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Résumé

Le réchauffement climatique, défi majeur de ce siecle, est causé par les émissions de gaz a effet
de serre issues des activités humaines, il est donc nécessaire de maitriser ces émissions. Le re-
cyclage du COs en produit a plus haute valeur ajoutée est une solution. Une piste de recyclage
est le reformage & sec du méthane par plasma, (CO2 + CHy — 2CO + 2Hj), qui permet de
produire un mélange de CO et de Hy utilisable dans la réaction de Fischer-Tropch (nCO +
2n+1 Hy — C,Hapi2 + nH2O) pour produire des chaines carbonées lourde a haute densité
d’énergie briilables comme un combustible classique. Pour y parvenir a faible coflit énergétique,
les plasmas froids sont une piste prometteuse: le dépot d’énergie ciblé dans la molécule limite
la perte d’énergie en chauffage du gaz.

Les plasmas froids de CO2:CHy4 sont encore tres mal compris en raison de leur complexité : ils
conjuguent des phénomenes physique complexes avec une chimie organique étendue. Les pro-
cessus propres aux plasmas produisent de grandes densités d’especes excitées et de radicaux tres
réactifs. De plus, a cause de l'intérét applicatif, de nombreuses études utilisent des catalyseurs
et des configurations de réacteur inhomogenes (par le type de décharge plasma ou la géométrie
des réacteurs), rendant difficile la compréhension de la physique sous-jacente. L’optimisation
des applications requiert une meilleure description des mécanismes fondamentaux du plasma.
La question qui guide donc ce travail est : quels sont les phénomenes physique et chimiques
menant a la conversion dans un plasma de CO2-CHy? Pour apporter des élements de réponse
a cette question, des réacteurs plasma de type décharge "luminescente" et "radiofréquence" a
basse pression sont utilisés afin de réaliser une étude fondamentale permettant des compara-
isons systématiques modele/expérience. Les cinétiques électronique, chimique et vibrationelle
sont ainsi tour a tour étudiées a I'aide de spectroscopie d’émission dans le visible et de spectro-
scopie d’absorption in situ et résolue en temps dans l'infrarouge (IR).

La premiere étape a été de développer des techniques simples et non-intrusives fondées sur la
spectroscopie d’émission. L’actinométrie, qui permet de mesurer des densités atomiques dans
le plasma, est comparée a la technique de Cavity Ring-Down Spectroscopy (CRDS) pour déter-
miner sa fiabilité dans les plasmas de Os et de COs. A cause des écarts sur les données de
base dans la littérature, la précision de I'actinométrie est limitée mais elle permet d’obtenir un
ordre de grandeur des densités atomiques (une information clé) et d’établir des tendances tres
robustes.Il est montré que I’actinométrie et la mesure de certaines températures du gaz peuvent
méme étre réalisées avec un simple spectrometre en USB peu résolutif.

La cinétique chimique du plasma est étudiée dans une décharge luminescente a basse pression
permettant de connaitre facilement le champ électrique, la teméprature du gaz et la densité
électronique. La composition du gaz et les taux de conversion sont mesuré par spectroscopie
d’absorption IR. Une modélisation de la cinétique chimique de la décharge glow est réalisée a
I’aide du solveur cinétique LoKI, initialement en ne prenant en compte que les molécules avec
au plus 1 atome de carbone. Les résultats numériques sont systmétiquement comparés aux
mesures prises pour contraindre le schéma cinétique. Gréace a un bon accord obtenu sur une



large gamme de pressions, flux et mélanges initiaux, les chemins réactionels principaux sont mis
en évidence. Les espeéces excitées, souvent négligées dans I'analyse des plasmas de COo-CHy, se
révelent jouer un role essentiel, en particulier I’état O(1D). La prise en compte de O(1D) met
en évidence de nouvelles voies de réactions, habituellement remplacées par la chimie complexe
des especes C2H.

Une étude similaire est réalisée en suivant I’évolution temporelle des densités dans une décharge
radiofréquence qui cette fois permet de suivre ’évolution temporelle de la chimie jusqu’a at-
teindre un état stationaire. Le modele doit alors étre complété avec des molécules comportant
2 atomes de carbone. L’influence de O(1D) est confirmée, ainsi que le role moins prépondérant
des C2H par rapport a la littérature. La réaction CHs + O(1D) apparait comme critique. Le
role des surfaces apparait aussi essentiel pour expliquer certains processus.

Enfin la cinétique vibrationnelle du COs, cruciale pour limiter le cotlt énergétique de disso-
ciation, est étudiée dans des pulses plasmas de d5ms. Le CHy et ses produits de dissociation
(Ha, H2O,H) diminuent fortement l'excitation vibrationnelle du COs2, mais celle du CO est au
contraire augmente dans certains cas. A nouveau, l'implication de O(1D) dans des processus
d’excitation vibrationnelle est suspectée.

L’ensemble de ces résultats permettent d’améliorer la compréhension des plasma de CO2:CHy
et permettent tout autant d’ouvrir la voie & de nouvelles recherches fondamentales (notamment
sur les états électroniques excités), que d’identifier des piste d’optimisation des procédés de
reformage a sec du méthane.

ii



Abstract

Global warming, a major challenge of this century, is caused by greenhouse gas emissions
from human activities, which imposes the urge of controlling these emissions. The recycling
of methane into higher value-added products is part of the solution. One way of recycling is the
dry reforming of methane by plasma, (COy + CH4 — 2CO + 2Hz), which makes it possible to
produce a mixture of CO and Hy that can be used in the Fischer-Tropch reaction (nCO + 2n+1
Hs — C,Ha, 42 + nH20) in order to produce heavy carbonaceous chains of high energy density
that can be burnt like a conventional fuel. To achieve this at low energy cost, cold plasmas are
a promising solution. Indeed, by targeting the energy deposition in the molecule, the energy
loss into gas heating is limited.

Cold plasmas of CO4:CHy are still very poorly understood because of their complexity: they
combine complex physical phenomena with extensive organic chemistry. Plasma processes pro-
duce high densities of excited species and highly reactive radicals. Moreover, because of the
applicative interest, many studies use catalytic materials and inhomogeneous reactor configura-
tions (because of the type of plasma discharge or the reactor geometry), making it difficult to
understand the underlying physics. Optimizing applications requires a better description of the
fundamental plasma mechanisms. The question that guides this work is therefore: what are the
physical and chemical phenomena leading to the conversion in a CO2-CHy plasma? To answer
this question, low pressure glow discharge and radio frequency plasma reactors are used to per-
form a fundamental study allowing systematic model/experiment comparisons. The electronic,
chemical and vibrational kinetics are studied one by one by means of emission spectroscopy in
the visible range and absorption spectroscopy in the infrared (IR).

The first step was to develop simple and non-intrusive techniques based on emission spec-
troscopy. Actinometry, which allows the measurement of atomic densities in plasma, is com-
pared to the Cavity Ring-Down Spectroscopy (CRDS) technique to determine its reliability in
the Oz and CO» plasmas. Because of discrepancies in the literature, the accuracy of actinom-
etry is limited, but it provides an order of magnitude of the atomic densities (a key piece of
information) and very robust trends. It is shown that actinometry and the measurement of
some gas temperatures can even be performed with a simple low-resolution USB spectrometer.
The chemical kinetics of the plasma is studied in a low pressure glow discharge allowing to know
easily the electric field, the gas temperature and the electron density. The gas composition and
conversion rates are measured by IR absorption spectroscopy. A modeling of the chemical ki-
netics of the glow discharge is performed with the kinetic solver LoKI, initially taking into
account only molecules with at most 1 carbon atom. The numerical results are systematically
compared to the measurements to constrain the kinetic scheme. Thanks to a good agreement
obtained over a large range of pressures, fluxes and initial mixtures, the main reaction paths
are highlighted. The excited species, often neglected in the analysis of the plasma, are shown
to play an essential role, in particular the O(1D) state. Taking into account O(1D) highlights
new reaction paths, usually replaced by the complex chemistry of C2H species.
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A similar study is carried out by following the temporal evolution of the densities in a radiofre-
quency discharge which this time allows to follow the temporal evolution of the chemistry until
reaching a stationary state. The model must then be completed with molecules containing 2
carbon atoms. The influence of O(1D) is confirmed, as well as the less preponderant role of
C2H compared to the literature. The CH3 + O(1D) reaction appears to be critical. The role of
surfaces also appears essential to explain certain processes.

Finally, the vibrational kinetics of COs, crucial to limit the energy cost of dissociation, is stud-
ied in pulsed glow discharge. CHy4 and its dissociation products (Ho, HoO,H) strongly decrease
the vibrational excitation of COq, but on the contrary the one of CO increases in some cases.
Again, the involvement of O(1D) in vibrational excitation processes is suspected.

All these results improve the understanding of the CO2:CH,4 plasma and open the way to new
fundamental research (in particular on the excited electronic states), as well as to the identifi-
cation of optimization routes for dry methane reforming processes.

iv
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1.1 Some numbers on climate change

It is now generally admitted that climate change is one of the major challenges humanity
must face in the next years. The cause of climate change is the anthropogenic emissions of
green house gases such as carbon dioxide CO2 or methane CH4 (Masson-Delmotte et al. 2019)
due to human activities and industries. Not all green house gases have the same effect on the
environment, because of the spectral range on which they absorb. To compare different green
house gases, each gas is attributed a "Global Warming Potential" (GWP), which represent the
warming one ton of the gas would create compared to one ton of CO2 over 100 years Ritchie
et al. 2020. Methane for example has a GWP of 28, meaning that one ton of CHy released in the
atmosphere is as harmful as 28 tons of CO3. This allows to compute a CO» 4 for each emission.
The green house gases emission have constantly increased since the beginning of the industrial
revolution of the XIXth century, but an acceleration has been seen over the last decades: while
the summed emissions of green house gases represented 32.6 billions equivalent tons of CO»
in 1990, the world now emits approximately 49 billions tons per year. Subsequently, the COq
concentration in the atmosphere has risen from 316ppm in 1959 to 408ppm in 2018. Green
house gases emission have taken a large toll on the temperature, increasing it by more than 1.2°
over the last 160 years.
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China | USA | India | EU
CO2eq (in billion tons) 11.7 | 5.79 | 3.35 | 3.33
COqeq/capita (in tons) 6.77 | 14.52 | 1.01 | 5.93

Percentage of the world population | 18.5 4.25 | 17.7 | 6.25

Percentage of the COzeq emission 24 12 6.84 | 6.8

Table 1.1: Green house gases emission in 2018. Data taken from Ritchie et al. 2020

To understand and work on reducing the emission, it is important to have a good analysis of
said emissions. Most of the green house effect is due to COgy emission, which represent 74.4%
of the emission in COy ¢, in 2020 (Ritchie et al. 2020). Methane is the second contributor to
greenhouse effect with 17.3 % of the emissions. The rest is due to nitrous oxide gas NoO, which
is produced when using nitrogen fertilizer and account for 6.2% of the emission and fluorided
gases (such as SFg), which account for the rest.

The largest emitters are shown in the table 1.1. In terms of total emissions, China is the world
largest emitter, followed by the USA, India and the European Union, but the numbers must
be nuanced. First, by looking at the per capita number, the USA are the first polluters of
the globe by far, with emissions by inhabitants twice as high as the one of Europe or China.
The emissions of the later are still much higher than the objective of 2t/year fixed as the Paris
agreements objectives to remain below the 1.5° temperature increase. France has an estimated
4.74t/year/capita, below European average, but still too high. France still emits approximately
305Mt /year of CO2, which is as much carbon atoms as contained in approximately 92400 Eiffel
Tower made of pure diamond every year (french people like to count in Eiffel Towers) ! Second,
a large part of the emissions of China and India are due to manufactured goods later shipped
to Europe or the USA. The carbon footprint which measure the COseq emission for a person’s
consumption over a year would be a better indicator of the biggest polluters but is much more
complicated to compute.

The distribution of the emission of green house gases among sectors can change a lot with each
country, but on a global scale, it is mostly divided in a few fields of activity: transport (road, air
and naval, which sums up to 16.2% of the emissions), industry(24.2%), energy use in buildings
(17.5%) and agriculture (18.4%), according to ClimateWatch n.d. This partition is similar to
the one in the US (Administration n.d.).

The second gas responsible for climate change is the methane (CHy), which is responsible
for an estimated 20% of the artificial green house effect. Because the methane has a GWP of
28, small amount released in the atmosphere still have dramatic effects. There are three main
sources of emission of CHy: the agriculture, the fugitive emission and the decomposition waste
which account respectively for 3.5 billion tons (in COy eq tons), 3.11 billions and 1.5 billions.
The emissions of CHy are more difficult to control because unlike CO2 emissions, they are not
concentrated. The fugitive emissions are spread over the whole pipeline network of CHy. The
waste decomposition happens everywhere. The cattle is responsible for most of the agricultural
CH,4. Some solutions have been tested to extract and recycle the CHy emitted in indoor farms
but no large-scale solution is available. The largest emitters of CHy are China (1.18 billion
tons), Russia (687 million tons), the US (745 million tons), India (658 million tons) and Brazil
(435 million tons). However, due to the nature of each sources, the emissions are unevenly
distributed. 80% of the emissions of Russia are due to fugitive emissions (because it is the
largest natural gas provider), the rest mostly comes from waste. In China, only 60% come from
fugitive emissions, 25% come from agriculture (due to the strong economic weight of agriculture
in china) and the rest comes from waste decomposition. A similar distribution is found in the
US. In India and in Brazil, more than 80% of the CH4 emissions come from agriculture.

This overview of the green house gases emissions gives an idea of the actions that need
to be taken. The first action is of course a change in our behaviours, whether it comes to
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Figure 1.1: Neutral carbon cycle. Taken from A.-S. Morillo-Candas 2019

food (reducing the amount of meat in the diet and privileging short-circuit food), energy in
the buildings (limit the use of heating and air conditioning), goods consumption (limit the
amount of goods bought every year, be careful on the provenance) or transport (use public
transportation, reduce air transport for tourism). However, a change in the behaviour is not
always possible: out of the 16% of emissions due to transport globally, 12% are due to road
transport, whose replacement is challenging in rural areas and not always possible. Similarly,
the iron and steel industry, which accounts for 7.2% of worldwide emission, can not simply be
shut down. These sectors need a transition to new technologies which will allow them to reduce
their carbon emission.

1.2 Reduction of the carbon emission

Two ways are currently being investigated to limit carbon emissions from industries without
going through a complete transformation: the Carbon Capture and Storage (CCS) and the
Carbon Capture and Use (CCU). The first one consists in capturing the emitted COy and
trapping it in geological undergrounds (in Europe, the North see is the main storing site). This
technology is interesting and has a relatively low cost (estimated by the french energy transition
agency to about 70€/ton) but shows several limitations: for any amount of COs captured,
about 20% additional COs is emitted. The storage sites also present limitations. They can only
contain a finite amount of carbon and the ecological repercussions of storing millions of tons
of carbon underground are still debated because it could pose problems of soils acidification.
Finally, not all emissions can be captured. The technology is only viable if the CO5 fraction in
the mixture filtered is high enough. In France, only 51 out of the 305 Mt emitted every year
could be captured (ADEME n.d.). The carbon capture and use (CCU) aims at capturing CO»
at the output of carbon-emitting industries or straight from the air and reuse it to generate
value-added products or resources, generally hydrocarbons. These hydrocarbons can then be
burnt like any other fuel to reproduce energy. Burning hydrocarbon will in turn emit COa,
which can be captured again. The CCU processes therefore aim at creating a carbon neutral
cycle for fuels, as pictured on figure 1.1. CCU for other value-added products is investigated,
such as for the production of graphene or carbon black. In most cases, the first step of the COq
recycling is to turn CO2 into CO, which reacts more easily. Often, the second step consist of
recombining CO with an hydrogenated molecule, typically Ho, to create CxHy hydrocarbons
chain. The first step is currently the bottleneck in COs2 conversion because COs is a very stable
molecule whose dissociation is endothermic:

CO; - CO + O,AH = 5.5¢V /mol (1.1)

Several technologies are currently being developed for CCU and are presented in table 1.2.
The techniques presented above all seem interesting but have major drawbacks: the artificial
synthesis relies on rare materials and can only treat low volumes, the algae require a lot of
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Name Description Source

&
—

Artificial Photosynthe- | passive system made of rare materials designed | Q.Wang et
sis to filter CO2 and H5O from air and use sunlight | 2020
to turn it into hydrocarbons

Biodiesel production by | Growth of algae in pools to filter COq from air | J. Chen et al.

micro-algae and produce biodiesel 2018
Thermal cracking of | Concentrating sunlight on a CO2- HoO mixture | Romero et al.
COg2 by solar heating to produce CO and Hs simultaneously 2012
Thermal catalysis Heating a compressed mixture of COs and an- | Varvoutis et al.

other gas (like Ha) at several hundred K to trig- | 2022
ger chemical reactions producing value added
products like CHy. The activation energy is re-
duced by the use of catalysts

Table 1.2: CO4 conversion techniques

space and water and the thermal cracking of CO; requires a large amount of solar energy, i.e a
very large surface. The cold plasma technologies are free of theses major constraints and could
therefore prove to be an efficient solution in COg recycling. The cold plasmas have already
demonstrated in the past efficiencies superior to thermal cracking of COy ( A.Fridman 2008)
and are easily scalable. They are therefore an interesting lead to pursue.

