxation by emission) of heavy species
is possible, after which the electrons become so energetic that ionization occurs
and the electron density increases. Here we arrive in the cathode dark space. The
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Figure 1.13: The cylindrical DC glow discharge reactor under study. The Pyrex tube has an
inner diameter of 2 cm, and the electrodes are positioned 17 cm apart, opposite the gas in-
and outlet. A ballast resistor of 50 kΩ is used to limit the current and prevent the discharge
from transforming into an arc.

electrons lose energy to ionization, which enables the recombination with positive
ions, initiating the negative glow region. Another dark region, the Faraday space,
is reached when the electrons are slowed down further. The complete cathode
side is characterized by the cathode fall, which is the largest potential drop in the
discharge. The length of this drop is inversely proportional to gas density, but is
independent of the distance between the electrodes.19

Hereafter, the discharge continues in the previously mentioned positive col-
umn. The positive column is a weakly ionized non-thermal plasma. Ion densities
are lower, while the electric field increases to a stable level where electron ener-
gies are such that heavy particles are excited and emit photons. When the distance
between the electrodes is varied, the positive column is the plasma region which
shrinks or extends. Close to the anode, ions get repelled and electrons get accel-
erated, leading to the anode glow.19 In the conditions under study, the positive
column fills the whole cylindrical part of the reactor in Fig. 1.13.

A second reason why the glow discharge is subject of study is that it is known
for its capability of vibrationally exciting CO2. Similar discharges are used for
CO2 lasers, which however to a large extent consist of other species than CO2,
typically: 14% CO2, 19% N2, 65% He, 1% Xe, and 1% H2O.17 These lasers work
on the principle of exciting the first level of the asymmetric stretch mode of CO2,
from which lasing takes place to the first level of the symmetric stretch and second
level of the bending mode. It is therefore not surprising that within the field of CO2

lasers a lot of research has been done on the selective excitation of ν3.18,85–93 Most
of this work is performed in the static environment of continuous wave discharges,
frequently using infrared diode absorption techniques,85–90 and is often relevant
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for the CO2 dissociation community as well. However, information on densities
of ν3 states is generally acquired in direct relation to optical gain in an active
laser, while the population of ν3 ≥ 2 is of reduced interest as these states are
less relevant for the lasing mechanism. Furthermore, limited work is done in
dynamic situations, where vibrational excitation and relaxation are tracked. The
research that is available focuses on the sub-µs time-scale of a laser pulse,92 or
on one or two specific vibrational states which are first selectively excited above
equilibrium.91,94

Concluding, a glow discharge is well-capable of vibrational stimulation of CO2,
while it is suitable for time-resolved measurements on rovibrational state densities.
Hence, it is the plasma of choice in this PhD project, in which the kinetics of a
collective of rovibrational states are studied in a pulsed discharge.

Diagnostic approaches

As previously introduced, the two diagnostic techniques that are developed are
time resolved in situ Fourier transform infrared (FTIR) spectroscopy and spa-
tiotemporally resolved rotational Raman scattering. In Chapter 2 FTIR spec-
troscopy is introduced and performed on a 6.7 mbar, 50 mA discharge. The plasma
is pulsed, with a typical on and off time of 5 ms and 10 ms, respectively, such that
time evolution of the vibrational state densities can be monitored during plasma
ignition, stabilization, and relaxation in the afterglow. The qualitative and quan-
titative analysis of the evolution of rotational and vibrational temperatures is dis-
cussed in the second half of the chapter, as the first half focuses on the diagnostic
setup itself, and particularly on the analysis algorithm. Databases HITRAN95 and
HITEMP96 provide useful information on e.g. Einstein A coefficients, transition en-
ergies, and line-broadening coefficients, but the accompanying websites and tools
are focused on thermal systems. A large part of Chapter 2 is therefore devoted to
the physics used, assumptions made, and molecular constants used to be able to
calculate infrared absorption spectra from non-thermal molecular mixtures, par-
ticularly of CO2 + CO + O2. The algorithm is verified by an analysis of data
previously published in literature, while extra attention is given to an uncertainty
analysis of the fitted temperatures.

Chapter 3 is then concerned with the technique of rotational Raman scattering,
used under non-thermal conditions in the same reactor and under equal discharge
conditions. The chapter starts again with the introduction of the experimental
setup and the algorithm that is used to analyze the data. Special attention is given
to the non-thermal situation of the plasma, from which vibrationally excited CO2

is most relevant for the rotational Raman spectra. A mathematical technique is
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adapted from Van den Bekerom et al,97 which allows an easy relation between
the vibrational temperatures of CO2 and the corresponding nuclear degeneracies,
which are relevant for the intensity ratio of even and odd numbered rotational
Raman peaks of CO2. Then, a time series is performed when probing the center of
the reactor, following the ignition, stabilization, and relaxation of the plasma, sim-
ilar to Chapter 2. Additionally, the spatially resolved property of Raman scattering
is utilized by performing a spatial measurement series over the longitudinal axis
of the reactor, for a selection of three time points within the plasma duty cycle.
Analysis of the measurements provides information on the rotational temperature,
gas composition and number densities of CO2, CO, and O2, and an indication of
the vibrational excitation of CO2. While the Raman measurements give new in-
sight into the spatial homogeneity of the plasma, the results are compared to the
results from Chapter 2, to get a complementary view on the vibrational and gas
dynamics of the discharge under study.

In Chapter 4 both diagnostic techniques are employed together in study where
the operating conditions of the plasma are extended. Pressures are varied between
1.3 mbar and 6.7 mbar, while the plasma current ranges from 10 mA to 50 mA.
This is done to further study the effect of these parameters on the vibrational
kinetics of CO2, which is meant to provide a thorough set of conditions to test and
validate numerical plasma models.

Laser scattering beyond a glow discharge

In the last two chapters, we will extend the use of the established laser setup
beyond the scope of the glow discharge, illustrating the diversity of purposes for
which this setup is employable. In Chapter 5 an early version of the scattering
setup is used to measure the gas temperature inside the narrow volume of a DBD
reactor in pure CO2. Extra attention is given to the volume Bragg grating (VBG),
which functions as an ultra-narrow-band notch filter, to reject Rayleigh scattering
and stray light at laser wavelength. Such a filter is crucial for the apt working of a
rotational Raman scattering setup, as the Rayleigh intensity is orders of magnitude
stronger and easily deforms the spectrum of interest to an unworkable degree. The
use of a VBG in such a scattering setup has not been reported before and gives
several advantages over the triple-grating technique which is more often used.

In Chapter 6 a second step is made in emphasizing the versatility of the scat-
tering setup, by exchanging the field of CO2 discharges for a repetitively pulsed
He plasma jet in open air. Now, not only the rotational Raman signal is acquired,
but also Thomson scattering, the Doppler broadened elastic scattering of photons
on free electrons. The ionization waves of the jet are followed until interaction
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with a target of water, glass, or copper. The scattering measurements provide
detailed information on the gas temperature, molecular number densities of N2

and O2, electron temperature, and electron densities around the wavefront and
closely above the target before and after plasma interaction. The information on
the conditions of the plasma jet is relevant in the field of plasma medicine, though
the main interest in the framework of this PhD thesis is to demonstrate that the
design of the laser scattering setup in which a VBG is employed is also useful
when one wishes to reject Rayleigh scattered light for an undisturbed acquisition
of Thomson scattering.
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2
Time Evolution of Vibrational Temperatures

in a CO2 Glow Discharge Measured with
Infrared Absorption Spectroscopy

Abstract: Vibrational temperatures of CO2 are studied in a pulsed glow discharge by means
of time-resolved in situ Fourier transform infrared (FTIR) spectroscopy, with a 10 µs tem-
poral resolution. A method to analyze the infrared transmittance through vibrationally
excited CO2 is presented and validated on a previously published CO2 spectrum, showing
good agreement between fit and data. The discharge under study is pulsed with a typical
duty cycle of 5-10 ms on-off, at 50 mA and 6.7 mbar. A rapid increase of the temperature of
the asymmetric stretch vibration (T3) is observed at the start of the pulse, reaching 1050 K,
which is an elevation of 550 K above the rotational temperature (Trot) of 500 K. After the
plasma pulse, the characteristic relaxation time of T3 to Trot strongly depends on the rota-
tional temperature. By adjusting the duty cycle, the rotational temperature directly after
the discharge is varied from 530 K to 860 K, resulting in relaxation times between 0.4 ms
and 0.1 ms. Equivalently, as the gas heats up during the plasma pulse, the elevation of T3

above Trot decreases strongly.

Published as: B.L.M. Klarenaar, R. Engeln, D.C.M. van den Bekerom, M.C.M. van de Sanden,
A.S. Morillo-Candas, and O. Guaitella, Plasma Sources Sci. Technol. 26, 115008 (2017).
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2.1 Introduction

Efficient reduction of CO2 to CO is a key step in the process of storing renewable
energy in the form of hydrocarbon fuels.1–4 A promising route for this dissocia-
tion process is through selective excitation of the asymmetric stretch vibration of
CO2 in a non-equilibrium plasma.5–7 Studies on vibrational excitation of CO2 are
often done in the field of CO2 lasers, reporting vibrational temperatures which are
elevated with respect to the translational temperature.8–11 These measurements
are performed in continuous glow discharges, determining vibrational excitations
depending on e.g. gas composition, pressure, plasma current, and reduced electric
field. Time-resolved measurements on pulsed CO2 discharges are only rarely per-
formed.12 However, such measurements could give detailed insight into the time
evolution of vibrational state densities, including excitation and relaxation times,
and can be used for comparison and validation of (rate constants used in) kinetic
models of CO2 discharges.

When studying the vibrational excitation of CO2, all vibrational modes should
be taken into account. Quantum numbers ν1, ν2, and ν3 are used to represent
the symmetric stretch, doubly degenerate bending, and asymmetric stretch mode,
respectively. Additionally, the contribution of ν2 to the angular momentum is de-
scribed using number l2. Since the energy of one ν1 quantum and two ν2 quanta
is almost equal, and their symmetry is the same if ν2 does not contribute to the
angular momentum, there is a strong Fermi resonance between states of the form
(ν1, ν2

l2 , ν3) and ((ν1 − 1), (ν2 + 2)l2 , ν3).13–15

Possible methods for detecting vibrational state densities include spontaneous
Raman scattering16,17 and coherent anti-Stokes Raman scattering (CARS).18,19

These spatially and time-resolved techniques are well suited to determine Raman
active vibrations, like those of CO, O2, and N2. For CO2, however, only the sym-
metric stretch mode is Raman active,20 hence densities of the asymmetric stretch
mode (and bending mode) cannot be determined. On the other hand, these modes
are strongly IR active20 and therefore it is possible to determine the vibrational
state densities using IR emission spectroscopy.16,21,22 However, reabsorption of
emitted IR radiation by the optically thick CO2 makes it particularly difficult to
determine densities deeper inside the discharge.

Using IR absorption spectroscopy, one is able to accurately determine vibra-
tional state densities inside the plasma over several orders of magnitude. To this
purpose, tunable diode lasers (TDL) are used as an IR source to determine den-
sities in CO2 lasers.9,11 Although TDLs can scan mode hop free only very narrow
frequency ranges (in the order of single wavenumbers), a well selected range can



2.2. Experimental methods 33

contain absorption lines of multiple vibrational levels. Unfortunately, the nature
of operation prohibits easy implementation of time-resolved measurements. The
quickly pulsed and chirped (several wavenumbers) quantum cascade laser (QCL)
is a good alternative, but has its own challenge in the form of the peak-distorting
rapid passage effect.23

To combine the ability of doing time-resolved measurements with measuring
IR absorption over a wider wavenumber range, we use in situ Fourier transform
infrared (FTIR) spectroscopy. Rivallan et al12 already showed its suitability to de-
tect time-resolved absorption lines in a glow discharge using an air/CO2 mixture.
We exploit the homogeneity of the positive column of the glow discharge24 to
study the time evolution of the vibrational temperatures of CO2 and CO (formed
in the discharge), during plasma ignition, development to steady state, and during
relaxation directly after the plasma pulse.

2.2 Experimental methods

The experimental setup is schematically shown in Fig. 2.1(a). The plasma reactor
is made of Pyrex and is cylindrically shaped with an inner diameter of 2 cm and
a length of 23 cm, with BaF2 windows at the sides. The electrodes and gas in-
and outlet are both 17 cm apart. A 50 mA DC current is achieved by connecting a
50 kΩ resistor in series and applying 4.0 kV (2.5 kV over the resistor and 1.5 kV
over the reactor). A high-voltage probe (LeCroy, PPE 20kV) and an oscilloscope
(LeCroy, LT584M) are used to monitor the voltage. The power supply is triggered
using a pulse generator (TTi, TGP110), resulting in square pulses with rise and
fall times in the order of a couple µs. The plasma is pulsed with a typical time of
5-10 ms on-off. A basic trigger scheme is shown in Fig. 2.1(b).

The incoming gas consists of pure CO2 (Air Liquide, Alphagaz 1) and the gas
flow is controlled at 7.4 SCCM using a mass flow controller (Bronkhorst, F-201CV).
Pressure is maintained at 6.7 mbar with a scroll pump (Edwards, XDS5) and a
manual valve, while the pressure is measured using a pressure gauge (Pfeiffer,
CMR 263). With the reactor dimensions as mentioned earlier, the gas residence
time is in the order of seconds.

The reduced electric field under these conditions is estimated by using a similar
reactor, equipped with two metal rods radially pointing inside the positive column
of the reactor. Measuring the potential difference over the rods while maintaining
a continuous discharge of 50 mA at 6.7 mbar gives a reduced field of 60 Td. The
electron number density is then calculated, using Table 1 in25 for the electron drift
velocity, to be 1010 cm-3.
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FTIR spectrometer
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Figure 2.1: (a) The FTIR spectrometer, including the plasma reactor, positioned in the
sample compartment. A pulse generator is used to simultaneously trigger the step-scan
mode of the spectrometer and the square DC pulse for the plasma. The trigger scheme is
shown in (b).

The reactor is positioned in the sample compartment of an FTIR spectrometer
(Bruker, Vertex 70), shown in Fig. 2.1(a). Time resolved measurements are per-
formed by operating the spectrometer in the step-scan mode. In this mode, the
interferometer assumes a position, relaxes for 60 ms, and awaits a trigger signal,
e.g. from a pulse generator. After receiving a trigger, the DC signal of the IR
detector (MCT) is repetitively read out with a period of 10 µs, hence, 1100 repe-
titions result in a measured time period of 11 ms. Four trigger series are averaged
per interferometer position (53,323 in total), whereafter the interferometer moves
to the next position and the procedure is repeated, building a 2D interferogram.
Fourier transforming the interferogram gives a time-resolved intensity spectrum
with a 10 µs resolution and a spectral resolution of 0.2 cm-1. A trigger scheme
including the pulse generator, the gating of the power supply of the reactor, and
the read-out by the IR detector is shown in Fig. 2.1(b).

The infrared light that reaches the detector is a combination of three contribu-
tions:
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• Light emitted by the IR source of the spectrometer, going through the inter-
ferometer, then through the reactor towards the detector.

• Spontaneous emission from the plasma that is directly emitted towards the
detector.

• Spontaneous emission from the plasma that first enters the interferometer
and is reflected back through the reactor towards the detector.

To be able to study the light absorption from the IR source through the reactor, the
intensity spectrum should be corrected for other spectrally resolved contributions.
Light that is emitted from the plasma directly towards the detector only induces an
interferogram offset, which is not apparent after Fourier transformation. On the
other hand, plasma emission that is reflected by the interferometer is spectrally re-
solved: it depends on the mirror position of the interferometer which frequencies
are reflected. The intensity spectrum should be corrected for this and accordingly
a time-resolved measurement is performed while blocking all light from the IR
source, revealing only the plasma emission.

After subtracting the emission from the intensity spectrum, the time-resolved
transmittance is calculated by dividing the remainder by the spectral profile of
the IR source. This common background is taken after purging the reactor with
nitrogen and operating the FTIR spectrometer in its conventional mode. The
spectral region between 1975 cm-1 and 2400 cm-1 contains lines of both CO and
asymmetric-stretch transitions of CO2 and is analyzed using the fitting algorithm,
discussed in the next section.

2.3 Computational algorithm

2.3.1 Database and fitting parameters

The measured FTIR spectra result from infrared absorption by a molecular pop-
ulation which is not in thermal equilibrium. To be able to accurately analyze
these spectra, an algorithm has been developed to calculate and fit these non-
equilibrium infrared transmittance spectra. The basic flowchart for the algorithm
can be seen in Fig. 2.2.

The algorithm makes use of the HITEMP-2010 database,26 which contains tran-
sition energies, Einstein A coefficients, broadening constants, etc., of a wide va-
riety of molecules. Transition data for CO2 is available up to ν3 = 6 → 7, while
vibrational transitions of CO are documented as far as νCO = 14 → 15. Transi-
tions of both these vibrational quanta (i.e. (ν1, ν2

l2 , ν3) → (ν1, ν2
l2 , ν3 + 1) and

(νCO) → (νCO + 1)) are present in the region of interest of 1975–2400 cm-1. The
rotationless transition energies of the ground state to the first level are centered
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Start �tting
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Figure 2.2: A calculation diagram of the developed algorithm to compute and fit non-
equilibrium infrared transmittance spectra. The left-hand column represents the prepara-
tion of the calculation, including the users choice (parallelogram) of to be fitted parameters.
The fitting iteration proces that involves the calculation of the spectra, is elaborated in the
right-hand column. The fit is completed when one of the function, step, or optimality
tolerances is satisfied, all with a relative value of 10-6.

around 2349 cm-1 and 2143 cm-1, for CO2 and CO, respectively.13,27 Depending on
the measurement conditions, the CO and CO2 lines will partially overlap. Hence,
in an accurate analysis CO should be included.

Before continuing to calculate a spectrum, several parameters have to be set.
Table 2.1 shows the parameters that are included in the fit. The rotational tem-
perature Trot is assumed to be the same for molecules of CO2 and CO, and equal
to the translational temperature.9 The vibrational temperature, however, is split
into different parameters. Since modes ν1 and ν2 of CO2 are Fermi coupled, they
are described with one temperature, T1,2.13 For the asymmetric stretch mode T3
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Table 2.1: List of fitting parameters, including symbol, description, and guess value for the
fit.

Symbol Description Guess

Trot Rotational temperature 600 K
T1,2 ν1,2 temperature of CO2 600 K
T3 ν3 temperature of CO2 600 K
TCO Vib. temperature of CO 600 K
cTth Thermal variable 0.1
α CO2 conversion factor 0.3
p Pressure Var.

is used, and TCO is used for the vibrational temperature of CO.

Absorption spectroscopy is a line-of-sight technique, i.e. under the present ex-
perimental conditions measured spectra result from absorption over the full length
of the reactor. As Fig. 2.1 shows, this length is not completely filled by the dis-
charge, resulting in two greatly different temperature regions: thermal gas and
non-thermal plasma. Therefore, fth, the volume fraction of thermal gas is intro-
duced. For the analysis in this study, this fraction is fixed at (23− 17 cm) /23 cm ≈
0.26, based on the length of the reactor and the positioning of the electrodes. Tth

describes the translational energy and rovibrational densities in this volume, hav-
ing a lower and upper limit of 273 K and Trot, respectively, and is fitted using
thermal variable cTth (0 ≤ cTth ≤ 1):

Tth = cTth · (Trot − 273) + 273. (2.1)

To calculate the number densities of molecules in the thermal and non-thermal
region, nth and nnth, respectively, it is assumed that the pressure in both parts is
equal, p. Additionally, in the non-thermal part the translational temperature is
assumed to be equal to the rotational temperature. Using the ideal gas law results
in Eqs. (2.2) and (2.3):

nth,eff = fthnth = fth
p

kBTth
, (2.2)

nnth,eff = (1− fth)nnth = (1− fth)
p

kBTrot
, (2.3)

where kB is the Boltzmann constant. nth,eff and nnth,eff are, respectively, the effec-
tive thermal and non-thermal number densities, i.e. the apparent number densities
over the full line-of-sight of the absorption measurement.



38 Chapter 2. Evolution of Vibrational Temperatures of CO2, Measured with IR Absorption

The molecular fractions of CO2 and CO are calculated using conversion factor
α, defined as

α =
[CO]

[CO] + [CO2]
, (2.4)

where [CO2] and [CO] are the molecular concentrations of CO2 and CO, respec-
tively. It is expected that towards the exhaust of the reactor the concentration of
CO increases. However, the spatial profile is unclear and will be studied in future
work. In the fitting model, the molecular fractions of CO2 and CO are therefore
treated as invariant over the length of the reactor and equal in both the thermal
and non-thermal part. Fitted values of α should be regarded as spatially averaged.

Other than CO2 and CO, IR transmittance spectra reveal only insignificant
amounts of O3 (O2 is not IR active). Therefore, following dissociation reaction

CO2 → CO +
1

2
O2, (2.5)

it is assumed that for every two CO molecules, one O2 molecule is present in the
reactor. This results in Eqs. (2.6) and (2.7) for the molecular fractions of CO2 and
CO, accordingly:

fCO2
=

1− α
1 + α/2

(2.6)

fCO =
α

1 + α/2
. (2.7)

To calculate the molecular number densities of thermal and non-thermal CO2 and
CO, these fractions should be multiplied by Eqs. (2.2) and (2.3).

2.3.2 Calculating the spectrum

Calculate rovibrational state distributions

After defining the fitting parameters the fitting proces is started. The first step in
constructing a transmittance spectrum is calculating the thermal and non-thermal
rovibrational state distributions. For this, it is assumed that energies of rotational
levels and energies of different vibrational modes are independent. In literature,
this is a widely used approximation, though it should be noted that it becomes less
accurate for higher vibrational states.9,28–30

The population Ns of state s, having rotational state J and vibrational state(s)
νi, can then be calculated, using:

Ns = Nφrot,J

∏
i

φvib,νi . (2.8)
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Table 2.2: List of values for fractional abundance Ia
31 and rotational constants B (cm-1),

D (10-6 cm-1), and H (10-12 cm-1) for CO2 and CO, calculated from33–35.

Isotopologue Ia B D H

12C16O2
33 0.984204 0.39022 0.1333 0.0090

13C16O2
33 0.011057 0.39024 0.1332 0.0090

16O12C18O33 0.003947 0.36819 0.1187 0.0075
16O12C17O33 0.000734 0.37862 0.1255 0.0082

12C16O34 0.986544 1.9225 6.121 5.7
13C16O35 0.011084 1.8380 5.593 5.5
12C18O35 0.001978 1.8310 5.550 4.9

Here, N is the total number of molecules per unit volume and i is an index for
vibrational modes (i.e. 1, 2, and 3 for CO2, while CO only has one vibrational
mode). φrot,J and φvib,νi are the fraction of molecules in the rotational state and
vibrational state(s) of s, respectively.
φrot,J is calculated assuming a Boltzmann distribution:

φrot,J =
grot,J

Qrot
exp

(
−hcErot,J

kBTrot

)
, (2.9)

where h, c, and kB are Planck’s constant, the speed of light, and the Boltzmann
constant, respectively. The energy Erot,J of rotational state J is calculated using
the rotational constant B, centrifugal distortion constant D, and third order cor-
rection factor H as listed for all isotopologues of CO2 and CO that are included
in the algorithm, in Table 2.2. The rotational degeneracy grot,J is a product of the
factor (2J + 1) and a rotational-state-dependent and -independent weight, which
can be found for different isotopologues in31. The rotational partition sum Qrot is
calculated such that φrot,J is normalized and its sum over all J is equal to one, as
done in McDowell et al.32

Going back to Eq. (2.8), in the plasma a Treanor distribution is assumed for
vibrational states, which Dang et al9 experimentally confirmed to be accurate up
to ν3 = 9 in very similar glow discharges.36 It should be noted that the Treanor
distribution overestimates the population of higher energy levels, close to the dis-
sociation energy.36,37 However, in the conditions under study, only states up to
ν3 = 4 show a contribution to the transmittance above noise level, well below the
dissociation limit. φvib,νi then becomes:

φvib,νi =
gvib,νi

Qvib,i
exp

(
−hc
kB

(
νi
G1,i

Ti
− νi(νi − 1)

ωexe,i
Trot

))
. (2.10)
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Here, gvib,νi is the degeneracy of vibrational mode νi (for CO2 gvib,ν1 = gvib,ν3 = 1,
gvib,ν2 = ν2 + 1 and for CO gvib,νCO = 1). G1,i is the energy spacing between
the ground and first vibrational level, and ωexe,i is the anharmonicity, listed in
Table 2.3 for the isotopologues of CO2

† and CO that are included in the algo-
rithm. Cross terms are not taken into account, since the vibrational modes are
treated as independent. It is inherent to the Treanor distribution that the har-
monic part is scaled with vibrational temperature Ti (= [T1,2, T1,2, T3, TCO] for
i = [1, 2, 3,CO]), while the anharmonic part is scaled with the translational tem-
perature. In Eq. (2.10) the translational temperature is substituted by Trot, under
the previously made assumption that these temperatures are equal. When for
thermal gas Ti = Trot = Tth, Eq. (2.10) reduces back to a Boltzmann distribution.

