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Summary

The energy transition set to play out in the 21st century in response to global warm-
ing marks a paradigm shift in the production, distribution, and consumption of en-
ergy. A fundamental technological challenge in this transition is the required shift
from abundant energy-dense fossil resources to the more dispersed, transient, and
fleeting renewable sources of energy. Synthetic CO2-derived hydrocarbon fuels may
facilitate the adoption of renewable energy sources on a large scale as high-density
energy carriers for storage and transport of renewable energy in a CO2 neutral man-
ner. In this context, the process of direct conversion of CO2 to carbon monoxide can
provide the feedstock of carbon in the conventional synthesis routes of various hy-
drocarbon fuels. This prospect motivates the development of scalable, cost-effective,
and energy-efficient CO2 conversion processes.

Among the various scalable approaches for the decomposition of CO2, plasma
processing shows particular promise. Plasmas are highly reactive ionized gas envi-
ronments, suitable for breaking the strong chemical bonds of the CO2 molecule. The
vortex-stabilized microwave plasma reactor is a proven robust, and scalable design
in this regard. Using this design, researchers have previously claimed record energy
efficiency values of 80-90 % at a moderate pressure of around 100 mbar, reportedly by
leveraging specific non-equilibrium characteristics of the plasma. However, despite
numerous subsequent research efforts, neither the non-equilibrium plasma process-
ing conditions nor the efficiency of the original experiments have been reproduced.

This thesis develops the notion that rather than non-equilibrium processes, ther-
mal processes can adequately explain many of the commonly observed plasma phe-
nomena and dissociation performance of the CO2 microwave plasma. Two essen-
tial yet previously mostly disregarded aspects of the microwave plasma reactor are
covered: firstly, the phenomenon of discharge contraction and the resulting non-
uniformity on the plasma conditions and, secondly, the role of the vortex flow dy-
namics in facilitating the production and recombination of reaction products.

The plasma process is characterized using several experimental diagnostics. The
plasma shape and gas temperature are derived from the emission intensity profile
and the Doppler broadening of the 777 nm oxygen triplet, respectively. Electron den-
sity measurements of the plasma are obtained using 168 GHz microwave interferom-
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etry. The conversion and energy efficiency of the net dissociation process are both
derived from gas composition downstream from the plasma.

The measurements show that three distinct stable discharge modes can be distin-
guished in the CO2 microwave discharge. Below 85 mbar, a homogeneous mode is
observed. Further increase in the pressure leads to the L-mode and H-mode condi-
tions, with a transition between 100 and 200 mbar. Distinct plasma shapes and often
abrupt transitions visually characterize the discharge modes, mainly shown by the
decreasing radial diameter as pressure increases. Since this plasma contraction phe-
nomenon concentrates the power input, processing conditions in the plasma such
as gas temperature and electron density are strongly affected. Measurements show
that these modes occur at distinct gas temperatures in the ranges of 3000 to 4000 K

and 6000 to 7000 K, respectively. These temperature ranges are found to correspond
to the thermal dissociation thresholds of CO2 and CO.

The stable conditions of the CO2 discharge modes, as well as the transition mech-
anisms, are explained by the thermal-ionization instability. This instability relies on
the self-intensifying electron density growth in response to gas temperature rise and
is well established as a primary mechanism of discharge contraction in other dis-
charges. In the microwave plasma, the homogeneous discharge mode occurs under
the influence of a cut-off of the microwave field absorption at the critical electron
density. This mechanism limits the plasma to under-dense conditions and thereby
suppresses the thermal-ionization instability in the homogeneous mode.

The transition dynamics between the L-mode and H-mode plasmas are explained
by a mechanism of thermo-chemical instability, which arises from the coupling of the
thermal-ionization instability to heat release from thermally driven CO2 chemistry.
The heat capacity enhancement near around the temperature thresholds of thermal
decomposition of CO2 moderate the thermal-ionization instability, as the response of
the gas temperature to a perturbation in the power density is reduced. Consequently,
the stable discharge conditions and the temperature values of the H-mode and L-
mode plasmas emerge due to thermally-driven dissociation processes in the plasma.
These results reveal, more generally, the implications of thermal chemistry on the
contraction dynamics of reactive molecular plasmas.