1.3 CO; recycling by plasma

Non-thermal plasmas are an efficient way to target the energy deposition in the molecules
by tailoring the electron energy and avoiding wasting energy in heating. Indeed, energy can
be transferred to a single mode of the molecule via electron impact, limiting the unnecessary
heating of several modes. They appear ideal to dissociate CO4 at a low energy cost.

1.3.1 CO, dissociation mechanisms

It is considered that there are two main pathways to achieve CO» dissociation in CO9 plasmas
aside from chemistry (A.Fridman 2008): electron impact dissociation and vibrational pumping,
presented on figure 1.2. First, electron impact dissociation through the following channels:

COy +e— CO('YT) + O(1D) + e, AH = 7.2¢V /mol (1.2)

Other electron impact dissociation channels also exist and produce more excited state of Os or
CO, such as :

COy + e — CO(*'ST) + O(18) + e, AH = 8¢V /mol
COy + e — CO(a®Tl) + O(3P) + e, AH = 11¢V /mol (1.4)

The second process, vibrational pumping (also called ’vibrational ladder climbing’) of the
molecule, consists in transferring energy to a vibrational mode of CO9 through

CO2(U) +002(w) —>COQ(’U+1)+COQ(’LL)—1) (1.5)
preceded by electron impact vibrational excitation of the COo molecule
e+ COy — e+ COz(v) (1.6)

until the molecule reaches an unstable state. The COs molecule has 3 vibrational modes,
represented on figure 1.3: vl symmetric stretch, v2 bending and v3 asymmetric stretch. The
bending mode is doubly degenerated because of the symmetry of the CO2 molecule. An extra
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Figure 1.2: COs dissociation mechanisms. Taken from A.-S. Morillo-Candas 2019
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Figure 1.3: Representation of the 3 vibrational modes of CO2

index [2 is used to describe the contribution of v2 to the angular momentum, with (2 = v2, v2—
2, v2 —4,...,0. The energy of the levels can be calculated with an anharmonic oscillator
approximation, known as the Treanor approximation (Treanor et al. 1968). It must also be
noted that the energy of the quantum vl of the symmetric stretch is very close to the energy
of two quanta of the v2 bending mode, leading to a Fermi resonance between the two modes,
more precisely between the states (v1,v2/2,v3) and (v1 — 1, (v2 + 2)!2,v3). The first vibrational
levels of CO4 are shown on figure 1.4.

The COg dissociation through pumping of COz(v3) is particularly energy-efficient and could
theoretically be achieved with a minimum energy of 5.5¢V /molecule. This pathway is indirect
and requires electron with energy inferior to 1eV to successively transfer their energy to the
asymmetric mode which could theoretically achieve vibrational dissociation if v3=21 is reached.
At this level, the molecule would reach the potential crossing of the ground COg (COz (1X1))
with the excited state COo (*B?). This state would then dissociate into CO(*X ") and O(3P),
both in their ground state.

Because of the lower energy cost of the vibrational ladder climbing, it would seem logical
to focus on it for efficient COq dissociation. However, as mentioned, complete ladder climbing
would require the COq to reach the level (v1,v2,v3 = 21) without losing any of its vibrational
quanta. This is highly unlikely because of the vibrational-to-translational (VT) energy transfers,
whose rates are high: the energy of all 3 CO5 vibrational modes tend to be lost to translations
upon collisions with other molecules. The transfers are even higher when colliding with atoms
(A S Morillo-Candas, Drag, et al. 2019a). A "partial" ladder climbing is more likely to happen.
In this case, the vibrations are populated as much as possible according to processes 1.6 and
1.5, which should, using the so-called Fridman scaling (Adamovich et al. 1996), reduce the
dissociation threshold for electron impact dissociation. The vibrational excitation can also
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Figure 1.4: Vibrational and electronic excited levels of CO4y, CO, Oy and atomic O. The ion-
ization is plotted in red and the electron impact dissociation thresholds are plotted in green

reduce the activation energy of a chemical reaction involving COsy and therefore increase the
reaction rate. Nevertheless, this "partial ladder climbing" is still limited by the V-T processes
and is not easy to achieve. The rate coefficient of the VT processes are usually increased by
the temperature, hence keeping a limited gas heating is favourable for partial ladder climbing.
Limiting the V-T process can also be achieved by reducing the collision frequency, which is
possible by lowering pressure. The "partial ladder climbing" is therefore only favoured at reduced
pressure (100 mbar and below). The cost of pumping down to 100mbar might however overcome
the energy gained by choosing the ladder climbing over the electron impact. Yet COs vibrations
remain a very important topic largely investigated, necessary to understand any COs containing
plasma since electrons transfer a large part of their energy to CO9 vibrations.

1.3.2 CO, plasmas

The COg3 plasmas have a long history: in the 1970’s, these plasma were studied for the COq
lasers (W.J.Witteman 1986) and the CO lasers. The goal was to achieve population inversion
between the CO2 ground state and a lowly vibrationally excited state of COs and above all
to avoid COq dissociation. In the 1980’s, research focused on the production of new energy
carriers such as Hs, investigating COs dissociation for 2-stages Ho production from COs and
H>0O. Experiment in supersonic wind tunnel demonstrated the possibility to achieve high CO9
dissociation yields with good energy efficiency by using the CO2 vibrational pumping (Asisov
et al. 1985, A.Fridman 2008), sparking interest for that pathways. The vibrational pumping
gained more and more interest in the study of COs9 plasma for environmental purposes, because
it appeared as a cost-effective way to recycle COs. Despite the lack of success in achieving COs
dissociation by pure COg vibrations, COy plasmas still appeared as an efficient way to reduce
CO3 to CO because energy efficiency above thermal cracking were demonstrated (R. Snoeckx
and Bogaerts 2017). Vibrations remain a hot topic because it was theorized that the vibrational
energy stored in the molecule could act as additional input energy in chemical reactions and lower
the reactions activation energy. The vibrational excitation of CO2 in plasma was investigated in
numerous plasma sources: atmospheric pressure DBD, low pressure radiofrequency discharge,
low pressure and atmospheric pressure microwave discharge...

The study of CO2 plasma recently took a new turn for martian exploration and production
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of oxygen (Vasco Guerra et al. 2017,Premathilake et al. 2019). The martian atmosphere is
indeed composed of 96% of CO9, 2% of Ny, and a few percent of Ar. The O, production
from COq splitting is therefore a very interesting prospect for future manned mission on the
red planet and the plasma solution appears more interesting than the alternatives currently
used. Currently, oxygen is produced on Mars by the rovers sent there thanks to the MOXIE
(Mars Oxygen in-Situ Resource Utilization Experiment) device, which relies on the solid oxide
electrolysis technology. In MOXIE, a solide electrolyte is placed between porous electrodes.
The CO; diffuses through the porous electrode and reaches the electrolyte. The CO2 accepts
two electrons from the cathode to form an O?~ which diffuses through the electrolyte if the
temperature is high enough (~800°) and recombines with another O?~ ion when it reaches the
anode. MOXIE has very limited performances: with a power of 300W, it can only produce
up to 10g of Og per hour. Estimations carried out in V. Guerra et al. 2022 showed that using
non-optimized plasma technologies could produce up to 14g of oxygen per hour with the same
power. In Sean Kelly et al. 2022, microwave discharges in MOXIE’s operating conditions were
investigated and could potentially reach Oo production rates 30 times higher than MOXIE’s.
This topic is very trending and should continue to raise interest in the next years.

The study of COs plasma is not limited to the CO2 molecule. The influence of the COq
dissociation products on the plasma, in particular O atoms, has been at the center of many
interrogations. On one hand, O atoms were claimed to help further dissociation by collision
with vibrationally excited COg through:

O + CO5(vib) — CO + Oy (1.7)

On the other hand, the recombination of CO and O is also a well-known limiting process in
pure CO2 plasmas:

O+CO+M—COy+M (1.8)

This second process was found to be very effective at high gas temperature, limiting both the
dissociation and the energy efficiency. At lower gas temperature, other dissociation processes
can also be limiting, such as:

CO(a®T) + Oy — COy + O (1.9)

where, Og is produced by recombination of atomic O. The strong role of this process was re-
cently highlighted in A S Morillo-Candas, Silva, et al. 2020. The removal of the O atoms from
the plasma by the use of special membranes (Premathilake et al. 2019) is therefore a trending
topic.

The CO can be beneficial for the dissociation of COs in the plasma because of the resonance
between CO(v) and CO(v3), which leads to energy transfer from CO to COz. CO(v) could
constitute a reservoir of excitation for COs vibrations. However, if too much CO is present
in the plasma, the energy of the electrons is lost in electron impact vibrational excitation of
CO (not transferred to COg if the fraction is not high enough) or in CO dissociation to C and
O. The role of CO is therefore ambivalent. The vibrational levels of CO are represented on
figure 1.4, which also shows the electronic excitation thresholds of CO with the first one located
at approximately 6eV. Hence all collisions of electron below 6eV with CO can only excite CO
vibrationally, explaining how the CO can be efficiently vibrationally populated.

Though much work from literature investigates mechanisms taking place in pure CO2 plasmas,
a large part of literature aimed also at studying the influence of mixtures on the CO4 dissocia-
tion. For the COq laser, the impurities were crucial because they could quench the vibrational
excitation. As noted in W.J.Witteman 1986, a few ppm of water can severely quench vibra-
tional excitation and prevent lasing. On the other hand, the rare gas like He proved to be very
poor quenchers of COs vibrations and could be used as buffer gas to limit the COs collisional
quenching. The role of the mixture was also studied for COs recycling: if the technology was to
be ever industrialized, it would be difficult to work in pure CO2 because it does not correspond
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to what industries emit (exhaust often contain large amount of air) and would require an unde-
sirable CO» separation step. In this frame, CO2-Ny mixtures have been at the center of many
studies. Luckily, Ny was found to enhance COy vibrational excitation through the resonance
of Na(v) and CO2 (v). On the opposite, atomic oxygen and water quench efficiently the COq
vibrational excitation. Given the possible applications of CO4 plasmas for Mars, measurements
are also run in mixtures corresponding to martian atmosphere compositions to test whether
plasma technology could achieve good yields on Mars.

In search of an efficient CO» dissociation, numerous types of discharges have been investigated.
A complete and exhaustive review of the current state of research in CO2 plasma was done by
in L.D.Pietanza et al. 2021 and summarizes the extend of the investigation. A short overview
of the discharges mentioned is given here.

e Glow discharges at low pressure have been studied repeatedly for fundamental purposes
despite their low conversion and energy efficiency. Their homogeneous and reproducible
features at low pressure makes them very well suited for comparison with a 0D kinetic
models. That is why they have been used in particular at LPP in collaboration with IST
Lisbon since 2015 for a systematic step by step validation of CO2 plasma mechanisms.
After developing diagnostics techniques to determine the composition and vibrational
temperature time resolved and in situ in COg glow discharge (Klarenaar, Engeln, et
al. 2017 Klarenaar, A S Morillo-Candas, et al. 2019,A S Morillo-Candas, Drag, et al.
2019a), the vibrational kinetic was validated for the first 72 vibrational levels (Silva et al.
2018,Grofulovié¢ et al. 2018). The CO4 dissociation by electron impact has been specifically
studied in A S Morillo-Candas, Silva, et al. 2020 and Tiago Silva, Ana Sofia Morillo-
Candas, et al. 2021. The chemistry of the neutral species has then been validated in
A. F. Silva et al. 2020. Further studies haven then been conducted with CO2 diluted in
Ny in Terraz et al. 2019. Other groups have used similar configuration to investigate the
mechanisms in CO2 mixed with HoO (Budde et al. 2022 and M.Damen et al. 2020), and
other models have also been compared to the same glow discharge (Pietanza, Colonna,
and Capitelli 2022, Naidis et al. 2022, Biondo et al. 2022). Glow discharges are also
investigated at atmospheric pressure (Trenchev et al. 2019,Renninger et al. 2020) and
achieve a relatively good energy efficiency of about 20% were demonstrated.

e Radiofrequency discharges, whose typical electron energy is suited for vibrational pump-
ing, have not generated the same interest as some others because of they are usually
difficult to ignite at high pressure. Nevertheless, these discharges originally designed for
etching/coating have been studied in Rond et al. 2008 or in Ana Sofia Morillo-Candas
et al. 2020a, where they have reached 70% of conversion. The work done in Ana Sofia
Morillo-Candas et al. 2020a allowed to evidence back reaction mechanisms reforming CO2
at relatively low gas temperature that are usually not taken into account.

e Microwave have drawn interest for their ability to deposit high power in the vibrational
modes of the molecules in the plasma. They are however limited by the V-T relaxation
which lead to quick thermalization. As a result, continuous microwave discharges tend to
have very high operating temperature, as shown in Rooij et al. 2015. Their conversion
efficiency can then depend on the O atoms transport responsible for back reaction at high
temperature. However, similarly to glow discharges, a certain out-of-equilibrium degree
can be maintained by going to low pressure (around 1Torr, Britun and Hnilica 2020), or
with recent development of "ultra-fast' pulsing of microwave discharge in Soldatov et al.
2021 in which the CO vibrational temperature was a few thousand of Kelvin higher than
the gas temperature for a few hundreds of ns.

o Nanosecond Repetitively Pulsed (NRP) discharges, consisting in short high voltage pulses
of a few tens of ns are very trending for COq dissociation. The very high reduced electric
field they create in the reactor lead to a strong electron impact dissociation. The short
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duration of this discharges however make them more challenging to investigate, requiring
diagnostics with very good time-resolution (like ns-resolved OES in Maillard et al. 2022 or
in Ceppelli et al. 2021). Many configurations were studied, like a cylindrical configuration
in Montesano, Quercetti, et al. 2020 or a discharge in capillary tubes in Pokrovskiy et al.
2022. A Large research effort is still on-going, with most recently the modelling of these
discharges in Naidis et al. 2022.

1.3.3 CO,-H, plasma

The origin of research on COs-Hy plasma is different. It is not derived from the research
on CO9 plasma, but rather comes from the chemistry. Methanation, also known as Sabatier
reaction, is a process mixing CO2 and Hy to produce CHy:

COy + 4Hy — CHy + 2H50, AH = —370k.J /mol (1.10)

This process was discovered in 1897 but gained interest in the recent ecological, economic
and geopolitical context: the shortage of CHy (main component of the "natural gas" used for
domestic and industrial heating) in Europe due to cutting supplying from Russia combined
with the need to recycle CO2 emissions make this process very interesting. CHy is one of the
most used fuel across the planet and represent one third of all fossil fuel burned every year.
In the ideal case, this process uses renewable energy to transform electricity into gas, which
can be stored efficiently and used when needed. The COs emitted can be recaptured and
re-injected in the cycle. Unlike pure COs splitting, industrial thermal methanation reactors
are already functioning (such as the "Minerve" demonstrator, which uses exhausts for COq
and green Hg to produce CHy4) and have demonstrated industrial capacities. This process is
indeed chemically achievable by compressing the mixture to a few Bars and heating to 300 to
400°C. Under these conditions, the reaction becomes exothermic. Yield enhancement of thermal
methanation were demonstrated with the use of catalysts (Varvoutis et al. 2022), which are now
very commonly used. Though achievable chemically, methanation could benefit from plasma:
the energy efficiently deposited in the vibrations of the CO2 molecule could lower the activation
energy of the reaction and subsequently avoid wasting energy in heating the molecules. Because
of its numerous advantages, methanation is currently studied for industrial purposes. Most of the
work is conducted in scalable systems that will be easily translatable to industry, e.g atmospheric
pressure dielectric barrier discharges (APDBD) and already includes catalysts (Debek et al.
2019). The catalysts are necessary to achieve full hydrogenation into CHy. Without them,
plasma alone rather tends to form CxHy Oz molecules. The Ni-based catalyst have been found
to be the most suited catalyst because their activation peaks at around 100°C and are therefore
among the most studied type of catalyst (Costa et al. 2021, Sivachandiran et al. 2020). Using
Ni-based catalysts, good methane yields can be obtained. Up to 80% of conversion efficiency
with a 100% selectivity for methane were obtained by J.Amouroux et al. 2011. The energy
efficiency of the DBD is however very low with values of only a few percents reached. Other
type of discharges were studied. Low pressure RF discharges were studied in Kano et al. 2012
but have had only poor CHy yield and produced mostly CO. Atmospheric sparks were studied
in Sean Kelly et al. 2019 and have shown to have energy efficiency up to 50%, but with only
a few percent of COq conversion. Similarly, Gliding Arc (GA) discharges were studied in J.-B.
Liu et al. 2019 but have shown dissociation efficiency of up to 7%. Overall, CO5-Hy plasma
meet with a similar problem as COg plasma: there is an important trade-off between energy
efficiency and conversion efficiency. The combination of both seems possible only through the
use of catalyst, therefore orientating the heart of the ongoing research on the catalysis aspect.