Similar to the rotational partition sum, the partition sum of vibrational modes
Qvib,i is determined such that the fractions φvib,νi are normalized:

νi,max∑
νi=0

φvib,νi = 1. (2.11)

Here, νi,max is the maximum vibrational state taken into account
(νi,max = [40, 70, 30, 35] for i = [1, 2, 3,CO]), chosen such that all levels up to
at least 6 eV are included in the calculation. It is prevented that the normalization
is significantly influenced by the previously mentioned overpopulation of higher
vibrational states resulting from the Treanor distribution.

Calculate line strengths

The next step is the calculation of the line strength, starting from the Einstein A
coefficient Aul for spontaneous emission from upper state u to lower state l. This
coefficient is listed in the HITEMP database. The line strength Sj of transition j

can be calculated as follows:31

Sj =
Iagrot,uAul

8πcν̃2
j

(
Nl

glN
− Nu

guN

)
, (2.12)

where Ia is the fractional abundance of the isotopologue as listed in Table 2.2, ν̃j is
the transition energy as listed in the HITEMP database, and gl and gu are the total

†For values of ν2 a full contribution of angular momentum is included (i.e. l2 = ν2). Furthermore,
Fermi resonance between (ν1, ν

l2
2 , ν3) and ((ν1 − 1), (ν2 + 2)l2 , ν3) induces a Fermi-level dependent

energy shift which is not included in the listed values for ν1. In the fitting algorithm, these shifts are
calculated as described in 14,15.
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Table 2.3: List of values for G1 and ωexe (both in cm-1) for CO2
† and CO, calculated

from14,34,35.

Isotopologue Mode G1 ωexe

12C16O2
14 ν1 1333.93 2.93

ν2 667.47 −0.38
ν3 2349.16 12.47

13C16O2
14 ν1 1334.32 2.93

ν2 648.63 −0.37
ν3 2283.49 11.71

16O12C18O14 ν1 1295.72 2.76
ν2 662.47 −0.39
ν3 2332.15 12.34

16O12C17O14 ν1 1296.04 2.76
ν2 643.44 −0.36
ν3 2265.98 11.59

12C16O34 νCO 2143.24 13.29
13C16O35 νCO 2096.03 12.70
12C18O35 νCO 2092.09 12.65

rovibrational degeneracy of the lower and upper state, respectively.‡ Eq. (2.8) is
now used to compute the lower and upper state densities, Nl and Nu, respectively.

Although Eq. (2.12) is derived using the relations between spontaneous emis-
sion and stimulated emission and absorption coefficients under the assumption of
thermal-equilibrium black-body radiation, it is also valid in situations where there
is no thermal equilibrium.38

Apply temperature and pressure broadening

The HITEMP database lists for each line a self- and air-broadened half-width, as
well as a CO2-broadened half-width for CO. Broadening due to pressure from other
molecular species is approximated as if it were from air. The Lorentzian pressure
broadening profile is convolved with the Gaussian shaped Doppler broadening
and multiplied by the line strength Sj . This results in a Voigt-shaped cross section
σj(ν̃), unique for every line j.39,40 The Voigt shape is applied using the empirical
expression by Whiting.40,41

‡It would be physically accurate to replace the rotational degeneracy grot,u in Eq. (2.12) by the total
degeneracy gu. However, grot,u is used because of how Aul is determined in the HITEMP database. 31
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Calculate transmittance

The transmittance Tν̃ is calculated using the Beer-Lambert law:29

Tν̃(ν̃) =

nnth,eff∏
n=nth,eff

fCO2∏
f=fCO

exp

−Lnf jmax∑
j=1

σj(ν̃)

, (2.13)

where L is the length of the reactor. The transmittance is constructed from a
product of four exponents, i.e. the contributions of thermal and non-thermal CO2

and CO.

Apply instrumental broadening

In the last step the broadening of the instrument is applied. The final transmit-
tance is obtained by convolving Tν̃ with the instrumental line shape of the FTIR.
A three-term Blackman-Harris is used as the apodization function for the Fourier
transform, resulting in a spectral line shape which can be very well approximated
by a Gaussian.42 For spectrometer settings as used in this study, the full-width at
half-maximum of this Gaussian is determined to be 0.27 cm-1.

2.3.3 Validation of the algorithm

The computational algorithm is tested on non-thermal data, obtained from litera-
ture. Dang et al9 performed IR absorption measurements on a glow discharge in
a gas mixture of 10% CO2, 38% N2, and 52% He at a pressure of 20 mbar and a
plasma current of 10 mA. They used a diode as an infrared source, resulting in a
very narrow scanning range from 2284.2 cm-1 to 2284.6 cm-1. The transmission
graph they provided in9 has been digitally extracted and divided by an artificial
background, resulting in the transmittance in Fig. 2.3. All features in the spec-
trum originate from transitions in CO2, since N2 and He are not IR active, while
CO, which is formed in the plasma, is not active in this wavenumber region.

The spectrum is fitted using the algorithm, not including any thermal gas, nor
instrumental broadening, since this broadening is not significant in regard to tem-
perature and pressure broadening when using a diode as an IR source. The best
fit, which is shown in Fig. 2.3, is obtained with Trot = 491 K, T1,2 = 517 K, and
T3 = 2641 K. Although Dang et al do not provide temperatures for this measure-
ment, a T3 elevation with respect to Trot of 2150 K is comparable to those under
similar conditions listed in9, i.e. between 1500 K and 2500 K.
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Figure 2.3: A fit, using the algorithm, on CO2 data from Dang et al.9 Transmission data is
digitally extracted from the article and divided by an artificial background.

2.4 Results

2.4.1 Adding thermal-volume fraction

Fig. 2.4 shows a measurement taken at 2 ms in the discharge of a 5-10 ms on-off
duty cycle of 50 mA at 6.7 mbar. The spectrum is fitted once with fth set to 0 and
once with the default value of 0.26, in order to illustrate the effect of adding a
thermal-volume fraction to the calculation of the transmittance spectra. Both fits
are respectively shown in panels (a) and (b), including residuals.

The effect of adding thermal gas is most visible around 2349 cm-1, which is the
central wavenumber of the line structure of the (0, 00, 0) → (0, 00, 1) transition of
12C16O2. In panel (a), symmetrically around this point an oval shape indicates
a discrepancy between data and fit. This discrepancy is further exposed in the
residual. The general shape of the residual is typical for a transmittance spectrum
of CO2 in the vibrational ground state, which is fitted with a too high rotational
temperature.

In panel (b) this discrepancy has disappeared by adding to the fitting condi-
tions that 26% of the gas in the reactor volume is thermal. The temperature of
the thermal gas fraction is fitted at 363 K, while the rotational temperature of the
non-thermal fraction increased from 661 K in (a) to 729 K in (b). Also T1,2 and
T3 from the fitted spectra significantly increase from (a) to (b). These temper-
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(a)

(b)

th

th

th

Figure 2.4: Two fits on the same CO2 and CO data at 2 ms in the discharge with a 5-10 ms
on-off duty cycle at 50 mA and 6.7 mbar. In panel (a) fth = 0, assuming a non-thermal
population over the whole reactor, while in (b) fth = 0.26. The residual is shown on the
same scale as the data.
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atures largely represent the ratio of the ground state density over the density of
vibrationally excited states. At temperatures below 400 K thermally distributed
CO2 and CO mainly populate the ground state (82% and 99.96%, respectively).
Hence, if the thermal volume is not included in the fitting model, the ground-state
density in the non-thermal part apparently increases, lowering the fitted vibra-
tional temperatures.

2.4.2 Fitting a time-resolved series

Fig. 2.5 shows the time-resolved measurement series at 6.7 mbar, 50 mA, and a
5-10 ms on-off sequence. In panel (a) the fitted Trot, T1,2, T3, TCO, and Tth are
plotted versus time. The gray section marks the plasma-on phase. Panels (b) to
(e) represent examples of the fitted spectra at the time points that are indicated by
the dashed vertical lines in panel (a). The total fits are shown in black, while the
colored spectra represent the individual contributions of transitions of the forms
(ν1, ν

l2
2 , ν3) → (ν1, ν

l2
2 , (ν3 + 1)) and (νCO) → (νCO + 1). The residual of the total

fit is included below each panel. Lines at energies larger than 2235 cm-1 mainly
belong to CO2, while lines of CO are mostly located below this energy. Panel (f)
shows a detail of panel (c).

Panel (a) shows the temperature behavior as a function of time, and starts right
before the plasma is switched on, with all temperatures of the non-thermal part
in equilibrium at 400 K (TCO is not sensitive around this temperature and is stuck
at the lower fitting boundary of 273 K). At this temperature ν3 state densities are
very low, and accordingly, in panel (b) hardly any lines are visible for ν3 > 0.
Hereafter, T3 and TCO increase rapidly until a maximum is reached at 0.70 ms. In
panel (c) this is seen as an increase of lines coming from ν3 = 1 → 2 and 2 → 3,
and νCO = 1 → 2. Continuing in time, Trot and T1,2 follow a similar growth and
all temperatures of the non-thermal part develop towards a non-thermal equi-
librium between 850 K and 1050 K. In panel (d), at 4.00 ms, the CO2 and CO
spectra become wider as a result from an increased density of higher rotational,
ν1, and ν2 states. At 5.00 ms the plasma turns off and the non-thermal-volume
part equilibrates within tens of µs. In panel (e) a transmittance spectrum is shown
at 7.00 ms, with all temperatures half-way relaxed towards the initial conditions
in panel (b). The thermal temperature Tth only increases and decreases slightly
during and after the pulse, staying between 300 K and 400 K. During the full cycle,
the fitted CO2 conversion factor α stays practically constant around 0.18.

Before further discussion on the fitted temperatures, the fit of the calculated
spectra to the data is studied in more detail. To this purpose, a parameter scan of
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(c)
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(e)

(f)
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Figure 2.5: A time-resolved measurement series at a pressure of 6.7 mbar, plasma current
of 50 mA, and a 5-10 ms on-off sequence. Panel (a) shows the fitted temperatures versus
time. The dashed lines indicate the time points for which the fit on the data is displayed
in panels (b) to (e). Residuals are shown below each panel. CO2 and CO lines are mostly
located at energies respectively larger and smaller than 2235 cm-1. Contributions to the fit
corresponding to transitions of ν3 or νCO of 0→ 1, 1→ 2, and 2→ 3 are shown separately.
Panel (f) shows a detail of panel (c).
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Figure 2.6: The reduced chi-squared for varying Trot, T1,2, T3, and TCO individually. The
same time points are used as in Fig. 2.5. Time points are grouped in line style, while color
indicates the tested temperature.

several fitting parameters is performed while calculating the reduced chi-squared:43

χ2
red =

1

N − n

N∑
i=1

(Oi − Fi)2

σ2
. (2.14)

Here, N is the number of wavenumber points, n is the number of fitting parame-
ters, and O and F is the observed and fitted transmittance, respectively. σ2 is the
variance of the noise on the data, calculated from a wavenumber region without
spectral activity. In short, χ2

red represents the normalized ratio of the variance of
the residual of the fit to the variance of the noise on the data. The closer χ2

red is
to 1, the better the model fits the data, though χ2

red < 1 means that the model is
overfitting.

In Fig. 2.6 χ2
red is plotted for parameter scans of Trot, T1,2, T3, and TCO for

the time points of Fig. 2.5(b)–(e). The plots are constructed by fitting the data
while fixing one of these temperatures at various values (horizontal axis) and
calculating χ2

red of the resulting fit (vertical axis). In this way, χ2
red forms a shape

with its minimum at the original fit outcome, generally in the shape of a parabola;
a higher or lower temperature respectively results in too strong or too weak peaks
for vibrationally excited species. However, at −0.15 ms and 7.00 ms TCO as well as
T3 at −0.15 ms show an asymmetric shape, leveling off at lower temperatures. At
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these temperatures, the densities of excited νCO and ν3 become so small, that the
remaining transmittance peaks are not distinguishable from noise. In Fig. 2.5(a)
this explains TCO being fitted too low before the plasma pulse and after 7.00 ms.

Furthermore, the width of the parabola shape can be used as an indication for
the sensitivity of the fitted transmittance to a particular parameter. Trot and T1,2

show equally sharp shapes with an average half width at χ2
red = χ2

red, min + 0.5 of
30 K and 27 K, respectively. The shapes of T3 are with a half width of 67 K twice as
broad, while those of TCO are by far widest at 357 K. A variation in the measured
transmittance (e.g. resulting from a fluctuation in the plasma conditions of the
emission background with respect to the normal transmission measurement, see
section 3.2) is therefore likely to cause largest deviations in the fitted TCO.

2.4.3 Influence of initial gas mixtures

To further discuss the temperature development during the plasma cycle, the fit-
ting results of different cycles are compared in Fig. 2.7, where panel (a) shows
data from the same experiment as Fig. 2.5(a). During this 5-10 ms on-off pulse,
a molecule experiences on average ca. 150 discharges before leaving the reactor.
The fitted conversion factor of α = 0.18 corresponds to a mixture of 75.2% CO2,
16.5% CO, and 8.3% O2 (see Eqs. (2.6) and (2.7)). In contrast to this, in panel (b)
the fit outcome of a measurement is shown where a molecule sees only one plasma
pulse. To achieve this, the flow rate is increased from 7.4 SCCM to 166 SCCM of
CO2 while the plasma-off time is increased to 150 ms. Now, the residence time
of the gas of ca. 100 ms is well below the off time, purging the reactor of most
CO and O2 before the next discharge. Accordingly, this measurement is referred
to as the single-pulse measurement. It should be noted that the conversion during
a single discharge is not enough to be able to accurately fit α or TCO.

Practically, due to the longer plasma-off time, the measurement time increases
from the regular two times 2 hours (transmission and emission measurement) to
two times 10 hours, which makes it challenging to maintain constant discharge
conditions and IR detector temperature. Further increasing the flow rate reduces
the required off time and therefore the measurement time, but would also increase
the renewal of the gas during the discharge, which is already 5%. The injection of
thermal gas in an ongoing discharge is likely to influence the temperature dynam-
ics and should therefore be minimized.

Comparing the graphs in Fig. 2.7(a) and (b), the development of tempera-
tures over time is similar: when the plasma turns on, T3 rapidly increases with a
maximum around 0.7 ms, after which Trot and T1,2 increase and all temperatures
level off in a non-thermal equilibrium. The temperatures quickly thermalize after
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(c)

(d)

th

Figure 2.7: Four time-resolved measurement series at a pressure of 6.7 mbar and plasma
current of 50 mA. The plasma current and fitted temperatures are plotted versus time.
(a): 5-10 ms on-off measurement, same as in Fig. 2.5. (b): Single-pulse measurement, in
which the off-time is increased to 150 ms to remove most of the CO and O2 before the next
discharge. (c): 0.75-0.75-5-10 ms on-off-on-off measurement. The same as (a), but with a
0.75-0.75 ms on-off pre-pulse. (d): 0.3-0.3 ms on-off (two periods are shown).
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plasma-off, which takes somewhat longer in the single-pulse measurement. The
difference in absolute values of the temperatures between (a) and (b) is to a large
extent explained by the lower initial temperatures, resulting from a full renewal
with cold gas before the next pulse. Furthermore, during the single pulse the tem-
peratures show irregularities, best visible between 2 ms and 5 ms, which result
from variations between single discharges. When the plasma-off time is small, dis-
charges ignite more stable. Other differences, such as the increased T1,2 between
0 ms and 2 ms, are attributed to the absence of interactions of CO2 with CO or O2,
this being the prominent difference between the plasma conditions.

2.4.4 Excitation of the asymmetric stretch mode

Focusing on the excitation of the asymmetric stretch vibration of CO2, potentially
relevant for an efficient dissociation, it is examined whether an elevated T3 is
typical for the start of a discharge. To do so, Fig. 2.7(c) shows the result of a
measurement where the 5-10 ms on-off pulse is preceded by a 0.75-0.75 ms on-
off pre-pulse. The temperature development during the pre-pulse matches the first
0.75 ms in the pulse of panel (a). At the start of the 5 ms pulse, T3 peaks again, but
reaches a lower maximum. The pulse continues comparable to the one in panel
(a). After the pre-pulse, the relaxation of T3 to Trot takes longer than at the end
of the 5 ms plasma pulse and when after 0.75 ms the 5 ms pulse starts, T3 is not
fully relaxed yet.

Based on this, it is examined whether a repeating rapid excitation with an in-
complete relaxation can lead to further elevation of T3. To this purpose, the results
of an on-off cycle of 0.3-0.3 ms is shown in Fig. 2.7(d). From the graph it can be
seen that T3 never completely relaxes, but its maximum excitation is not higher
than for the other cycles. Besides, Trot and T1,2 stay relatively high and constant
between 650 K and 725 K. T3 relaxation after the pulse takes place with a similar
speed as for the single pulse in panel (b).

To quantify the relaxation of T3 to Trot for all panels of Fig. 2.7, the difference
between these two temperatures after plasma off is fitted with a single exponential
decay. The relaxation after the pre-pulse in panel (c) is fitted as well. The results
are shown on a logarithmic scale and normalized to the initial temperature differ-
ence in Fig. 2.8(a). The labels of the data correspond to the panels of Fig. 2.7.
The fitted exponential curves are presented as solid black lines and are in good
agreement with the data.

The different slopes show that the characteristic decay time varies strongly be-
tween data sets. While most experimental conditions during these plasma-off
phases are similar, the rotational or translational temperature ranges from 530 K
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Figure 2.8: (a) Normalized relaxation of T3 to Trot versus time after plasma off. The labels
correspond to the panel labels of Fig. 2.7. The black solid lines represent the fitted expo-
nential decay. (b) The characteristic decay times versus the rotational temperature during
relaxation. (c) The elevation of T3 with respect to Trot versus the rotational temperature,
during the plasma-on phases of Fig. 2.7.
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during the pre-pulse relaxation (c) to 860 K during the relaxation of (a) and (c).
Fig. 2.8(b) shows the fitted characteristic times versus the rotational temperature
during the relaxation. Since Trot varies over time, the decay time is plotted ver-
sus the average rotational temperature during a time period of twice the fitted
characteristic decay time. The horizontal error bars represent twice the standard
deviation of Trot over this same period. The graph indicates a strong decrease of
the decay time with increasing rotational temperature. This agrees with increasing
rate constants for ν3 relaxation with increasing translational temperature.44,45

The rotational temperature dependence of T3 relaxation to Trot should be ap-
parent in the plasma-on phase as well. To illustrate this, panel (c) of Fig. 2.8
shows T3 − Trot during the discharges of Fig. 2.7 versus the rotational temper-
ature. All graphs develop similarly towards an equilibrium between relaxation
and excitation, e.g. by electron impact, starting with a rapid increase at low Trot

when the discharge ignites. After reaching equilibrium around the maximum, the
equilibrium temperature gradually decreases with increasing Trot. The rotational
temperature dependence of this decrease is proportional to the one of the T3 to
Trot decay time in Fig. 2.8(b). This illustrates the influence of translational tem-
perature dependent relaxation on the T3 elevation during a discharge.

The fact that the single-pulse measurement (b) shows the same development,
but does not align with the rest, can be explained by the absence of CO for the
single pulse versus a fitted 16.5%, 17.7%, and 22.0% of CO for (a), (c), and (d), re-
spectively. It is known from literature that CO can stimulate vibrational excitation
of the asymmetric stretch mode of CO2.13 Hence, the substantial concentration of
CO in pulses (a), (c), and (d) results in a higher equilibrium temperature for T3.

On the other hand, this effect should limit the excitation of TCO, which becomes
apparent with a comparison to the modeling work of Gorse and Capitelli.46 Their
self-consistent and time dependent model of a DC discharge, starting in pure CO,
is run at very similar conditions, at a pressure of 6.7 mbar, a fixed translational
temperature of 500 K, a reduced electric field of 60 Td, and an electron density of
1010 cm-3.

The modeling results show an initial increase of TCO, which stops and slowly
reverses when at 7 ms enough deactivating species like CO2 are formed. The
effect of CO2 on the vibrational temperature of CO is well visible when comparing
concentrations and temperatures. With up to a few percent of CO2 in the model
of46, TCO can reach 3500 K, while with 75% of CO2 in Fig. 2.7(a) of the current
work, at Trot = 500 K, TCO does not exceed 1350 K.
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2.5 Conclusions

We have demonstrated a method to determine elevated vibrational temperatures
of CO2 and CO in a glow discharge in a time-resolved way, using in situ Fourier
transform infrared spectroscopy. An algorithm is developed to analyze the mea-
sured transmittance spectra. As the outer ends of the reactor are filled with gas
at a temperature colder than the gas in the discharge, a thermal-volume fraction
is introduced in the model. The algorithm has been used to fit a previously pub-
lished CO2 spectrum, showing highly vibrationally excited CO2 transitions. There
is a very good agreement between fit and data.

To study the influence of the initial gas mixture, a measurement where the gas
residence time is much longer than the plasma period is compared to one where
the gas is fully renewed between two pulses. Both show a qualitatively similar
development of temperatures over time. Absolute differences are attributed to the
significantly increased presence of CO and O2 in the multiple-pulse measurement
in regard to the single-pulse measurement. Due to the shorter plasma-off time
of the multiple-pulse measurement, the discharge ignites in a more stable and
consistent way.

It is experimentally shown that the temperature dependence of T3 relaxation is
likely to be the leading mechanism for the decrease of T3 elevation with increasing
Trot. The T3 peak found at the start of a sufficiently long plasma pulse is therefore
not so much a consequence of a starting discharge, but is caused by a low Trot.
Hence, to gain higher excitations of the asymmetric stretch mode, potentially rele-
vant for the efficient dissociation of CO2, relaxation could be strongly impeded by
keeping the gas temperature low. In this regard, this study will be continued with
measurements on a reactor in which the gas temperature can be manipulated by
circulating a temperature controlled liquid through a double reactor wall.
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3
A Rotational Raman Study

under Non-Thermal Conditions
in a Pulsed CO2 Glow Discharge

Abstract: The implementation of in situ rotational Raman spectroscopy is realized for a
pulsed glow discharge in CO2 in the mbar range and is used to study the rotational temper-
ature and molecular number densities of CO2, CO, and O2. The polarizability anisotropy of
these molecules is required for extracting number densities from the recorded spectra and is
determined for incident photons of 532 nm. The spatiotemporally-resolved measurements
are performed in the same reactor and at equal discharge conditions (5-10 ms on-off cycle,
50 mA plasma current, 6.7 mbar pressure) as in recently published work employing in situ
Fourier transform infrared (FTIR) spectroscopy. The rotational temperature ranges from
394 K to 809 K from start to end of the discharge pulse and is constant over the length of
the reactor. The discharge is demonstrated to be spatially uniform in gas composition, with
a CO2 conversion factor of 0.15 ± 0.02. Rotational temperatures and molecular composi-
tion agree well with the FTIR results, while the spatial uniformity confirms the assumption
made for the FTIR analysis of a homogeneous medium over the line-of-sight of absorption.
Furthermore, the rotational Raman spectra of CO2 are related to vibrational temperatures
through the vibrationally averaged nuclear spin degeneracy, which is expressed in the in-
tensity ratio between even and odd numbered Raman peaks. The elevation of the odd av-
eraged degeneracy above thermal conditions agrees well with the elevation of vibrational
temperatures of CO2, acquired in the FTIR study.

Published as: B.L.M. Klarenaar, M. Grofulović, A.S. Morillo-Candas, D.C.M. van den Bekerom,
M.A. Damen, M.C.M. van de Sanden, O. Guaitella, and R. Engeln, Plasma Sources Sci. Technol. 27,
045009 (2018).
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3.1 Introduction

The reduction of CO2 to CO and O is an important step in the field of solar fuels.
An efficient dissociation is crucial when storing renewable energy in the chemical
bonds of value-added hydrocarbons.1,2 Extensive research is conducted to exam-
ine the exploitation of non-thermal conditions in a plasma, both experimentally3–7

and numerically,7–11 and is often concerned with the selective excitation of the
asymmetric stretch vibration of CO2.12–15

Recently, we published work on time-resolved Fourier transform infrared spec-
troscopy (FTIR) in a pulsed CO2 glow discharge,16 focusing on the vibrational ex-
citation of CO2 and CO. Dissociation efficiencies in glow discharges are expected
to be low and difficult to determine with meaningful precision, though the dis-
charges are well-defined and information on the time-dependent vibrational ex-
citation serves well to verify (reaction rates in) numerical models. While others
already reported vibrational excitation in similar discharges, both continuous17–20

and pulsed,21 we were able to demonstrate the temporal development of rota-
tional and vibrational temperatures of CO2 and CO. These results have already
been employed by Silva et al22 for comparison and validation of a kinetic model
of a CO2 discharge.

Infrared absorption takes place over a line-of-sight and therefore provides spa-
tially averaged information. Raman spectroscopy, on the other hand, is a tech-
nique which is not only resolved in time, but also in space. This complementary
diagnostic provides insight into the spatial uniformity and local temporal develop-
ment of the discharge.

Vibrational Raman spectroscopy is commonly used in non-thermal plasmas con-
sisting of diatomic molecules, such as N2, O2, and CO, to determine rotational
and vibrational temperatures, as well as number densities.23–25 However, in the
discharge under study the utilization of this technique is complicated by the vibra-
tional modes of the triatomic CO2: the symmetric stretch mode, two degenerate
bending modes, and the asymmetric stretch mode, respectively represented by
quantum numbers ν1, ν2, and ν3. The contribution of ν2 to the angular momen-
tum is designated as l2. The asymmetric stretch vibration is not Raman active,
while a Fermi coupling between states (ν1, ν

l2
2 , ν3) and ((ν1−1), (ν2 +2)l2 , ν3)26–28

significantly complicates the interpretation of the ν1 and ν2 vibrational Raman
spectra.