Electron density and gas temperature measurements in both the L-mode and H-
mode plasma show that the plasma radius constitutes approximately a single skin-
depth. This result demonstrates that the plasma adapts to the characteristic penetra-
tion depth of the microwaves into the plasma. Furthermore, based on this skin-effect,
a direct relationship between the steady-state plasma radius and the ionization de-
gree in the discharge is derived. The predictive power of this relation is useful in
deducing macroscopic plasma parameters based merely on the visual appearance of
the discharge.

The plasma reactor conditions are also related to net conversion and energy ef-
ficiency. In general, a plateau in energy efficiency around 40 % is observed. This
apparent limit in energy efficiency is compared to the theoretical limits based on
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thermodynamic principles. For this, different quenching scenarios, which describe
particular assumed kinetic pathways of product recombination following the disso-
ciation process, are assessed. The optimal conditions of thermal conversion occur at
a plasma temperature of around 4000 K. When recombination of CO to CO2 in the
cooling trajectory is prevented, 43 % efficiency is achievable. On the other hand, ad-
ditional CO production stimulation of the CO2 + O reaction in the plasma afterglow
may potentially yield energy efficiencies of over 70 %.

Experiments and modeling are combined to investigate the kinetics of dissoci-
ation and recombination and the implications of discharge non-uniformity and the
vortex flow dynamics therein. For this, a 2D axisymmetric tubular reactor model is
developed, which incorporates non-uniform power deposition and thermal chemi-
cal kinetics. Simplifications are made by approximating the vortex as a laminar flow
with imposed radial turbulent transport, while the plasma is treated as a straightfor-
ward heat source. The results show a good agreement between model and experi-
ment, but only when the chemical kinetics are correctly coupled with radial heat and
particle transport. The L-mode to H-mode transition gives rise to favorable plasma-
kinetic conditions for thermal conversion. The CO production rate is inhibited by
a limited gas temperature of the L-mode plasma at pressures below this transition.
In contrast, the recombination of dissociation products in the plasma afterglow lim-
its the conversion process at high pressure, particularly in low flow rate conditions.
The vortex-induced turbulence leads to enhanced cooling and dilution of dissocia-
tion products, both of which facilitate the quenching process.

The insights on the plasma-physical and chemical aspects in relation to the flow
dynamics in the reactor covered in this thesis provide a stepping stone for further
development and optimization of the vortex-confined microwave plasma reactor.
Many opportunities remain to leverage the unique high temperature processing con-
ditions offered by quasi-thermal plasma reactors. Based on the insights of this thesis,
the outlook provides relevant topics of future research on process optimization of
thermal plasma-dissociation, plasma reactor design, and system up-scaling.
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Chapter 1

General Introduction

1.1 A changing energy landscape in the 21st century

Throughout history, the emergence of new sources of energy has consistently led to
increased and intensified energy consumption and population growth [1]. The indus-
trial revolution in the 18th and 19th century is an iconic example of such an energy
transition, in which the steam engine was developed to harness the power of coal.
In all previous energy transitions, the combination of easier access and a reduction
in cost were important enablers. The energy transition from fossil fuels to renew-
able sources that is set to play out in the 21st century will be iconic for breaking this
historic trend.