1.3.4 CO,-CH, plasma

An interesting way to turn COs into value added product is to combine COs with CHy, which
aims at achieving the Dry Reformation of Methane (DRM):

COy + CHy — 200 + 2H, (1.11)
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The CO-Hy mixture is called "syngas", which stands for "synthetic gas". CO and Hy can indeed
be recombined together to form hydrocarbons through the Fischer-Tropsch process:

nCO + (2n+ 1)Hy — CpHopto + nH0 (1.12)

Depending on the n chosen, many common and useful hydrocarbons can be made: CyHg
(ethane), C3Hg (propane), C4Hio (Butane), CsHig (octane, main component of gasoline), and
up to C14Hgsg, one of the main component of kerosene. The DRM therefore tackles the problem
of energy storage by converting electricity produced by intermittent sources (such as renewable
energies) into high energy density molecules. These molecules can later be reused as any other
fuel. Though the transformation of COy to hydrocarbon is currently achieved in two steps
(CO2 to CO followed by CO + Hsz), much effort has been recently dedicated to the production
of CoHg, CoHy and CaHg (Ashford et al. 2022) in one step straight from the CO2-CHy mix-
ture, but no efficient conversion in this pathway has been demonstrated yet. The advantages
of CO5-CHy plasmas for DRM are therefore double: not only do COs-CHy plasma recycle COq
(as well as CHy in the best case), it also forms directly the main component needed for the
Fischer-Tropsch process. The Dry Reforming of Methane can be achieved chemically Arora
et al. 2016 but require both heating to several hundreds of °C and catalysts. The use of the
non-equilibrium thermodynamics of cold plasmas could avoid wasting energy in heating. COs-
CH4 plasma are also interesting for other fields of scientific study. The atmosphere of early
earth, where life appeared, was essentially composed of nitrogen and carbon dioxide, but large
amounts of methane were released by volcanoes and later by micro-organisms Pavlov et al.
2000. The understanding of COs-CHy plasma could therefore help understand how some large
molecules, bricks of organic molecules, could appear in the atmosphere of early Earth, but also
how CH,4 dissociation could lead to large scale climate change of the planet.

The interest of using cold plasmas for DRM is quite recent (mentioned barely a decade ago
by Centi et al. November 2009) and as a result CO2-CHy plasmas are still an uncharted field.
Indeed, despite a vast literature available on CO2 or CHy4 plasma, the main processes at the
heart of CO9-CH4 plasmas are still to unravel. Because of the strong industrial potential of COs-
CH,4 plasmas, many of the research is done on industrialisable systems like atmospheric pressure
dielectric barrier discharges (APDBD). Much work is also done using catalyst to enhance the
performance of the discharge, making the understanding of the physical basis of CO2-CHy
plasma challenging. However, because the optimisation of this process will have to go through
a better understanding, more and more work on the fundamental aspects of these plasmas is
being done (Bogaerts et al. 2016, W.Wang et al. 2018, C.Bai 2019, Pan et al. 2022). Because of
the complexity of the CO5-CHy plasmas, the study of COs-CH, plasma is only at its beginnings.
The level of complexity added by the CH4 molecule comes from its intrinsic properties which
are described in the next section.

1.3.5 Properties of the CH,; molecule

The complexity of the COz-containing plasma has already been described before. In COa2-
CH,4 plasmas, additional difficulties arise because of the complexity of the molecule itself. CHy
has 5 atoms shaped like a tetraedre, with an equilibrium angle of 109°. As a consequence,
the molecule has 9 degrees of freedom, which translates into 4 vibrational modes, presented on
figure 1.5: symmetric stretch (v1), symmetric bend (v2, doubly degenerated), anti-symmetric
stretch (v3, triply degenerated) and anti-symmetric bend (v4, triply degenerated). Just like the
resonance of the bending and symmetric modes of CO2, the quanta of v1 and v3 are very close,
leading to rapid transfer of energy between these modes. The quanta of v2 and v4 are also very
close, leading to coupling of these modes. Finally, the quanta of v1 and v3 are almost double
of the ones of v2 and v4, leading to a coupling of all modes similarly to CO2 vl and v2. The
first vibrational levels of CH4 are plotted on figure 1.6, where the values of the energy levels
are taken from Owens et al. 2016. The vibrational levels of similar energy are grouped together
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Figure 1.5: CHy4 vibrational modes. Taken from Maroni 2005
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Figure 1.6: Plot of the first vibrational levels of the 4 vibrational modes of CHy

11



CHAPTER 1. INTRODUCTION

Polyad States grouped in the polyad
Py (0,0,0,0)
P (0,1,0,0), (0,0,0,1)
Py (1,0,0,0), (0,2,0,0), (0,0,1,0), (0,0,0,2), (1,0,1,0)

Table 1.3: CHy polyads

Species from COs9 plasmas | CO4, CO, O9, O, C, Cs...

CH4, CH3, CH,, CH, CyHg, CoHs, CoHy, CoHs, CoHs, CoH,
H, H,...

Other HCO, OH, H-0O, CH,0O, CH,OH, CH30, CH3OH...

Species from CHy plasmas

Table 1.4: List of the neutral species expected in a CO5-CHy4 plasma

in ’polyads’ P, (Butterworth et al. 2020), where n is the highest quantum of the states of the
polyad:
n = vlnar = V3mazr = 202maz = 2V4maz = V2maz + V4maz (1.13)

The first polyads are described in table 1.3. Because of the number of possible combinations
between the vibrational levels of the different vibrational modes, already several tens of vibra-
tional levels (v1,v9,v3,v4) could be populated upon collisions with low energy electrons. The
proper description of CHy is still ongoing in research, with new potential energy surface still
being published ( Nikitin et al. 2011, Owens et al. 2016).

Another sort of complexity comes from the numerous species and chemical reactions pathways
in CO,-CHy4 plasmas. A short list of molecules and radicals expected in a CO9-CHy4 plasma is
given in table 1.4. For clarity, only the neutral were given in the table, but any of the species
of the table could also be found in the form of an ion (positive ion most of the time, but many
negative ion can also be found) or in an electronic or vibrationally excited state. CO3-CHy
plasmas are an extremely interesting object of study: they rely on both the complex physical
basis of CO9 plasmas and the composite chemistry of organic molecules. Because CO and Ho
are formed in large quantities in CO2-CHy plasma, studying CO2-CHy plasma also sheds light
on the processes driving methanation (from CO/Hy plasma). The study of the CO3-CHy
plasma has therefore much to bring even beyond the topic of DRM, but a lot remain
to be understood about this complex system as shown by the current state of the
art below

1.3.6 Literature on CO,/CH, plasmas

Many studies on CO9-CHy4 plasma were conducted, both experimental and numerical, to try
to understand their complexity. The number of articles on CO9-CH4 plasma actually keeps
increasing. T. Pham et al. 2020 counted the articles published on DRM each year since 2000:
while about 25 articles were written in 2001, more than 300 were published in 2019. This
sums up to a few thousands of articles. This section aims at summarizing the current trends of
CO,-CHy plasma research.

On the experimental side, most of the work consists in study of DBD discharges with catalysts.
Indeed, just like for the COs-Ho plasma, the interest of CO2-CHy plasma motivated the use
of industrialisable reactor such as atmospheric pressure dielectric barrier discharges in plug
flow configuration. Ozkan et al. 2015 studied the dissociation of COy and CHy (in various
proportions) using Argon or Helium as a carrier flow in an atmospheric pressure dielectric barrier
discharge to treat large flows of COs. Like in most work on CO2-CH4 plasmas, the main products
were CO and Hs, with Hs increasing with the initial amount of CH,. Nevertheless, CoHg and
CyHy are found in the products, with densities close to 25% of the CO density. It was highlighted
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that the choice of Ar or He changed the shape of the EEDF and the proportion of high-energy
electrons. Ar increased the proportion of electron available for C=0 bond dissociation whereas
He favoured the C-H dissociation.

The DRM plasma system often include a catalyst which allows to increase the dissociation.
Several types of catalysts have been investigated. For example, M. Pham et al. 2011 showed that
the conversion of CO2 was increased when using LasO3 catalyst. The most used catalyst in DRM
studies are the Ni-based catalysts which have demonstrated the highest conversion in DBD. This
is usually attributed to the activation temperature of these catalyst, ~100-200°, typically the
temperature reached in the DBD reactor. The synergetic effect of the catalyst was shown
repeatedly, e.g in Q. Wang, Yan, et al. 2009, where the conversions of both CHy and CO; in a
1:1 CO2:CH4 DBD were increased by several tens of percent compared to plasma only or catalyst
only. The results obtained in the packed-bed DBD of Q. Wang, Yan, et al. 2009 were compared
to a ones obtained in a fluidized bed DBD in Q. Wang, Cheng, et al. 2009. The conversion
did not improve in the fluidized bed compared to the packed bed but the specific energy input
was found to be higher at a given voltage thanks to the better contact between the catalyst
and the particles. Different types on Ni-based catalysts (several supports and Ni loading) were
investigated in a 1:1 CO2:CHy APDBD in H. Wang et al. 2019. Conversion of up to 60% for
both COy and CHy were reported and attributed to the catalyst structure (large surface due
to a porous structure). The industrial aspect encourages the development of more pragmatical
models. D.H. Mei et al. 2017 used experimental data obtained from gas chromatography at the
output of a DBD reactor along with surface analysis of the Ni catalyst and power measurement
from the reactor to develop a model predicting the conversion as a function of the flow, the Ni
loading of the catalyst and voltage. The catalysts usually lose efficiency due to carbon deposition
on their surface. An original approach was used in Kameshima et al. 2015 to take advantage
of the carbon deposit on the Ni/Al;O3 catalyst in the packed bed reactor during the discharge
operation. After flowing a 2:1 CO9:CHy mixture for 1 minute, the CH, flow was stopped to
maintain only a COs plasma in the reactor. Carbon deposition was almost completely removed
by the CO3 plasma, which was attributed to the Boudouard reaction COy+C— 2CO promoted
by the Ni catalyst. A couple of other studies in a DBD discharge tackle the resistance of the
catalyst to carbon deposition: Xu, Tian, et al. 2022 and Xu, Y. Liu, et al. 2022 show conversion
rates for both CO; and CHy of about 90% in 1:1 CO2-CH4 mixture when using a particular
catalyst, even after 10h. This is unusual as CO2-CHy4 plasma usually deposits carbon on the
wall, leading to a drop in conversion with time. The catalyst prepared in Xu, Y. Liu, et al. 2022
was pretreated with a Ny RF discharge, which lead to a change of the crystal structure. The pore
size of the catalyst carrier appeared to be larger, and the active metal (Ni again here) appeared
to be better distributed on the surface with smaller particles. The exact processes leading to a
lower carbon deposition are not clear but seemed to be linked to the crystal structure.

In the works on CO9-CHy DBD, the measurement of the molecules densities is often done
downstream by gas chromatography of mass spectroscopy. Little in situ diagnostics are used.
Reaction pathways are sometimes proposed but remain hypothetical. The electron impact
dissociation is often considered the main dissociation mechanism of COy and CHy4. Chemical
reactions then control the recombination into the value added-products. The role of COg (v)
is sometimes invoked to explain CO formation through CO(v) + H — CO + OH. A review
of packed-bed CO2-CH4 DBD for production of CH3O and CH3COOH was conducted in S.
Liu et al. 2020a. Processes were proposed based on literature results. It was supposed that the
conversion would happen in several steps. The first step happens during the filament (streamer)
development itself, where electron impact dissociate CO9 and CH,4 into CO,0,CH3 and H, but
also creates vibrationally excited CO9 and CH4. Both the radicals and the excited species are
later adsorbed on the surface of the catalyst. The gas phase recombination of the radical yields
in the after glow CoHg, CH30H or CH2O. The production of CH30, precursor of CH3OH, was
attributed to dissociative adsorption of CHy followed by recombination of CHs with O at the
surface.

The catalysts for conversion of CO9 and CHy directly to liquid products was investigated in
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L. Wang et al. 2017 and D. Li et al. 2020. In L. Wang et al. 2017, four catalysts (7-Al;O3
alone or combined with Cu, Au, or Pt) were tested for DRM in a DBD at atmospheric pressure.
Conversion of COg or CHy were low (less than 20%), but the selectivity to liquid reached 60%.
In D. Li et al. 2020, two catalysts (Co/SiO2 and Fe/SiOy) were tested in a CO2-CH4 mixture
(with various proportions of COy and CHy) in an atmospheric pressure packed-bed DBD. The
discharge products were measured at the output by gas chromatography. CO and Hy were the
main products by carbon chains between Co and Cs were detected with a selectivity almost as
high as the one of CO reported when using a high CH4:CO» ratio. Liquid products like methanol,
ethanol or acetic acid where detected in a liquid trap at the output of the reactor, once again with
good selectivity (~40%). The formation of the products detected in the liquid was attributed
to the catalysts but also to the packing. In these works on direct liquid production, reaction
pathways were proposed but remained hypothetical due to the absence of in-situ diagnostics.
The conversion of CO2 and CHy4 can sometimes reach up to 95% (Jwa et al. 2013) when using
a catalyst but comes at the price of a low energy efficiency with a specific energy input (SEI)
reaching 20eV /molecule.

The DBD discharge was not the only type of discharges studied. Among the atmospheric
plasmas, the study of nanosecond discharges was done in Scapinello et al. 2016 (and more
recently in Montesano, Faedda, et al. 2021 in the same group), in X. Wang et al. 2019 &
S.Zhang et al. 2022. The influence of the discharges parameters (in particular the time interval
between nanosecond pulses) is usually explored to analyze their influence on the conversion or
on the energy efficiency. Montesano, Faedda, et al. 2021 reported that the energy efficiency
increased from 50% to 65% and methane conversion reached 100% when reducing the pulse
interval to 40us. This was attributed to the temperature of the gas mixture, which relaxes back
to the initial conditions when the pulse interval is too long. The possible role of CO2 (v) was
here again evoked, but the vibrational temperature could not be measured to confirm this. The
importance of COy (v) is however supported by S.Zhang et al. 2022, where OES was used in a
nanosecond discharge to fit the different vibrational and rotational temperatures. Using the fit
of the C2 Swan band, it was deduced that a large part of the COs is vibrationally excited.

Radiofrequency discharges were rarely studied for CO2-CHy4 discharges, despite their potential
for vibrational pumping of COs. Z. Liu et al. 2020 studied the vibrational excitation in a 98:1:1
Ar:CO49:CH4 RF discharge at atmospheric pressure. Z. Liu et al. 2020 measured the vibrational
distribution of the Co and assuming that the vibrational temperature of Co evolves like the one
of COg, highlighted that the CO5 vibrations are populated by collision with the Ar metastables.
Low pressure RF ICP discharges (between 0.1 and 0.5 Torr) were studied in H.Li et al. 2020.
Conversion rates of up to 90% for CO9 and CHy were found in a 1:1 CO9-CHy4 molar ratio at a
flow of 300sccm, with CO and Hg being the main products (measured with mass-spectrometry
downstream from the plasma). A reduced set of reactions was proposed to explain the observed
results, though no actual model was presented. The set included CO2 and CH,4 dissociation
by electron impact followed by various recombination. Vibrations of COy were assumed to be
populated by low-energy electrons and to enhance dissociation of COs. Vibrations are unlikely to
be the only responsible of the dissociation because very high gas temperatures were measured
in the plasma (~4000K). CO was also estimated to be formed from oxidation of CHs, CHs
and CH. Because the Co band was observed by OES, it was assumed that CoHy molecules
were formed by recombination of CH, CHy or CHj3 radicals but were immediately destroyed by
electron impact (for CoHg and CyHo) and by chemistry for CoH (CoH +H — Cy 4 Hg). Because
of the low pressure, the real flow is still low but this paves the way toward application-suited
flows.

Microwave discharge also present an interesting potential for DRM. Tao et al. 2011 reported in
a literature review that the microwave presented good energy efficiency and conversion compared
to the DBD, with energy efficiency 10 times better than DBD for similar conversion of COq
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and CHy and attributed this to both the low energy of the electrons in a microwave discharge
and the high temperature. A microwave discharge was studied in Jasinski et al. 2013 and
Hrycak et al. 2019 for Hs production from a CO2-CHy4 plasma. Thanks to the homogeneity
of the plasma, large CHy volume (up to 6 m® per day) were treated. A good production
of Hy (several hundreds of liters per hour) was obtained, once again attributed to the high
temperature. The rotational and vibrational temperatures of Cy were measured by OES and
estimated to be respectively between 4000 and 5700K and 5000 and 6000K depending on the
microwave power. The influence of the ratio of CH4/CO2 was studied in the same system as
showed in Hrycak et al. 2019. The selectivity of Hy was found to increase with the CH,/COq
ratio along with the carbon deposition, which created operation problems. Ni-based catalysts
were also tested for microwave CO2-CHy discharges in Chun et al. 2019. To avoid damaging
the catalyst with the plasma high temperature (measured with the C2 Swan band to be around
6000K), the catalyst was placed outside of the plasma but were reached by the gas thanks to
the circulation of the turbulent flow. The system yielded an Hy production of ~59g/h, close to
the 60g/h usually found in the tradition steam reforming of CHy to produce Hy. The role of
the catalyst was highlighted, almost doubling the conversion, but no processes were proposed to
explain this effect. Finally, it is worth noting that microwave-assisted dry reforming of methane
is currently being largely investigated. It consists in heating a COs-CH, mixture by sending
a microwaves but without igniting plasma. The interest here is only to heat. A literature
review was done in T. Pham et al. 2020 and highlighted the potential of Ni-based catalysts
compared to more common carbon-based catalysts. The recommendations were followed in de
Dios Garcia et al. 2021 (Ni/SiC catalyst), where conversion efficiency reached 90% for both COq
and CHy. Fe-based catalysed were studied in Zhang et al. 2022, where conversion as good as for
Ni-based catalysts were found. This technique relies on chemistry though it is suspected that
microplasmas can be ignited on the surface of the catalyst, largely increasing the conversion
T. Pham et al. 2020.