On the other hand, rotational Raman spectroscopy has previously been demon-
strated to be useful for measuring rotational temperatures in a atmospheric-pressure
dielectric-barrier discharges in CO2.29,30 An additional advantage of the technique
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is the ability of detecting multiple Raman active molecules in the spectral range of
a single measurement, shown in e.g. atmospheric-pressure plasma jets.31,32 This
facilitates the calibration of scattering intensity.

We employ rotational Raman spectroscopy to spatiotemporally resolve the rota-
tional temperature and number densities of CO2, CO, and O2 in the same reactor
and under the same discharge conditions as used in the FTIR study. The number
densities are related to the conversion of CO2 to CO

CO2 → CO +
1

2
O2, (3.1)

via the conversion factor α:

α =
[CO]

[CO] + [CO2]
. (3.2)

Here, [CO] and [CO2] are the number densities of CO and CO2, respectively.
Acquired insights on the uniformity are subsequently used to scrutinize the

assumptions made for the analysis in the FTIR study:16 uniform temperatures and
gas composition over the line-of-sight of absorption, i.e. the length of the reactor.

Additionally, rotational Raman spectroscopy is used to examine vibrational tem-
peratures of CO2. In the discharge under study the vibrational modes are Treanor
distributed and therefore follow vibrational temperatures T1, T2, and T3, respec-
tively.18,33 The previously discussed Fermi coupling causes the vibrational temper-
atures of ν1 and ν2 to be equal, T1 = T2 = T1,2.26 Excitations of vibrational modes
affect the symmetry of the molecule, and therefore its nuclear degeneracy. In
practice, this is expressed in a varying ratio between the intensity of even and odd
numbered CO2 peaks.34–36 Hence, this ratio is used to scrutinize the vibrational
temperatures measured in the FTIR study.

3.2 Experimental methods

3.2.1 Reactor and rotational Raman setup

The plasma reactor under study is schematically shown in Fig. 3.1(a) and is made
of Pyrex. It is cylindrically shaped with a 2 cm inner diameter and a length of
23 cm. The electrodes are positioned 17 cm apart, in a short radial extension,
opposite the gas in- and outlet. The reactor is connected in series with a 50 kΩ

resistor to a power supply, while two high-voltage probes (LeCroy, PPE 20kV) and
an oscilloscope (LeCroy, LT584M) are used to monitor the voltage over the reactor
and the resistor. The discharge current is easily monitored by dividing the 50 kΩ
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Figure 3.1: (a) A schematic of the Raman setup, where the laser is focused inside the
plasma reactor. The longitudinal position of measurement can be chosen by translating the
reactor with respect to the focal point. The collected scattered light passes through an ultra-
narrow-band notch filter to remove Rayleigh scattered and stray light. The remaining light
is spectrally resolved in a spectrometer and detected with an ICCD. The clock of the laser is
used to trigger the plasma power supply and the intensifier, schematically shown in (b).

resistance by the measured voltage over de resistor. The reactor is operated under
flowing conditions, using a pure CO2 (Linde, 4.5 Instrument) inflow, controlled
at 7.4 SCCM with a mass flow controller (Bronkhorst, F-201CV). The pressure is
maintained constant, using a scroll pump (Pfeiffer, ACP 15), and a pressure gauge
(Pfeiffer, CMR 263) with feedback to an automated valve (Pfeiffer, EVR 116).

For comparison purpose, the same discharge conditions apply as in the FTIR
study: the pressure is kept at 6.7 mbar with a discharge current of 50 mA. The re-
duced electric field in these conditions is determined to be 60 Td.16 The plasma is
pulsed with an on and off time of respectively 5 ms and 10 ms. The residence time
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of the gas is in the order of seconds, each molecule experiencing 150 discharges,
on average, before leaving the reactor.

The optical setup in Fig. 3.1 is used to perform in situ rotational Raman spec-
troscopy in the reactor. The Nd:YAG laser (Spectra Physics, Quanta-Ray, Lab-190-
100) is frequency doubled to 532 nm and operates at 100 Hz with around 140 mJ
per pulse. First, the beam is expanded (not shown) using a combination of a
f = −200 mm and a f = 300 mm lens, after which the beam is focused inside the
plasma reactor using a f = 1000 mm lens, resulting in a beam waist of 70 µm.
Due to heating of the laser, the lateral position of the focal point can drift over
time, which is monitored by a camera (Allied Vision, Guppy PRO F-031C) and ac-
tively corrected with a feedback loop to a kinematic mirror mount (Polaris, K1PZ2)
(not shown).

From the focal point, scattered light is collected with a f = 37.5 mm lens and
focused into a glass fiber with a diameter of 200 µm. The spatial resolution of de-
tection, i.e. the length that is imaged onto the fiber opening, is 110 µm. The exit of
the fiber is used as a point source to collimate the collected light with a f = 25 mm
lens, after which it passes through a volume Bragg grating (OptiGrate, BragGrate,
BNF-532-OD4-12.5M). This grating acts as an ultra-narrow-band notch filter to
remove Rayleigh scattered and stray light, with a full-width at half-maximum
(FWHM) of 0.20 nm ≡ 7 cm-1 and maximum attenuation of up to 0.9999 (OD 4),
see30 for more details.

A lens with a focal distance of 37.5 mm focuses the light onto the 50 µm en-
trance slit of the spectrometer (Jobin-Yvon, HR 640, equipped with a Horiba, 530
15 Holographic Grating, 2400 l/mm, blazed at 400 nm). The spectrally resolved
light is detected with an intensified camera (ICCD), consisting of a GaAs intensi-
fier (KATOD, EPM102G-04-22 F) and a Peltier cooled CCD camera (Allied Vision,
Bigeye G-132B Cool). The frequency range of this spectrometer-ICCD combination
is 183 cm-1 with a resolution of 0.143 cm-1. The spectral broadening is deter-
mined to be Voigt shaped with a FWHM of 1.55 cm-1, with an equal Gaussian and
Lorentzian contribution. The wavelength sensitivity of the full detection branch
is determined using the black-body radiation of a W-ribbon lamp and used for
calibrating the measured spectra.

3.2.2 Controlling phase and position of detection

The clock of the laser is used to trigger both the power supply of the plasma reactor
and the gating of the intensifier, schematically shown in Fig. 3.1(b). One in every
three laser pulses is used to trigger two consecutive plasma pulses. In this way,
the 10 ms laser period is matched with the 15 ms plasma period of 5 ms on time
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Figure 3.2: Vibrational and rotational temperatures from the FTIR study, 16 at a pressure
of 6.7 mbar and a 50 mA plasma current, equal to the discharge conditions of the current
work. Time points used for the rotational Raman time series are indicated by dotted vertical
lines. Arrows point at the time points that are also used for the spatial series: 0.0 ms, 0.7 ms,
and 4.9 ms.

and 10 ms off time. The phase difference between the laser pulse and the plasma
cycle is controlled by setting a delay between the laser clock and the start of the
two plasma pulses.

The gate of the intensifier is triggered by one in every three laser shots, to only
collect scattered light from the desired phase in the plasma cycle. The intensifier
is gated for 70 ns, which is long enough to entirely cover the 10 ns laser pulse
including possible jitter, but short enough to prevent significant amounts of plasma
emission being recorded by the camera.

The position of detection along the longitudinal axis of the reactor is regulated
by translating the reactor with respect to the focal point of the laser. With respect
to previous work, the reactor has been extended by 23 cm on both sides, to avoid
breaking the 532 nm AR coated windows due to too high laser energy density. For
the analysis in this work, measurement positions are relative to the gas inlet of the
reactor at 0.0 cm, hence the position of the gas outlet is at 17.0 cm.

3.2.3 Time and spatial series

A distinction is made between time and spatial series. The main purpose of the
time series is to cross-check the temporal development of temperatures and molec-
ular concentrations with the results from the FTIR study. The position of detection
is fixed at 8.5 cm, at the center of the reactor, while the phase of the laser pulse is
varied with respect to the plasma cycle. Time points in the plasma cycle are cho-
sen as shown in Fig. 3.2, showing the temperature development obtained from the



3.3. Rotational Raman scattering 63

FTIR study. The selected points of 0.0, 0.7, 1.4, 2.0, 3.0, 4.9, 5.2, 6.0, 7.5, 10.0,
and 12.5 ms are indicated by dotted vertical lines. Each measurement within this
series has an accumulation time of 15 minutes, resulting in averaging 30,000 laser
shots.

The aim of the spatial series is to examine the homogeneity of the plasma along
the longitudinal axis of the reactor. The phase of the laser pulse with respect to
the plasma cycle is kept constant, while translating the reactor between measure-
ments. The selected positions are 1.2, 3.5, 6.0, 8.5, 11.0, and 13.5 cm, where
0.0 cm and 17.0 cm are the gas in- and outlet of the reactor, respectively. Three
such series are performed at time points of 0.0 ms right before the discharge,
0.7 ms where the difference between T3 and Trot is largest, and 4.9 ms at the end
of the plasma pulse when a dynamic equilibrium is settling. These points are in-
dicated by arrows in Fig. 3.2. A 45 minute accumulation time results in averaging
90,000 laser pulses per measurement.

3.2.4 Experimental procedure

The measurement procedure for a series is as follows. At the start of the series
the wavelength axis is calibrated by taking a Raman spectrum of pure N2 gas. The
spectrum is also used to calibrate the Raman intensity, which is necessary for the
determination of molecular number densities. Different from CO2, N2 peaks are
fully resolved, while at room temperatures the peaks are sufficiently strong over
the full spectral range of measurement.

Hereafter the plasma cycle is started and after letting the reactor stabilize, the
time or spatial measurement series is taken. The laser power is continuously mon-
itored to adjust the intensity of the Raman spectra. Background measurements are
taken while covering the fiber opening in the detection branch, blocking any scat-
tered laser light. ICCD settings are the same as during the normal measurements.

3.3 Rotational Raman scattering

The algorithm that is used to analyze the measured spectra, is designed to cal-
culate spectrally broadened rotational Raman spectra for mixtures of different
molecular species. Table 3.1 shows the fitting parameters that are included in
a typical fit on the data. These parameters and the Raman theory on which the
algorithm is based are discussed below. Special attention is given on how vibra-
tional modes of CO2 can influence the rotational Raman spectra through nuclear
degeneracies. This is not only important for non-thermal conditions, but is shown
to be relevant for thermal situations at lower temperatures as well.
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Table 3.1: List of fitting parameters, including symbol, description, and guess value.

Symbol Description Guess

Trot Rotational temperature 600 K
NCO2

Number density of CO2 1023 m−3

NCO Number density of CO 1023 m−3

NO2 Number density of O2 1023 m−3

〈gJ,o〉 Odd avg. nuclear degeneracy of CO2 0

Table 3.2: List of values for B (cm-1), D (10-6 cm-1), H (10-12 cm-1), gJ,e, gJ,o, and γ at
532 nm (10-41 Fm2) for CO2, CO, O2, and N2.

CO2 CO O2 N2

B 0.3902239 1.922540 1.437741 1.989642

D 0.133339 6.12140 4.85441 5.7642

H 0.00939 5.740 – –
gJ,e 138 138 038 638

gJ,o 038 138 138 338

γ 23.74 6.09 12.67 7.9143,44

3.3.1 Scattering in the vibrational ground state

In the event of pure rotational Raman scattering, absorption of a photon induces
a rotational transition of a molecule, while a photon with a different energy gets
emitted. The Raman shift, or energy difference ∆ν̃ between incident and scattered
photon is of equal magnitude as the difference between initial rotational state J
and final state J ′, but of opposite sign:37

∆ν̃ = ν̃L − ν̃J→J′ = − (Erot,J − Erot,J′) . (3.3)

Here ν̃L = 1/λL is the energy of the incident photon with wavelength λL, and
ν̃J→J′ the energy of the scattered photon. For linear molecules, only transitions of
J ′ = J±2 are allowed, where Stokes scattering refers to scattering with a positive
∆ν̃, and anti-Stokes scattering to a negative ∆ν̃.37,38

The energy of rotational state J can be calculated using the molecular species
dependent rotational constant B, centrifugal distortion constant D, and third or-
der correction factor H and is given by39

Erot,J = BJ(J + 1)−DJ2(J + 1)2 +HJ3(J + 1)3. (3.4)
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Values for these constants are listed in Table 3.2 for the molecules relevant in this
study.† H is significant for very high rotational levels J , and in the spectral range
under study becomes only relevant for the position of CO2 peaks.

Furthermore, B, D, and H are different for different vibrational states, shift-
ing the peak positions to lower or higher frequencies.39 However, these shifts are
small compared to the spectral broadening in this work, while accurate vibra-
tional densities are not known from rotational Raman spectroscopy. Therefore,
the rotational constants of vibrationally excited molecules are approximated by
the vibrational ground state values of B, D, and H.

The scattering intensity of rotational Raman transition J → J ′ is given by37,43

PJ→J′ = CnJ
∂σJ→J′

∂Ω
(3.5)

Here, nJ is the number density of molecules in rotational state J , and ∂σJ→J′
∂Ω the

transition dependent differential scattering cross-section. The constant C is the
product of molecular and rotational state independent constants, such as the laser
intensity, detection path length, and solid angle of detection.

For the density nJ the rotational states are assumed to be Boltzmann dis-
tributed:

nJ =
Ngrot,J

Qrot
exp

(
−hcErot,J

kBTrot

)
, (3.6)

where N is the number density of the molecular species, h is Planck’s constant, c
is the speed of light, kB is the Boltzmann constant, and Trot is the rotational tem-
perature. Trot is assumed to be the same for all molecular species and equal to
the translational temperature.18 grot,J is the total degeneracy of rotational state
J and is the product of the rotational degeneracy 2J + 1 and the nuclear degen-
eracy which is listed in Table 3.2 as gJ,e and gJ,o, for even and odd values for J ,
respectively.37 The rotational partition sum Qrot is calculated using the method of
McDowell et al48 and normalizes nJ , such that its sum over all J is equal to N .

The differential scattering cross-section is dependent on the polarization of the
laser beam and the angle of detection, and varies for different polarizations of the
scattered light. The Raman spectrometer from Fig. 3.1 detects scattered light of
all polarizations, collected perpendicular to both the beam direction and its linear

†The rotational levels of O2 are subdivided into triplets due to its non-zero total spin (S = 1). As a
result, every rotational Raman peak is accompanied by two satellites of which the intensities strongly
decrease with increasing peak number. Furthermore, Rayleigh satellites should be present at ±2 cm-1,
but these are too strongly attenuated by the notch filter to be visible in the measurements under study.
Transition energies and cross-sections are included in the calculations as described in 45–47.
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polarization. The differential cross-section is then given by37

∂σJ→J′

∂Ω
=

7

45

π2

ε2
0

γ2bJ→J′ ν̃4
J→J′ . (3.7)

Here, ε0 is the vacuum permittivity, and bJ→J′ is the Placzek-Teller coefficient
as can be found in37,43,49. The polarizability anisotropy γ is dependent on the
molecular species and the incident wavelength and is listed in Table 3.2. Values
are determined from calibration Raman measurements on pure CO2, CO, O2, and
N2 gas, shown in Fig. 3.3. The intensities correspond to an equal number density
for every molecular species, while the spectra are normalized to the maximum of
the CO2 spectrum. γ can now easily be determined from a fit on the data (solid
black lines), since the intensity of a spectrum is linearly proportional to γ2. Values
for CO2, O2, and CO are calculated with respect to the value for N2, which is taken
as the mean from Penney et al43 and Bogaard et al.44 Penny et al also provide γ
for CO2 and O2, while Bogaard et al report anisotropies of CO2 and CO. The values
determined from Fig. 3.3 stay within their reported expected errors.

Spectral broadening is applied to the calculated peak positions and intensities
in the form of a Voigt profile with the previously introduced FWHM of 1.55 cm-1.
The total spectrum is then obtained by adding up the calculated spectra of all
individual molecular species.

3.3.2 Nuclear degeneracies of vibrationally excited CO2

The J dependent nuclear degeneracies listed in Table 3.2 are only valid when the
molecule is in its vibrational ground state or in a vibrational state of equal symme-
try, as described in34–36. The single vibrational mode of diatomic molecules, such
as CO, O2, and N2, meets this requirement and therefore degeneracies stay the
same for any vibrational excitation. Similarly, CO2 maintains its ground state sym-
metry when it is purely excited in the symmetric stretch mode (ν1). The symmetry
changes, however, when the bending mode (ν2) or asymmetric stretch mode (ν3)
is excited.

In the case of ν2 excitation, the nuclear degeneracies become [gJ,e = 1, gJ,o = 1],
for any combination of ν1 and ν3. When ν3 is excited, while ν2 is not, the degen-
eracies alternate between [gJ,e = 1, gJ,o = 0] and [gJ,e = 0, gJ,o = 1] for even and
odd ν3 levels, respectively. This again holds for any excitation of ν1. See34–36 for
more details.

As previously mentioned, the positions of pure rotational peaks just weakly
depend on vibrations and therefore overlap for molecules in different vibrational
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states. Information on vibrational state densities of CO2 can then be acquired by
substituting gJ,e and gJ,o by the vibrationally averaged nuclear degeneracies 〈gJ,e〉
and 〈gJ,o〉:36

〈gJ,e/o〉 =
1

2
± 1

2

1− z2

1 + z2

1− z3

1 + z3
, (3.8)

where the plus sign belongs to the even degeneracy. These averaged degeneracies
are related to the vibrational temperatures through zi, which is defined using the
harmonic approximation for vibrational energy levels as36

zi = exp

(
−hcG1,i

kBTi

)
. (3.9)

Here, G1,i is the energy spacing between the ground and the first vibrational level
of vibrational mode νi. The energy spacings of ν2 and ν3 of CO2 are, respectively,
667.47 cm-1 and 2349.16 cm-1.27 Ti is the vibrational temperature of the mode,
where T2 is substituted by the combined vibrational temperature of ν1 and ν2, T1,2.

From Eq. (3.8) it is clear that 〈gJ,e〉 + 〈gJ,o〉 = 1 for any combination of vibra-
tional temperatures. In the lower temperature limit when every CO2 molecule is
in the vibrational ground state (zi = 0) the averaged degeneracies reduce back
to [〈gJ,e〉 = 1, 〈gJ,o〉 = 0]. For very high T1,2 (z2 = 1), the averaged degeneracies
become

[
〈gJ,e〉 = 1

2 , 〈gJ,o〉 = 1
2

]
. This corresponds to the nuclear degeneracies of

CO2 in the bending mode, divided by the mode’s vibrational degeneracy of 2. The
same averaged degeneracies are obtained at very high T3, when z3 = 1 and there
is an equal density of even and odd ν3 levels.

Furthermore, under thermal conditions of 400 K, right before the start of a
plasma pulse (see Fig. 3.2), 18% of the CO2 molecules is vibrationally excited.
The corresponding averaged degeneracies are calculated to be [〈gJ,e〉 = 0.916,
〈gJ,o〉 = 0.084]. This non-negligible deviation from ground state degeneracies
demonstrates that even in low-temperature thermal conditions it is important to
take into account the influence of vibrational state densities on the nuclear degen-
eracies.

3.4 Results

3.4.1 Rotational Raman spectra

Three examples of rotational Raman spectra, as measured during the time series,
are shown in Fig. 3.4. The three spectra are taken in the center of the reactor, at
(a) 0.0 ms, (b) 0.7 ms, and (c) 4.9 ms. The data is shown as yellow circles, while
the data that is excluded from fitting due to deformation by the notch-filter profile
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is gray. The total fit is represented by a solid black line, and lines of different
colors illustrate the contribution of CO2, CO, and O2 lines to this fit. Here, CO2

is subdivided in lines coming from transitions of even rotational states (solid line)
and odd states (dotted line).

The total fit accurately describes the data in all panels, clearly showing the rela-
tion between increasing rotational temperature and increased scattering intensity
at larger Raman shifts. Peaks of CO and O2 are most explicit at larger shifts, where
the intensity of CO2 peaks drops significantly. At higher temperatures CO and O2

still exceed CO2, visible in panel (c). In contrast to CO, O2 peaks also significantly
contribute to the total fit at smaller Raman shifts (see peaks at 61 cm-1, 72 cm-1,
and 84 cm-1. Fitted O2 densities are therefore generally more accurate than CO
densities.

Furthermore, the panels show three distinct situations regarding the contribu-
tion of even and odd CO2 peaks at three time points in the on-off cycle of the
pulsed plasma, indicated by an arrow in Fig. 3.2. In panel (a), at the start of the
plasma pulse, the gas is in thermal equilibrium and relatively cool at 394 K. The
odd vibrationally averaged nuclear degeneracy of CO2 is still low, but the contri-
bution of odd peaks is visible in the peak minima of the total fit. In panel (c), at
the end of the plasma pulse, the vibrational temperatures of CO2 are expected to
exceed the rotational temperature of 809 K only marginally (see Fig. 3.2). Also
visible in panel (c), the broadening of peaks below 100 cm-1 seems increased with
respect to the broadening in panel (a). The even CO2 peaks strongly underfit
the data at the peak minima, which is compensated by an increase of 〈gJ,o〉 and
therefore the fraction of odd peaks.

In panel (b) at 0.7 ms in the plasma, Trot is still low relative to (c), but the frac-
tion of odd CO2 peaks is comparable. The fitted odd averaged degeneracy exceeds
the degeneracy that is expected if the gas would be thermal at Trot, which indicates
an elevation of vibrational temperatures. This is subject to further discussion in
section 3.4.4.

3.4.2 Temperature profile

The temperatures determined from the spatial and time series are shown in
Fig. 3.5(a) and (b), respectively, including a 95% fitting uncertainty. Data points
from the spatial series which were acquired in the center of the reactor are also
shown in the time series of panel (b), indicated by diamonds. Similarly, tempera-
tures at 0.0 ms, 0.7 ms, and 4.9 ms in the time series are plotted as diamonds in
panel (a). The rotational temperatures of both series agree well on corresponding
time and position, showing good reproducibility over different experimental ses-
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Figure 3.5: The rotational temperature versus (a) position and (b) time. Points at equal
position and timing, but measured during the other series are indicated with diamonds.
The rotational temperature from the FTIR study is added in panel (b) as a solid line.16

sions. The fitted rotational temperature mainly relies on the overall shape of the
spectrum and less on the quality of individual peaks, i.e. the signal-to-noise ratio,
and is insensitive to variations in laser intensity.

For the analysis of the FTIR study it is assumed that the rotational temperature
is constant over the line-of-sight of IR absorption. This assumption is confirmed by
the spatial series, showing a uniform temperature along the length of the reactor.
There is only a small decrease in temperature at 1.2 cm, close to the entrance.
Here, the gas enters the reactor with a temperature around 300 K and reaches its
steady state value within a short distance relative to the total length of the reactor.

The time series is compared to the rotational temperature profile from the FTIR
study, which is represented by a solid line in panel (b). Qualitatively and quan-
titatively there is good agreement between the temperature development in both
studies: an initial temperature of 400 K quickly increases at ignition, but levels off
around 800 K at the end of the plasma pulse, where the results from the FTIR study
exceed the temperatures from Raman up to 60 K. Trot exponentially decreases in
the off time towards the initial temperature.
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3.4.3 Molecular number densities

The fitted number densities of CO2, CO, and O2 are shown for the spatial series
in Fig. 3.6(a) and for the time series in Fig. 3.7(a), including a 95% fitting uncer-
tainty. Diamonds indicate number densities that are measured in the other series.
The solid lines in Fig. 3.7 represent results from the FTIR study, where the O2

density is assumed to be half the CO density, following Eq. (3.1). O2 could not be
directly determined with IR absorption, since its vibrational mode is IR inactive.

The total molecular number density is assumed to be the sum of the densities
of CO2, CO, and O2. This assumption is supported by the fact that apart from
CO2 and CO no other IR active molecules are detected in the FTIR study, and that
the rotational Raman spectra in Fig. 3.4 show no indication of other rotationally
active species. However, both techniques cannot detect atomic oxygen, while some
amounts are likely formed,50 which is subject of future study. Though, no large
amounts of atomic oxygen are expected in the conditions under study, since the
average ratio of CO over O2 as measured with Raman spectroscopy is close to 2,
for every measurement series: 2.2±0.3 for the time series and 1.8±0.3, 1.8±0.3,
and 1.8± 0.4 for the spatial series at 0.0 ms, 0.7 ms, and 4.9 ms, respectively.

Number densities vary strongly between different time points during the plasma
cycle, which is best observed in Fig. 3.7(a). All number densities drop when the
discharge starts, leveling off at the end of the pulse, after which the number densi-
ties slowly relax back to the initial value. This profile is qualitatively the inverse of
the temperature profile, which is expected from the ideal gas law: as the molecules
heat up, the pressure will increase and the gas starts expanding, decreasing the
number densities.

The reduction in total number density from start to end of the discharge is 50%
and 38% for Raman and FTIR, respectively. This is well explained by the reactor
extensions: when the plasma heats up, it is easier for the gas to expand into the
extension volume than through the narrow in- and outlet.