The abundance of fossil energy has generated great prosperity in the last cen-
turies. However, due to its projected impact on the global climate, our reliance on
these sources of energy has become an issue of great societal concern. The accumu-
lation of CO2 from fossil fuel emissions in the atmosphere has been identified as a
primary cause of a globally observed rise in surface temperatures [2]. The effects of
global warming may have far-reaching and permanent consequences for the natural
environment and ecosystems worldwide. Most recent projections show that global
warming must be limited to 1.5 ◦C(a) in order to prevent a severe long-term back-
lash on our collective well-being and living environment [3]. These projections also
show that the net CO2 emissions related to energy use should be reduced to zero by
mid-century in order to reach this goal. The current projections for global warming
indicate a temperature increase of 3 ◦C by 2100 despite the actions and commitments
set out by nations worldwide in the 2015 Paris Agreement to fight global warming [4].
This shows not only that immediate and far reaching actions are required to reduce
our reliance on fossil fuels, but also that technologies must be in place on the short
term to do so.

(a)Defined with respect to the pre-industrial average over the 1850-1900 period
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4 CHAPTER 1. GENERAL INTRODUCTION

(NaOH)] together with metal catalysts to pro-
duce hydrogen at an efficiency of 50 to 60% and
a cost of ~U.S. $5.50/kg H2 (assuming industrial
electricity costs of U.S. $0.07/kWh and 75% uti-
lization rates) (29, 30). At this cost of hydrogen,
the minimum price of synthesized hydrocarbons
would be $1.50 to $1.70/liter of diesel equivalent
[or $5.50 to $6.50/gallon and $42 to $50 per GJ,
assuming carbon feedstock costs of $0 to 100 per
ton of CO2 and very low process costs of $0.05/
liter or $1.50 per GJ (28)]. For comparison, H2

from steam reforming of fossil CH4 into CO2 and
H2 currently costs $1.30 to 1.50 per kg (Fig. 3D,
red line) (29, 31). Thus, the feasibility of syn-
thesizing hydrocarbons from electrolytic H2 may
depend on demonstrating valuable cross-sector
benefits, such as balancing variability of renew-
able electricity generation, or else a policy-imposed
price of ~$400 per ton of CO2 emitted (which
would also raise fossil diesel prices by ~$1.00/liter
or ~$4.00/gallon).
In the absence of policies or cross-sector coor-

dination, hydrogen costs of $2.00/kg (approaching
the cost of fossil-derived hydrogen and synthe-
sized diesel of ~$0.79/liter or $3.00/gallon) could
be achieved, for example, if electricity costs were
$0.03/kWh and current electrolyzer costs were
reduced by 60 to 80% (Fig. 3B) (29). Such reduc-
tions may be possible (32) but may require central-
ized electrolysis (33) and using less mature but
promising technologies, such as high-temperature
solid oxide or molten carbonate fuel cells, or
thermochemical water splitting (30, 34). Fuel
markets are vastly more flexible than instan-
taneously balanced electricity markets because

of the relative simplicity of large, long-term
storage of chemical fuels. Hence, using emissions-
free electricity to make fuels represents a critical
opportunity for integrating electricity and trans-
portation systems in order to supply a persistent
demand for carbon-neutral fuels while boosting
utilization rates of system assets.

Direct solar fuels

Photoelectrochemical cells or particulate/molecular
photocatalysts directly split water by using sunlight
to produce fuel through artificial photosynthesis,
without the land-use constraints associated with
biomass (35). Hydrogen production efficiencies
can be high, but costs, capacity factors, and life-
times need to be improved in order to obtain an
integrated, cost-advantaged approach to carbon-
neutral fuel production (36). Short-lived labora-
tory demonstrations have also produced liquid
carbon-containing fuels by using concentrated
CO2 streams (Fig. 1H) (37), in some cases by
using bacteria as catalysts.

Outlook

Large-scale production of carbon-neutral and
energy-dense liquid fuels may be critical to achiev-
ing a net-zero emissions energy system. Such fuels
could provide a highly advantageous bridge be-
tween the stationary and transportation energy pro-
duction sectors and may therefore deserve special
priority in energy research and development efforts.