The very complex chemistry of the CO9-CHy plasma makes it difficult to determine the
reaction pathways simply from experimental results, especially when CxHy Oz molecules are
formed. Models must be used to understand in depth the conversion mechanisms. Pure mod-
elling studies in CO2-CHy4 plasmas are less common, and only a few can be enumerated. Gas
phase in nanosecond repetitive pulsed discharges were modelled with a 1D fluid model in C.Bai
2019 with a "simple" cylindrical configuration. The kinetic scheme used was later updated in
Pan et al. 2022 to take into account surface processes in the same configuration.

Some models are compared to experimental data to determine their validity. A 1D fluid model
was done in Zhu et al. 2022 to model a packed-bed DBD reactor with Pt catalyst packing (a
1D equivalent of the 2D catalyst packing was used). The numerical results are compared with
experimental results from Tu et al. 2012 and showed relatively good agreement. The Antwerp
group studied high pressure CO2-CH4 DBD incrementally: a 1D fluid model of the CO5-CHy
discharge using the Plasimo’s MD2D software was presented in Bie et al. 2015 for a DBD and
in Bogaerts et al. 2016 for a microwave discharge. A kinetic scheme was provided as input of
Plasimo’s MD2D. This kinetic scheme had been previously used with a different kinetic model
(Global kin) in Ramses Snoeckx et al. 2013, also for DBD discharges. Ramses Snoeckx et
al. 2013 compared the simulated energy efficiency, simulated conversion of COy and CHy and
simulated selectivity of CO and Hy to experimental data taken from Tu et al. 2012. Further
validation of the model from Ramses Snoeckx et al. 2013 was presented in R. Snoeckx, Zeng,
et al. 2015. Nevertheless, the details of the reaction pathways were only discussed in depth in
Bie et al. 2015. The kinetic scheme was later used with ZDPlasKin to describe a gliding arc
plasmatron in Cleiren et al. 2017, where the simulated and experimental conversion of CO2 and
CH4 were compared. The study of Cleiren et al. 2017 served as basis for the work presented in
Van Alphen et al. 2021, which presented a complete model combining a gas flow approach with
a 3D plasma arc model, a particle tracing model and a quasi-1D kinetic modeling of the gliding
Arc plasmatrons. The kinetic scheme was later updated and used in a 0D model in W.Wang et
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al. 2018 for an experiment-simulation comparative study of CO2-CHy-No-H2O plasma. Because
of the interest of CO2-CHy plasmas for industrial DRM, some more pragmatical models were
developed to predict the maximum conversion/energy efficiency form the discharge parameters.
Such model was developed for a NRP discharge at atmospheric pressure in Danhua Mei et al.
2022. A neural network was used to predict the dissociation as a function of the applied voltage,
the flow rate, the CO2-CHy molar ratio and the discharge length. Although this method is prob-
ably very efficient and must most certainly be investigated more as it holds a huge potential,
neural network have a black box aspect and tend to be more a fit than a model. Indeed, neural
network require a vast amount of input data to be accurately predictive, usually much more
than what is available experimentally. However, if large volumes of experimental data can be
generated, this method surely can unravel the complexity of COo-CHy plasmas. Nevertheless,
the neural network used in Danhua Mei et al. 2022 showed a very good agreement with the
experimental data. Possible reaction pathways were given in Danhua Mei et al. 2022 without
being supported by measurements though.

Comparing the experiment and simulation is always a good idea but the complexity of the
chemistry induced in CO2-CHy plasma illustrated by the literature reported above, definitely
impose to have quantitative comparison of model and experimental data in numerous plasma
conditions in order to try to disentangle the mechanisms controlling these plasmas. The work
presented here will apply as much as possible this dual approach of experiment and modelling.

1.4 What is to understand in CO,-CH, plasmas

As mentioned previously, CO9-CHy4 plasmas are very complex and much is still to understand.
On the whole, CO2-CHy4 plasma literature mostly consists in experimental values of conversion
rate and efficiency of CO2 and CHy4 and of selectivity of the various products as a function of
the discharge conditions. The main focuses for the fundamental aspects are the following ones:

Electron impact cross-sections Despite their importance in plasma physics, the electron
impact processes are among the first sources of uncertainty both for COs and CHy.

Several dissociation cross-sections were proposed for COy (Hake et al. 1967 & Polak et al. 1976).
Recent experimental results by A S Morillo-Candas, Silva, et al. 2020 have shown that in the
range 10-100 Td, the Polak & Slovetsky cross-section are most suited for accurate calculation
of the rate of COy dissociation, but no clear conclusion could be reached for higher reduced
electric field (100Td<, typically reached in NRP discharges). It was also shown in Grofulovié et
al. 2018 that though the Polak & Slovetsky cross-section should be used for the rate, the Phelps
cross-section should be used for computation of the EEDF because it includes other energy
dissipation processes that must be taken into account for the complete EEDF calculation. A
proper choice of the COs cross-section for CO2-CH4 modelling is therefore non-trivial.

CH, electron impact cross-section are also questioned. Until 2021, only one complete and
consistent set of cross-sections validated against swarm parameters was available for CH4 plasma
EEDF computation (from IST Lisbon database, L L Alves 2014). This set however included
"fitted cross-section", meaning unknown cross-section of several processes gathered together and
fitted so that the whole set would math the swarm parameters. Another set was proposed by
Bouwman et al. 2021, which:

¢ didn’t include any "fitted" cross-sections
e were based on experimental results and recommendation and experimental results
o includes more processes than the IST set (previously gathered in the fitted cross-section")

This new set appeared as more legitimate, but no experimental results effectively proved one
to be better than the other, making both equally legitimate. Despite this, many other cross-
sections can be found in literature for specific processes, making the comparison even harder
(for example the rate chosen for the modelling in C.Bai 2019 is a function of the electron
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temperature T.). This illustrate the blur around the choice of the appropriate cross-sections. It
goes without saying that if this problem appears for the major species, the minor species suffer
from the same problem. A complete and consistent set of cross-section for water was proposed
for the first time only this year Budde et al. 2022. No complete set exist for CoHg, CoHg or
CsoHy, only scarce cross-sections for specific processes. Assembling a consistent set of electron
impact cross-section is therefore a challenge that must be answered.

Determination of the chemical kinetic scheme The number of species in a CO2-CHy
plasma is very large. A complete set of reactions including electron-neutral, neutral-neutral,
ion-neutral, electron-ion and ion-ion reactions can include more than 1500 reactions, even more
if the scheme includes a complete description of the electron kinetics, the vibrational kinetics,
the surface kinetics... The rate coefficient for many of the neutral-neutral reactions are often
unknown or known with a large uncertainty. Most of the rates were measured for combustion
(Baulch et al. 1992, W. Tsang et al. 1986) and correspond to high temperatures or do not
take into account any kind of excitation. This leads to an overall important uncertainty on the
reaction pathways, doubled by the possibility to do error compensation with so many coefficients.
Experimental data are often taken in reactors designed for efficiency with complex geometry
(Van Alphen et al. 2021 in a gliding arc plasmatron, packed bed reactor for Kameshima et al.
2015), which are complicated to model accurately. A lot of experimental data are taken with a
catalyst (e.g D. Li et al. 2020 or the numerous work gathered in the review of S. Liu et al. 2020b),
making the modelling and the understanding of the reaction pathways impossible without a good
plasma/surface interaction model. Moreover, the use of catalyst without a proper description
of the gas phase in many case prevent a good understanding of the reaction pathways, turning
many studies into "try and error". The main conversion pathways are therefore not always clear
and are still debated.

Excited species The role of excited species (electronic and vibrational states) is largely
neglected. This is partly due to the absence of the rates of reaction between excited and
ground state species. The rates used for neutral-neutral reactions mostly come from combustion
sources. The absence of electron impact excitation in combustion makes the excited states far
less important than they are in plasma.

The influence of a few electronically excited states of Oxygen atoms and Oy were estimated in
Konnov 2015 for combustion but were not found to be crucial, thus justifying their neglecting for
combustion in general. Konnov 2015 also highlighted the role of OH* in the chemical kinetics.
Baulch et al. 1992 reviewed literature to gather rate coefficient useful for combustion but only
provided a limited number of rates including an excited species. Moreover, most of the rate
concern excited atomic O. Rates concerning excited CO (like CO(a3II)) for instance are missing.
Some knowledge can however be drawn from the CH4-O4 plasma which have been studied for
plasma-assisted methane combustion or methane pyrolisis, as in Lefkowitz 2015, Mao et al.
2019 or Starik et al. 2012. In all of these papers, the influence of excited species has been
highlighted for the enhancement of combustion. Lefkowitz 2015 reports the influence of O(1D)
on the oxidation of CH4 and shows that this channel is one of the main loss channels of CHy, as
relevant as electron impact deexcitation. Starik et al. 2012 reported the influence of Og(blE;)
and Og(alAg) on the combustion efficiency. Despite this, the effect of excited species is not
studied in depth.

The same problem arise for vibrationally excited state. Vibrational excitation is generally
considered beneficial for COy dissociation, which shows how important is a proper description
of the vibrational excitation of all the molecules in the plasma. The influence of the vibrations
on the rate can be tackled by subtracting a contribution to the activation energy in the form of
an Arrhenius reaction (as done in Kozak et al. 2014):

Ejpr—aFEV

k(E,,T) = Apexp(— T )

(1.14)
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where E 4 is the activation energy of the reaction, E, the vibrational energy and a a parame-
ter determining the efficiency of the vibrational energy substraction. « is calculated with the
Friedman-Macheret model (Adamovich et al. 1996). This contributes to describing the quench-
ing of the vibrational excitation in the plasma. However other sources of quenching must be
accounted for: the vibration to translation (VT) processes and the transfer of the vibrational
excitation from one molecule to another (the so-called V-V and V-V’ processes). V-T processes
have been described in COg plasmas (W.J.Witteman 1986) and CH4 V-T processes are usually
considered to be extremely fast. V-V processes between CO2 and CHy have been described in
the 70s by various sources but the rates spread over orders of magnitude, casting doubt over
their real value. The vibrational excitation is therefore still a focus of research in CO5-CHy
plasmas. In particular COs and CHy4 vibrational excitation is often claimed to be beneficial for
conversion but more investigations are needed to evidence it.

The lack of data about the role of excited states on the chemistry of CO9-CHy plasma is clear.
As a consequence models describing CO9-CHy plasma are often the combination of electron
impact dissociation and ionization processes coupled with chemical sets from combustion. To
know whether this is sufficient or not to accurately describe COs-CH, plasma, more in situ di-
agnostics in experiments, and more quantitative comparisons between models and experiments
are necessary.

The role of the surfaces Surfaces in plasma are an everlasting problem, whose study has
been going on for decades in some case (like for Oz plasma, J. P. Booth et al. 2019). COq-
CHy plasma are no exception, with many atomic species (O, H) and radicals (OH) which
can be physisorbed or chemisorbed at the wall and react there. One of the issue faced in the
understanding of CO2-CHy plasma is the recombination rate of atomic species, which have been
measured in a COs plasma in A S Morillo-Candas, Drag, et al. 2019a, or in Hydrogen plasma
A.Rousseau et al. 2001. These recombination probability also depends on many parameters
of the surface itself (roughness, chemical composition...) and of the plasma (gas and wall
temperatures, atoms diffusion and flux ...). The problem in CO,-CH4 plasma does not stop
there and the complexity of the CO2-CHy plasma unfortunately catches up with surfaces: it
is a widely known problem that when the CH4 proportion is high enough, carbon deposition
will start to appear on the walls of the reactor or the electrodes (limiting in the second case
the ability to restart a plasma). The characterisation of the carbon deposition is challenging
because they are complex chains of C,H and O, thus making the tracing of surface process
complex. Surfaces are all the more important that a large part of the research on CO--CHy
plasma focuses on the use of catalysts to improve conversion.

1.5 Approach of this thesis

CO3-CHy4 plasmas are a very interesting lead to tackle the problem of efficient energy storage.
Before jumping to large scale plasma technologies and efficiently face this issue, the fundamental
basis of CO9-CH4 must be better understood. This work aims at answering or at least provide
insights into some of the main unknowns presented above. In particular, the following questions
will be addressed:
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e What are the mechanisms controlling the dissociation of COs and CHy in CO2-CHy
plasma 7

e What are the back reaction mechanisms limiting their conversion?

e Is the chemistry induced in a plasma really making a difference compared to the
conversion by thermal reactions ?

o How is the vibrational excitation of COs affected by CH4 and its by-products ? Is
the vibrational excitation only affecting the electron energy or also the chemistry
induced in the plasma 7

All in all, this work aims at identifying the basic physical and chemical phenomena happening
in a low pressure CO2-CH, plasma. Dedicated experimental setups and approaches have been
designed in an attempt to disentangle the questions listed above. It also includes the need
for developing measurement techniques that are reliable, yet simple enough to be applied in
large parametric studies to provide enough information to dig into the complexity of CO2-CHy
plasmas.

Because of everything mentioned above, the use of complex discharges must be discarded

to get insights on fundamental mechanisms driving CO2-CHy plasmas. For this reason, the
main system studied in this work is a low pressure glow discharge taking place in a cylindrical
pyrex reactor. The low pressure system "slows down" the characteristic times of all phenomena
by lowering the collision frequency. Phenomenon that would happen in one nanosecond at at-
mospheric pressure can be slowed down to a few millisecond, making the observation and the
measurement much easier (the lower time-resolution needed allows for the use of more instru-
ments). The glow discharge is probably among the worst discharges for efficient COg splitting
but has several incomparable advantages for a fundamental study. First, it is supposed to be
spatially homogeneous, which avoid the necessity to use space-resolved diagnostics and allow the
use of line-of-sight averaged diagnostics. Second, the glow discharge is reproducible: as it fills
the whole volume between electrodes, no problems of spatial reproducibility are met (unlike for
nano-second discharge, filamentary DBD or plasmatron where the discharge channel constantly
changes). Third, several key physical quantities are easily accessible: the electron density (n,) is
proportional to the imposed current and the electric field (E) can be easily obtained by inserting
two pins in the plasma and measuring the voltage drop across the positive column (assuming
spatial homogeneity, the field is simply obtained by E = ‘%U where d is the distance between
the pins). These parameters (n, E) are critical to understand the behaviour of the plasma.
The spatial homogeneity and the easy access to physical quantities makes the glow discharge
ideal for comparison with a 0D model, which is often required to fully understand the plasma
kinetics.
Finally, the cylindrical pyrex reactor is symmetrical and has no sharp edges which avoids geo-
metrical edge effects. The pyrex is one of the most studied material and many coefficients and
rates are available in literature when it comes to plasma surface interaction, such as recombi-
nation of atomic species (A S Morillo-Candas, Drag, et al. 2019a).

The glow discharge is used in two complementary ways but always with a gas flow, i.e.
in "plug-flow" configuration. The first use of this discharge is to measure parametrically the
dissociation products at the output of the discharge to constraint the chemistry. Secondly,
the vibrational excitation is measured in the pulsed glow discharge in a configuration where
the mixture composition is considered stable during the pulse. This allows to constraint the
vibrational kinetics of CO2-CH4 plasmas by using a 0D model.
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Figure 1.7: Repartition of the energy between different modes in a pure COs discharge as a
function of the reduced electric field. taken from Grofulovié et al. 2018

However, given the strong ecological and technological interest of CO9-CHy4 plasma, it would
be foolish not to try to understand and optimize the production of CO and Hs from COs and
CHy in a discharge more suited for CO9 conversion. For this reason, the behaviour of COo-
CH, plasma is also investigated in a low pressure radiofrequency discharge, though still from a
fundamental point of view. The reduced electric field in a radiofrequency, lower than in most
other discharges, is suited for CO5 dissociation : it correspond to the field required for vibrational
pumping. The following graph 1.7 taken from Grofulovié¢ et al. 2018 shows how the electron
energy is splitted between different modes in an COg discharge. When the reduced electric
field is of a few tens of Td, most of the energy is transferred to vibrations because the typical
electron energy is not too far from the vibrational quantum of COs. This is completed by a large
electron density compared to other discharges, meaning that more electron can actually be used
for vibrational pumping. The RF discharge is however not spatially homogeneous and offers no
easy way to measure E/N and ne, making it challenging to study. Yet the RF discharge figures
as an ideal candidate for efficient CO2-CHy conversion, and the kinetics of the Radiofrequency
discharge and the reaction pathways will be studied in this work in a closed-reactor configuration
("batch configuration"). In this configuration, the evolution of the densities of IR-active species
is measured in a closed-reactor (i.e without any flow) giving a chance to follow the chemical
kinetics from initial reactants until complete steady state. This will allow to test the kinetics
scheme devised with the glow discharge even further.