To discuss the relative composition of the gas, panel (b) of Figs. 3.6 and 3.7
show the composition proportional to the total number density. The CO2 conver-
sion factor α, see Eq. (3.2), is plotted in panel (c). The accuracy of α is strongly
dependent on the accuracy of the fitted number density of CO. α is therefore repre-
sented as the weighted mean from two calculations for which the inverse variance
is calculated from the variance of the fitted parameters and serves as weight: (1)
using the fitted densities of CO2 and CO, and (2) substituting the density of CO by
twice the more accurately fitted density of O2.

During the FTIR analysis the spatial profile of the gas composition was treated
as homogeneous. Scrutinizing this assumption, the composition is indeed uniform
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Figure 3.6: Fitting results from the rotational Raman spatial series. (a) Absolute molecular
number densities of CO2, CO, O2, and all three combined (total). (b) The gas composition,
assuming other species than CO2, CO, and O2 are not present in significant amounts. (c)
The conversion factor α. In all panels, diamonds indicate points at equal position and
timing measured during the spatial series.
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Figure 3.7: Fitting results from the rotational Raman time series. (a) Absolute molecular
number densities of CO2, CO, O2, and all three combined (total). (b) The gas composition,
assuming other species than CO2, CO, and O2 are not present in significant amounts. (c)
The conversion factor α. In all panels, diamonds indicate points at equal position and
timing measured during the spatial series, while the solid lines originate from the FTIR
study.16
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over the length of the reactor (Fig. 3.6(b) and (c)), despite using pure CO2 as
initial gas. It is known from the FTIR study that in pure CO2 the conversion per
discharge cycle is below the detection limit of <0.005.16 Raman measurements
are performed at its closest 1.2 cm from the gas inlet, which is a distance in which
molecules experience on average 10 discharge cycles. The expected conversion at
1.2 cm of α < 0.05 is clearly below the measured value of 0.11–0.17, visible in
the graph.

This can be explained by two phenomena in gas dynamics that stimulate gas
mixing over the full length of the reactor. First, the contribution of diffusion to
this mixing can be assessed by calculating the Péclet number for mass transfer:51

Pe =
Lu

D
, (3.10)

where L is the length of the discharge volume, u is the average flow velocity (L
divided by the residence time), and D is the pressure and temperature dependent
diffusion coefficient.52 The Péclet number represents the ratio of mass transfer by
motion to mass transfer by diffusion and in the conditions under study is Pe ≈ 5.
Since Pe is close to one, both forms of mass transfer are of similar importance,
hence one would expect some gradient towards the gas outlet, but diffusion plays
a significant role in gas mixing.

Secondly, uniformity is stimulated by convection as a result from the gas expan-
sion during the discharge. The repetitive expansion and contraction (Fig. 3.7(a)),
respectively caused by the heating and cooling of the discharge region, stimu-
lates molecules from various locations to mix, increasing the homogeneity over
the length of the reactor. Although the reactor extensions facilitate an increased
expansion, a comparable spatial uniformity is expected for the FTIR study. This
is supported by a similar composition and, hence, conversion in the center of the
reactor as can be seen in Fig. 3.7(b) and (c). The time averaged conversion fac-
tor of 0.15 ± 0.02, obtained from the Raman measurements, is close to the time
averaged factor of 0.18 in the FTIR study.

3.4.4 Vibrational temperatures

In this section the fitted vibrationally averaged nuclear degeneracy of odd rota-
tional levels of CO2 is discussed. To this purpose, Eq. (3.8) is used to make a con-
tour plot of the odd averaged degeneracy versus T1,2 and T3, shown in Fig. 3.8.
The isothermal is indicated with a diagonal line.

The fitting results of the spatial series at 0.7 ms and 8.5 cm are added to illus-
trate how this representation can aid in interpreting the implications of a fitted
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Figure 3.8: A contour map of the odd vibrationally averaged nuclear degeneracy of CO2 as
function of T1,2 and T3. The diagonal line marks the isothermal. Fitting results of the spatial
series at 0.7 ms and 8.5 cm are indicated as follows: the blue shaded area demarcates the
temperature region below the fitted rotational temperature of 488 K, while the orange
curve indicates the fitted odd averaged degeneracy of 0.171 in a band with a half-width
of the 95% fitting uncertainty. The fitted T1,2 and T3 as measured under equal discharge
conditions during the FTIR study are indicated by an orange cross.16

averaged degeneracy. The fitted rotational temperature of 484 K is assumed to
be the lower limit for both vibrational temperatures, hence the area where either
temperature is lower is omitted, indicated by a blue shading. The fitted odd aver-
aged degeneracy of 0.171 is then indicated in the remainder of the contour plot
by an orange curve, including a band with a half-width equal to the 95% fitting
uncertainty. Now, the expected values of T1,2 and T3 are such that the combination
intersects with this band.

Although this combination of temperatures is not conclusive to a high degree,
the map serves well for indicating upper temperature limits, being 606 ± 10 K
and 1279 ± 40 K for T1,2 and T3, respectively. Additionally, the odd averaged
degeneracy can well be used to evaluate the vibrational temperatures acquired in
the FTIR study. These values are T1,2 = 568 K and T3 = 1048 K, indicated by an
orange cross, close to the fitted odd averaged degeneracy. This affirms the concept
of using the degeneracy as an indication for vibrational excitation and supports
the vibrational temperatures as measured in the FTIR study.

To continue the comparison between the vibrational excitation in both studies,
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Figure 3.9: Fitting results from the spatial Raman series. (a) The odd vibrationally aver-
aged nuclear degeneracy of CO2 (colored) including the expected odd averaged degeneracy
under thermal conditions, calculated using the fitted rotational temperature (gray, corre-
sponding line style). (b) The difference between the fitted odd averaged degeneracy and
the calculated odd degeneracy assuming thermal conditions. In both panels, diamonds
indicate points at equal position and timing measured during the time series.

the odd vibrationally averaged nuclear degeneracy is plotted versus position in
Fig. 3.9(a). Error bars indicate a 95% fitting uncertainty. The gray data points
and lines indicate the expected odd averaged degeneracy if the plasma would be
thermalized at Trot, i.e. T1,2 = T3 = Trot. Elevations above this calculation are an
indication for non-thermal conditions. Averaged degeneracies which are measured
at similar time points or position, but during the time series are again depicted as
diamonds.

As previously shown in Fig. 3.4, 〈gJ,o〉 is sensitive to the apparent broadening
of CO2 peaks and is affected by broadening increasing events, such as wavelength
shifts/jitter of the spectra during camera accumulation. Therefore, the actual error
is expected to be larger than the fitting error.

Panel (a) in Fig. 3.9 shows that the odd averaged degeneracy is almost con-
stant over space. This indicates only small variation in vibrational temperatures
over the length of the reactor. In panel (b), the difference is shown between the
fitted odd averaged degeneracy and the calculated degeneracy at thermalization
with temperature Trot, representing the absolute excitation of the odd averaged
degeneracy. The degeneracy at 0.0 ms is consistently not excited above thermal
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Figure 3.10: Fitting results from the rotational Raman time series. (a) The odd vibra-
tionally averaged nuclear degeneracy of CO2 (black) including the expected odd averaged
degeneracy under thermal conditions, calculated using the fitted rotational temperature
(gray). (b) The difference between the fitted odd averaged degeneracy and the calculated
odd degeneracy assuming thermal conditions. In both panels, diamonds indicate points
at equal position and timing measured during the spatial series. The solid line in (b) is
calculated from the results of the FTIR study.16 The data point at 7.5 ms is arguably an
outlier.

level, as is expected right before the start of the plasma pulse. At other time points,
excitations follow expectations as well: at 0.7 ms, when the elevation of T3 above
Trot is largest, the odd averaged degeneracy exceeds thermal level to a larger ex-
tent than at 4.9 ms, where the vibrational and rotational temperatures are again
closer to equilibrium (see Fig. 3.2).

The temporal analysis is continued with the time series in Fig. 3.10, where
panels (a) and (b) show similar plots as in Fig. 3.9. Additionally, temperatures
of the FTIR study are used to calculate the expected excitation of odd averaged
degeneracies, shown as a black curve in panel (b).

In both panels it can be seen that during the discharge the odd averaged degen-
eracy is continuously above thermal level, while during the off time the degener-
acy directly relaxes. The point at 7.5 ms is an exception to this and is presumably
an outlier, illustrating the previously discussed error and sensitivity to irregular ex-
ternal factors. Panel (b) shows good agreement between the fitted excitation and
the excitation calculated from the FTIR study: both quickly increase at the start of
the discharge, where T3 rapidly rises when the rotational temperature is still low.
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Hereafter, T3 drops and levels off when the plasma stabilizes to a situation which
is closer to equilibrium between vibrational and rotational temperatures.

3.5 Conclusions

Spatial and time resolved rotational Raman spectroscopy is performed in a pulsed
CO2 glow discharge. Spectra that are recorded at several time points during
the discharge cycle show distinctive contributions of peaks of CO2, CO, and O2

molecules. This holds for any rotational temperature in the conditions under
study, ranging from 400 K to well above 800 K. Contributions of CO2 peaks can
be recognized as originating from even or odd rotational levels. The underlying
vibrationally averaged nuclear degeneracies are directly related to the vibrational
temperatures of CO2.

The rotational temperature during the discharge is determined to be homo-
geneous over the length of the reactor, which confirms the assumption that the
rotational temperature is constant over the line-of-sight of absorption in the FTIR
study.16 Furthermore, the temporal development of the rotational temperature
agrees qualitatively and quantitatively with the FTIR study.

The gas compositions acquired from the Raman spectra agree well with the re-
sults in the FTIR study. The composition is shown to be homogeneous over the
length of the reactor, confirming a second assumption made during the IR absorp-
tion analysis. The homogeneity is attributed to gas mixing, stimulated by diffusion
and the gas expansion during the discharge. The extensions in the reactor configu-
ration under study facilitate an increased expansion, though differences in number
densities with the FTIR study are much smaller than the total change in number
density during the discharge.

The vibrational temperatures are demonstrated to be related to the vibrationally
averaged nuclear degeneracies. The fitted odd averaged degeneracy is used to find
the relation between T1,2 and T3, including their upper limits. Additionally, the
odd averaged degeneracy is useful for the validation of vibrational temperatures
which are determined from other diagnostics. A comparison with the FTIR study,
shows good agreement between vibrational temperatures and odd averaged de-
generacy, supporting the IR absorption analysis.
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4
Excitation and Relaxation of the

Asymmetric Stretch Mode of CO2

in a Pulsed Glow Discharge

Abstract: The excitation and relaxation of the vibrations of CO2 as well as the reduction
of CO2 to CO are studied in a pulsed glow discharge. Two diagnostics are employed, being
(1) time-resolved in situ Fourier transform infrared (FTIR) spectroscopy and (2) spatiotem-
porally resolved in situ rotational Raman spectroscopy. Experiments are conducted within
a pressure range of 1.3–6.7 mbar and a current range of 10–50 mA. In the afterglow, the
rate of exponential decay from the asymmetric stretch temperature (T3) to the rotational
temperature (Trot) is found to be only dependent on Trot, in the conditions under study.
The decay rate ρT3−Trot follows the relation ρT3−Trot = 388 s−1 exp

(
Trot−273 K

154 K

)
. Pressure

and varying concentrations of CO and (presumably) atomic oxygen did not show to be of
significant influence. In the active part of the discharge the excitation of T3 showed to
be positively related to current and negatively to pressure. However, the contribution of
current to vibrational excitation is ambiguous: the conversion of CO2 and therefore the
fraction of CO in the discharge, is found to be strongly dependent on the current, while CO
can contribute to the excitation through near-resonant collisions. A clear relation between
the elevation of T3 and the dissociation of CO2 could not be confirmed, though conversion
peaks are observed in the near afterglow, which motivate future experiments on vibrational
ladder-climbing directly after termination of the discharge.

Submitted as: B.L.M. Klarenaar, A.S. Morillo-Candas, M. Grofulović, M.C.M. van de Sanden,
R. Engeln, and O. Guaitella, to Plasma Sources Sci. Technol.
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4.1 Introduction

The efficient reduction of CO2 to CO is a crucial step in the scientific field of
solar fuels, where the goal is to store renewable energy in the chemical bonds
of hydrocarbons, created from CO2 and water. The reactive environment of non-
equilibrium plasmas is found to be particularly useful for selectively channeling
energy into the dissociation reaction of CO2. More specifically, the most efficient
reduction channel is considered to be the uppumping of the asymmetric stretch
vibration towards the dissociation limit, resulting in only little excess energy in
the form of heat.1–3 Over the recent years, researchers have been studying this
topic extensively, both numerically4–11 and experimentally,12–24 often including
the CO2 vibrations in the discussion.

Furthermore, many studies that are focused on the vibrations of CO2 are done
in the field of CO2 lasers, as the asymmetric stretch vibration plays a key role in its
operation.25 Often, research is done in a static environment,26–33 while dynamic
measurements34–37 can aid in the understanding of the vibrational kinetics of CO2.

More recently, we published an infrared absorption study, using Fourier trans-
form infrared (FTIR) spectroscopy, performed on a pulsed CO2 glow discharge,
showing the evolution of the vibrational excitation of CO2 and CO during the
discharge and in the afterglow.38 A strong relation was shown between the rota-
tional (or gas) temperature and the level of excitation of the asymmetric stretch
mode, indicating that a low gas temperature is important for an increased vibra-
tional excitation. The first comparison between the afterglow and numerical work
is yet published by Silva et al,11 showing good agreement between experiment
and model. Additionally, rotational Raman measurements were performed on the
same reactor and under equal operating conditions.39 These measurements show
a good spatial homogeneity in temperatures and composition over the length of
the reactor, while the acquired parameters in both studies closely agree.

In this work, we use both spectroscopic techniques to continue the study in an
extended parameter space, varying both the discharge current and pressure. The
current has a direct effect on the input power, predominantly via the electron en-
ergy and density, while the influence of pressure is found in collisions: the number
of two and especially three body collisions is strongly affected, while wall colli-
sions become increasingly important with decreasing pressure. The main points
of interest are the effect of these parameters on the elevation of the asymmetric
stretch temperature above the rotational temperature and how this correlates to
the conversion of CO2 to CO.
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4.2 Experimental methods

The spectroscopic measurements are performed in two different setup configura-
tions. The FTIR setup and its analysis are discussed in detail in38, similarly for the
Raman setup and analysis in39. Therefore, both setups and their operating scheme
are only briefly introduced, below.

The same reactor is used in both setups, and exists of a Pyrex cylinder with
a length of 23 cm and an inner diameter of 2 cm. The gas in- and outlet are
positioned 17 cm apart, perpendicular to the axis of the reactor, opposing the
similarly positioned anode and cathode. The reactor is placed in series with a
50 kΩ resistor to limit the current and prevent the plasma from arcing. A pulsed
DC voltage is applied over the reactor and the resistor with an on and off time
of 5 ms and 10 ms, respectively. The current through the system is monitored
by dividing the voltage over the resistor, measured with a voltage probe (LeCroy,
PPE 20kV), by its resistance.

4.2.1 Fourier transform infrared spectroscopy

The FTIR setup is schematically shown in Fig. 4.1(a), with its trigger scheme in
panel (b). The reactor is equipped with BaF2 windows at the sides and is placed in
the sample compartment of the spectrometer (Bruker, Vertex 70). Experiments are
performed in step-scan mode, in which the spectrometer assumes a mirror posi-
tion and awaits a trigger of the pulse generator (TTi, TGP110). After receiving the
trigger, 0.5 ms before the start of a 5 ms discharge pulse, the infrared transmission
is measured repeatedly with a 10 µs interval for a total of 11 ms. Four of these se-
ries are averaged. Next, the spectrometer assumes a new mirror position (53,323
in total) and the procedure is repeated, building a 2D interferogram. A Fourier
transformation gives a 2D intensity spectrum with a time resolution of 10 µs and a
spectral resolution of 0.2 cm-1. An infrared transmittance spectrum is obtained by
subtracting a plasma emission spectrum from the intensity spectrum and dividing
the result by the spectral profile of the IR source. More details on the setup and
the operating procedure can be found in38.

The algorithm that is designed to fit the resulting transmittance uses the
HITEMP-2010 database40 for spectral line information such as transition energies,
broadening parameters, and Einstein A coefficients, and is extensively discussed
and validated in38. A brief summary is given here based on the fitting parameters
in Table 4.1.

It is assumed that the energies of vibrational states and rotational states are
independent, which is a common approximation in literature, but becomes less
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Figure 4.1: (a) The FTIR setup, where the reactor is positioned inside the sample com-
partment of the spectrometer. The spectrometer and the plasma power supply are both
triggered by a pulse generator, of which the trigger scheme is shown in (b).

Table 4.1: List of fitting parameters of the FTIR analysis, including symbol, description,
and guess value for the fit.

Symbol Description Guess

Trot Rotational temperature 600 K
T1,2 ν1,2 temperature of CO2 600 K
T3 ν3 temperature of CO2 600 K
TCO Vibrational temperature of CO 600 K
cTth Thermal variable 0.1
α CO2 conversion factor 0.3
p Pressure Variable

accurate for higher vibrational levels.27,41 The distributions over rotational levels
are assumed to be Maxwellian and are described by the rotational temperature
Trot. The vibrational levels have been shown in similar discharges to follow a
Treanor distribution, characterized by Trot and a vibrational temperature.27,30,42

The vibrational temperature of the asymmetric stretch mode (ν3) is designated as
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T3, while the Fermi coupled symmetric stretch (ν1) and bending (ν2) mode follow
the same temperature T1,2.25–27,36,43,44 Similarly, TCO represents the vibrational
temperature of CO. The fraction of CO2 or CO in a specific rovibrational state can
now be calculated from these temperatures.

The total number density of molecules is then regulated via the ideal gas law,
using the translational temperature (assumed equal to Trot),27 and pressure p. The
number densities of CO2 and CO, respectively [CO2] and [CO], are calculated from
the conversion factor α:

α =
[CO]

[CO] + [CO2]
, (4.1)

while following the relation between the number densities as described by conver-
sion reaction

CO2 → CO +
1

2
O2. (4.2)

Note that from the total number density of molecules, there is a fraction of O2

which is here assumed to be equal to half the fraction of CO.
As a last point, a volume fraction of thermal gas is introduced, equal to the

fraction in the reactor in which there is no plasma during the discharge phase.
This fraction is determined from the positions of the electrodes, see Fig. 4.1(a),
to be (23 − 17 cm)/23 cm ≈ 0.26. As the name describes, the gas in this volume
is treated as fully thermal, having temperature Tth. This temperature is fitted
using thermal variable cTth , such that Tth is always between 273 K and rotational
temperature in the discharge volume Trot:

Tth = cTth · (Trot − 273 K) + 273 K. (4.3)

It is assumed that the pressure and the conversion factor in the thermal fraction
and the discharge are equal.

Further details on the implementation of the listed fitting parameters in the
fitting algorithm as well as the validation of the volume fraction of thermal gas
can be found in38.

4.2.2 Rotational Raman spectroscopy

A schematic of the rotational Raman setup is shown in Fig. 4.2, with the re-
lated trigger scheme in panel (b). The frequency doubled (532 nm) beam of a
Nd:YAG laser (Spectra Physics, Quanta-Ray, Lab-190-100), operating at 100 Hz
with 140 mJ per pulse, is focused in the center of the reactor. The reactor is
extended at each end with a Pyrex cylinder of 23 cm to prevent the laser from
damaging the 532 nm anti-reflective coated laser windows. It is shown in39 that
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Figure 4.2: (a) The rotational Raman setup, where the laser beam is focused in the center
of the plasma reactor. The clock of the laser is used to trigger the plasma power supply and
the gate of the intensifier. The trigger scheme is shown in (b).

the influence of the extra thermal volume in the extensions on e.g. plasma kinetics
and CO2 dissociation is small.

Scattered light is detected perpendicular to both the laser beam direction and
its vertical polarization. The collected light is focused into an optical fiber and
then collimated to pass through an ultra-narrow-band notch filter (OptiGrate,
BragGrage, BNF-532-OD4-12.5M), which rejects Rayleigh scattered light with a
full-width at half-maximum (FWHM) of 0.20 nm ≡ 7 cm-1.45 The remaining light
is focused into a spectrometer to an intensified camera where it is detected over a
frequency range of 183 cm-1 with a resolution of 0.143 cm-1, having a Voigt shaped
machine broadening profile with a FWHM of 1.55 cm-1. Furthermore, the 100 Hz
laser and 33.3 Hz plasma duty cycle are matched by only gating the intensifier
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Table 4.2: List of fitting parameters of the rotational Raman analysis, including symbol,
description, and guess value for the fit.

Symbol Description Guess

Trot Rotational temperature 600 K
NCO2 Number density of CO2 1023 m-3

NCO Number density of CO 1023 m-3

NO2
Number density of O2 1023 m-3

〈gJ,o〉 Odd avg. nuclear degeneracy of CO2 0

every third laser pulse, see Fig. 4.2(b). More details on the setup can be found
in39.

Only the Stokes side is recorded and is analyzed using an algorithm for which
the fitting parameters are listed in Table 4.2. Trot describes the densities of rota-
tional levels, hence the relative peak intensities, assuming a Maxwellian distribu-
tion. The intensities of the scattering contributions of CO2, CO, and O2 are fitted
using the corresponding number densities, respectively NCO2 , NCO, and NO2 .

Additionally, the rotational Raman spectrum of CO2 is largely affected by the
vibrational temperatures T1,2 and T3 through the nuclear degeneracies of even
and odd rotational states.46–48 Van den Bekerom48 established a simple equation
to approximate the even and odd vibrationally averaged nuclear degeneracies,
〈gJ,e〉 and 〈gJ,o〉 respectively:

〈gJ,e/o〉 =
1

2
± 1

2

1− z2

1 + z2

1− z3

1 + z3
. (4.4)

Here, the plus sign corresponds to the even degeneracy. This is related to the
vibrational temperature through

zi = exp

(
−hcG1,i

kBTi

)
, (4.5)

where h is the Planck constant, c is the speed of light, and kB is the Boltzmann
constant. G1,i is the energy spacing between the ground and the first level of
vibrational mode νi, equal to 667.47 cm-1 and 2349.16 cm-1 for ν2 and ν3, respec-
tively.43 Note that the vibrational temperature for the bending mode T2 should be
substituted by the combined vibrational temperature T1,2.

〈gJ,e〉 + 〈gJ,o〉 = 1 for any T1,2 and T3, hence the vibrational temperatures are
expressed in the Raman spectrum as the intensity ratio between even and odd
rotational peaks. Excitation of these temperatures can now be exposed by com-
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Table 4.3: The conditions under study. Conditions measured using FTIR spectroscopy are
indicated by F, while R represents conditions studied with Raman spectroscopy.

I (mA)\p (mbar) 1.3 2.7 4.0 5.3 6.7

50 F+R F F F F+R
40 F F F F F
30 F F F F F
20 F+R F F F F+R
10 F F F

paring the fitted odd vibrationally averaged nuclear degeneracy to the expected
thermal averaged degeneracy when T1,2 = T3 = Trot. The latter can be calculated
by substituting the fitted Trot in Eqs. (4.5) and (4.4). If the vibrational tempera-
tures exceed the rotational temperature, 〈gJ,o〉will exceed the thermal degeneracy.
A more detailed description of these degeneracies, as well as the implementation
of the Raman theory in the fitting algorithm can be found in39.

4.2.3 Conditions under study

Pure CO2 (Air Liquide, Alphagaz 1, or Linde, 4.5 Instrument) is used as the in-
put gas and is controlled at 7.4 SCCM using a mass flow controller (Bronkhorst,
F-201CV). Two parameters are varied for the measurement series in this study:
current and pressure. By varying the plasma current, the total energy input into
the plasma is regulated by changing the electron density and current. The pres-
sure directly influences the collision frequency and with that the relative number
of wall collisions with respect to particle-particle collisions.

The conditions under study are listed in Table 4.3, where FTIR and Raman
conditions are indicated by F and R, respectively. FTIR measurements are per-
formed over a range of 1.3–6.7 mbar and 10–50 mA. A plasma current of 10 mA
is not sufficient to maintain a stable discharge at pressures above 4.0 mbar and
is therefore not included for 5.3 mbar and 6.7 mbar. Raman measurements are
performed for the extremes of this parameter range, where [1.3 mbar, 20 mA]
replaces [1.3 mbar, 10 mA] for consistency with the higher pressure condition.

The plasma is pulsed with a 5-10 ms on-off time. FTIR measurements are per-
formed with a temporal resolution of 10 µs over a range of 11 ms, starting 0.5 ms
before the discharge. Raman measurements have a temporal resolution of the
length of the laser pulse of 10 ns, and are performed at 0.0, 0.7, 1.4, 2.0, 3.0, 4.9,
5.2, 6.0, 7.5, 10.0, and 12.5 ms with respect to the start of the pulse, and in the
center of the reactor.
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The conditions of [6.7 mbar, 50 mA] have previously been discussed extensively
for FTIR38 and Raman39 spectroscopy, and are included in this study on account
of completeness. Furthermore, it is important to note that in the conditions under
study the residence time of the gas (>500 ms) is significantly larger than the
period of the plasma cycle of 15 ms. Therefore, the molecular composition at
plasma initiation will always be a mixture of CO2 and its dissociation products
from previous plasma pulses of which CO, O2, and possibly O are predominant.