Structural materials

Economic development and industrialization
are historically linked to the construction of in-

frastructure. Between 2000 and 2015, cement and
steel use persistently averaged 50 and 21 tons per
million dollars of global GDP, respectively (~1 kg
per person per day in developed countries) (4).
Globally, ~1320 and 1740 Mt CO2 emissions em-
anated from chemical reactions involved with the
manufacture of cement and steel, respectively
(Fig. 2) (8, 38, 39); altogether, this equates to
~9% of global CO2 emissions in 2014 (Fig. 1,
purple and blue). Although materials intensity
of construction could be substantially reduced
(40, 41), steel demand is projected to grow by 3.3%
per year to 2.4 billion tons in 2025 (42), and ce-
ment production is projected to grow by 0.8 to
1.2% per year to 3.7 billion to 4.4 billion tons in
2050 (43, 44), continuing historical patterns of
infrastructure accumulation andmaterials use seen
in regions such as China, India, and Africa (4).
Decarbonizing the provision of cement and

steel will require major changes in manufac-
turing processes, use of alternative materials
that do not emit CO2 during manufacture, or
carbon capture and storage (CCS) technologies
to minimize the release of process-related CO2

to the atmosphere (Fig. 1B) (45).

Steel

During steel making, carbon (coke from coking
coal) is used to reduce iron oxide ore in blast
furnaces, producing 1.6 to 3.1 tons of process
CO2 per ton of crude steel produced (39). This
is in addition to CO2 emissions from fossil fuels
burned to generate the necessary high temper-
atures (1100 to 1500°C). Reductions in CO2 emis-
sions per ton of crude steel are possible through

Davis et al., Science 360, eaas9793 (2018) 29 June 2018 4 of 9

Fig. 2. Difficult-to-eliminate
emissions in current context.
(A and B) Estimates of CO2

emissions related to different
energy services, highlighting
[for example, by longer pie
pieces in (A)] those services
that will be the most difficult
to decarbonize, and the
magnitude of 2014 emissions
from those difficult-to-
eliminate emissions.The
shares and emissions shown
here reflect a global energy
system that still relies
primarily on fossil fuels and
that serves many developing
regions. Both (A) the shares
and (B) the level of emissions
related to these difficult-to-
decarbonize services are
likely to increase in the future.
Totals and sectoral break-
downs shown are based
primarily on data from the
International Energy Agency
and EDGAR 4.3 databases
(8,38).The highlighted iron and steel and cement emissions are those related
to the dominant industrial processes only; fossil-energy inputs to those
sectors that are more easily decarbonized are included with direct emissions
from other industries in the “Other industry” category. Residential and

commercial emissions are those produced directly by businesses and
households, and “Electricity,” “Combined heat & electricity,” and “Heat”
represent emissions from the energy sector. Further details are provided in
the supplementary materials.
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Figure 1.1: Estimates of difficult-to-eliminate CO2 emissions (highlighted by the extended pie
pieces) in relation to the total carbon footprint related to energy usage. From: Davis et al.
(2019), “Net-zero emissions energy systems”, Science, 360 (6396). Reprinted with permission
from AAAS.

1.2 Bridging the gap: CO2-neutral fuels

The urgency to replace fossil fuels has been met with the development of alterna-
tive CO2-neutral energy sources. The adoption of renewable sources of energy have
recently accelerated, driven by enormous cost reductions in solar photovoltaic (PV)
and wind-based electricity generation. For example, the investment costs for PV
power plants have fallen by 80 % since 2009 [5] and continue to decrease. With solar
PV currently considered one of the lowest in LCOE for grid-scale electricity produc-
tion in many countries [6], the installation of renewable electricity capacity is expected
to further accelerate in the foreseeable future. Most energy demand in residential,
commercial and light industrial environments, as well as short-range transport can
be largely electrified with presently available technologies. Transitioning to green
electricity can largely mitigate the net CO2 emissions in these sectors.