Finally, to obtain as much information as possible from the experiments to constrain the mod-
els, developments of measurement method will be necessary. Automation of the measurements
will also be necessary to increase the amount of data available to test the models.
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The main goals of this work are therefore the following:

e Develop experimental tools to complete the data obtained in each condition mea-
sured in the parametric study that will be conducted. The reliability of actinometry
will be assessed. Method to determine the rotational ad vibrational temperatures
of CO will also be tested.

e Constrain the kinetics of the electrons and the main species of the plasma using
a plug flow configuration in the glow discharge for which parameters driving the
plasma behaviour (Electric field, electron density and gas temperature) can easily
be determined.

e Constrain further the kinetics scheme developed by using a more complex discharge
configuration (RF plasma in batch reactor) which however allow to follow the evo-
lution of chemical composition until steady state

e Constrain the vibrational kinetics of CO3-CH4 plasmas with time resolved in situ
measurements of COy and CO vibrational temperatures in various mixtures

The primary concern of each of these goals is to place ourselves in conditions that allow us to
make quantitative model/experiment comparisons in order to understand the complex kinetics
involved.

1.6 Outline

This work is structured into four main parts but the first one is subdivided in two.

The first part focuses on the use and the development of diagnostics. The main diagnostic
used in this work is the Fourrier Transform InfraRed (FTIR) spectroscopy, but no development
were made on this diagnostic. A focus is done on OES-based diagnostics, like the determination
of the temperature (rotational or vibrational) with through OES or actinometry. Actinometry
is compared to Cavity Ring Down Spectroscopy to find the best parameters to use to obtain
robust results from this very simple diagnostic. The second part, which can be seen as a sub-
part of the first one, is dedicated to the adaptation of optical emission spectroscopy to the use
of a simple low spectral resolution USB spectrometer in order to be able to use this diagnostics
as "routine" in all our next experiments.

The third part focuses on the kinetic scheme of CO2-CHy plasma. FTIR spectroscopy and
OES are used to follow the evolution of the rotational temperature and densities of IR active
species in a glow discharge. A parametric study is used to explore a large range of pressure,
mixture and total flow conditions. These results are then used as basis for comparison with
0D model using a "simple" kinetic scheme (containing only molecules with up to one carbon
atom). This first experiment allows to validate the first part of the kinetic scheme. The reaction
pathways are discussed.

The fourth part aims at understanding the reaction pathways in a CO2-CHy RF discharges in
closed reactor (without any flow). Plasma pulses are ignited in the reactor and are followed by
FTIR measurements to obtain the evolution of the densities of IR active species as a function
of the number of pulses (and indirectly of the plasma ON time). Because less information are
available than in the glow discharge, a parametric study is first conducted to draw as many
information as possible from experimental results. The previously established kinetic scheme is
then extended to simulate the RF discharge, where molecules with 2 carbon atoms are detected.
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CHAPTER 1. INTRODUCTION

The last part focuses on the vibrational excitation of CO2-CH4 plasmas and aims at answering
the following question: what is the effect of CHy and its by-products on the vibrational excitation
of COy and CO 7 The pulsed glow discharge is used in flowing conditions (plug flow). This
allows to obtain a system in which dissociation is compensated by gas renewal, ensuring a stable
composition, even during a pulse. The so-called step-scan function of the FTIR spectrometer is
used to study the influence of CHy and some of it’s by products in various conditions of mixing
and pressure during a bms plasma pulse. The V-V processes are explored through the "Single
Pulse" experiment, which increases the renewal of the gas to always ignite in fresh gas. This
allows to follow the vibrational excitation in a controlled medium.
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CHAPTER 2. ACTINOMETRY FOR O ATOM DENSITY MEASUREMENTS IN
LOW-PRESSURE O CONTAINING DISCHARGES

2.1 Introduction

Among the many diagnostics used for CO2 plasma, none are supposedly simpler than acti-
nometry. Actinometry is an OES-based diagnostic, which aims at measuring the density of a
specie (often atomic species) by comparing the intensity of an atomic emission line of interest
with the intensity of the emission line of an actinometer, a gas whose density remains known
in the plasma (a noble gas is typically admixed, usually Ar). Actinometry has been widely
used over the last decades to measure absolute densities of various species. Indeed, despite low
degree of dissociation in Nitrogen plasmas, actinometry to detect N was reported in Czerwiec
et al. 2005 in an ICP discharge at 10~"Torr. N was also measured in Ricard et al. 2007 for
experiments in N2-Og and No-Ho microwave discharge. More recently, actinometry was applied
in D. V. Lopaev et al. 2017 in RF discharges at 0.2Torr, using Kr as actinometer. D. V. Lopaev
et al. 2017 also uses actinometry for F atoms and O atoms. Actinometry for O atoms densities
measurements has been reported many times in pure O2 and O2 /Ny discharges. The measure-
ment of O atoms by actinometry was reported in Pagnon et al. 1995 where it was compared
with VUV measurements in a Oy glow discharge at a few Torr. In Tsutsumi et al. 2017, O
atom density and reduced electric field were simultaneously investigated in O2 RF plasma, us-
ing Ar for O actinometry at 40Pa. In Britun, Belosludtsev, et al. 2017, O actinometry is used
in HiPIMS Ar-Os discharges and compared to TALIF measurements between 3 and 20mTorr.
Actinometry for O atoms is also of high interest in CO2 containing plasma (hence for DRM). It
was used in A S Morillo-Candas, Drag, et al. 2019b in a COq low pressure glow discharge (1 to
5Torr). Finally, actinometry on H atoms, also of great interest for CO2-CHy plasmas, has been
repeatedly investigated: in Dyatko et al. 1998, Ar and Kr were used as actinometers to measure
H densities in pure Hy, Ar-CO-Hy and Kr-CO-Hy mixtures. In Gicquel et al. 1998, H atom den-
sities are measured in a Hy-CHy microwave discharges for diamond deposition. More recently, H
actinometry was put forward in Kristof et al. 2016 in RF discharges at 1-10Pa. Simultaneously,
A. Bernatskiy et al. 2015, A. V. Bernatskiy, V N Ochkin, et al. 2016 and A. V. Bernatskiy,
Lagunov, et al. 2016 investigated H, OH and water traces in a He:Ar:Xe glow discharge con-
taining traces of water vapor. Interestingly, A. Bernatskiy et al. 2015 used OH bands in the
UV (318nm) for actinometry to investigate water densities and compared results to absorption
spectroscopy. In A. V. Bernatskiy, V N Ochkin, et al. 2016, Xe and Ar were simultaneously
used as actinometer to double-check the validity of the results.

Actinometry is so used because it is a powerful diagnostic for measuring atomic species den-
sities: with a good detector, a limited acquisition time is required, allowing to follow temporal
variations. Because actinometry only requires sampling light, it can be used for spatial profiles.
For the same reason, actinometry is quite simple to set: in the simplest configuration, only a
lens and a spectrometer are required. But most importantly, actinometry is a non-perturbative
in-situ diagnostic. However, actinometry relies on a certain number of physical constant and
basic collision data like excitation cross-sections or complete sets of cross-section for EEDF
computation. These basic data must be reliable to get accurate measurements. Many versions
of the basic data are available in literature and choosing the right one can be problematic,
leading to large mistakes on the measured densities in the worst cases. The goal of this chapter
is to shed light on the problems that can rise from actinometry and to provide a reliable set of
parameters to perform actinometric studies.

To do so, actinometry was compared with Cavity Ring Down Spectroscopy (CRDS), assumed
to be much more reliable. Measurements were taken simultaneously, first in a O2 glow discharge
and then in an COs discharge at pressure between 1 and 5 Torr.
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Figure 2.1: Experimental Set-up

2.2 Experimental Setup

A glow discharge was chosen for the reasons brought up in the introduction: it is repro-
ducible, homogeneous in the positive column and important quantities like E and n, are easily
measurable. A schematic of the setup is shown on figure 6.1. The glow discharge is ignited
at low pressure in a 65-cm long cylindrical pyrex reactor of radius lem. The electrodes are
perpendicular to the axis of the tube to measure only the positive column. The gas is supplied
in the reactor thanks to 2 Bronkhorst flowmeters and the ensemble is pumped down by an Ed-
wards XDS pump. The tube is closed on both side by two highly reflective mirrors (R>0.99999)
which constitute the optical cavity of the CRDS system. The mirror on one side is moved at
the edge of tube of an amplitude close to the wavelength of the laser used with the help of a
piezo electric motor, ensuring that the cavity length is periodically an integer multiple of the
laser wavelength. The glow discharge is powered by a FUG power supply. A lens of 5cm focal
length is positioned on the side of the tube, with its focal point at the center of the tube. This
lense is used to create parallel beam which is then focalized on the entrance slit of a PI Isoplane
spectrometer by another lens of focal length 3.5cm. An almost identical setup was used in J.-P.
Booth, Chatterjee, Guaitella, D. Lopaev, et al. 2022.

2.3 Actinometry

2.3.1 Equations and principle

Actinometry relies on the comparison of the intensity of the line belonging to a specie of
interest with a line belonging to a specie whose density is known (the actinometer).
Assuming that excitation is due mainly to electron impact, the intensity of a line can be com-
puted by making the product of the excitation and deexcitation terms. The intensity I of an
emission line of specie x between level i and level j at wavenumber v is given by

Iy = Cy = hvj;* ké * Ne * afj[nx] (2.1)
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where v;; is the wavenumber of the transition, C, is the response coefficient of the observation
device at wavenumber v, k! is the rate coefficient of electron impact excitation from the ground
state to level i, n. the electron density, n, the density of specie x and aj; the effective branching
ratio. The effective branching ratio represent the probability of radiative deexcitation through
the observed line compared to all other deexcitation channels. The branching ratio can be
written as:
aj; = A5 .

TOXAT+ 2o kglnel

where A;; is the Einstein coefficient of transition ij, >}, A; is the sum of all Einstein coefficients
of radiative transitions from level i, ng is the density of specie Q and kg is the collisional

(2.2)

quenching coefficient of level i by specie Q. The electron impact excitation rate coefficient k?
from equation 2.1 is given by:

= o [ np(egede (23

m th

where o; is the excitation cross-section of level i, €, is the energy threshold of the cross-section
and f is the electron energy distribution function.

If equation 2.1 is valid for both the specie of interest and the actinometer, actinometry can be
used. This means the excited level i must be populated mainly by electron impact and not by
radiative cascade from another excited state. Using an actinometer A transitioning from i’ to
j’, the density of specie X can be obtained by making the ratio of two line intensities following
equation 2.1:

A LA
Xl=—="""%76
[X] I4Cx hyi)j( 5% aioj

[A] (2.4)

Ideally, the excitation cross-sections of level i of specie X o; and i’ of the actinometer A, oy
must be as close as possible, both in shape and in excitation threshold (i.e €; ~ €;) to minimize
the potential errors in the computation of the EEDF.

A is usually a noble gas so that its density remains constant in the plasma, but some cases have
used molecules from the plasma such as Hy in Kristof et al. 2016.

2.3.2 Case of O actinometry with Ar as actinometer

For the actinometry on O atoms, two strong emission lines are usually chosen. The first one,
referred to as 777, is a triplet centered around 777.4 nm (the three lines are very close and often
convoluted on the spectras, therefore no distinction is made between them), corresponding to
the radiative deexcitation of O excited level O(3p®P) to level O(3s°S). The second one, referred
to as 845, is also a triplet, centered around 844.63nm and correspond to the deexcitation of level
O(3p3P) to O(3s3S). The excitation threshold of the excited levels radiating lines at 777nm
and 845nm are very close, with respectively €;,0(3p5p) = 10.8eV and €;,0(3,3p) = 11€V.

The level O(3p°P) radiating 777 is not only populated by electronic impact, but also by disso-
ciative excitation of Oy. As a consequence, the emission of the 777 line is given by

Iorrr = Crrr % hvQe s ng % a%or % ([O] # kO + [O2] * kae) (2.5)

This second source of excitation is negligible in the condition of the glow discharge at a few Torr
in Os or CO2 compared to electron impact excitation, as it was shown in Pagnon et al. 1995
and A S Morillo-Candas, Drag, et al. 2019b. In this work, this term was taken into account for
intensity calculations but did not make a significant impact. It only accounted for up to 5% of
the calculated oxygen density. It was therefore chosen to neglect it for actinometry calculations.
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Figure 2.2: Atomic species levels used for O on Ar actinometry

For Argon, two lines are used here: the 750.4nm, corresponding to the deexcitation from
Ar(2pl) (4p[%]0 in Racah notation) to Ar(1s2), and the 811.5nm, corresponding to the deexci-
tation from Ar(2p9) (4p[3]s in Racah notation) to Ar(1s5). The 750nm line is the line usually
used in literature when using Ar as an actinometer. The energy threshold of the excited levels
radiating 750 and 811 are respectively €, 4,(2p1) = 13.75eV and €y, 4 (2p9) = 13.48eV. The level
2p9 of Ar requires caution as it could be populated by metastable states of Ar. It is however not
a problem in Oy discharges because the metastables are very efficiently quenched by atomic O.
The spontaneous emission coefficients A;; for all these levels are taken from the NIST database
(Kramida et al. 2021) and are given below in table 2.1, along with the collisional quenching
coefficients. As shown in equation 2.2, each excited state in the plasma should have its own
collisional quenching coefficient for each individual quencher, but they are not always available
in literature. The ones used here are therefore the one for Oy as a quencher, using the approx-
imation )| q kqng ~ ko, * N, with N the gas density. This approximation is supported by the
measurement of the collisional quenching coefficients in CO2 and in Oz in A S Morillo-Candas,
Drag, et al. 2019b, which showed that the coefficients were very close for different collisional
partners (such as CO2 and O2).

Level Line | A;j (s71) | ko (m?s™1) Source
Ar2pl 750 | 4.45.107 | 7.6.107'® | A S Morillo-Candas, Drag, et al. 2019b
Ar2p9 (4p[5]5) | 811 | 3.31.107 | 5.9.10717 Jelenak et al. 1993
O(3p°P) 777 | 3.69.107 | 10.6.10716 Niemi et al. 2005
O(3p*P) 844 | 3.22.107 | 9.4.1071'6 Tsutsumi et al. 2017

Table 2.1: Einstein coefficients and collisional quenching of the level used

2.4 Cavity ring down spectroscopy

Cavity Ring Down Spectroscopy (CRDS) is a very powerful diagnostic allowing to measure
the atomic density of oxygen and the gas temperature. The functioning of this technique was
described in Berden et al. 2009. CRDS was used for example in J. Booth et al. 2000 for fluor-
containing species in a low pressure RF plasma. This techniques can be tuned for numerous
species, like in Stancu, Kaddouri, et al. 2010, where CRDS was used to measure Ng(A) in
atmospheric pressure nanosecond discharges. The CRDS bench used in this work was installed
by Jean-Paul Booth and his students Abbudhay Chatterjee, Andrey Volynets and Cherif Si
Moussi.
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2.4.1 CRDS principle

CRDS is a very sensitive technique allowing to detect even absorption transition having a
very weak transition probability. The technique is derived from Cavity Enhanced Absorption
spectroscopy (CEAS). In CEAS, a cavity is formed by using highly reflective mirrors to increase
the path traveled by a laser pulse, which increases the absorption according to Beer-Lambert
law (I=Ipexp(-al)). In CEAS, the intensity at the output of the cavity is measured to deduce
the density. In CRDS, the sensitivity is increased by observing the decay of the output signal
when the laser pulse is turned off.

Let us assume a cavity of length L, closed by 2 mirrors of reflectivity R (and of transmitivity
T=1-R). If a laser pulse is injected into the cavity with a duration shorter than the round trip
of the light in the cavity, a fraction (1-R) of the laser pulse will enter the cavity through the
first mirror, go through the cavity and a fraction (1-R) will exit the cavity through the second
mirror. If the cavity contains an absorbing sample of length d, the intensity at the exit of the
cavity is given by :

Ilstpassage =I+«Tx*T= 61’]9(—0661) (26)
— I

by including both transmissions and the absorption through the sample by the Beer-Lambert
law. The part of light that is reflected goes through another round trip. When reaching the
end of the cavity, the light intensity at the exit of the cavity is given by :

L=T+Tse “@sRee s Rue sl (2.8)
— T2 * e—ad % R2 % e—2ad (29)
= Ip# R % ¢ 20d (2.10)

It is easily deduced that after n round trips, the intensity is given by
I, = Iy % R?" % ¢~ 2omd (2.11)

Replacing the discrete n by a continuous parameter ¢ = n * 2% and using R?" = exp(2nin(R)):

1(t) = To = cap(C w in(R) » exp(%d*c 1) (2.12)
= Iy # exp(t = %(ln(R) — ad)) (2.13)
R~1—In(R) ~—(1—R) (2.14)
I(t) = Inexp(t * %(R —1-ad)) (2.15)
I(t) = Tpexp(—t + %(1 — R+ ad)) (2.16)
(2.17)
Using the form I = Ipexp(=*)

;o L 2.18)

c¢(l1— R+ ad) (2

The observed decay of at the exit of the cavity is therefore an exponential decrease with a
constant 7 which depend on the absorption by the medium. Because both the absorption and
the reflexion by the mirror are wavelength-dependent, 7 can be rewritten:

L
() = 2.19
v o[l = R(v) + X, 0§y Ni(w)de] o
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with i the species which absorb at wavenumber v, o; the absorption cross-section of specie i and
N; the density of specie i. In case there is only on absorbing specie at wavenumber v, the decay
time is :
v) = L v (2.20)
c[1—R(v) + 0§, N(z)dx]
The asset of the glow discharge is to be homogenous in the positive column , meaning that
N(z) = NVz, finally rewriting previous equation as :

L
") = TR0 1o s de V]

(2.21)

The choice of the line of absorption is crucial. It depends on the specie, but must not be
saturated. For oxygen, the forbidden transition O(3Py) <> O('D3) was chosen because despite
being a forbidden transition (therefore very weak), the absorption cross-section is well known.
Scanning the decay at the exact wavenumber of the absorption line provides information on the
oxygen density. Scanning the whole line profile brings the temperature information because the
spectral resolution is better than the Doppler broadening. For any wavenumber, the absorption
is given by : P .

a(v) * A (; — T—O) (2.22)
where 7y is the decay time of the empty cavity. The absorption profile (i.e the line profile) can
be easily reconstructed by varying the wavenumber of the laser. The temperature can then
be deduced by measuring the full width at half maximum (FWHM) and assuming that the

broadening is due only to the temperature.