4.3 The evolution of temperatures throughout the discharge
cycle

In this section the general evolution of the temperatures is discussed in a descrip-
tive fashion, covering the full range of studied pressures and plasma currents.
Raman and FTIR results are compared to determine the consistency between di-
agnostic approaches. The four conditions that are measured with both FTIR and
Raman (see Table 4.3) are discussed for the full duty cycle, after which pressure
and current effects are further described using several temporal snapshots of all
conditions under study.

4.3.1 Temperature traces

The rotational temperature and the vibrational temperatures of CO2 and CO are
shown versus time in Fig. 4.3, for the pressures of 1.3 mbar in (a) and (c) and
6.7 mbar in (b) and (d), and plasma currents of 20 mA in (a) and (b) and 50 mA
in (c) and (d). FTIR results are displayed as continues traces, while the circular
data points represent the rotational temperature as measured with Raman spec-
troscopy. The plasma-on period is indicated by the shaded area. FTIR measure-
ments are conducted from −0.5 ms to 10.5 ms, resulting in a break at the end of
the off period, when thermal relaxation is (nearly) complete. The dashed vertical
lines indicate the time points of−0.1, 0.7, 4.0, and 6.0 ms which will be of interest
for Fig. 4.4.

The initiation of the plasma is similar for all conditions, with a rapid rise of T3

and TCO during the first few tens of µs, while TCO > T3. The rotational temper-
ature, Trot, first shows a convex increase, transiting to a concave increase around
0.7 ms. T1,2 is only a little elevated above Trot and stays well below T3.

When comparing the different conditions, it becomes clear that Trot increases
for increasing pressure and current, agreeing well in both diagnostic techniques.
A higher temperature is expected when using a larger plasma current, as the en-
ergy input increases. When the pressure increases, the applied voltage must be
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increased to maintain the same current, resulting again in an increase of input
power. However, the molecular number density rises faster than the applied volt-
age, reducing the specific energy input. One might therefore expect a lower tem-
perature for increasing pressure. The fact that the rotational temperature yet rises
for increasing pressure is to a large extent related to an increased diffusion time to
the relatively cool reactor wall. This results in a reduced number of wall collisions
with respect to the number of molecules.

Furthermore, T3 shows very different behavior for the different conditions. For
1.3 mbar, the temperatures rapidly increase and then stabilize around 950 K and
1175 K for 20 mA and 50 mA, respectively. At 6.7 mbar, T3 first increases to a
maximum after which it slowly stabilizes to a lower temperature, around 760 K
and 980 K for 20 mA and 50 mA, respectively. In the afterglow, at higher pressure
T3 relaxes quickly to Trot, while the non-thermal situation is significantly longer
maintained for measurements at lower pressure.

TCO shows similar behavior as T3, stabilizing around 1350 K (20 mA) and
1550 K (50 mA) at 1.3 mbar, and 790 K (20 mA) and 1000 K (50 mA) at 6.7 mbar.
However, at higher pressures the vibrational temperature of CO seems to stabi-
lize much closer to the asymmetric stretch temperature of CO2. It is known that
vibrational energy transfer from CO to ν3 of CO2 occurs due to its near resonant
frequency,25 hence it is expected that at higher pressures and therefore higher
collision frequencies this CO relaxation channel is more effective, resulting in a
smaller difference between the temperatures. It should be noted that in38 it was
shown that the accuracy with which TCO is determined is significantly less than
for the other temperatures, and therefore this temperature will not be discussed
in further detail in the remainder of this work.

As described in Section 4.2.2, the vibrational temperatures measured using
FTIR can be scrutinized using rotational Raman analysis. To this end, Fig. 4.4
shows the difference between the measured vibrationally averaged nuclear degen-
eracy of CO2 and the averaged degeneracy as expected from a gas at equilibrium
at Trot, for 1.3 mbar and 50 mA. A trace which is calculated from the vibrational
and rotational temperatures acquired by FTIR spectroscopy is shown as well. The
analysis of the results at this pressure and current is representative for the other
conditions under study. Furthermore, data for 6.7 mbar and 50 mA are published
in39.

The Raman data shows a rapid initial increase in degeneracy, indicating a rapid
vibrational temperature increase, similar to the FTIR analysis. The thermalization
after terminating the discharge is extended, again matching the FTIR data. Over-
all, Raman and FTIR agree well, with the clear exception of the outlier at 3 ms
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Figure 4.4: The difference between the fitted odd averaged degeneracy and the calculated
odd degeneracy assuming thermal conditions. For FTIR, these values are calculated from
the fitted vibrational and rotational temperatures.

in the discharge. However, outliers are common, as explained in39, because the
acquired degeneracy is sensitive to stochastic processes (e.g. increased intensities
of individual wavelengths) when recording the scattered light.

4.3.2 Temperature maps

The analysis of the evolution of temperatures is continued by including all the
pressure and current conditions that are studied using FTIR, see Table 4.3. The
acquired T3, T1,2, Trot are inter- and extrapolated to create time-resolved temper-
ature maps versus current and pressure, for which four characteristic examples
are shown in Fig. 4.5. The left- and right-hand column show the same data, but
from a different angle, to allow clear view on the maps. The temperature sheets
behave such that T3 ≥ T1,2 ≥ Trot. The time points that are chosen are indicated
by dashed vertical lines in Fig. 4.3:

• −0.1 ms, at thermal equilibrium, right before the plasma pulse.
• 0.7 ms, towards the end of the rapid T3 increase, while other temperatures

are still relatively low.
• 4.0 ms, close to the end of the discharge pulse, towards stabilization of the

temperatures.
• 6.0 ms, at 1.0 ms in the afterglow, during the thermalization of the gas.
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Figure 4.5: 3D heat maps of the three temperatures T3 ≥ T1,2 ≥ Trot versus current
and pressure, for four characteristic time points during the plasma duty cycle: (a)+(b)
−0.1 ms, right before the discharge; (c)+(d) 0.7 ms, at the peak of rapid T3 rising; (e)+(f)
4.0 ms, towards stabilized temperatures; (g)+(h) 6.0 ms, 1.0 ms after termination of the
discharge. The heat maps are inter- and extrapolated from the data points, indicated by
circular, square, and diamond shaped markers. The left and right column show the same
data, but from a different perspective.
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Panels (a) and (b) show that for every condition the gas is fully thermalized
before the initiation of the discharge, with a small temperature gradient towards
higher pressures. In panels (c) and (d) the asymmetric stretch temperature in-
creases drastically for all conditions. The relevant parameter for the level of in-
crease appears to be the plasma current, with an increased excitation for increas-
ing current. There seems almost no influence of pressure. T1,2 only little exceeds
Trot.

Then, in panel (e), a saddle point can be recognized for T3, since at high cur-
rents there is a minimum between 4 mbar and 5.3 mbar. Furthermore, the ro-
tational temperature and T1,2 increase proportional to both the plasma current
and the pressure. The origin of the formation of the saddle point becomes clearer
when viewing the maps in panel (f). The difference between T3 and Trot de-
creases quickly for increasing pressure, but simultaneously the rotational temper-
ature rises. This results again in an increase of T3 for pressures above 4.3 mbar,
while the elevation of T3 over the rotational temperature is only small.

From panels (g) and (h), the thermalization rate is seemingly proportional to
the pressure. Thermalization continues over time, until full thermal equilibrium is
reached before the initiation of next pulse, in panels (a) and (b).

4.4 Discussion

The discussion is subdivided into three sections. The first section is concerned
with the afterglow, focusing on the exponential decay rate of T3, which can well be
studied due to the absence of plasma effects induced by free electrons. The active
part of the discharge is discussed next, examining in more detail how pressure
and current affect the development of T3. The last section is concerned with the
conversion of CO2, which is examined with both Raman and FTIR results, and is
related to the plasma conditions under study.

4.4.1 T3 relaxation in the afterglow

Right after the discharge is terminated at 5 ms, T3 starts to decay towards Trot. This
decay is examined in Fig. 4.6, showing the exponential decay rate ρT3−Trot versus
the rotational temperature during relaxation. The figure is constructed by fitting
an exponential decay on the decreasing difference between the two temperatures
during the afterglow:

T3(t)− Trot(t) = (T3(0)− Trot(0)) exp (−ρT3−Trott) , (4.6)
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Figure 4.6: The decay rate of T3 to Trot as a function of Trot. The rates are obtained from
exponential decay fits on the difference between the two temperatures in the plasma-off
period of the discharge cycle. The data points that are displayed involve all the measure-
ment conditions in Table 4.3, and are color coded on pressure. The rates are again fitted
with the exponential of Eq. (4.7). The pressure and temperature dependent relaxation rate
of CO2(0, 00, 1) by collisions with the wall are shown as well, calculated from49,50.

where t is the time, now defining t = 0 when the plasma is terminated. All
conditions are fitted with a quality that is similar to the fits shown in Fig. 8(a)
in38.

The temperature for which a decay rate in Fig. 4.6 is plotted is the mean value
of Trot for twice the characteristic time of relaxation, while the horizontal error
bars show the standard deviation within the same time period. The vertical error
bars are indicative for the uncertainty of the fit.

The decay rates show an exponential relationship with respect to the rotational
temperature over the full temperature range under study, while no significant pres-
sure dependency could be identified. The rates are fitted with equation

ρT3−Trot = ρ273 exp

(
Trot − 273 K

Tc

)
. (4.7)

Here, ρ273 = 388 s-1 is the decay rate at 273 K and Tc = 154 K is the characteristic
temperature of the exponential. The result of the fit is displayed in Fig. 4.6.

The found relation is scrutinized by comparison with the many processes that
are known to play a role in relaxation of the asymmetric stretch mode of CO2:
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1. Vibrational-translational (V-T) reactions, which involve a two-body collision
where one or more vibrational quanta of CO2 are converted to kinetic energy
of the molecules.11,51,52

2. Vibrational-vibrational (V-V) reactions, where again two molecules collide
and vibrational ν3 quanta are converted to quanta of ν1 and ν2.11,51–53

3. Collisions of excited CO2 with the reactor wall.26,49,54

4. Radiative relaxation by spontaneous emission.11,50

5. V-V exchange by resonant or near-resonant collisions between CO2 and other
molecules, such as CO and N2. The energy of one vibrational quantum of
CO or N2 approximates the energy of a ν3 quantum.25,51–53

6. Quenching by collisions with atomic oxygen.30,55,56

7. Chemical reactions, and particularly the reduction from CO2 to CO.1,2,52

The reaction rates of mechanisms 1 and 2 are proportional to the density of the
collision partners and therefore scale with pressure. However, the rates describe
change in ν3 densities, which are non-linearly related to T3:

T3 ≈
hc

kB

2350 cm-1

ln (Nν3=0/Nν3=1)
. (4.8)

Densities Nν3=0 and Nν3=1 also scale with pressure, hence the rate at which these
mechanisms develop T3 is not expected to be significantly affected by the pressure.
Furthermore, the rate coefficients k often increase with increasing gas temperature
T , following the relation:11

k(cm3s−1) ∼ exp
(
A+BT−1/3 + CT−2/3

)
. (4.9)

Generally, A is a positive constant, while either B or C is negative, having such
values that k increases for increasing T . Therefore, faster T3 decay is expected for
higher temperatures.

The rate of relaxation at the reactor wall (mechanism 3) scales inversely with
pressure, as it depends linearly on the diffusion constant:

D =
1

3
lvT =

1

3

(
kBT√
2πd2p

)√
8kBT

πm
=

2

3

√
k3

B

π3m

T 3/2

pd2
, (4.10)

where l is the mean free path, vT is the thermal velocity, and m and d are the
mass and kinetic diameter of the molecule, respectively (mCO2

= 7.3 × 10-26 kg,
dCO2

= 3.3 × 10-10 m).57 Furthermore, the wall-de-excitation rate is inversely
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proportional to the reactor radius R squared:49,50

rwall =
µ2D

R2
. (4.11)

µ is a function of the accommodation coefficient a, which is the probability of de-
excitation when an excited molecule hits the wall, and can be found in50. The
accommodation coefficient is temperature dependent and is in a pure CO2 en-
vironment determined for ν3 = 1 on quartz to vary between 0.34 and 0.07 for
a temperature range of 300 K to 900 K.49 It is known that the accommodation
coefficient depends on the molecules adsorbed on the surface,58 and likely dif-
fers to some extent for the mixture under study. The resulting pressure and time
dependent wall-de-excitation rates are illustrated as dashed lines in Fig. 4.6.

The effect of spontaneous emission (mechanism 4) scales inversely to pressure,
too, since the probability of reabsorption of the emitted photon before it leaves
the medium increases with increasing number density. Therefore, spontaneous
emission often plays an insignificant role for pressures above 1 mbar.50

When combining mechanisms 1 to 4, there is a non-zero pressure at which the
total relaxation rate of ν3 state densities is minimum and appears to be almost
pressure invariant. In similar reactors, this minimum was found to be located
around 1 mbar for pure CO2 gas,35,49,50 and also from Fig. 4.6 it can be seen that
for measurements at 1.3 mbar the relaxation rate for wall de-excitation is close to
the T3 decay rate. Since densities Nν3=0 and Nν3=1 scale linearly with pressure,
one would expect from Eq. (4.8) that around this point the rate of T3 decay is
pressure dependent. However, the acquired decay rates seem to be invariant for
pressure, which would correspond better to mechanisms 1 and 2 only, questioning
the significance of wall de-excitation.

Furthermore, the rates of mechanism 5 and 6 depend strongly on the composi-
tion of the gas. The gas composition under study varies significantly for different
pressures and currents:

• CO: the fraction [CO]
[CO2]

(
= α

1−α

)
varies between 0.05–0.22, and will in Sec-

tion 4.4.3 be shown to be dependent on current, but not so much on pres-
sure.

• O2: following dissociation reaction in Eq. (4.2), the O2 concentration is up
to half of the concentration of CO, depending on the formation of atomic
oxygen.

• Atomic oxygen: reported for a similar, but continuous discharge, to vary for
different currents and likely to scale inversely with pressure.59 The lifetime
of atomic oxygen (>1 ms) is generally longer than the T3 decay times.
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O2 is known not to influence the vibrational relaxation too much.30 CO, on the
other hand, contributes through near-resonant collisions (mechanism 5). This
is generally a very fast mechanism,49,53 but works also the other way around.
Therefore, with TCO somewhat elevated above T3 it is expected that a high CO
concentration reduces the overal T3 relaxation rate.

Atomic oxygen, on the other hand, is shown to have a strong quenching effect
on ν3.55,56 It is claimed that in a CO2 laser a concentration of 1% O can contribute
as much to the relaxation as the other species present.30

Nonetheless, from Fig. 4.6 none of the composition or pressure effects could be
identified. We can conclude that in the conditions under study the rotational (or
gas) temperature is the most decisive parameter on the exponential decay rate of
T3. To continue the study of the underlying mechanisms, additional research is
necessary on the concentrations of atomic oxygen. The data should thereafter be
compared to numerical work which includes interactions between CO2, CO, O2,
and O, and wall de-excitation, e.g. a continuation of the model in11.

4.4.2 T3 elevation in the active discharge

This section is concerned with effect of the discharge conditions on the elevation of
T3 over Trot. In38 it was already shown that during the active part of the discharge,
the elevation of T3 is also strongly dependent on the rotational temperature. For
the analysis in this section it is assumed that the relaxation in the afterglow is
representative for the relaxation during the active discharge, with the addition of
current dependent de-excitation by electron collisions.26,35

To distinguish between pressure, and current related effects, the difference of
T3 and Trot is plotted versus Trot in Fig. 4.7 for a constant pressure of 6.7 mbar and
in Fig. 4.8 for a constant current of 40 mA. The first millisecond of the discharge
is represented by open symbols to be able to easily recognize the initial period of
rapid T3 increase. The trends in both graphs are representative for other currents
and pressures.

Both figures show shapes that resemble Fig. 8(c) in38, while a similar trend
has been observed for increased temperatures in numerical work on a microwave
discharge.5 None of the lines in Figs. 4.7 and 4.8 overlap, indicating excitation
effects which are related to current or pressure.

Current related effects

In Fig. 4.7 it can be seen that raising the current results in an increased T3 for a
constant Trot. If the current increases, the energy input in the plasma increases,
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Figure 4.7: The difference between T3 and Trot as a function of Trot, during the active
discharge at a pressure of 6.7 mbar. The experiments are color coded on current, while
the single pulse measurement without CO from38 is added in gray. The first 1 ms of the
discharge is displayed in open symbols to mark a typical initiation time for reaching an
equilibrium between vibrational excitation and de-excitation reactions.
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reaching an equilibrium between vibrational excitation and de-excitation reactions.
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resulting in more vibrational excitation. The reduced electric field decreases only
slightly and is therefore likely to have hardly any effect on T3.

Another aspect to keep in mind is the changing molecular composition with
changing current. It will be shown in Section 4.4.3 that the conversion of CO2

to CO is proportional to the plasma current. The vibrational mode of CO is near-
resonant to ν3, hence a collision of vibrationally excited CO with CO2 may result
in energy transfer to ν3.25 The presence of CO has been shown to potentially have
a significant effect on the excitation in the reactor under study:38 the T3 profile of
an experiment at 6.7 mbar and 50 mA, but with increased plasma-off time and gas
flow is added in gray to Fig. 4.7. In this ‘single pulse’ measurement, the reactor is
depleted between plasma pulses from almost all CO. The data points lie between
those of the experiments at 20 mA and 30 mA, which indicates that the actual
effect of current on T3 can be quite smaller than apparent from the figure.

Furthermore, it has been shown in mixtures of CO2 and He that when the dis-
charge current keeps increasing, vibrational de-excitation by electron collisions
become more and more important, up to a point where further raising the current
does not lead to additional excitation of ν3.26,35 This would be apparent from the
data if at a constant Trot the asymmetric stretch temperature starts leveling off
with increasing current. However, this cannot be inspected due to the varying CO
fraction.

Pressure related effects

In Fig. 4.8, a clear increase in T3 is visible for decreasing pressure. From Sec-
tion 4.4.1 it was concluded that the decay rate is independent of pressure in the
conditions under study, while all measurements displayed have a similar [CO]

[CO2] ra-
tio of ∼0.18, hence any near-resonant excitation by CO is comparable between
measurements. Therefore, the increase in T3 must be related to a vibrational stim-
ulation that is directly linked to a pressure decrease.

When the pressure decreases, the reduced electric field increases, leading to a
larger drift velocity, which requires a lower electron density to keep a constant cur-
rent. However, molecular number densities drop faster than the electron density,
raising the degree of ionization. Consequently, there are relatively more elec-
tron collisions per molecule to excite ν3, resulting in an increased T3 elevation.
Comparison to a numeric model is required to gain additional insight into the
underlying mechanisms.
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4.4.3 CO2 conversion

In this last section, the conversion of CO2 to CO is discussed and compared to
plasma properties, such as the current, pressure, and elevation of T3 over Trot.
From literature it is known that especially the latter is an important factor for vi-
brational ladder climbing to play a significant role in the dissociation of CO2.2,3,60,61

In the conditions under study the elevation of T3 is strongly correlated to either
pressure or current, and is difficult to study separately from these parameters. As
shown in Fig. 4.5, at discharge initiation the T3 elevation is more correlated to
plasma current. For the remainder of the discharge, there is a strong correlation
between pressure and T3 elevation.

With these relations in mind, the analysis is started with Fig. 4.9, where the con-
version factors for all conditions studied with FTIR are plotted versus the current
during the discharge. Panels (a) to (d) represent the same time points as dis-
played in Fig. 4.5: −0.1 ms, 0.7 ms, 4.0 ms, and 6.0 ms. From this graph it can be
seen that the conversion is strongly correlated to the discharge current, initiating
a weak leveling off for increasing currents, ranging from α = 0.05 to α = 0.17 for
10 mA and 50 mA, respectively. Differences can be observed between pressures,
especially at increased currents, though these cannot be related to either increas-
ing or decreasing pressure and more likely represent the uncertainty in the deter-
mined conversion. Strong fluctuations over time cannot be indicated, either. Since
no consistent relation between pressure and conversion could be identified, there
are no indications for a relation between conversion and the T3 elevation during
the bulk of the discharge. The strong correlation between current and conversion
could indicate that the rapid increase of T3 at discharge initiation encourages con-
version. However, this is hard to confirm, since it was previously shown that the
increased molecular fractions of CO stimulate this same T3 elevation. Moreover,
no increased conversion can be seen at 0.7 ms.

In Fig. 4.10 Raman and FTIR results are compared for the four pressure and
current combinations that were also discussed in Fig. 4.3. The conversion traces
of FTIR are shown. The Raman results, however, fluctuate heavily from time
point to time point due to the challenge of detecting small concentrations of O2

and CO in bulk CO2 at low pressure. This is demonstrated in Fig. 7(c) in39 for
6.7 mbar and 50 mA, while the fluctuation increases even further for decreasing
pressure. Therefore, the mean of all 11 time points is taken and shown as a
dashed horizontal line in Fig. 4.10, together with the 95% confidence interval.
The averages of the FTIR traces are shown as well.

From the figure, the 20 mA experiments agree for both diagnostic techniques
with a conversion factor of α ≈ 0.085, independent of pressure. The 50 mA traces
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Figure 4.9: The CO2 conversion factor α versus the plasma current. Panels (a) to (d)
correspond to the same time points used for the heat maps of Fig. 4.5.

show an increased dissociation, while the apparent difference between the pres-
sures is previously discussed for Fig. 4.9. Furthermore, FTIR experiments present
an increased dissociation over Raman. However, the Raman error bars are large
and for a great deal cover this discrepancy.

Furthermore, the conversion traces are largely flat during the discharge.
Though, within the first 5 ms of the afterglow a conversion peak can be rec-
ognized. Similar peaks are identified for other pressure and current conditions.
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Figure 4.10: The CO2 conversion factor α for four different combinations of pressure and
current. The conditions displayed are those which are studied using both FTIR and Raman
spectroscopy, see Table 4.3. FTIR results are displayed as time-resolved data, while for the
Raman results the mean is depicted as a horizontal line, including the uncertainty therein.
The symbols indicate the mean of the FTIR data.
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Figure 4.11: The CO2 conversion factor α in the afterglow, after a discharge with a current
of 20 mA. The afterglow starts at 5 ms. The experiments are color coded on pressure.
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Their intensity fluctuates for different currents and pressures, though the delay
after plasma termination consistently decreases for increasing pressure, which can
be seen in Fig. 4.11. This graph shows the first 5 ms of the afterglow, directly after
a discharge with a current of 20 mA. It is known that the densities of higher vibra-
tional levels of e.g. N2 can increase rapidly right after plasma termination.62,63 A
similar ν3 excitation could be the cause of these conversion peaks. Unfortunately,
such non-thermal excitation of high levels falls outside the detection limits of the
FTIR and Raman setups, and could therefore not be confirmed. It is suggested
to perform a study to specifically probe the time-resolved density of higher vibra-
tional ν3 states, by employing infrared absorption from rapidly pulsed infrared
lasers.64

4.5 Conclusions

A combined Fourier transform infrared (FTIR) and Raman spectroscopic study is
performed on a pulsed DC glow discharge, with a 5-10 ms on-off duty cycle. The
results of both techniques closely agree. Parameter scans with a pressure between
1.3 mbar to 6.7 mbar and a discharge current between 10 mA and 50 mA resulted
in temperature maps of the evolution of T3, T1,2, and Trot. The following trends
are observed:

• The rotational temperature is found to increase for increasing current and
pressure, respectively due to a higher specific energy input and a slower
diffusion to the reactor wall.

• At the initiation of the plasma pulse, the elevation of T3 above Trot is shown
to be mostly related to current.

• After ∼1 ms the elevation of T3 above Trot seems to be strongly dependent
on pressure, while the plasma reaches a steady state situation.

• When the plasma is turned off, T3 seems to relax fastest at higher pressure.

Consecutive analysis lead to the following conclusions and implications for the
observed development of the temperature maps:

• The exponential decay rate of T3 to Trot is in the afterglow shown to be
mainly dependent on the rotational temperature, agreeing with VT and VV
collisional reactions. An effect of pressure, which e.g. strongly affects wall-
de-excitation, or gas composition could not be recognized.
Implications for the observed development of the temperature maps are: the
apparent pressure dependence of the T3 decay can be fully attributed to the
rotational temperature, which is higher for increased pressure.

• In the active part of the discharge, the plasma current is shown to have
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positive effect on the elevation of T3. Additionally, it is shown that the CO
concentration, which scales with the current, possibly affects T3 through
near-resonant collisions with CO. This makes it difficult to quantify the effect
of increased current.
Implications for the observed development of the temperature maps are: the
increased T3 elevation for larger currents might to some extent be attributed to
the elevated CO fraction.

• It is shown that a pressure decrease results in an increased T3. The degree
of ionization is higher at lower pressure, which is expected to lead to an in-
creased ν3 excitation.
Implications for the observed development of the temperature maps are: the
decreasing elevation of T3 over Trot for increasing pressure results from a com-
bination of ν3 excitation which scales inversely to pressure, and the significant
increase of Trot for higher pressure, which enhances the relaxation of T3.

• The conversion of CO2 is shown to be mostly dependent on current, and not
on pressure. A relation with the increased elevation of T3 over Trot could
not be confirmed. However, conversion peaks are observed in the afterglow,
having delay with respect to plasma termination which is inversely related to
the pressure. A successive study is suggested on the time dependent number
densities of higher vibrational states of ν3 to determine whether vibrational
ladder-climbing in the afterglow is responsible for this dissociation.
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5
Rotational Raman Scattering

on CO2 Plasma Using a Volume
Bragg Grating as a Notch Filter

Abstract: We present a novel approach for filtering Rayleigh scattering and stray light from
Raman scattering in a gas discharge, using a volume Bragg grating as a notch filter. For low
frequency rotational Raman contributions, it is essential to filter out Rayleigh scattering and
stray light at the laser wavelength to be able to measure an undisturbed Raman spectrum.
Using the Bragg grating, having an optical density of 3.1 at the central wavelength of
532 nm and a full width at half maximum of 7 cm-1, we were able to measure a nearly full
rotational CO2 spectrum (1.56 cm-1 peak-to-peak separation). The rotational temperature
in a CO2 discharge was determined with an accuracy of 2%.

Published as: B.L.M. Klarenaar, F. Brehmer, S. Welzel, H.J. van der Meiden, M.C.M. van de Sanden,
and R. Engeln, Rev. Sci. Instrum. 86, 046106 (2015).
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5.1 Introduction

The Raman spectrum of a molecule is specific to the molecule’s symmetry and
chemical bonds. Therefore, Raman spectroscopy is typically used to examine
molecular structures and to determine the composition of a sample. In addition, in
gas and plasma physics the technique is used to measure rotational or vibrational
temperatures and particle number densities.1–3 We use the rotational temperature
as a measure for the translational and thus gas temperature in a dielectric-barrier
discharge (DBD) in undiluted CO2.3

In general, the intensity of the elastically scattered laser light (i.e. Rayleigh
scattering) and stray light is several orders of magnitude higher than that of the
inelastically scattered Raman light. This particularly causes a challenge when
studying pure rotational spectra with frequencies as low as 10 cm-1 (e.g. for N2,
O2, and CO), or even 2.34 cm-1 for CO2.4,5 Hence, in order to prevent saturation
of the camera and distortion of the Raman spectrum it is essential to use an ultra-
narrow-band, steep notch filter to selectively filter out elastically scattered light.

Filtering is commonly done using triple-stage monochromators in which the
laser light is rejected as close as 2–3 cm-1 from the laser wavelength (λL, 532 nm
in this study).6,7 Although the filtered spectral range of these systems is suffi-
ciently small, they are relatively complex to align. Furthermore, when compared
to single-stage monochromators, triple grating systems result in a significantly re-
duced transmission efficiency due to reflection losses and efficiencies of the addi-
tional gratings. A system of two 70% efficient gratings including additional optics
has an efficiency of ca. 40%. An alternative, comprising higher efficiency, is a
physical spectral mask which is positioned directly after a single grating. How-
ever, depending on the width of the mask and the grating’s spectral convolution,
the filter width is limited to approximately 35 cm-1 (≡ 1.0 nm) from λL.3,8,9 Such
a blocked spectral range would cover the first 11 rotational CO2 peaks.

To maintain both, a reasonable optical throughput and the ability to measure
low frequency rotational modes, we use a single monochromator system, contain-
ing a BragGrate™notch filter. Similar filters are used by Tan et al to be able to
study low frequency modes of multilayer graphene in a confocal Raman system.9

The filter is a reflecting volume Bragg grating (VBG) and is specified to block light
with an optical density (OD) of 3-4 with a full width at half maximum (FWHM)
of 5–8 cm-1 (≡ 0.14–0.23 nm).6 The transmission of the filter outside the block-
ing region is 80%.6 The reflected wavelength can be tuned by rotating the filter.
Setting an angle of 6° between the filter normal and the direction of the incoming
light, results in the reflection of 532 nm light, which is the operating wave-length
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Figure 5.1: The experimental setup, including the reactor (for clarity, rotated bij 90° around
the central axis) and the detection branch of the Raman spectrometer (not to scale).

(λL) of the laser (frequency-doubled Nd:YAG, Spectra Physics, Quanta-Ray, GCR-
4). The main draw-back of the VBG filter is the small angular acceptance of less
than 0.1°. Therefore, adequate collimation of the scattered light is a key concern
for the Raman spectrometer.6,7

5.2 Experimental methods

Fig. 5.1 shows the experimental setup that is used here to study Raman spectra
of CO2. The DBD reactor is designed as a parallel-plate configuration to facilitate
optical access, particularly for laser scattering experiments. The quartz tube that
guides the gas flow also serves as the dielectric barrier (1 mm width). The reactor
has an electrode area of 70 mm × 16 mm. The gap width of 3 mm promotes
considerable amounts of stray light from the laser beam.

Furthermore, Fig. 5.1 shows the implementation of the VBG in the detection
arm of the spectrometer. First, the collected light is focused (focal distance f =

50 mm) on a pinhole to spatially filter out light not originating from the focal
point of the laser. The pinhole can be considered as a point source, from which
the light is collimated using a second lens (f = 30 mm). Hereafter, the VBG is
positioned to rejected light at λL. The remaining light is focused (f = 30 mm)
into an optical fiber which is connected to the monochromator (Andor, Shamrock,
SR-303i-A, incl. 2400 lines/mm holographic grating, Andor, SR3-GRT-2400-GH)
after which the signal is detected by an intensified CCD camera (Andor, iStar,
DH734-18U-03). The achromatic lenses are selected in order to use the maximum
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solid angle of detection allowed by the setup (26 msr, 0.18 mrad apex light cone),
while matching the numerical aperture of the monochromator (NA = 1/8). Irises
are used to de-crease the amount of stray light from the reactor.

Since the divergence of the collimated beam is proportional to the width of the
pinhole, a smaller pinhole results in a better collimation and therefore in a higher
attenuation by the notch filter. However, a smaller pinhole will block more light
and therefore the intensity of the measured Raman signal decreases. Hence, con-
sidering signal intensity, a larger pinhole is preferable. The angular behavior of
the VBG characterized using two pinholes of 20 µm and 100 µm, respectively. For
these measurements, the reactor in Fig. 5.1 is replaced by a diffuse reflector, creat-
ing a bright 532 nm light cone in the detection arm. Fig. 5.2(a) shows the resulting
angular dependency on the transmittance of 532 nm light. The maximum atten-
uation is measured to be 0.99983 (OD 3.8) and 0.99926 (OD 3.1) for the 20 µm
(triangles) and 100 µm (circles) pinhole, respectively. Both values agree with the
specifications of OD 3–4 as given by the supplier. As expected, the smaller pinhole
results in a stronger attenuation. Since Raman measurements showed that the at-
tenuation of the 100 µm pinhole suffices for measuring rotational spectra of CO2

in the gas phase, this pinhole is used for the experiments described below. Further-
more, it can be seen that for both pinholes the attenuation rapidly decreases if the
VBG is rotated more than 0.1° from its optimal angle of 6°. This agrees with the
previously mentioned small angle of acceptance and again stresses the importance
of adequate collimation.

The filter profile is characterized using the black-body radiation of a W-ribbon
lamp. The lamp is positioned at the place of the reactor in Fig. 5.1, while using
the 100 µm pinhole. The resulting transmittance profile is shown in Fig. 5.2(b)
and is fitted using a Voigt profile, convolved with the spectral broadening by the
monochromator (Gaussian, FWHM = 2.8 cm-1 ≡ 0.078 nm). The fit is displayed
as a solid line and shows an apparent attenuation of 0.884 (OD 0.9). However,
after deconvolution, the actual filter profile (dashed line) is obtained of which the
attenuation is in agreement with Fig. 5.2(a). A FWHM of 7 cm-1 ≡ 0.20 nm is de-
termined from the deconvolved profile, which agrees well with the specifications.
Hence, at least the first two rotational peaks of CO2 (2.34 cm-1, 5.45 cm-1) cannot
be used in the analysis of the Raman spectra.

5.3 Raman theory and benchmark fit

To benchmark the Raman setup, a measurement is carried out on pure CO2

at a pressure of 1,000 mbar and an ambient temperature of 293 K. A Raman
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Figure 5.2: (a) Angular dependent transmittance of collimated 532 nm light through the
VBG, for two pinholes of different diameter. (b) Filter profile of the VBG on the collimated
light of a W-ribbon lamp. The data is fitted with a Voigt profile convolved with the broaden-
ing caused by the spectrometer (solid). Deconvolving results in the filter profile (dashed).

spectrum is obtained by averaging 4 images composed of 9,000 laser shots each
(18 mJ/pulse, 7 ns/pulse, 10 Hz). The spectrum is presented in Fig. 5.3. At λL
only a small residue remains of the elastically scattered light, preserving nearly
the full rotational spectrum of CO2. As expected, only the first two peaks are
significantly influenced by the VBG filter and are therefore omitted from further
treatment. The spectrum is analyzed using Raman theory as described in1. In
short, when a photon of energy ν̃L = 1/λL induces a Raman transition of a state
with quantum number J to J ′ (= J±2), a photon is emitted with energy ν̃J→J′ :1,5

ν̃J→J′ = ν̃L −

+4B
(
J + 3

2

)
Stokes (J ′ = J + 2)

−4B
(
J − 1

2

)
anti-Stokes (J ′ = J − 2) .

(5.1)

Here, B is the rotational constant for the vibrational ground state (0.3902 cm-1 for
CO2).4,5 When using a vertically polarized laser beam and measuring at an angle
of 90°, the scattering power for a transition PJ→J′ is given by1,4

PJ→J′ = C
2BhcN

(2I + 1)
2
kBTrot

gJ (2J + 1) exp

(
−BhcJ (J + 1)

kBTrot

)
bJ→J′γ2ν̃4

J→J′ ,

(5.2)
where h is Planck’s constant, c the speed of light, kB the Boltzmann constant,
bJ→J′ the Placzek-Teller coefficient,1,4 N the number density of CO2, Trot the ro-
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Figure 5.3: Measured spectrum of Raman scattering on CO2 gas at 293 K, including a
Rayleigh residue at λL. The fit to the spectrum yields 297 K.

tational temperature, and C a scaling constant, containing e.g. laser power and
detection path length. Molecular specific parameters are the nuclear spin quantum
number I (0 for CO2),4,5 the nuclear spin degeneracy gJ (CO2: 1 and 0 for even
and odd values of J , respectively),4,5 and the polarizability anisotropy squared γ2

(6.55×10-80 F2m4 for CO2 at 532 nm incident wavelength, interpolated from 5).

A least square algorithm is used for fitting the CO2 Raman spectrum to the
measured data, while assigning the scaling constant and the rotational gas tem-
perature as fitting parameters. Spectral broadening is added by convolution with
a Gaussian profile of 2.8 cm-1 FWHM (similar to the profile used for deconvolv-
ing the W-ribbon data). The calculated spectrum in Fig. 5.3 yields a rotational
temperature of 297 K, close to the ambient temperature of 293 K. Similar mea-
surements resulted in fits varying from 288 K to 299 K. From these measurements,
the accuracy of the temperature is determined to be 2%.

5.4 Gas heating inside the reactor

As another example, the heating of CO2 gas in the active plasma zone of the DBD
is measured and compared to a heating theory proposed by Eliasson et al.10 A
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Figure 5.4: Gas temperature versus the power dissipated in the plasma.

stationary temperature profile is assumed, while making a balance between the
dissipated power P and the heat extraction by the reactor. Applying Fourier’s law
of heat conduction results in an expression for the gas temperature:3,10

Tg = Twall + ∆Tg = Twall + ac
dgap

κ

P (1− ηdiss)

A
. (5.3)

Here, Twall is the average temperature of the reactor wall, measured with an
IR-camera (FLIR, A320). dgap is the gap distance of 3 mm, A the area of the
electrode of 1,060 mm2, and κ the thermal conductivity in the range of 0.0167–
0.0413 Wm-1K-1 for the relevant temperature range of 300–600 K.11 The cooling
coefficient ac is de-pendent on the geometry of the discharge. The fraction of en-
ergy ηdiss that is used for chemical conversion of CO2 is approximately 5% for the
conditions under study.12

For these measurements, the CO2 flow is regulated between 0.180–1.56 SLM
(standard liter per minute) using a mass flow controller (Bronkhorst, El-Flow F-
201C), while the pressure is set between 200–1,000 mbar with a controlled valve
(Pfeiffer, EVR 116). Flow and pressure were kept constant during the measure-
ments. A power supply (AFS, G10S-500K) in combination with a transformer
supplies a voltage of 22 kVPP at 62.1 kHz to the reactor electrodes, resulting in a
power density in the discharge of 4.8–8.8 Wcm-3. Details on the electrical charac-
terization of the plasma excitation can be found in12.
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The gas temperature with respect to the dissipated power is shown in Fig. 5.4
(circles). The data is fitted using Eq. (5.3) (triangles), resulting in a cooling coeffi-
cient of ac = 0.040± 0.005. The variations in pressure and gas flow (not included
in the calculation) are apparently of reduced importance for the gas heating in the
discharge.

5.5 Conclusions

Summarizing, we designed and benchmarked a Raman spectrometer for measur-
ing low frequency transitions in molecular gases. A single volume Bragg grating
is used for filtering out Rayleigh scattering and stray light, even under conditions
where scattering objects such as reactor walls are in very close proximity. The
spectrometer allows the detection of frequencies as low as 7 cm-1 (≡ 0.20 nm).
We show that with this spectrometer, the rotational gas temperature of CO2 can
be measured in the active plasma zone of a DBD with an accuracy of 2%.
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6
How Dielectric, Metallic and Liquid

Targets Influence the Evolution of Electron
Properties in a Pulsed He Jet Measured by

Thomson and Raman Scattering

Abstract: Thomson scattering using a Bragg grating notch filter is used to determine the
electron properties of a pulsed, kHz-driven, non-thermal atmospheric pressure plasma jet
in helium expanding in air. The plasma jet is allowed to freely expand or interact with tar-
gets with different electrical properties, i.e. glass, copper and water. With the same setup,
Raman scattering is used to determine spatially- and time-resolved the densities and rota-
tional temperatures of oxygen and nitrogen molecules entrained into the jet. Fast imaging
is used to determine the development of the discharge in the plasma jet as well as its be-
haviour in the plasma-target interaction zone. As the discharge approaches the target, the
rise of electron density was followed by the fall of electron temperature. The discharge is
influenced only over a few millimeters before it hits the target. The electron density and
temperature during the spreading of the discharge on the low-permittivity target are mea-
sured to be resp. 2× 1019 m-3 and ∼1 eV. During the return stroke on the high-permittivity
and the metallic target the densities rise with a factor 1.5 resp. 2.2, and the temperature
with a factor 2.5 for both cases. The discharges on the high- and low-permittivity targets
extinguished soon after the initial impact of the ionization front, while the diffuse discharge
on the metallic target extinguished only after the end of the voltage pulse (with a duration
of 1 µs). In the diffuse discharge the electron temperature reaches 3.4 eV, the gas tempera-
ture increases by approximately 100 K and the electron density increases by approximately
a factor three with respect to before its formation.

Submitted as: B.L.M. Klarenaar, O. Guaitella, R. Engeln, and A. Sobota, to Plasma Sources Sci.
Technol.
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6.1 Introduction

Atmospheric pressure plasma jets are intensively studied for a wide variety of ap-
plications from medicine to agriculture to dielectric and metallic surface modifica-
tions. These applications call for a non-thermal plasma usually with gas tempera-
tures near 300 K, a rich oxygen- and nitrogen-based chemistry and a low charge
transfer to the substrate, which is what non-thermal atmospheric pressure plasma
jets provide.

The key common point for those applications is the plasma-target interaction.
There are many open questions such as (i) how are the fundamental plasma prop-
erties, like the electric field and charge density, affected by the different targets
and through which mechanisms; (ii) in the case of liquid targets, how high are
the amounts of charge at the interface and how does that influence the liquid
chemistry; (iii) is any type of target of interest capable of changing the way the
plasma is sustained and through which mechanisms; (iv) is there a shift towards
higher-temperature operation modes of the plasma because of target properties
and through which mechanisms?

Several observations of the influence of the target on the plasma interacting
with it have been made for non-thermal atmospheric pressure plasmas.1–4 A metal-
lic target and mouse skin cause the generation of similar reactive species.5 The tar-
get influences the abundance of OH in the discharge, where the OH concentration
is higher when the discharge interacts with skin, liquid or metal when compared to
a freely expanding jet.6,7 The presence of a target also increases the He metastable
density.8,9 When interacting with low-permittivity targets surface ionization waves
are initiated and their speed, morphology, radius of spreading and surface charg-
ing depend on the electrical properties of the target.10–14 High-permittivity and
metallic targets can induce a return stroke (also referred to as restrike, rebound,
reflected ionization wave or backwards ionization wave) instead.11,15–19 Finally,
a formation of a subsequent diffuse discharge was observed on metallic targets,
classified as glow-like.8,18

Electron properties are important in discharge development and in the process
of sustaining a plasma. While the determination of the chemical composition and
pathways in the complex oxygen- and nitrogen- based chemistry of atmospheric
pressure discharges is frequently researched, there are only a handful of measure-
ments of the electron properties in freely expanding atmospheric pressure plasma
jets.20–25 The experimental data on electron properties when a plasma jet inter-
acts with a target is scarce.26 The data from numerical simulations show that the
influence of the electrical properties of different targets on the plasma is signifi-
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cant2,11,12,17,19,27–30 and therefore well worth studying experimentally.
Furthermore, the mixing of helium flow with the surrounding atmosphere in

atmospheric pressure plasma jets is essential for the production of reactive oxygen
and nitrogen species (RONS) and is therefore of primary importance, especially for
biomedical applications.31,32 However, only a few studies report on the proportion
of air entrained in a plasma jet. Schlieren imaging is often used to visualize the
structure of the gas flow but this technique, sensitive to the gradient of refrac-
tive index, does not provide quantitative data on gas composition. Laser induced
fluorescence (LIF) on OH has been used to determine the gas composition based
on the quenching of the excited electronic state and the vibrational relaxation
rate.7,33 Using a picosecond laser, the measurement of the quenching rate of two
photon LIF of O atoms in the excited state O(3p 3P1,2,0) becomes feasible and the
gas composition can be calculated.34 The direct probing of N2 and O2 densities is
reported on in this work and in.35

In this work we study the electron properties and the admixing of air in a
pulsed, kHz-driven non-thermal atmospheric pressure plasma jet in helium, while
freely expanding or interacting with targets of different electrical properties: glass,
water and copper. The aim was to examine the way in which the target influences
the electron properties. We provide the values for electron density and temper-
ature time- and spatially-resolved as the discharge approaches the target and as
it interacts with the target. The electron properties during the spreading of the
discharge on the low-permittivity target are obtained, as well as during the return
stroke on the high-permittivity and the metallic target. The long-lasting diffuse
discharge is characterized in the same manner.

Gas and electron properties are acquired through combined Raman and Thom-
son scattering measurements from a scattering setup which has been designed
to perform rotational Raman scattering in e.g. a dielectric-barrier discharge36

and glow discharge.37 The volume Bragg grating that was introduced as an ultra-
narrow-band filter to reject Rayleigh and stray light proofs to be effective for the
acquisition of near-distortion-free Thomson signal as well.

6.2 Experimental methods

6.2.1 Jet and scattering setup

The Helium jet under study is schematically shown in Fig. 6.1(a). The jet con-
sists of a Pyrex capillary with an inner and outer diameter of 2.5 mm and 4 mm,
respectively. The gas inlet (0.8 mm and 1.6 mm, inner and outer diameter, respec-
tively) is located in the center of the capillary and functions also as the charged



128 Chapter 6. Target Influence on a Jet, Studied with Thomson and Raman Scattering

Table 6.1: Targets used in experiments.

Dissipated energy per pulse
Relative when 10 mm away from

Material permittivity the jet (10-6 J)39

glass 4 70
demineralized water 80 70
copper (floating) 110

electrode. An electrode ring with a width of 3 mm is fastened around the capil-
lary, 5 mm from the end of the charged electrode and 20 mm from the exit of the
capillary, and is grounded through a 1 kΩ resistor. The jet in use is described in
more detail in10,38.

The jet is powered by unipolar (positive) pulses at 5 kHz repetition frequency,
1 µs in duration, 100 ns rise time and 6 kV in amplitude. One ionization wave
(also known as a guided streamer or plasma bullet) is formed and expelled into
the room atmosphere in each voltage pulse, without the appearance of microdis-
charges.

The flow of He gas of 5.0 purity at 1500 SCCM was used throughout the experi-
ment. The gas line consisted of stainless steel only. The jet was operated vertically,
pointing downwards.

The measurements were performed with the jet freely expanding in room air
as well as while impinging on three different targets. The targets (Table 6.1) were
placed 10 mm away from the exit of the capillary, on a plastic support without
contact with conductors. The demineralized water was in a standard 35 mm Petri
dish filled to the top, while the copper target was on floating potential.

The jet is placed in the laser setup as shown in Fig. 6.1(b). The exit of the cap-
illary is positioned just above the focal point of a Nd:YAG laser (Spectra Physics,
Quanta-Ray, Lab-190-100), operating at 100 Hz with 140 mJ per pulse at a fre-
quency doubled wavelength of 532 nm. The jet can be translated freely in all
directions to tune the distance from the nozzle at which the ionization wave is
probed by the laser. The focal point of the laser is matched with the center of the
jet by translating the jet horizontally until the lowest scattering signal is found,
hence the least amount of air mixing.

The scattered light is collected at an angle of 90o with respect to the beam di-
rection and its vertical polarization. The Rayleigh scattered light is removed from
the signal by collimating the light and passing it through a volume Bragg grating
(OptiGrate, BragGrate, BNF-532-OD4-12.5M), which reflects the laser wavelength
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Figure 6.1: (a) A schematic cross section of the plasma jet under study (to scale). The
capillary is made from Pyrex, and the metal outer electrode ring is grounded through a
1 kΩ resistor. (b) The laser scattering setup, including the plasma jet. The laser is focused
on the central axis of the jet, which, for clarity, is rotated 90o around the central axis of
the laser beam. The scattered light is then collected perpendicular to both the laser beam
and the flowing direction of the jet. Rayleigh scattered light is rejected by the notch filter,
after which the remaining scattering signal is detected by a spectrometer-intensified camera
(ICCD) combination. A second ICCD is used to image the jet and inspect the timing between
the laser pulse plasma bullet. (b) The 100 Hz laser clock is used to trigger the intensifiers
of both cameras and to synchronize the 5 kHz power supply of the jet.
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with full-width at half-maximum (FWHM) of 0.20 nm ≡ 7 cm-1.36 The remaining
Raman and Thomson scattered light is then focused into the spectrometer (Jobin-
Yvon, HR 640) which is equipped with a 1200 l/mm grating (Horiba, 530 24
Holographic Grating, blazed at 500 nm). The light is then recorded with an inten-
sified camera (ICCD), resulting in a scattering spectrum with a frequency range of
510 cm-1 and a resolution of 0.398 cm-1. The spectrum is convolved with a Voigt
shaped machine broadening with a FWHM of 2.82 cm-1, having an equal Gaussian
and Lorentzian contribution. The laser setup is discussed in more detail in.37

The laser and plasma are synchronised by using the 100 Hz laser clock to trigger
a burst of 50 plasma ionization waves with an interval of 200 µs, see Fig. 6.1(c).
The laser clock is further used to trigger the intensifier of the spectrometer-ICCD
combination with a gate time of 70 ns, which is long enough to catch the full
laser pulse, and short enough to reject spontaneous plasma emission. In addition,
a second ICCD is gated for 10 ns to monitor the timing between laser pulse and
ionization wave, see Fig. 6.1(b). The timing between both can be adjusted as
desired by varying the delay between the laser trigger and the power supply of the
jet.

The spatial resolution in the scattering experiments is maximum 100 × 100 ×
100 µm3. The focal point of the laser is constantly monitored with a camera and
never increases above a diameter of 100 µm, while the lens imaging the focal
point into the fiber is positioned in a way that a laser path length of approximately
100 µm is imaged on the fibre core. During the passing of the laser pulse the
ionization wave travels a distance of approximately 2.5 mm.

6.2.2 Time and spatial series

A distinction is made between two types of measurement series: a spatial and a
time series. In the spatial series, the head of the ionization wave was followed
with the laser, making sure the beam was synchronized with the most intense
(emission) part of the ionization wave. The positions measured when using a
target were 1.2, 3.2, 5.2, 7.2, and 8.7 mm from the capillary exit, while without
target 8.7 mm was omitted, while 9.2 mm and 11.2 mm were added.

For the time series, the distance between capillary and laser was kept constant
at 8.7 mm, 1.3 mm above the target surface. The position of the ionization wave
was varied by adjusting the delay between the laser and the jet power supply,
defining 0 ns when the ionization wave makes initial contact with the target. The
timings measured during this series were −20, −10, 0, 10, 20, 30, 50, 80, and
130 ns. Four additional measurements were performed for the copper target, at
230, 530, 830, and 1330 ns. The motivation of these extra measurements was the
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Table 6.2: List of fitting parameters, including symbol, description, and guess value.