The CRDS is considered as a reliable diagnotic because the determination of the atomic
density relies on only one absorption cross-section. For the transition O(3P,) <> O(!Ds), the
integrated cross-section used in this CRDS scheme is given in J.-P. Booth, Chatterjee, Guaitella,
D. Lopaev, et al. 2022:

A“P )\2
Cint = f ol dy = L2 Zlow™ _ 9 9810 2cm? (2.23)
Jlow 7T

with AZ)’;} the Einstein coefficient of the transition, gy, is the degeneracy of the upper level
O(!D3), giow the degeneracy of the lower level O(3Py). The total density of the O(3P) state
was deduced from the population of O(*Py) using:

Y 9i¢ T % [OCRy)]
- 92
The uncertainty on the results is limited to the uncertainty on the cross-section.

[0CP)] (2.24)

2.4.2 CRDS Setup

In practice, the light source of the CRDS setup is a tunable diode laser (Toptica Laser).
The laser beam passes through an opto-acoustic modulator (whose role is to chop the beam)
and further through a beam-spliter. One part of the beam is sent into a wavelength meter
to constantly monitor the wavelength of the laser. The other beam is sent to the cavity and
goes through a first highly reflective mirror. The "entrance" mirror is mounted on a piezo-
electric translator which periodically moves with an amplitude of one ), so that at least once
per piezo oscillations, length of the cavity is exactly nA, with n an integer. The beam exit
the cavity through a second highly reflective mirror and is sent onto a Photo-multiplier Table
(PMT), where the intensity is monitored. When the exit intensity goes over a certain threshold
(meaning that enough intensity accumulated in the cavity for detection), the decay time is
measured. On the contrary, when the intensity injected into the cavity is not sufficient, the
event is discarded. The density of atomic oxygen is inferred using from the measured decay
time on the intensity in the cavity with the equation 2.22.
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2.4.3 CRDS correction for the dead volume

CRDS is a line-of-sight averaged diagnostic and the plasma does not occupy the whole cavity.
To avoid exposure of the mirror to plasma that could damage it, dead volumes are left on both
sides of the plasma. A correction factor must therefore be applied, to take into account the
dead volume. One can calculate the "correction" C to apply to the measured O density [O],,
to obtain the actual value of the oxygen density in the plasma [O],. Using L the length of the
cavity, [ the length of the dead volume, [O]4 the atomic oxygen density inside the dead volumes
and [, the length of the plasma, one gets:

The obvious limit is of course if C = ZL Here,
p

L~60cm & Ip~ 10cm
— g = 1.2

A correction factor that varies with pressure could be taken into account. A priori, the
diffusion of O atoms from the plasma to the dead volume indeed changes with pressure. The
pressure increase will also likely increase the temperature difference between plasma and the
dead volume, in turn impacting the diffusion of O atoms. TALIF measurements were performed
on an identical system in by Tat Loon Chng (unpublished) to measure the densities of oxygen
in the tube in order to compare CRDS and TALIF. TALIF can be performed perpendicularly to
the tube, allowing to measure the axial profile of O atom in the tube. The TALIF measurement
in the dead volume showed that [O]g was about 10 percent of [O], at 1Torr, while the density
was negligible at 5Torr. This means that C' = 1.17 at 1Torr and C' = 1.2 at 5Torr. Out of
simplicity, a constant C is chosen for O densities at all pressure, with C=1.18.

2.5 Challenges of actinometry

Previous comparisons between actinometry and other diagnostic method, considered as more
reliable, such as CRDS or TALIF have shown discrepancies. In Pagnon et al. 1995, actinometry
was compared to VUV absorption spectrometry in a low pressure Oo glow discharge. The
agreement was surprisingly good: at 2 Torr, the [O]/[O2] fraction was 0.19 with VUV absorption
spectroscopy versus 0.22 for actinometry, giving credit to actinometry. The agreement was
equally good at lower pressure with similar differences between actinometry and VUV at 0.36
Torr. However, a comparison of the cross-section shown in Pagnon et al. 1995 and supposedly
drawn from Laher et al. 1990 with the original cross-section from Laher et al. 1990 showed a
shift in the threshold for both O lines. The good agreement apparently comes from a mistake in
the cross-section as it will be discussed in section 2.8. In A S Morillo-Candas, Drag, et al. 2019b,
actinometry measurement performed in a CO2 glow discharge measured an oxygen fraction of
12%, while TALIF measured up to 19%, showing a 50% uncertainty on the [O]/N. In A. V.
Bernatskiy, V N Ochkin, et al. 2016, absorption spectroscopy of water was compared with OH
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Figure 2.3: First comparison of the measured fraction of atomic O by CRDS and actinometry
in an 85:15 O9:Ar mixture at 40mA as a function of pressure. The IST Lisbon set is used for
the computation of EEDF, the Laher cross-section is chosen for O excitation and the Zatsarinny
cross-section is chosen for Ar. This constitutes the "initial set of parameters"

actinometry (using here not excitation but electron impact dissociation of water), which yielded
good results over a current variation (2-10mA) at 0.5mbar: the maximum error was of 25%
on the absolute density. However, this last measurement exhibited different trends between
actinometry or absorption spectroscopy as a function of current, raising a doubt on the validity
of actinometry for a wider current variation. In Britun, Belosludtsev, et al. 2017 and in Britun
and Hnilica 2020, TALIF and actinometry were compared, but unlike A S Morillo-Candas,
Drag, et al. 2019b where TALIF was calibrated with Xe fluorescence, Britun, Belosludtsev, et
al. 2017 used a point of O actinometry for calibration of the TALIF, which therefore necessarily
gave good agreement. The trends of TALIF and actinometry during a radiofrequency pulse
were compared and proved to be somewhat close, but a factor 2 could be found between the
two methods at the beginning of the pulse. It is important to mention that using TALIF as
a reference for densities obtained from actinometry can also introduce additional incertainties.
Indeed, absolute values with TALIF require a calibration (made with Xe for TALIF on O atoms)
which suffers from the accuracy of the absorption cross section. In the case of Xenon, it has
been shown that a factor 2 on the final O atoms density can be due just to the error on the Xe
cross section Drag et al. 2021. Therefore even for O atoms which have been extensively studied
with actinometry, comparison with other measurement techniques gave contradictory results on
absolute densities.

In this work we have chosen CRDS which a priori leads to lower uncertainties on absolute
values. Our experiment comparing CRDS and actinometry with our "initial set" of parameters
(see below) as a function of pressure for an Oy-Ar discharge is shown on figure 2.3. The current
is set to 40mA and the gas composition is 85:15 Og:Ar. A factor 2 to 3.5 is obtained (depending
on the pressure) in the range investigated. The difference between actinometry and CRDS is
not constant, showing that the trend of actinometry is also a problem. The question of the
source of the discrepancy obviously arose.
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Figure 2.4: Excitation cross-sections available for oxygen

Rewriting the intensity of one line, one gets:

e 2e\i * Ai‘cj
I, = Cyp * hyj; * (E) gi(€) f(e)ede * ne * ST S ko [no] x [ng]
€th ? :

As opposed to CRDS, actinometry relies on a great number of basic physical data that were
measured or modeled in literature. The results of an actinometry measurement can therefore
be largely influenced by uncertainties on the data used for analysis. The results can also be
worsened by the fact that the data for the specie of interest and of the actinometer can be
inconsistent. The most sensitive data for the proper line intensity calculation are the following
ones (shown in red in equation 2.25):

(2.25)

o the electron impact excitation cross-section of the level radiating
e the set of cross-section used for the computation of the EEDF
e the quenching coefficients

The sensitivity of the results to each of these parameters will be analysed in the following
sections.

2.5.1 The excitation cross-section o,

Numerous excitation cross-section for O and Ar levels are available. For Oxygen, three cross-
sections are available and are shown on figure 2.4.

The first cross-section for electronic excitation of O(3P) to the excited states O(3p3P) and
O(3p°P) were calculated in Julienne et al. 1976 by the method of the unitarized distorted wave
including exchange, described in Davis et al. Nov. 1974. A peak value of the direct excitation
cross-section is given, as well as the cascade contribution from other levels, which, in the case
of O(3p3P) and O(3p°P), are very weak.

The cross-section proposed by Laher and Gilmore in 1990 are built upon literature review.
The cross-sections are based on the direct measurement performed in Erol E. Gulcicek et al.
1987 (which measured the value of the electron excitation cross-section at 30eV) and in E. E.
Gulcicek et al. 1988 (which extended previous measurements to more energies: 13.8eV close
to the threshold, 20eV, 50eV and 100eV). These two sources are compared with the work of
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Julienne and Davis, which yield results approximately 25% lower. Based on the measurement,
the following approximation was proposed by Laher and Gilmore:

for O(®P — 3p°P) for O(3P — 3p°P)
direct measurement of direct measurement of
Gulcicek et al for E < 30eV Gulcicek et al for E < 100eV

o(E)=110%10"« B~ for E > 30eV  o(E) =181%10"* « E73 for E > 100eV

In the end, the cross-sections proposed by Laher and Gilmore contains much more points than
the direct measurement they are based on. The profile of the cross-section must have been
extended by interpolation between the experimental points and by extrapolation down to the
threshold (11eV while the measurements start at 13.8 eV), but the methods of interpolation
and extrapolation are not given in Laher et al. 1990. For a glow discharge whose bulk electron
energy is at 2.5eV, energies higher than 10 €V are in the tail of the EEDF. This means that in
our case, the part of cross-section above 15 eV is far less relevant as only very few electrons have
that energy. Hence, the cross-section of Laher, when applied to a low pressure glow discharge,
only relies on one experimental point, the value measured in Erol E. Gulcicek et al. 1987.

The theoretical cross-section proposed by Barklem in Barklem, P. S. 2007 is computed using a
38-state R-Matrix in L-S coupling and was calculated to interpret emission spectras in astro-
physics. It was also compared to the work of E. E. Gulcicek et al. 1988, which had 5 points
between 0 and 200 eV and showed large deviation (40% with the 13.87eV point from Erol E.
Gulcicek et al. 1987).

The theoretical cross-section of Tayal proposed in Tayal et al. 2016 was calculated with the
B-spline R Matrix method between 11 and 200 eV and was compared with experimental mea-
surement by Vaughan et al. 1988 and Kanik et al. 2001. However, both of these experiment
presented only a limited number of points on the studied range (3 points for Vaughan et al. 1988
and and approximately 20 points for Kanik et al. 2001) with large uncertainty. The matching
between the calculated cross-section and the experiment is therefore to consider with caution.
The Laher and Gilmore (further referred to as Laher) cross-section is the one usually favored
for O actinometry (Viegas et al. 2021, A S Morillo-Candas, Drag, et al. 2019b) or for collisional
radiative model of oxygen (Fiebrandt et al. 2020, Caplinger et al. 2020) because Laher and
Gilmore were the first one to propose a theoretical and experimental review of the work on
O excitation for these levels. Their work also proposes cross-section for numerous excitation
processes of O, making the use of their work more convenient for O atom radiative model. The
Barklem and Tayal cross-sections are however much more recent and are therefore worth being
considered as well.

For Argon, the cross-sections from Biagi, Chilton & Boffard, Puech and Zatsarinny can be
found for both Ar2P1 and 2P9. Additionally, the cross-sections from Bretagne (Bretagne et al.
1986) and Hayashi (Hayashi 1981) are available for 2P1 only. For this work, only sources which
provided cross-section for both levels of Ar were kept and plotted on figure 2.5.

The Biagi cross-sections are transcribed from the Magboltz Fortran code developed by S.F.Biagi,
which is a Monte Carlo code evaluating the trajectory of the electrons in a magnetic and/or
electric field.

The Zatsarinny cross-section was computed using the B-spline R-Matrix in JK Coupling in
Zatsarinny et al. 2014. They were compared with experimental data from Chutjian et al. 1981,
Chilton et al. 1998, Filipovic et al. 2000a and Filipovic et al. 2000b. A relatively good agreement
was found with the measurements of Chutjian and Cartwright, but the discrepancies lead the
authors to question the absolute normalization accuracy.

The Puech cross-section is taken from a complete set of cross-section assembled by Puech and
Torchin in Puech et al. 1986 based on literature. The cross-sections are taken from various
sources: the momentum transfer are taken from Frost et al. 1964, and the inelastic processes
with threshold above 20eV are taken from a set developed in Bretagne et al. 1986 and based on
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Figure 2.5: Excitation cross-sections available for Argon

the measurement by Chutjian and Cartwright. For lower energies, the set is based on measure-
ment by Schaper et al. 1969.

Finally, the Chilton et al cross-section is proposed in Chilton et al. 1998 and was determined
experimentally between 0 and 300eV through Fourier-Transform Spectroscopy (FTS). All emis-
sions in the range 650-1100nm were measured with FTS, which allowed the authors to separate
the cascade contribution from the direct excitation contribution, making the measured value
supposedly more accurate. Previous measurement by Ballou et al. 1973 could only estimate the
cascade contribution. The Chilton cross-section is the one used in the IST-Lisbon set for Ar.

2.5.2 The accuracy of the EEDF and the set of cross-sections used for com-
putation cggpr

The accuracy of EEDF is critical, especially because the threshold of excitation (~ 10-13 eV)
correspond to the tail of the EEDF for a glow discharge whose mean electron energy is around 2.5
eV. To our knowledge, only one complete and consistent set of cross-section exists for a proper
description of the EEDF in Oj, which is the IST Lisbon set (Gousset et al. 1991). The IST
set is validated against swarm parameters by construction: after grouping the cross-sections for
known processes, other cross-sections for unmeasured processes were added, and the shape and
values of the cross-sections were chosen so that the set is validated against swarm parameters.
No other set proposed in literature compares well against swarm parameters. However we will
also use for this work the set proposed by Biagi with his code MagBoltz. The Biagi set has
two drawbacks : the ionization coefficient is not well reproduced as a function of the electric
field compared to available swarm measurements (Price et al. 1972 and Price et al. 1973, Corbin
et al. 1974), which in this particular case is a problem, because O ionization threshold is around
11eV, precisely where the O777 and 0845 excitation take place. Overall, this means that the
Biagi set is less likely to reproduce accurately the EEDF in this region. Second, the Biagi
set includes an extremely weak Oy attachment cross-section (with an order of magnitude of
10~*2m?), leading to a strong disagreement on the reduced Townsend attachment coefficient.
This second drawback can be very easily solved by removing the attachment cross-section from
the set, leading to an excellent agreement on the reduced Townsend attachment coefficient and
leaving the other swarm parameters untouched. In the rest of this work, the attachment will
always be removed from the Biagi set. It was verified that this has no influence on the results
presented here.

Figure 2.6 shows the comparison of the simulated swarms using the IST Lisbon set, the
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Figure 2.6: Comparison of simulated swarms (lines) with all experimental data (scattered points)
available on LXCAT for pure Os. The Biagi set without attachment cross-section is plotted
in dashed line and overlaps perfectly with the Biagi set for reduced mobility, ionization and
characteristic energy. The reduced ionization coefficient simulated with the Biagi set does not
match with experimental values

Biagi set and the Biagi set without attachment with all experimental data available on LXCat.
Appart from the reduced Townsend coefficient for the Biagi set, all swarms are well reproduced.
The same problem arise for Argon. Though Ar is less critical in our experiment as it represent
at most 15% of the gas, it is non-negligible. Several sets are available in literature (Yanguas-Gil
et al. 2005 from IST Lisbon, Puech et al. 1986, Chilton et al. 1998). In this study, only one set
of Ar cross-section is investigated because the Ar set is not expected to make a strong impact.
The IST set, validated against the swarm parameters, is chosen.

Eventually, the problem appears for atomic oxygen, which can make up to 30% of the gas
mixture. No set is validated against swarm parameters for mixtures of atoms and molecules,
so the effect of O processes cross-sections on the EEDF is hard to evaluate. One solution is to
ignore the atomic O in the computation of the EEDF, which will be shown later. This solution
can only assess the error of including O cross-section but not correct it.