Symbol Description Initial value

Trot Rotational temperature 300 K
NN2

Number density of N2 1023 m-3

NO2
Number density of O2 1023 m-3

Te Electron temperature 2 eV
Ne Electron density 1020 m-3

appearance of a long-lasting diffuse discharge above the copper surface, which
was not observed for other targets.

The exact timing of the generation of the ionization wave with respect to the
start of the voltage pulse was susceptible to jitter and it took time for the system
to become stable within a few ns. Therefore, the timings can contain some er-
ror, which was most explicit for the ‘no target’ situation at −20 ns and −10 ns.
The timings of these two measurement conditions were redetermined by cross-
correlating their position to the positions of the other ionization waves at timings
below 0 ns (it will be shown that at these timings the presence of a target has
negligible effect on the wave). The new timings were determined to be −13.2 ns
and −5.5 ns and these are used in the discussion in the remainder of this work.

6.3 Scattering - analysis of the spectrum

The algorithm that was used for the data analysis was previously introduced
in37 and was initially designed to calculate rotational Raman spectra of several
molecules, including N2 and O2. The algorithm is now extended by adding Thom-
son scattering. The fitting parameters and their initial guesses for the analysis of
this work are listed in Table 6.2.

The equations that are relevant to calculate the rotational Raman spectra are
discussed in detail in37. In the following section, only the equations concerning
Raman intensities are repeated and related to Thomson scattering, as their rela-
tive intensity is crucial when using a Raman scattering calibration to determine
electron densities.

6.3.1 General scattering intensity

The general intensity Ps for a scattering mechanism s is given by

Ps (ν̃) = Cn
∂σs

∂Ω
Ss (ν̃) . (6.1)
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Here, n is the density of the scattering substance, e.g. the density of N2 in a
particular rotational level J or the electron density Ne, and ∂σs

∂Ω is the differential
scattering cross section, depending on the mechanism and the induced transition
(if any). C is a scaling constant defined by the setup and dependent on e.g. the
laser intensity, solid angle of detection and the length of the detection volume. The
scaling constant can be determined using a calibration measurement at known
density n. Ss (ν̃) is the normalized energy dependent shape function.

Rotational Raman scattering

In this work, scattered light is collected perpendicular to both the beam direction
and its linear polarization, while the detection branch does not discriminate be-
tween scattering polarizations. The differential scattering cross section of a pure
rotational Raman transition from initial state J to final state J ′ then reduces to40

∂σJ→J′

∂Ω
=

7

45

π2

ε2
0

γ2bJ→J′ ν̃4
J→J′ . (6.2)

Here, ν̃J→J′ is the energy of the scattered photon, ε0 is the vacuum permittivity,
and bJ→J′ is the Placzek-Teller coefficient as can be found in40–42. The polariz-
ability anisotropy γ is dependent on the molecular species and the incident wave-
length: at 532 nm γ is equal to 12.67×10-41 Fm2 and 7.91×10-41 Fm2 for N2 and
O2, respectively.37,41,43

The shape function for Raman scattering SJ→J′ (ν̃) is a Voigt profile, result-
ing from the convolution of the Lorentzian pressure broadening and Gaussian
Doppler broadening. However, the FWHM of this profile is much smaller than
the additional broadening by the spectrometer of 2.82 cm-1. Therefore, SJ→J′ (ν̃)

is approximated as a Dirac delta function at the scattering energy, δ (ν̃ − ν̃J→J′).

Thomson scattering

When scattered light is collected perpendicular to the polarization of the laser, the
differential cross section of Thomson scattering reduces to the classical electron
radius squared:44–46

∂σT

∂Ω
= r2

e =

(
1

4πε0

e2

mec2

)2

=
(
2.818× 10−15

)2
m2. (6.3)

Here, e is the elementary charge, me is the mass of the electron, and c is the speed
of light.
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The shape function for Thomson scattering ST is dependent on the angle be-
tween the incoming and scattered photon. Accordingly, the geometry of the laser
setup is taken into account for the equations to follow. Additionally, the possibil-
ity of coherent Thomson scattering should be considered. If scattering parameter
α = λL√

8πλD
� 1, that is if the laser wavelength λL is much smaller than the Debye

length λD, the scattering is incoherent.44–46 This condition is met for the discharge
under study, where the maximum electron density of 1020 m-3 and typical electron
temperature of 2 eV result in α = 0.06.
ST reduces then to the classical Gaussian shaped Doppler profile:44–46

ST (ν̃) =
1√
πsT

exp

(
−∆ν̃2

sT
2

)
, (6.4)

where ∆ν̃ is the energy difference between incident and scattered photon and sT

is the 1/e width, which is dependent on the electron temperature Te:

sT =

√
4kBTe

mec2
ν̃L. (6.5)

kB is the Boltzmann constant and ν̃L = 1/λL is the energy of the incident photon
of wavelength λL.

Combined scattering

The combined spectrum of rotational Raman scattering and Thomson scattering
is now obtained by adding up all individual spectra and convolving the result
with the broadening of the spectrometer. This machine function is previously
introduced to be a Voigt profile with a FWHM of 2.82 cm-1.

The spectra of both scattering forms can now be calculated proportionally. Scal-
ing constantC in Eq. (6.1) is determined by a calibration measurement on ambient
air, and therefore absolute number densities of molecules and free electrons are
obtained from the data.

6.3.2 Analysis of a spectrum

Two measured spectra from the time series are shown as example measurements
in Fig. 6.2, (a) without a target at 0 ns, and (b) with copper at 1330 ns. The scat-
tering intensity is normalized to the maximum intensity of the individual spectra
and plotted versus the energy shift (bottom axis) and laser wavelength (top axis).
The data is represented by dots, superimposed by the best fit as a solid black line.
The corresponding parameters are listed on the left side. The individual contribu-
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tions to the fit by Raman scattering on N2 and O2, and Thomson scattering, are
plotted as well.

In panel (a), the fit matches both the Stokes and anti-Stokes side well. Data
points in gray are omitted from the fit as these positions are sensitive to deforma-
tion by the notch filter. N2 and O2 describe every peak in the included data, leaving
no evidence for a significant concentration of a third Raman active species. Thom-
son scattering provides a broad Gaussian shape that in range covers the majority
of the Raman peaks.

In panel (b), only the anti-Stokes side is fitted. When with a copper target
after 130 ns a stable diffuse discharge forms, the electron density increases sig-
nificantly, while emission peaks start appearing at the Stokes side of the spec-
trum. The extrapolation of the fitted curve still largely agrees with the Stokes
data, but the emission peaks are clearly exceeding calculations at e.g. 65 cm-1 and
180 cm-1. The peaks are not located symmetrically around the laser wavelength,
hence they do not originate from a Raman process. Furthermore, the emission is
strong enough during the short gating time of the intensifier (70 ns) to be detected,
while it is found that the peaks almost fully disappear when the measurement is
repeated without laser. This suggests that the signal is a result from laser-induced
fluorescence (LIF). The peaks show no evidence of rotational structure and must
therefore be emitted by mono-atomic species, likely N or O, but could not be iden-
tified further. The complete time-series with the copper target is fitted only at the
anti-Stokes side, preventing the proposed LIF signal to affect the outcome, since
no significant emission peaks can be detected for wavelengths below 532 nm.

Furthermore, both panels show the presence of two peaks that are symmetri-
cally positioned around the laser wavelength at ±7 cm-1, largely attenuated by the
notch filter. These Rayleigh satellites are found for every measurement at times
larger than 0 ns. To further illustrate this, Fig. 6.3 shows a zoom-in of all measure-
ments in the time series, having water as a target. The spectra are normalized to
the highest intensity in the displayed frequency range, while two dashed vertical
lines are drawn at ±7 cm-1 as a guide to the eye.

The Stokes–anti-Stokes symmetry of the peaks suggests Raman scattering,
though likely not of conventional rotational Raman: the small wavenumber shift
implies that the mass of the molecule exceeds that of N2 or O2.

It is more likely that these Rayleigh satellites have a similar origin as the
Rayleigh satellites of O2, which can be seen in Fig. 6.3 from the O2 part of the
fit at 0 ns. These satellites result from the non-zero total spin of O2 (S = 1), which
splits the rotational levels into triplets (= 2S+1).47–49 Raman transitions between
these levels can occur without an additional change in rotational level. For O2,
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Figure 6.3: A zoom-in of all measurements during the time series with water as a target.
The intensity is normalized to the maximum in the frequency range under display. The
locations of Rayleigh satellites are approximated by dashed vertical lines. The O2 part of
the fit at 0 ns is plotted as well.

these transitions have an energy of ±2 cm-1, which falls well within the profile of
the notch filter (FWHM = 7 cm-1), hence their absence in the data. However, e.g.
ions with larger total spins or larger splitting of the rotational levels might result in
the Rayleigh satellites at 7 cm-1. Still, further disturbances of this phenomenon to
the Raman spectra could not be identified, and therefore the spectra are analyzed
as being unperturbed.

6.3.3 Uncertainties in the fitted parameters

The uncertainties in the fitted parameters that are used in this work result from
the Matlab function nlparci, which determines the 95% confidence intervals for
a nonlinear least squares fit by using the Jacobian. The error bars in the figures to
follow therefore represent more the interval on which the used algorithm matches
the recorded data than the actual deviation of the fitting results from reality. The
latter is generally very difficult to determine, hence it is custom to use the fitting
uncertainties as explained.
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Although the error bars indicate for a great deal the uncertainty with which
the according parameters are determined, extra errors play a role which can be
different for different parameters. The most apparent example is the error that
is involved with the number density/intensity calibration of the spectrum on am-
bient air, together with any variations in laser intensity during a measurement or
in between measurements. Although the laser intensity is constantly monitored
and corrected for, any intensity errors that are introduced are not recognized by
the nlparci method and are very difficult to quantify using a different method.
Uncertainties in the number densities of N2, O2 or electron densities are therefore
likely to be somewhat larger than displayed. On the other hand, as these intro-
duced errors only influence the absolute intensity of a spectrum, the ratio between
the number densities is not affected.

Furthermore, a large Thomson scattering intensity compared to the Raman in-
tensity results in decreased accuracy in the rotational temperature. The Thomson
signal is fitted as Gaussian (convolved with the Voigt spectral broadening profile),
which is likely to be not completely accurate, e.g. due to the electron energies
not being fully Boltzmann distributed. This results in a (wavelength dependent)
offset for the Raman signal. For example, in Fig. 6.2(b) it can be seen that around
−150 cm-1 the fit slightly underestimates the data, resulting in likely too largely
fitted Raman intensities for increasing rotational level J , overestimating the tem-
perature. These errors are not fully captured in the nlparci method.

6.4 Results and comparison to existing work

6.4.1 Imaging - the return stroke and its dependency on the target

Fig. 6.4 shows the development of the discharge after it left the capillary and as
it approached the target. The exposure time was 10 ns. The targets were placed
at 10 mm from the end of the capillary. The moment 0 ns is determined when the
ionization wave has reached the target or the 10 mm mark in the reference case
without the target present. The visible length of a plasma plume without a target
present when observed by the naked eye is several cm,39 however in this work we
did not focus on the distance beyond 10 mm.

In the case of the glass target the discharge timing and behaviour was identical
to the reference without the target until the impact of the ionization wave on
the glass surface. After impact, the spreading of the discharge on the surface
was observed, similar to the behaviour described previously.10 The discharge was
visible on the target 130 ns after the initial impact.
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The demineralized water target was neither in contact with nor near metal sur-
faces, yet it has significantly influenced the behaviour of the discharge. After the
initial phase where the ionization wave approached the target in a manner similar
to the reference case, approx. 10 ns after initial impact a return stroke developed,
propagating back towards the capillary. The discharge remained cone-shaped and
gradually lost intensity, still being visible 130 ns after the initial impact.

The metallic target was on floating potential. The initial phase where the ion-
ization wave approached the target was similar to the reference case. In less
than 10 ns after the initial impact of the ionization wave on the target a return
stroke developed. This discharge also assumed a conical shape until approximately
130 ns after the initial impact, when it started travelling back towards the metal
surface, shaped once again like a plasma bullet. After it has again reached the
copper surface, the plasma was sustained at the copper surface for most of the
remainder of the voltage pulse (1 µs). Our imaging measurements did not go
beyond 530 ns after the initial impact.

6.4.2 Electron density and temperature

Fig. 6.5 shows electron properties near the head of the discharge as it was prop-
agating towards the target (left) as well as the evolution of electron properties in
time, as the discharge approached the target, impacted on it and how it behaved
afterwards (right). For all three targets, at the exit of the capillary the electron
density was 0.1 × 1019 m-3 and the electron temperature was 3.0 eV. The targets
made a difference in electron density just within the 3 mm above the target.

Just above the target surface, the electron temperature was the highest as the
ionization wave approached the target, at time −10 ns, as this is when the laser
beam intersected with the head of the discharge or just in front of it. The tem-
peratures at this point in time have larger errors due to a relatively low electron
density, making the Thomson profile rather flat. Afterwards the electron temper-
ature stayed constant for approximately the next 130 ns. This was true for all
targets, despite the absence of detectable emission in the reference case and on
the glass target. The electron density showed a sharp rise on the target at the time
of impact. Densities were stable afterwards, but at different levels. Results per
target type are given below.

The reference case - freely expanding jet

Electron temperature varied from 3.0 eV down to 1.1 eV in the freely expanding
jet when it travelled from the exit of the capillary beyond the 10 mm mark, and
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Figure 6.5: Rotational temperature, molecular densities of N2 and O2 and their ratio, elec-
tron temperature, and electron density for the spatial and time series. The spatial series
show the properties in the head of the ionization wave as it travels towards the target and
the time series shows the properties of the discharge just above the target, as a function of
time.

the electron density varied from 0.1 × 1019 m-3 to 3.0 × 1019 m-3. At the 8.7 mm
mark the electron temperature was approximately 1 eV, and the electron density
stabilized at 2× 1019 m-3.

The values in this study can be compared to other experimental work using
Thomson scattering on He jets, pulse-driven in the kHz range. As the discharge
traveled away from the capillary the electron temperature in this work was falling
slightly, reproducing the measurements from21,22 and simulations from17. The
electron density rose as the discharge travelled away from the capillary, with the
electron temperature falling. The maximum electron density from the cited ex-
perimental works was 1.75×1019 m-3. However, while our measured electron
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temperature dropped from 3 eV at the capillary to 1.4 eV 10 mm away, the exper-
imental works cited above showed the maximum electron temperature of 2.5 eV
and 1.6 eV, respectively, and the minimum of 0.2 eV and 0.1 eV, respectively. The
numerical study showed much higher electron temperatures, falling from 8 eV to
5 eV. The cause for the difference between our work and the simulations might
be in the spatial resolution, which is much higher in simulations. Somewhat more
spatially and time integrated results from the experiments have a contribution
from the lower-energy electron population as well.

The comparison is possible between the pulse-driven jet in this work and the
same jet driven in AC at 30 kHz and at 2 kV amplitude.50 The AC-driven jet exhib-
ited the same overall behaviour of the electron densities, but they were estimated
to be one order of magnitude lower. As there are no previous comparisons between
AC and pulsed-driven jets in the same jet geometry and other parameters such as
gas flow, we refer to velocity measurements in AC and pulsed jets, where it has
been shown that the ionization waves in freely expanding AC jets are 5 times to an
order of magnitude slower than those in pulsed jets,15,51–55 suggesting a possible
correlation with electron density. The electric fields in the same jet configuration
in the AC and the pulsed case, are, however, similar.39,56

The effect of the rising electron density as the discharge got further away from
the capillary was probably caused by the constricting of the discharge as it travels
away from the capillary, also affecting the electric field in the head of the dis-
charge, as already described.50,56 This trend was obtained in simulations as well,
for example in the case without direct interaction with the target in17. The elec-
tron densities that were obtained there were, however, an order of magnitude
lower than in this work.

Glass

As the discharge was approaching the target, its properties were very similar to
the ones of the freely expanding jet. The electron density rose from 0.1×1019 m-3

to 3.1× 1019 m-3 and the electron temperature varied from 3.0 eV down to 1.8 eV
as the ionization wave approached the target. At impact the electron density and
temperature were measured at 3.7 × 1019 m-3 and 2.1 eV, to then stabilize at
2.4× 1019 m-3 and the electron temperature dropped to 1.2 eV.

To our knowledge, there are no measurements of electron properties in a pulsed
kHz He plasma jet with which the results of this work can be compared. A sim-
ulation study focusing on the influence of different targets on the properties of
the plasma jet11 put the accent on the plasma parameters at the moment of im-
pact of the discharge on the target and the subsequent effects on the target. In
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the case of a low-permittivity target with εr = 5, relevant for the measurements
on glass, shortly after the moment of impact the electron density was approx-
imately 2 × 1019 m-3 and the electron temperature was 5.3 eV near the target
surface. The measurements and the simulation show a very good agreement.
The low-permittivity dielectric target has little influence on electron properties
of the jet before impact. The surface ionization waves that formed subsequently
have been previously discussed in terms of morphology and the associated electric
field.10,57–59

Water

The measured electron densities were rising as the discharge was approaching the
target, starting from 0.1 × 1019 m-3 at the capillary to 4.4 × 1019 m-3 near the
target, which is also reflected in electric field values.60 The electron temperature
was approximately constant at 3 eV. During the return stroke the values were
4.2×1019 m-3 and 2.5 eV. After the initial impact and during the return stroke the
values were stable at 3.5× 1019 m-3 and 2 eV.

Again, to our knowledge, there is no experimental data with which the results
in this work can be directly compared. Recently work was published on Thomson
scattering in a dielectric-barrier discharge over water, operated at reduced pres-
sure.61 The values for electron temperatures were comparable to the ones shown
here, but the electron density was one order of magnitude larger. However, as
that work was performed at reduced pressure, it is likely that the concentration of
water in gas was significant, affecting electron properties.

The numerical study on the behaviour of the plasma jet with liquid-covered
biological tissue17 showed that the electron density was rising as the discharge
approached the target, from 0.1 × 1019 m-3 to 1.0 × 1019 m-3. The electron tem-
perature was constant at about 9 eV.

The development of the return stroke was obtained in the simulations as well,11

with the electron density at 2×1019 m-3 and electron temperature at 6.3 eV as the
discharge impacted the target and the return stroke developed. Our results show
a stabilized electron density at 3.5× 1019 m-3 and electron temperature at 2 eV.

It is clear that both the discharge behaviour (the return stroke and the estab-
lishment of a conductive channel) and the trends of electron properties in this
work are very well reproduced in numerical studies. Like for the other targets, the
electron densities in this work are somewhat higher and the electron temperature
somewhat lower than in the numerical studies, which could very well be caused
by the increased spatial resolution in the numerical work.
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Figure 6.6: Rotational temperature, molecular densities of N2 and O2 and their ratio, elec-
tron temperature, and electron density just above the target, as a function of time, during
the entire voltage pulse.

Copper

Electron temperature was constant at 3 eV as the ionization wave approached the
target, with the electron density varying from 0.1× 1019 m-3 to 6.4× 1019 m-3.

On the target, after the initial drop the electron temperature stabilized at ap-
proximately 2.5 eV and the electron density at 5.5 × 1019 m-3. Fig. 6.6 shows
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electron properties in an extended time frame. The measurements show that a
peak in electron temperature was reached between 200 ns and 300 ns, with the
measurement point being at 230 ns after the initial impact, which is when the
imaging shows the second target-directed discharge in the case of the metallic tar-
get. This peak is at 3.4 eV. Afterwards the electron temperature stabilized at 2.5 eV
and stayed at that value even after the end of the voltage pulse (1 µs). The elec-
tron temperature again dropped below detection limit before the next pulse. The
electron density in the extended time frame showed a maximum at 16× 1019 m-3,
approximately three times as large as the electron density caused by the initial
impact of the discharge on the metallic target.

With a pulsed kHz He jet on a metallic target Tomita et al26 obtained an electron
density of 3 × 1021 m-3 and electron temperature of 2.2 eV. The conditions were
somewhat different than in this work: the target was only 2 mm away, causing
the conductive channel to be much shorter and presumably more conductive. The
numerical work on a metallic target2 was done at reduced pressure. The electron
density at impact was 6× 1020 m-3 and the electron temperature was 28 eV.

The numerical study11 reproduced the return stroke and the long-lasting
charged channel in the space between the capillary and the metallic target. At
the target the electron temperature at impact was at 6.3 eV and the density dur-
ing the return stroke was calculated at 6 × 1019 m-3. The electron temperature
dropped to 3 eV in the charged channel. At the target in the established conduc-
tive channel the density was at 1.7× 1020 m-3. These results agree very well with
the values obtained in this work.

6.4.3 Gas composition and temperature

At the head of the discharge

Fig. 6.5 shows the densities of electronic ground state nitrogen and oxygen mole-
cules as well as their ratio as the discharge travelled towards the target. As ex-
pected, the further from the end of the capillary the measurement was taken, the
more air was entrained in the gas flow. Even though nitrogen densities seem to
differ for different targets, the values still overlap within the error bars. The ratio
of nitrogen and oxygen will therefore be taken to be the same for all targets, but it
is visible from the graph that it deviates from the 78:21 ratio of air. The densities
of neutral nitrogen and oxygen were calculated in the fit of the Raman spectrum
for every measurement, as described in Section 6.3.1. A forced 78:21 fit did result
in a very similar shape, and it is thus difficult to say how accurate the ratio in the
graph in Fig. 6.5 is. It is, however, clear that the results showing a ratio slightly
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lower than 78:21 are consistent throughout the experiment, while measurements
within 4 mm of the capillary exit as well as calibration measurements in open air
consistently resulted in the air ratio of 78:21.

The ratio of molecular nitrogen and oxygen densities deviating from the 78:21
ratio in air has been a topic of discussion in35. There it is suggested that such a
difference indicates vibrational excitation. However, rotational cross sections and
peak positions do not significantly change for higher vibrational levels of N2 or
O2.40,62 Hence, explanations for this bias have to be found elsewhere. To advance
the discussion on this topic, we propose to perform a spatial measurement series
in a helium plume without discharge to identify whether it is a plasma related
effect or it has a purely thermodynamic origin.

The temperature of air at the head of the ionization front rose as the discharge
approached the target and was between 320 K and 370 K for all targets as the
discharge reached the target.

The densities of N2 and O2 in Fig. 6.5 show an increase of the air admixing
into the He flow from 0.1% of the total gas density at 1 mm from the nozzle,
to 1.0% at 9 mm. With larger flow and larger diameter of the capillary, the air
admixtures of ∼0.1% and ∼3% are given at 10 mm from the nozzle respectively
in33 and7. The air admixture profile as a function of distance from the nozzle
obtained here is very similar to the gas composition calculated in56 for the same
configuration from Navier-Stokes and diffusion equations for a He-Air mixture.
However, it corresponds to a lower air content than given in63 for a helium gas jet
with a Reynolds number of 40. With the geometry and gas flow used in this work,
the gas velocity at the nozzle is about 1.4 ms-1 and both the Reynolds number
(Re) and the Froude number (Fr) giving the ratio of momentum flux to buoyancy
flux63,64 are small, being respectively Re ≈ 25 and Fr ≈ 15. The helium flow
in our conditions is therefore expected to be laminar and stable, but with the
buoyancy force not strongly dominated by the imposed gas flow, which is why a
small perturbation induced by the plasma can induce observable modifications of
the flow structure and the gas mixing.

At the target surface

Fig. 6.5 shows that the densities of electronic ground state nitrogen and oxygen
molecules as well as their ratio are close to the same values throughout the entire
time the discharge approaches the target, impacts and forms a new discharge
afterwards. As above, even though nitrogen densities seem to differ for different
targets, the values still overlap within the error bars. In addition, the actual error
in the densities is somewhat bigger than shown as previously discussed, since these
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bars are determined from the Jacobian of the fit. Errors made by e.g. different
laser intensities during measurement and calibration are being corrected for when
preparing the data for the analysis, but are hard to fully eliminate. Ratios between
molecular densities are more reliable as they do not depend on these factors. The
gas temperature is constant until the extinction of the discharge for all targets
except the metallic one. Looking at the graph with the extended time axis, the
gas temperature rises to 460 K as the diffuse stable discharge forms just above the
surface of the copper target.

6.5 Discussion

6.5.1 Return stroke or surface ionization waves

The results from the imaging (section 6.4.1) show that the behaviour of the dis-
charge was significantly influenced by the presence and the type of the target.
The glass target (εr ≈ 4) caused the discharge to spread on the surface, forming
surface ionization waves, after which it extinguished. However, the water target
(εr ≈ 80) caused a return stroke, extinguishing afterwards, and the copper target
caused both the return stroke and the appearance of a diffuse discharge in contact
with the metal until the end of the voltage pulse.

The evolution of the discharge into either a return stroke or a surface ionization
wave was reflected in electron properties at the target. The return stroke was
manifested in higher electron densities and temperatures, while the properties
associated to the discharge forming surface ionization waves were the same as the
properties of the freely expanding jet, within the error bars.

The appearance of the return stroke in ionization waves is known from streamer
discharges65 as well as the formation of glow discharges.66 They were observed
experimentally in plasma jets as well when the discharge was interacting with a
metallic target15,16,18 and with water.67 Simulations have demonstrated that the
appearance of the return stroke is highly dependent on the electrical properties
of the target.11,17,19 Darny et al18 and Viegas et al19 argued in favour of the re-
turn stroke, or multiple return strokes, being caused by the impedance mismatch
between the electrical system with the high voltage electrode at its end, the con-
ductive channel and the target, where the conductive channel has a much larger
impedance than the other two elements. The behaviour of the discharge is conse-
quently strongly influenced by parameters such as the distance of the target and
channel conductivity.

In the numerical study of Norberg et al11 of a helium discharge in air the metal-
lic target caused a return stroke and was able to sustain the discharge for the
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longest time after the initial impact of the ionization wave on the substrate. The
high-permittivity dielectric target (εr = 80) that is relevant for our measurements
using water showed the appearance of the return stroke, but the discharge was not
sustained as long after the initial impact, and the associated electron temperature
and density were lower. This result closely reproduces our experimental obser-
vations, which is clear from Fig. 6.5. High-permittivity and metallic targets thus
promote the return stroke and the formation of a conductive channel.

The glass target, which represents low-permittivity dielectric targets, exhibited
the formation of surface ionization waves and was characterized with the electron
densities 2.5 times lower compared to copper and with lower electron tempera-
ture. The surface ionization waves when this jet is used on a dielectric surface
were observed in previous studies as well,10 and the propagation of the electric
field into the material was measured.57–59,68

In the numerical study11 the low-permittivity dielectric targets (εr = 5 or
εr = 2) gave rise to surface ionization waves and the propagation of the elec-
tric field into the treated material instead of the return stroke. The study showed
a significantly lower electron temperature and density than when using a high-
permittivity or a metallic target, which is also the case in this work.

Another simulation of the interaction of plasma and a dielectric representing a
wound69 has also shown that the electrical properties of the wound, e.g. relative
permittivity and conductivity, significantly affect the spreading of the plasma on
the surface. Wang et al12 showed that even among low-permittivity target mate-
rials (εr between 2 and 10) there was a difference in the effects on the surface
discharge. The spreading was largest and the surface charge density lowest for
the target material with lowest permittivity. The same relationship between the
spreading distance of the surface ionization wave and permittivity was found in13.

The conclusion is that the choice between the appearance of the return stroke
and the surface ionization wave is governed by the electrical properties of the
target. The explanation offered in11 is that the smaller permittivity of the target
results in a smaller RC time constant for charging the surface. Consequently, a
more rapid production of the horizontal component of the electric field occurs
that sustains the surface ionization waves and more rapid depletion of the vertical
electric field. The charge measurements for this jet driven by AC voltage58 indeed
show charging and discharging of the dielectric target as the ionization waves
form on the surface.

On the other hand, in high-permittivity and metallic targets there is no charging
of the surface and the full voltage drop remains across the gap. This causes a larger
electron production rate coefficient, which causes larger electron densities (shown
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in this work and discussed below), allowing for a return stroke and a long-lasting
diffuse discharge at the metallic target. Water acts as a charge sink, resulting in
solvated electrons.70

6.5.2 The diffuse discharge on the copper target

After the return stroke a discharge that was diffuse and stable in time developed
on the copper target. This can be seen after the first 130 ns in the imaging re-
sults in Fig. 6.4. Our measurements of electron properties show that the electron
temperature in this discharge was stable around 2.5–3 eV and the electron density
stabilized at 12× 1019 m-3.

Works8,18 refer to it as glow-like, supported by the fact that in18 the target was
grounded and the current measured through it rose to hundreds of mA. In this
work the metallic target was not in contact with another piece of metal, therefore
also not grounded. Consequently, the current could neither have been measured
nor could it have been supplied in order to sustain a glow discharge. The electron
source for sustaining this discharge could have been partly the secondary elec-
trons caused by ion impact on the copper target. The secondary electron emission
coefficient (γ) is of the order of magnitude of 0.01 for noble gasses on copper.71

6.5.3 Gas mixing and temperature

Studies based on flow visualization techniques such as Schlieren imaging or nu-
merical simulations have reported about the modification of helium flow by atmo-
spheric pressure plasma jets due to either gas heating and/or ion-induced electro-
dynamic force.56,64,72–77 Differences in gas flow structures governed by the polarity
of the applied voltage are in73,74 attributed to the influence of positive and nega-
tive ion drift and the resulting electrodynamic force. However, the increase in gas
velocity due to the lowering of gas density resulting from heating is suggested to
be the dominant cause for flow modification by the plasma in75,76. Their estimate
is based on the heating due to elastic collisions between electrons and neutrals for
values of Ne = 1020 m-3 and Te = 2 eV leading to an increase of gas tempera-
ture of ∆T = 35 K. In64 a similar conclusion is drawn taking into account a ∆T

between 10 K to 30 K at the exit of the capillary.
Despite the large error bars, the gas temperature measured in this work does

show an increase above room temperature. The measured values are 30 K above
room temperature for the free jet and 70 K for the copper target, but with a higher
temperature at 10 mm from the nozzle than at the exit of the capillary (Fig. 6.5).
With the same jet configuration but in an AC-driven jet at 30 kHz we have also
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measured an increase of ∆T of approximately 30 K with a maximum at approx-
imately 8 mm from the capillary.56 One possible cause for the increase of gas
temperature above the copper target is the significantly increased electron density
and during the entire voltage pulse, resulting in an increased energy transfer to
the vibrational excitation of molecules.

The amount of air entrained in the helium flow is constant in time suggesting
that any possible influence of the plasma on the flow structure happens after a
cumulative effect over several periods of the voltage cycle as shown in72,73.

Above water and copper targets the density of air is slightly lower than above
glass or in the free jet at the same distance. A similar lowering of air content
has been observed above water (distilled and saline) and metal targets in7 and
referred to as helium channelling. When the discharge impinges on a conductive
target, depending on the repetition frequency of the power supply and the voltage
polarity, a gas channel with high purity level of helium is extended up to the
target surface because of the ion drag force.73,74 In72 this channelling effect is
also observed, however, for a given distance to the target and a given gas flow, the
impingement of the discharge on the metal surface results in a turbulent wavefront
along the surface. Negative ions have a longer lifetime than positive ions and
a background of negative ions can be achieved in the channel of a plasma jet
impacting on a metal target when the repetition frequency is above 5 kHz as it
has been measured by mass spectrometry in76. However, in this work the voltage
pulse polarity is positive and the copper target induces also higher electron density,
as well as higher electron and gas temperatures than other targets. Therefore the
helium channelling effect could also result from lowering the overall gas density
by the heating resulting from a higher current in the diffuse discharge.

6.5.4 Impact on applications

The consequences for the applications are likely to be significant. Plasma interact-
ing with a low-permittivity dielectric target will not change its properties signifi-
cantly, but it will cause fast ionization waves and charging of the surface, which
is of great importance for research fields that are currently developing, such as
plasma catalysis.78 The charging of the surface can influence the adsorption of
species, and therefore the resulting reactivity, relevant for plasma catalysis.

The interaction of non-thermal atmospheric pressure plasmas with complex tar-
gets is a general issue in the field of plasma medicine. There are large gaps in
knowledge on this topic, starting from the determination of the most important
properties of the target that influence the plasma. Whether the target is living
tissue, model membranes suspended in a solution or bacterial or cell cultures, it
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is still not known in which way they determine the properties of the plasma and
through which mechanisms, whether the electrical properties of the targets are the
only important parameter or not, and consequently how should complex targets
such as tissue be approached in the plasma physics research.

Interaction with water is significant in the field of plasma medicine and in
plasma agriculture.79 This work shows that the presence of water can increase
both the electron density and temperature by a factor two when compared to a
freely expanding jet. The increased density at the water interface might cause a
larger density of solvated electrons, thereby affecting the OH production in the
interface layer in the water.70,79,80

Metallic targets cause the formation of a long-lasting diffuse discharge on the
target surface, accompanied by an order of magnitude larger electron density than
that of a freely expanding jet and an increase of gas temperature by more than
100 K. It is suggested in5 that the interaction with living tissue resembles the
interaction of plasma and metallic surfaces. These results show that the effect of
living tissue on plasma should be studied in a much greater detail to determine
the exact operating parameters usable in plasma medicine.

6.6 Conclusions

This work explores the electron and neutral gas properties in a kHz-driven pulsed
He plasma jet by imaging and Raman and Thomson scattering.

• A volume Bragg grating, which was previously shown to be an suitable fil-
ter to reject Rayleigh scattering for pure rotational Raman measurements,
has been shown here to provide satisfactory rejection for Thomson measure-
ments as well.

Next to a freely expanding jet, the measurements were done using three targets
with different electrical properties - a low-permittivity dielectric (glass), a high-
permittivity dielectric (demineralized water) and a metallic target (copper). Elec-
tron densities and temperatures, as well as temperatures and densities of elec-
tronic ground state nitrogen and oxygen molecules, were obtained spatially- and
time-resolved. The effects of the targets on the plasma were profound. The fol-
lowing conclusions can be drawn:

• When non-thermal plasma jets interact with low-permittivity targets, sur-
face ionization waves are initiated. High-permittivity and metallic targets
cause a return stroke instead. The choice between the two behaviours seems
to depend on the capacitance of the target, and thus the time constant for
charging the surface. It is suggested that low-permittivity targets (glass)
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cause rapid charging of the surface and a fast progression of surface ioniza-
tion waves. The low impedance of the high-permittivity (water) and metallic
targets cause the full voltage drop to remain across the gap, inducing higher
electron production rates, thus a return stroke and in the case of the metallic
target a long-lasting diffuse discharge in addition. The arguments in favour
of this explanation are the measured electron properties above the target sur-
face. The low-permittivity target is associated to lower electron density and
temperature above the target and a shorter lifetime; the high-permittivity
and metallic target produced higher electron densities and temperatures.

• To our knowledge this work brings the first measured electron properties
associated to a pulsed kHz-driven He plasma jet for a variety of conditions:
while impacting on a glass, water or copper surface; during the development
of a surface ionization wave on glass and return stroke on water and metal;
during the long-lasting diffuse discharge on copper. On glass the stabilized
values were 2× 1019 m-3 and 1.2 eV, on water 3.5× 1019 m-3 and 2 eV and
on copper 5.5× 1019 m-3 and 3 eV.

• After the return stroke a diffuse discharge develops on the metallic target
that lasts throughout the duration of the voltage pulse (1 µs) with persisting
high electron density at 11–16×1019 m-3 and temperature at 2.5–3 eV. The
long duration of this discharge is accompanied by a rise in gas temperature
to 400–460 K. Its long duration also indicates that for metallic targets the
local chemistry above the target will be significantly influenced compared to
the freely expanding jet, having consequences on the ‘memory effect’.

• Gas temperature profile shows that gas heating becomes more significant as
the percentage of air grows in the helium flow.

• For most experimental conditions, the [N2] / [O2] ratio consistently indicates
a decreased density of N2 (or an increased O2 density) with respect to the
standard air ratio. Air ratios are only found in calibration measurements in
open air and in the plasma jet, when the ionization wavefront is closer than
4 mm from the capillary opening. If the electron density is below detection
limit, i.e. near the target and before wave impact, the same ratio is found as
during the plasma-target interaction. The underlying mechanism(s) could
not yet be identified and are open for debate.
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[60] V. V. Kovačević, G. B. Sretenović, E. Slikboer, O. Guaitella, A. Sobota, and M. M.
Kuraica, Journal of Physics D: Applied Physics 51, 065202 (2018).

[61] M. S. Simeni, A. Roettgen, V. Petrishchev, K. Frederickson, and I. V. Adamovich,
Plasma Sources Science and Technology 25, 064005 (2016).

[62] L. C. Hoskins, Journal of Chemical Education 52, 568 (1975).
[63] R. P. Satti and A. K. Agrawal, International Journal of Heat and Fluid Flow 27, 336

(2006).
[64] R. D. Whalley and J. L. Walsh, Scientific Reports 6, 31756 (2016).

http://dx.doi.org/10.1039/f19787403008
http://dx.doi.org/10.1039/f19787403008
http://dx.doi.org/10.1039/f19787403008
http://dx.doi.org/10.1016/B978-0-12-638750-6.50008-2
http://dx.doi.org/10.1515/zna-1972-0110
http://dx.doi.org/10.1515/zna-1972-0110
http://dx.doi.org/ 10.1016/0022-2852(69)90350-6
http://dx.doi.org/ 10.1016/0022-2852(69)90350-6
http://dx.doi.org/10.1016/0009-2614(81)85322-5
http://dx.doi.org/10.1063/1.4979310
http://dx.doi.org/10.1063/1.2349475
http://dx.doi.org/10.1109/TPS.2009.2028142
http://dx.doi.org/ 10.1109/TPS.2005.845377
http://dx.doi.org/ 10.1109/TPS.2005.845377
http://dx.doi.org/ 10.1088/0022-3727/47/10/102001
http://dx.doi.org/ 10.1088/0963-0252/24/2/025006
http://dx.doi.org/ 10.1088/0963-0252/25/6/065026
http://dx.doi.org/ 10.1088/0963-0252/25/6/065026
http://dx.doi.org/10.1088/0963-0252/25/3/03LT04
http://dx.doi.org/10.1088/0963-0252/25/3/03LT04
http://dx.doi.org/10.1088/1361-6595/aa53fe
http://dx.doi.org/10.1088/1361-6595/aa53fe
http://dx.doi.org/10.1088/1361-6463/aa9b17
http://dx.doi.org/10.1088/1361-6463/aa9b17
http://dx.doi.org/10.1088/1361-6463/aaa288
http://dx.doi.org/ 10.1088/0963-0252/25/6/064005
http://dx.doi.org/10.1021/ed052p568
http://dx.doi.org/10.1016/j.ijheatfluidflow.2005.10.012
http://dx.doi.org/10.1016/j.ijheatfluidflow.2005.10.012
http://dx.doi.org/10.1038/srep31756


References 155

[65] R. S. Sigmond, Journal of Applied Physics 56, 1355 (1984).
[66] W. J. M. Brok, M. F. Gendre, M. Haverlag, and J. J. A. M. van der Mullen, Journal

of Physics D: Applied Physics 40, 3931 (2007).
[67] Y. Yang, Y. Zhang, Z. Liao, X. Pei, and S. Wu, IEEE Transactions on Radiation and

Plasma Medical Sciences 7311, 1 (2017).
[68] A. Sobota, O. Guaitella, and E. Garcia-Caurel, Journal of Physics D: Applied Physics

46, 372001 (2013).
[69] N. Y. Babaeva, W. Tian, and M. J. Kushner, Journal of Physics D: Applied Physics

47, 235201 (2014).
[70] P. Rumbach, D. M. Bartels, R. M. Sankaran, and D. B. Go, Journal of Physics D:

Applied Physics 48, 424001 (2015).
[71] S. C. Brown, Basic data of plasma physics (The MIT Press, Cambridge, Mas-

sachusetss, 1959).
[72] M. Boselli, V. Colombo, E. Ghedini, M. Gherardi, R. Laurita, A. Liguori, P. Sanibondi,

and A. Stancampiano, Plasma Chemistry and Plasma Processing 34, 853 (2014).
[73] T. Darny, J.-M. Pouvesle, V. Puech, C. Douat, S. Dozias, and E. Robert, Plasma

Sources Science and Technology 26, 045008 (2017).
[74] E. Robert, V. Sarron, T. Darny, D. Riès, S. Dozias, J. Fontane, L. Joly, and J.-M.

Pouvesle, Plasma Sources Science and Technology 23, 012003 (2014).
[75] M. Ghasemi, P. Olszewski, J. W. Bradley, and J. L. Walsh, Journal of Physics D:

Applied Physics 46, 052001 (2013).
[76] J.-S. Oh, O. T. Olabanji, C. Hale, R. Mariani, K. Kontis, and J. W. Bradley, Journal

of Physics D: Applied Physics 44, 155206 (2011).
[77] A. M. Lietz, E. Johnsen, and M. J. Kushner, Applied Physics Letters 111, 114101

(2017).
[78] K. M. Bal, S. Huygh, A. Bogaerts, and E. C. Neyts, Plasma Sources Science and

Technology 27, 024001 (2018).
[79] P. J. Bruggeman, M. J. Kushner, B. R. Locke, J. G. E. Gardeniers, W. G. Graham, D. B.

Graves, R. C. H. M. Hofman-Caris, D. Maric, J. P. Reid, E. Ceriani, D. Fernandez Ri-
vas, J. E. Foster, S. C. Garrick, Y. Gorbanev, S. Hamaguchi, F. Iza, H. Jablonowski,
E. Klimova, J. Kolb, F. Krcma, P. Lukes, Z. Machala, I. Marinov, D. Mariotti, S. Mede-
dovic Thagard, D. Minakata, E. C. Neyts, J. Pawlat, Z. L. Petrovic, R. Pflieger,
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7
General Conclusions

This final chapter serves to summarize the main outcomes and conclusions from this
PhD project. A subdivision is made between the implementation of diagnostics and
the conclusions drawn from subsequent measurements.

Diagnostic techniques

• In Chapter 2 it is demonstrated that Fourier transform infrared (FTIR) spec-
troscopy can be used to in situ measure the spatially averaged develop-
ment of vibrational and rotational temperatures of CO2 and CO in a pulsed
glow discharge. A method of analysis is introduced with which an infrared
transmittance spectrum can be calculated in non-thermal situations where
T1,2 6= T3 6= TCO 6= Trot 6= Tth. T1,2, T3, and TCO are, respectively, the com-
bined temperature of the CO2 symmetric stretch ν1 and bending ν2 vibra-
tional modes, the temperature of the CO2 asymmetric stretch ν3 vibrational
mode, and the vibrational temperature of CO. Trot is the rotational tempera-
ture and Tth is the temperature of a thermal fraction of gas in the line-of-sight
of absorption. It is shown with a reduced chi-squared analysis that the ac-
curacy with which T1,2, T3, and Trot are acquired considerably exceeds the
accuracy of TCO. Other parameters that are acquired from the analysis are
the conversion of CO2 to CO (i.e. the number densities of CO2 and CO) and
the pressure inside the reactor.

• A laser scattering setup is introduced in Chapter 3 which is demonstrated
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to be suitable for performing rotational Raman spectroscopy under the non-
thermal conditions and low pressure regime (mbar range) of a pulsed glow
discharge. A novel method for the essential rejection of Rayleigh scattered
light involves the use of a volume Bragg grating as an ultra-narrow-band
notch filter, which is discussed comprehensively in Chapter 5. Spectra are
recorded in a spatiotemporally resolved way, opening up the possibility of
probing different positions inside the reactor, next to following the temporal
evolution of a discharge.

The method that is introduced to analyze the acquired Raman spectra yields
the rotational temperature Trot, as well as the absolute number densities of
e.g. CO2, CO, O2, and N2, which is possible due to the unique spectral ‘finger-
print’ of each molecule. Furthermore, the analysis provides information on
the vibrational excitation of CO2 through the (odd) vibrationally averaged
nuclear degeneracy. The extent to which this degeneracy exceeds the (calcu-
lated) thermal degeneracy is a measure for the elevation of the vibrational
temperatures above Trot.

• The versatility of the laser setup is further demonstrated by employing it
for Thomson spectroscopy in an expansion of the research field towards a
kHz repetitively pulsed He jet in open air, in Chapter 6. The volume Bragg
grating is shown to effectively reject Rayleigh scattered light in Thomson
spectrometers, yielding Thomson profiles where only a central energy range
of ±15 cm-1 is rejected. The algorithm for the analysis of laser scattering is
further extended to be able to determine absolute electron number densities
and electron temperatures.

Characteristics of discharges

• The typical evolution of temperatures during a CO2 glow discharge pulse
within the operating parameters of 1.3–6.7 mbar and 10–50 mA, is as de-
scribed below. Note that since the residence time of the gas (>0.5 s) is much
longer than the plasma cycle (15 ms), the discharge under study always con-
sists of a mixture of CO2 and its dissociation products from previous pulses.

During the first ∼1 ms of the discharge there is a phase of quick ν3 excita-
tion, increasing T3 for several hundreds of K. Trot only moderately increases
during this period, while T1,2 is elevated over Trot for several tens of K. Dur-
ing the remaining 4 ms of the pulse, Trot stabilizes around a growth of up to
500 K with respect to plasma ignition, still few tens of K exceeded by T1,2. T3
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stabilizes close to the temperature it reached at 1 ms. TCO shows the same
evolution as T3, but exceeding it with up to 500 K. All vibrational tempera-
tures relax to Trot during the subsequent afterglow, while the rotational tem-
perature itself decreases during the full 10 ms period to initial value. At any
time during the cycle, the order of temperatures is TCO ≥ T3 ≥ T1,2 ≥ Trot.
The fraction [CO]

[CO2] ranges from 0.05 to 0.22, depending on the operating
conditions, but is constant during a single plasma cycle.

The quantitative and qualitative evolution of Trot corresponds well for FTIR
and Raman spectroscopy. Furthermore, the odd vibrationally averaged de-
generacy of CO2 as measured with Raman spectroscopy agrees well with
the degeneracy that is expected from the vibrational temperatures that are
determined from FTIR spectroscopy. Hence, both diagnostics support the
obtained temperature development.

• Spatially resolved Raman experiments reveal a homogeneous discharge, in
Chapter 3. Not only Trot is constant over the length of the reactor, but also
the gas composition does not vary significantly. This seems contradictory to
the fact that the feeding gas consists of pure CO2, while from Chapter 2 it
is known that the typical fractional CO2 conversion per discharge pulse is
less than 0.005. It is argued that the homogeneity in gas composition, even
close to the gas inlet, is achieved by gas mixing due to diffusion and due to
expansion and contraction during the plasma cycle.

Furthermore, the gas and temperature homogeneity is of direct significance
for the FTIR analysis, as it confirms the assumption of homogeneity over the
line-of-sight of absorption.

• From Chapters 2 and 4 it is concluded that the exponential decay rate of
T3 to Trot in the afterglow of the discharge is only dependent on Trot, in the
pressure range under study. The rate ρT3−Trot can be well described with
an exponential increase of the form ρT3−Trot = 388 s−1 exp

(
Trot−273 K

154 K

)
. The

decrease does not appear to be dependent on the molecular composition,
which in the conditions under study greatly varies in CO, O2, and (presum-
ably) O concentration. Especially atomic oxygen is known from literature
to be an effective ν3 quencher, hence the comprehension of the apparent
independence would benefit from a continued study on O density.

• The elevation of T3 over Trot during the active part of the discharge is in
Chapter 2 found to be strongly dependent on Trot as well. The evolution
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of T3 for different plasma duty cycles but equal pressure, current, and CO
concentrations can be fully related to the evolution of Trot.

In Chapter 4, T3 elevation is shown to scale with the plasma current, at con-
stant Trot. However, a quantitative relation could not be given as there is a
strong correlation between current and CO concentration: in Chapter 2 it is
shown that CO can stimulate ν3 excitation through near-resonant collisions,
e.g. increasing T3 for 200 K when [CO]

[CO2] = 0.22, at a pressure of 6.7 mbar
and a current of 50 mA.

Furthermore, for constant rotational temperature, plasma current, and CO
fraction, it is shown that T3 is inversely dependent on pressure.

• A relation between the elevation of T3 over Trot and the conversion of CO2

could not be confirmed. In the conditions under study, the conversion is
purely dependent on plasma current, while the T3 elevation varies strongly
for different pressures. However, a pressure and current dependent conver-
sion peak in the near afterglow could be the result of a vibrational ladder-
climbing effect in the afterglow. Similar ladder-climbing effects are known
for N2 plasmas. However, such non-thermal excitation of higher vibrational
levels falls outside the detection limits of the FTIR setup, and therefore a
continued study using rapidly pulsed infrared diode lasers is recommended.

• In Chapter 6, the properties of a kHz pulsed (6 kV) He plasma jet are
demonstrated to be affected by a target, positioned 1 cm away from the
capillary exit, as follows. A low-permittivity target (glass) results in a sim-
ilar ionization wave as seen in a freely expanding jet. The low capacitance
of the target results in fast charging of the surface, after which the ioniza-
tion wave continues as a surface discharge in radial direction. From the
capillary exit to the target, electron densities increase from 0.1 × 10-19 m-3

to 3.7 × 10-19 m-3, while the electron temperature decreases from 3 eV to
2 eV. A few nanoseconds after impact, the density and temperature stabilize
around 2.4× 10-19 m-3 and 1.2 eV, respectively.

A high-permittivity target (water) causes the voltage drop across the gap
to remain. This results in an increased electron production, as the electron
temperature towards impact stays stable at 3 eV, reaching an electron density
of 4.0 × 10-19 m-3. A return stroke occurs, towards the capillary, while the
electron density and temperature above the target stabilize around 3.5 ×
10-19 m-3 and 2 eV, respectively.

A metallic target (copper, floating) shows similar effects as the high-permit-
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tivity target, with even further increased electron densities around 6.0 ×
10-19 m-3 at impact and shortly thereafter. Also this target results in a return
stroke, which is then followed by a secondary ionization wave towards the
target, ending in a long-lasting (>1 µs, which is the pulse duration) diffuse
discharge just above the target’s surface. Here, the electron density is further
elevated to 16×10-19 m-3. In the field of plasma medicine, living tissue is of-
ten compared to a metallic or water target, which illustrates the implications
of these findings as an initiation of filling in the many gaps in knowledge on
jet-target interaction.
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