2.5.3 The accuracy of the quenching coefficients

With a lesser importance, the quenching coefficients are also sensitive data. Their values can
vary by a factor 2 from one source to another : for example, the rate found for O(3p3P) in Meler
et al. 1986 is twice as low as the one found in Dagdigian et al. 1988 (respectively 3.7.1071%cm3s~1
vs 7.8.10719%m3s71 ). This second value is close to the value reported in Niemi et al. 2005 and
to the values remeasured in A S Morillo-Candas, Drag, et al. 2019b by TALIF and therefore
will be kept for the rest of this study. Their influence increase with pressure and they can
therefore change the trend of emission line with pressure. It was however verified that to
observe a real difference, a factor 10 was needed on the rate, which is unlikely given the number
of experimental measurement of these rates. The current values, despite their small uncertainty,
will not be changed.
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An '"initial" set of parameters is defined for O actinometry, corresponding to the most used
parameters in literature: IST-Lisbon Oy set for EEDF computation, IST O set for computation
EEDF computation, the Laher cross-section for O excitation and the quenching coefficients of
Niemi and Tsutsumi.

Reference set of parameters for line emission analysis in the following:

o ol3T 1 sets for Og and O atoms in EEDF calculation

Laher
Oexc

for excitation of emitting states (Laher et al. 1990)

o kg from Niemi (Niemi et al. 2005) and Tsutsumi (Tsutsumi et al. 2017)

2.6 Line intensity simulations

Actinometry is a line ratio method already introduced in section 2.3.1. Testing the excitation
cross-section of the levels of interest oeye, the EEDF accuracy with 55, and the quench-
ing coefficients £, just with line ratios would lead to numerous combination and possible error
compensation. In litterature, only line ratios are usually compared to other measurement tech-
niques which is probably one of the reason for the contradictory conclusions reported. It is
therefore better to assess the accuracy of each individual lines intensity separately before using
two of these line intensities in a ratio for "actinometry calculations". To achieve this and test
the accuracy one by one of the parameters 05, 5> and 0z, an intensity calculation algorithm
was developed. The principle is to determine the absolute number of photons emitted for each
transition of interest using the data (absoluyte oxygen density and gas temperature) obtained
with the CRDS measurements assumed to be accurate. The simulated intensity can then be
compared to the one measured with the spectrometer used for emission measurements. The

algorithm is summarized on fig 2.7.

Set Tgas and '
—— |  composition from - C(')tnr:pLUt}?I EBEDF > CO(rjnputte ele?ft_r(?n i?nS'tY
CRDS measurement with Lo and rate coefficien

Compute intensity of
each line

Figure 2.7: Principle of the absolute emission intensity computation

The experimental conditions (gas temperature and composition) are drawn from CRDS
measurement and are used as input for the Boltzman solver LoKI-B (Lisbon Kinetics solver
Tejero-del-Caz 2019, Tejero-del-Caz 2021). A set of cross-sections is provided for the com-
putation of the EEDF and excitation cross-sections are provided for the computation of the
rate coefficients. The electron density is computed by using the reduced mobility computed by
LoKI-B and the current set during the experiment:

&

- mr?
Ne T+ BN * s (2.26)
where C is the current, r the radius of the tube and fi,¢q is the reduced mobility (jyeq = % N
where g is the mobility). The value of the coefficient C(v) from equation (2.1) is obtained by
calibration of the spectrometer using a calibrated lamp, whose emission spectrum is known.
The correction factor used in this work are given in the table 2.2. The spectrum detected by
the spectrometer is then corrected by the function C(v) to match the lamp spectrum. Finally,
using equation (2.1), the intensities are computed for the 4 lines of interest. The simulated

intensities are then compared with the experimental values.
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Wavelength | Sensitivity of the spectrometer compared to 777
750 0.81
77 1
811 1.3
845 1.51

Table 2.2: Isoplane spectrometer calibration (Ireal = S*Imeasured)

A scaling of the simulated intensity with the measured intensity is necessary. The measured
intensity in the experiment is given in volts at the output of the PMT while the simulation yield
an absolute number of photons. A complex calibration would be required to precisely establish
the relationship between the voltage at the output of the PMT and the number of photons
sampled from the discharge. The solid angle of collection of the light would also be required.
Instead, the intensities of both experiment and simulation normalized on the value of the O777
line at 1 Torr. This way, two things can be compared at once: first the evolution of the trend
with pressure (i.e indirectly with varying E/N) for the O777 line, informing on the validity of
the chosen excitation cross-section o¢... Second, the consistency of the O845 emission with the
O777 line can be checked: even if the normalization is done on the O777 line, the O845 line
should match the simulation if the cross-sections are consistent for both levels.

In the following, [O] and T obtained from CRDS are used to calculate individual line
intensity of O(3P) and O(5P) with LOKI instead of comparing line ratios as done in
actinometry.

2.6.1 Line intensities in pure oxygen plasma

In a first part, we compare simulated intensities and experiment in a pure Os discharge to
avoid Ar influence on the EEDF calculation. The Os flow is set to 10 sccm and the current
to 40 mA. Two sets of cross-sections for EEDF computation oggpr are tested, as well as 3
excitation cross-sections .. for the specific O levels.

set

9EEDF Oexc
IST Set Laher
x Barklem
Biagi Set Tayal

Table 2.3: U%%DF and o, tested for the comparison of the simulated and measured line
intensities

The set of cross-sections used for atomic O in the EEDF calculation is not changed. Only the
one of IST-Lisbon is used but the influence of adding or not O atoms in the EEDF calculation
will also be tested. In the following, unless mentioned otherwise, it is implicit that for all
measurements the atomic O cross-sections from IST are used for the EEDF. Figure 2.8 shows
the comparison of the simulation and experiment for the two Oxygen lines for all combinations of
o5t o and 0egze. The experimental values of the intensities correspond to the voltage taken from
the PMT during the measurement, corrected by the factors in table 2.2 to take into account the
sensitivity of the optical system at a given wavelength. For both lines, the simulated intensities
decrease with pressure like the experimental ones. The decrease of the intensity with pressure
has two sources. First, the decrease of the reduced electric field with pressure, which drops from
62Td at 1Torr to 47 Td at 5Torr, leading to less electrons exciting the radiating levels. Second,
the increase of the collisional quenching with pressure. First looking at the O777 line, two groups

clearly appear: the group of the Biagi set (using Ugi%ip) on top, with a general better agreement

with the experiment and the group of the IST set using &%, (bottom group). In each group,
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Figure 2.8: Comparison of the experimental trends of line O777 and 0845 as function of pressure
with several combination of EEDF set and excitation cross-section in a pure Os plasma. The
current is set to 40mA and the flow to 10sccm

the order of the lines are the same: the Tayal cross-section seems to give the best agreement,
followed by the Barklem, the Pagnon, and the Laher cross-section. The general agreement of
the Biagi set is however good enough generally, and all 4 cross-sections could be used in this
particular case. Looking at the O845 line, it appears that the agreement is quite different. This
time, the agreement depends more on the consistency of the O845 cross-section compared to the
O777 in the chosen source rather than the EEDF set used. Indeed, looking at the 1Torr point
(the normalization point), it can be seen that the Laher cross-section gives a good agreement
with both sets Uggl%z r and JEETD r, indicating that the ratio of the two excitation cross-sections
proposed by Laher is likely correct. No other source for g.,. give a good value of the O845

intensity at 1Torr, indicating that the ratio 09345 /60777 is wrong for Barklem and Tayal. For

the 845 line, the experiment is in very good agreement with the combination Ugfgg w+ glLaher
(i.e the EEDF set of Biagi and the cross-section of Laher), making it seemingly the most suited
combination for proper actinometry. This is once again questionable as the Biagi set is not

expected to describe properly the EEDF in this region.

Best parameters so far to reproduce O atoms lines intensities in pure Oy plasma:

Biagi Set for EEDF Ug}_gg r + Laher cross-section G

Effect of Oy(a)

So far, the density of the O2(a) metastable state of O was neglected in the computation of
the EEDF despite its relatively high density. Indeed, comparison of VUV measurement and IR
data from J.-P. Booth, Chatterjee, Guaitella, Sousa, et al. 2020, taken in the same configuration
as the present work showed that the density of Os(a) is about one tenth of the Og density in
the plasma (the real Oz(a)/O2(X) is given in table 2.4).
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Pressure 322((;)) at 20mA 0022((;)) at 40mA
0.5 0.0873 0.113
1 0.0843 0.111
2 0.0746 0.0941
3 0.0647 0.0820
4 0.0594 0.074
5 (extrapolated) 0.053 0.068

Table 2.4: O2(a) fraction in a pure Og plasma. Taken from J.-P. Booth, Chatterjee, Guaitella,
Sousa, et al. 2020

The effect of the inclusion O2(a) in the computation of the EEDF are shown for both oxygen
lines on figure 2.9.
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Figure 2.9: Effect of inclusion of the measured Oz(a) fraction in the computation of the EEDF
for a pure Os plasma. The computation is done with the IST lisbon set and the Laher cross-
section. The lines are compared with pressure.

Inclusion of O2(a) in this case give a slightly better agreement between experiment and
simulation (in orange on figure 2.9). The effect is however very small, which does not mean
that the EEDF does not change, but rather that the bulk of the EEDF (at low energy) is mod-
ified, probably due to the low energy of the Oy(a) state (close to 1eV), leaving the tail mostly
untouched. The Oz(a) state will be neglected during the rest of this work.

Including O2(a) or not do not significantly change the calculation of absolute intensities
of O777 and 0845 in these conditions

Effect of atomic Oxygen cross-sections in the EEDF

As explained above, the cross-sections of electron impact with atomic O cannot be tested
against the swarm. An uncertainty therefore lies in their use. So far, the computation of the
EEDF included a complete and consistent set of cross-section for Os and some cross-sections for
atomic O (the IST set from IST Lisbon database), which were not validated against the swarms.
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Figure 2.10: Comparison of the experiment and the simulation as a function of pressure in a
pure O2 plasma using the Biagi set assuming a pure Oy EEDF. The current is set to 40mA and
the flow is 10sccm

A way to evaluate the uncertainty of the inclusion of O atom cross-sections is to neglect the
atomic oxygen in the EEDF and to assume a pure Os composition. First, the comparison of
the experimental and simulated intensities for the Biagi set of cross-section assuming a pure Oo
plasma is shown on figure 2.10. The agreement between experiment and simulation remain very
good for the O777 line, but the trend noticeably changed: while the simulated decay with pres-
sure was previously too strong compared to the experimental one, the opposite is now obtained.
The O845 line, previously in good agreement for the Laher cross-section, now show the same
issue as the O777 line: the simulated trend is now flatter than the experimental one, leading to
no good agreement for the O845 line.

The comparison for the same condition (pure O2 plasma assuming a pure Oy composition for
the EEDF) is shown for the IST lisbon set on figure 2.11. For all excitation cross-section, the
agreement of line O777 is now relatively good, with a trend well reproduced. The agreement of
the 845 line with the Laher cross-section is excellent with a trend perfectly reproduced, which
once again goes in favor of the Laher cross-section. This however raises the question of the
influence of the atomic oxygen on the EEDF. The comparison of the O777 and 0845 for both
IST and Biagi sets with and without accounting for atomic O are shown on figure 2.12. In
both cases, the Laher cross-section is used. In both cases, removing the atomic oxygen from the
EEDF flattens the trend. The set of cross-section of atomic oxygen used in the computation
of the EEDF is shown on figure 2.13 along with the Oy set of IST Lisbon. The O9 excitation
are shown in blue and the O cross-sections in orange. For both species, the cross-section of
individual excitation processes are shown in plain line and the summed cross-sections for all
excitation processes of the specie is plotted with '+’ markers. The elastic cross-section were not
included in the sum. The amplitude of the summed cross-sections of O is much higher than the
one of Oy up to 6eV. After 6eV, the amplitude of the summed O cross-section becomes larger
than the one of atomic O. This means that including the O atoms in the EEDF computation
will deplete the bulk of the EEDF and increase the tail of the EEDF above 6eV (the excitation
to O(3p>P) and O(3p°P) take place at 11eV).

The calculations using the Biagi set show equally good results when removing the atomic oxy-
gen from the EEDF computation (the results presented on figure 2.12 show that the decay with
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Figure 2.11: Comparison of the experiment and the simulation as a function of pressure in a
pure Os plasma using the IST set assuming a pure O EEDF. The current is set to 40mA and
the flow is 10sccm
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Figure 2.12: Comparison of the line intensities in a pure Oz when accounting for dissociation in
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41



CHAPTER 2. ACTINOMETRY FOR O ATOM DENSITY MEASUREMENTS IN
LOW-PRESSURE O CONTAINING DISCHARGES

107 T T T T

——Summed O2 cross-section

——Single 02 process cross-section

——Summed O cross-section
——Single O process cross-section

b
S
T
1

._.
S
=

Cross-section (mz)
=
=]
o
2
T
1

102 I f

-23

10

energy (eV)

Figure 2.13: Cross-sections of O and atomic oxygen used in the computation of the EEDF
with Loki. The atomic cross-sections are in dashed lines

pressure of line O777 is well reproduced when using a pure Oy EEDF whereas the decay of
0845 is well reproduced when accounting for the atomic oxygen in the EEDF). For the rest of
this work, the atomic O will be included in the EEDF computation when using the Biagi set
for O2. On the other hand, a large improvement is obtained when removing the atomic O from
the EEDF computation if using the IST set for Os.

In the rest of this work, the EEDFs computed using the IST set mostly do not include the
cross-sections of atomic O, they are referred to as "IST set pure Oy EEDF" or "IST set without
atomic oxygen'".

7~

Two sets of parameters gives satisfactory results for both O atoms lines:

Biagi + O.Laher

e The combination of o pnp oater already identified before

e the combination of the IST set for Oy without atomic O cross-sections
IST—noOatoms Laher

OCBEDE with the Laher excitation cross-section o_/%
This second combination allows for the best agreement between the experimental and
simulated O777 and O845 in pure O2 plasma but it requires removing O atoms from
EEDF calculation.

Comparison of the best combinations of J%EED r and ocge

So far, two combinations have reproduced the experimental trend in a satisfying manner :
Biagi set + Laher cross-section, and the IST set without atomic oxygen + Laher cross-section.
The question of their common features naturally arise: what are the common points of the
EEDF computed with these sets, leading to good agreement ?

We compare here the EEDFs at 1 and 5 Torr for these "best" cases. The comparison is plotted on
figure 6.32, with the 1Torr EEDF in dashed lines and the 5Torr EEDF in plain line. The EEDF
of a case with unsatisfying agreement (namely the IST set o34 - with O atoms + oZaer) is
also shown for comparison. No common feature appears for the two satisfying combination (in
blue and yellow). The EEDF obtained using Ug}gg 1 decays slower than the one obtained using

aéSETE}LOO“tomS , leading to a higher tail of the EEDF when using the Biagi set. Because the
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Figure 2.14: left:Graph of the EEDF of the best cases, compared with EEDF of a case with bad
experimental-simulation agreement (IST set + Laher)

right: evolution of the ratio of the EEDF at 5 and 1 Torr with electron energy. In both theses
graphs, the conditions giving good agreement with experiments are in yellow and blue while the
orange one is unsatisfying.

comparison done before are based on a normalization at 1 Torr for O777, the absolute values of
the EEDFs do not bring much information. Therefore, a second plot on figure 6.32 shows the
ratios of the EEDF at 5 Torr over the EEDF at 1 Torr as a function of the electron energy in
order to reveal the trend of the evolution of the EEDF with E/N, likely more important. On
figure 6.32, the two combinations that yield good agreement between experiment and simulation
are plotted in yellow and blue, while the unsatisfactory one is orange. The area of importance
for the excitation of the two levels is around 11eV and is marked by a red dashed rectangle.
It appears that in this area, the ratios of the 5Torr EEDF over the 1Torr EEDF overlap quite
well for two satisfactory combinations, while for the unsatisfactory case oLy withOatoms 5 Laher
drops much faster. The experimental decay of the line intensities can be reproduced well with
the simulation if the EEDF computed decays not too quickly with pressure. It is difficult to
pinpoint exactly one or several processes which will allow this. However the increasing pressure
goes with a decrease of the reduced electric field in our conditions, meaning that the process
with low energy threshold become more important at higher pressure. A good set for the
computation of the EEDF for actinometry must describe properly the low energy processes.

The best results are obtained with EEDF that do not decrease to fast between 10 and 15
eV when the E/N is reducing with pressure

2.6.2 Line intensities in O,-Ar plasmas

In the previous section, the best combinations of cr%eé pr T Oexc have been determined based
on the experimental variation with pressure of O777 and O845 in pure O2. We now check if these
conclusions are still valid when adding Ar in the gas mixture as it is needed for actinometry.
The variation with pressure of both the oxygen intensities and the Ar intensities with pressure
(and therefore E/N) can now be compared to calculations.
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Figure 2.15: Comparison of experimental and simulated intensity trends of the Oxygen lines
in a 95:5 Og:Ar plasma using the previously identified conditions: Biagi set + Laher & IST
without atomic O + Laher

2.6.2.1 Low Ar percentage

The first mixture studied is a 95:5 Og:Ar plasma. A first test must be done: looking only
at the O lines, it must be verified that the addition of Ar does not influence the parameters
previously identified. Figure 2.15 shows the comparison between simulated and experimental
intensities for the two oxygen lines in a 95:5 Oq:Ar plasma, using the comb];nations for which

agi

a good agreement between experiment and simulation was found in Og (0pppp + oliier or

gloTnoOatoms  yLaher) — The agreement of the 777 line is not as good as previously with an
error of almost 50% at 5 Torr compared to the experiment (”77‘3”' (?gﬂ;;;ié?o?;;’)”(wmr) = 0.5),

while the error in pure Oy was below 20%. However the agreement with the 845 line remains
very good, especially in the case of the IST set without atomic oxygen. This means that the
845 line will more likely yield good results when used for actinometry.

o Addition of 5% of Ar in the mixture has a detrimental effect on the agreement
between simulation and experiment.

e The O777 is more affected than the O845

o the best parameters for o5t + Teze previously identified for O lines remain valid

It can be easily checked that the choice of the Ar excitation cross-section does not influence
the O lines parameters either, because of the lower amplitude of the cross-section compared
to the O excitation and the higher value of the excitation threshold. Figure 2.16 shows the
comparison of the Argon line intensities Ar750 and Ar811 between experiment and simulation
for the 4 Ar cross-sections, using the Biagi set oggg}F and Laher cross-section ol The
intensities for both Ar and Oxygen are normalized by the value of O777 at 1 Torr. It is
important to remind here that by normalizing all intensities for both O and Ar on the same line
(the O777), it allows to assess the consistency between the excitation cross sections used for O
atoms and the ones used for Argon.

Independently of the chosen excitation cross-section for Ar, the simulated intensity of Ar
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Figure 2.16: Comparison of experimental and simulated trends as a function of pressure in a 95:5
O2:Ar mixture, for several Ar cross-sections, using the Biagi set and Laher cross-section. The
original curve of Ar750 (in plain lines) have been multiplied by a factor 2 or 2.3 depending on
the cross-section and plotted in dashed line. The dashed curves of Ar811 have been multiplied
by a factor 3

seems to be underestimated for both lines, by a factor close to 2 for the Ar750 line and a factor
close to 3 for the Ar811 line. The agreement of the simulated line Ar750 is good if a factor 2
is used for the Puech and the Zatsarinny cross-section (plotted in dashed lines on figure 2.16),
while the agreement is very good with the Biagi and Chilton cross-sections if a factor 2.3 is
used (plotted in dash & point lines on figure 2.16). There is therefore no way to discriminate
the "good cross-section" to use in this case: all 4 underestimate the intensity of line Ar750, with
various factors. For the Ar811 line, no choice of cross-section can reproduce the experimental
decay with pressure, which is always flatter than the simulated decay. The least wrong cross-
section giving the least underestimation for both lines is the Zatsarinny. Because the Ar750 line
reproduces the trend, it is likely that using it for actinometry will give good results, if not for
the absolute values (which might be underestimated, because the ratio Ip /14, is off by a factor
2 compared to experiment), at least for the trend. Using the Biagi set, the best ratio to use for
actinometry is likely to be O845/Ar750.

The results are also verified for the other case where a good agreement between simulation
and experiment was obtained in pure Og, i.e IST set without oxygen aéSETB }woat(’ms and Laher
cross-sections 02" on figure 2.17. The results are very similar to the previous case. Both lines
are underestimated compared to the experimental value. for Ar 750, the trends are good but the
line is underestimated by a factor between 3.5 and 5 (3.5 for the Puech and Zatsarinny cross-
sections, 4.5 for the Biagi excitation cross-section and 5 for the Chilton cross-section, plotted
in dashed lines on figure 2.17). The correction factor in this case is larger than the one used in
the case of the Biagi set. Similarly, the Ar811 line, in addition to being largely underestimated,
has a trend which does not match the experimental one for any excitation cross-section. To
have simulated intensity of Ar811 at the same level as the experimental one, the simulated
values were multiplied by a factor 6 (and plotted on figure 2.17 in dashed lines). The conclusion
when using this set of parameters (oiilneQatom 1 sLahery are the same as before, with simply

a different correction factor for both lines: both lines are underestimated, but the trend of the
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Figure 2.17: Comparison of experimental and simulated trends of the Ar lines Ar750 and Ar811
as a function of pressure in a 95:5 O9:Ar mixture, for several Ar cross-sections using the IST set
(without atomic oxygen) and Laher cross-section. The original curve of Ar750 (in plain lines)
have been multiplied by a factor 3.5 to 5 depending on the cross-section and plotted in dashed
line. The dashed curves of Ar811 have been multiplied by a factor 6

Ar750 line is the good one, while the simulated 811 trends with pressure are steeper than the
experimental one. No clear choice of excitation cross-section for Ar appear, the only difference
being a correction factor to use. However, in this case again, the cross-section yielding the least
underestimation is the Zatsarinny’s cross-section, making it the least wrong one. Once again,
because the 750 line reproduces well the experimental trend if multiplied by a factor 2, it is
likely that for the purpose of actinometry, good results might be given by the O845/Ar750
couple when using the IST set for computation of the EEDF.

o large inconsistency between Oxygen and Argon lines in all cases

e Zastarinny’s excitation cross-sections for Ar are the "least wrong" ones, but there
are no large differences with the others and none is really satisfying.

Similarly to the O excitation cross-sections, the Ar excitation cross-section will be noted
Ar

O-EJJC'

2.6.2.2 Influence of the Ar percentage

The percentage of Ar in the mixture is varied to study the influence of the actinometer. Two
additional data sets are taken: a 90:10 O5:Ar and a 85:15 O9:Ar mixtures are studied at 40mA,
10sccm. The following figure 2.18 is a matrix of intensities, with each line corresponding to
a different condition (5% Ar on the first line, 10% on the second and 15% on the third). On
each line, the 4 emission intensities (0777, O845, Ar750 and Ar811) are plotted as a function
of pressure. The experimental trend (in red) is compared to two simulated intensities: the
combination U?E%ZF + gQLaher 4 yArZatsarinny (Biagi set + Laher for O excitation + Zatsarinny
for Ar excitation) (in orange) and the combination olil,no0%ems 4 gOLaher | 5ArZatsarinny
(IST set without atomic oxygen + Laher + Zatsarinny).

The analysis of the behaviour of the lines must be separated in 2 parts: the 0.5 Torr point,

46



2.6. LINE INTENSITY SIMULATIONS

HExp G BiagiSet OLaher ArZatsarinny -5 1STSet OLaher ArZatsarinny pure 02 EEDF)

0771 0845 Ar750 Ar811
$3 \
53
(=I] S
S & \ 0.05 0.05
% 5 o \'—‘
*cg| v | @ T | 0——f-g-4 | 8 =--g5. ;
S =) 0 0
0 2 4 0 2 4 0 2 4 2 4
Pressure (Torr) Pressure (Torr) Pressure (Torr) Pressure (Torr)
o717 0845 Ar750 Ar811
e
58
i, 3'4 W
o
1L
S g
=0
0 2 4 0 2 4
Pressure (Torr) Pressure (Torr) Pressure (Torr) Pressure (Torr)
0777 0845 Ar750 Ar811
23°
)
.
[ p
g5 %
® =
=
0 2 4 0 2 4
Pressure (Torr) Pressure (Torr) Pressure (Torr) Pressure (Torr)

Figure 2.18: Comparison of the experimental and simulated intensity for the 4 lines of interest
in 3 different O9:Ar mixtures: 95:5, 90:10 and 85:15
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where the reduced electric field is significantly higher than in the other conditions (up to 90 Td
at 0.5Torr, ~65Td at 1Torr and ~48Td at 5Torr), and the points at 1Torr and above.

For pressure between 1 and 5 Torr, the agreement of the O777 line, very good at 5% Ar, is
progressively worsened with Ar content. The point at 1 Torr is the normalization point and
therefore does not change, but the gap between the simulated and experimental values at 5
Torr increases with pressure (0.20 vs 0.28 for the simulation vs experimental value at 5% Ar
and 0.11 vs 0.32 at 15%Ar). On the other hand, the agreement of the line O845 improves with
Ar percentage. The gap at 1Torr remains the same in all conditions (1.15 experimentally vs
1.75 simulated), but the points at 5Torr are in better agreement at 10 and 15%Ar than at 5%.
The values of the Ar intensities are significantly changed by admixture of Ar, as well as the gap
between simulated and experimental values. This means that the relevant values to compare is
the evolution of the ratio between experiment and simulation at a given pressure. For Ar750,
comparing experiment and simulation oi51;n00atems 4 yOLaher 4 5 ArZatsarinny (i yellow) shows
that at 1 Torr, the ratio between experiment and simulations remains close to 6 in all conditions,
while at 5Torr, the ratio between experiment and simulation increases from 4 at 5% Ar to 9 at
15% Ar. This means that the more Ar is added, the worse the agreement at 5 Torr for Ar750 is.
It must be noted that while a constant multiplicative factor (on the whole pressure range) could
match experiment and simulation at 5% Ar (Iegp/Isim (5% Ar, 1Torr) = Iegp/Isim (5% Ar, 5T orr),
it is no longer the case at 10% Ar ( Iezp/Isim(10%Ar, 1Torr) # Ieap/Lsim(10%Ar, 5Torr)). A
similar behaviour is observed for Ar811: at 5 Torr, the ratio experiment over simulation goes
from 3 at 5% Ar to 4 at 15%Ar. Overall, the agreement of the Ar lines is worsened by admixture
of Ar. Apart from the 0845 line, admixture of Argon seems to be detrimental for a correct
description of the lines. The gap between experiment and simulation (or rather the ratio of
experiment over simulation) increases with Ar percentage, leading to think that the factor 2.5
previously needed in the 5% Ar case to match experiment and simulation could already be a
consequence of an improper description of the EEDF in the 13eV area due to the 5% Ar.

The EEDFs at 1 and 5 Torr for gas mixtures going from pure Oy to 85:15 Og:Ar are plotted on
figure 2.19. The EEDFs are computed using the IST set without O atoms JJ{J%TB }woatoms. At
1Torr, increasing the Ar content increases the tail of the EEDF (>6eV), though the EEDF in the
90:10 and the 85:15 mixtures are very close. The effect of the Ar content is not as clear at 5Torr.
The tail of the EEDF at 5Torr is increased when going from pure Oz to 95:5 O2:Ar and further
to0 90:10 Og:Ar. Upon further increase of the Ar content to 15%, the tail of the EEDF decreases
and overlaps very well with the pure Os case. As a result, the ratio of the EEDF at 5Torr over
the EEDF at 1Torr are very different for all the mixtures. It can be seen on the second plot of
figure 2.19 that the more initial Ar in the mixture, the lower the ratio EED Fsror/EED Fi70pr
in the tail of the EEDF. The ratio EED Fsrorr/ EEDFi74r too low in the tail had been seen in
the pure Oy case for the case giving poor agreement between experiment and simulation. The
ratio of the EEDFs decreasing too fast with increasing Ar content likely indicate that the tail of
the EEDF is not properly described in Os:Ar mixtures. It can therefore be concluded that for
actinometry purpose, the Ar percentage should be kept as small as possible, necessarily below
5% (which seemingly already induces error) to avoid inaccurate description of the tail of the
EEDF. An interesting solution would be to use a more intense noble gas, such as Xenon, whose
emission line can be very intense even at 1% of the total gas density. The advantages are both
to limit the influence of the actinometer on the EEDF and to limit error while integrating the
line on the spectrometer (low lines are more sensitive to noise or integration limits).

The 0.5Torr point left aside on figure 2.18 must also be discussed. For all the lines, the
simulation sees a sudden increase of the line intensity below 1 torr for all combinations of
o3t o and 0247, For both oxygen lines, the experimental trend is much flatter than the
simulated one. Even though no point at 0.5 Torr is available for 5% Ar, the experimental trend
is flatter than the simulated one on the range 1-5 Torr, despite the good agreement in the values.
It is likely that the simulated point at 0.5Torr would see the same increase as in the other cases,

while the experimental one would be lower.
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Figure 2.19: Left: comparison of the EEDFs at 1 and 5Torr for different gas mixtures (pure Oq,
95:5, 90:10 and 85:15 O9:Ar). The EEDFs at 1torr are plotted in dashed line, the ones at 5Torr

are in plain lines.
Right: Comparison of the ratio of the EEDF a 5Torr over the EEDF at 1Torr for different

mixtures
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Figure 2.20: Comparison of the simulated and measured intensities of O777 and O845 lines in
a pure Os plasma. The current is set to 40mA and the flow to 7.4sccm

In pure oxygen, the simulated trends are quite similar to the experimental one: it is impossible
to say whether or not the same behaviour as in Og:Ar would take place. It is therefore difficult
to know if the trend and in particular the point at 0.5 Torr are due to the influence of Ar on
the EEDF or to a miscalculation of an excitation process of oxygen, or to both phenomena
entangled. A measurement at 0.5Torr in a pure O2 discharge would bring insight on the cause
of this issue.

For Ar lines, a strong increase is seen when going down from 1 to 0.5 Torr. The increase
is not as steep as predicted by the simulation, but it is clearly visible. It could be that the
Ar excitation processes are well-described (thus explaining the sudden increase) and that the
observed difference between experiment and simulation is only due to an inaccurate description
of the EEDF. In this case, this would mean that the excitation of atomic Oxygen at low presure
is not properly described. The dissociative excitation was ruled out by computation, but maybe
something else is missing.

e Increasing the Ar percentage is detrimental to the agreement between experiment
and simulation probably because the EEDF calculation accuracy (or at least the
tail) is worsened with increasing Ar admixture

o A larger error is made at low pressure e higher E/N, but the reason for it remains
unclear

2.6.2.3 Additional measurements in a pure Oy plasma

An additional set of measurement in pure O, with points at 0.75 and 0.5Torr was taken
very recently in the same setup. In this supplementary measurement, the total flow was set to
7.4sccm (different from the 10scem in the previous ones). This should increase the O9 dissoci-
ation but keep the temperatures and the reduced electric field similar, which does not however
matter for the purpose of comparing CRDS and actinometry. CRDS and actinometry measure-
ments were taken simultaneously. The intensities of lines O777 and O845 computed using the
CRDS data are compared with the intensities obtained from the spectrometer. The comparison
is shown on figure 2.20. Using the conclusions of the data in pure Os presented above, three

different cases of collision data are tested: oliljneoatems 4 GOLaher oIST 4 GOLaher and
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agggf o+ oQLaher  The intensities are still normalized by the intensity of O777 at 1Torr. For

the three cases simulated and presented on figure 2.20, the decay of the intensity with pressure
is in good agreement with the experiment. The strong increase experimentally observed below
1Torr is also reproduced in the simulation, indicating that the tail of the EEDF in pure oxygen
is well described. This answers the question raised by the set of data previously shown about
the validity of the tail of the EEDF in pure O3 and allow to finally draw the conclusion that the
discrepancies observed in the Os-Ar mixture are due to a problem in the EEDF computation
with the Og-Ar mixture and not to a problem with O itself.

Similarly to what had been seen before, the Biagi set leads to a very good agreement on the O777
line over the whole pressure range and to good agreement between experiment and simulation
for the O845 line. For the 0845, the intensity at pressure above 1Torr are underestimated by
approximately 25% with the Biagi set, but the intensity at 1Torr and above are in good agree-
ment with the experiment. Overall, the Biagi set allows to obtain a good agreement between

experiment and simulation. The two cases using U{ESETD_ ﬁooawms (in yellow on figure 2.20) and

olST - (in orange on figure 2.20) are close. The difference caused by the inclusion/withdrawal
of O atoms is not as strong as in the previous dataset, where a factor two could be seen at 5Torr
between the two cases. This is because despite the higher residence time in this new set of mea-
surement, the oxygen density is actually lower. This is attributed to the change of the state of
the surface of the reactor wall (the new measurement was conducted 1.5 year after the first one),
which increases the recombination probability vo and lowers the O atom density. Nevertheless,

the case aésgg }woat"ms shows a better agreement with experiment than the case i/, . for

pressures between 0.75Torr and 5Torr. For the O845 line, the case JJIE%TD_ I?wOatoms gives a better
agreement on the whole pressure range investigated. Overall, the conclusion drawn from this
additional series are the same as the one before: the combination that give the best agreement
between experiment and simulation are gldneoatoms | gOLaker qpq aggf—)i o+ gQLaher,

This additional set of data will not be used again and will not serve for actinometry calculations

presented below .

7~

o Discrepancies between experiment and simulation at low pressure are due to the
computation of the tail of the EEDF in the Ar:O2 mixture and not to a problem in
the description of the O/Og processes

e the new set of measurements extended to lower pressure confirms the previous

g : : 18T —noOatoms OLaher
conclusions on the best set of parameters which are either (o357 +og, e

Biagt OLaher
or (UEEDF + Ocxc )

2.6.3 Actinometry measurements

After analyzing all parameters one by one and drawing a "best working combination of basic
collision data" to determine individually line intensity variation with pressure (ie E/N), the
actual actinometry method based on line ratios can be performed to determine O atoms den-
sities. The actinometry algorithm used is described in figure 2.21. First, an Oxygen fraction
is assumed. From this, an O2 and Ar fraction can be computed as well (see appendix). The
temperature and reduced electric field are still required from another diagnostic (namely CRDS
and floating potential probes). They are provided to the Boltzman solver LoKI-B, along with
the fractions, and are used to compute the EEDF and ultimately the rate coefficients. These
are then used with the intensity ratio from the spectrometer given in table 2.2<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>