Despite the promising developments in green electricity production, technolog-
ical challenges still remain in energy-intensive applications. In fact, as illustrated
in Fig. 1.1, roughly 27 % of current emissions qualify as difficult-to-eliminate, of
which a large part relies heavily on high density fuels [8]. This includes long distance
transportation such as aviation, shipping, long distance road transport, as well as
power plants that can follow fluctuating electricity demands. The favorable energy-
density of liquid fuels is expected to remain highly preferred over batteries and hy-
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Figure 1.2: The energy density of common energy carriers, including hydrocarbons (red), al-
cohols (orange), hydrogen (blue), batteries (green), kinetic energy (gray) and graphite (black).
Data obtained from Engineering Toolbox [7]

drogen fuel cell technologies in commercial transport sectors [9], as the compromises
required in volumetric- and gravimetric energy density to adapt to these alternative
energy carriers (Fig. 1.2) directly compete with payload capacity and cargo space.
The cost-effectiveness of reliable electricity grids, without the buffering capabilities
provided by fossil fuels, calls for alternative high density energy carriers [8]. Sector
coupling can be used to balance the energy grid and thereby greatly reduce the need
of complex redundancy systems. Fig. 1.3 shows how Alliander, a Dutch grid opera-
tor, views power-to-gas (P2G) technology as an opportunity to interface its existing
natural gas grid infrastructure with electricity and heat grids on a regional scale.

The perpetual need for high-density energy carriers indicate that fuels will re-
main relevant in a future without fossil energy sources. Synthetic CO2-neutral fuels
are considered as a viable solution, among which liquid hydrocarbons are obvious
candidates due to their high volumetric- and gravimetric densities (Fig. 1.2) [8]. This
includes fuels such as diesel, gasoline, kerosene and LNG (or liquefied methane).
The premise of generating such carbon-containing fuels in a CO2-neutral fashion
hinges on two principles, as illustrated in Fig. 1.4:

• The CO2 emissions from hydrocarbons combustion end up in the atmosphere.
Therefore, the carbon contained in the feed-stock must be derived from at-
mospheric CO2 reserves rather than fossil reserves in order to realize a CO2-
neutral cycle.
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Figure 1.3: Application of synthetic fuels for sector coupling: conceptual design of an inte-
grated energy system that uses P2G technology to balance the supply and demand of renew-
able energy sources. Source: Alliander N.V.

• The energy used to drive the CO2 conversion process involved in producing
the fuels must be powered by renewable energy sources to make the fuel cycle
renewable.

Large scale production of liquid hydrocarbons relies on the Fischer-Tropsch pro-
cess. Syngas, a mixture of CO and H2, is the feedstock for this process. Current
industrial-scale gas-to-liquid (GTL) plants use syngas derived from coal and natu-
ral gas. In order to avoid the CO2 emissions associated with conventional syngas
production processes such as coal gasification or natural gas reforming, alterna-
tive production methods via direct conversion of CO2 are considered [10]. Possible
synthesis routes for syngas and hydrogen based on CO2 conversion are illustrated
conceptually in Fig. 1.5. Central in these schemes is a CO2 dissociation to CO (us-
ing for instance a plasma conversion, followed by CO separation), followed by the
water-gas-shift (WGS) reaction to partially convert CO to H2 at the expense of H2O.
The large-scale deployment of CO2-neutral fuels asks for the development of cost-
effective and energy-efficient CO2 conversion technologies using renewable, robust,
and scalable materials and processes.
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Figure 1.4: The CO2-neutral solar fuel cycle. CO2 from the atmosphere is converted to a CO2-
neutral fuel using sustainable energy sources. The CO2 produced in the combustion process
is releases back into the atmosphere, completing the cycle.

1.3 Plasma conversion of CO2

Among the options for CO2 conversion [11,12], which include photo-chemical, bio-
chemical, thermo-chemical, and electro-chemical routes, plasma-chemical conver-
sion of CO2 is seen as a promising approach. Plasmas are highly reactive environ-
ments which are capable of driving strongly endothermic reactions. A wide range
of processing conditions can be achieved in plasmas [13], which can be tailored to
a wide variety of processes [14]. Technological plasmas run on electricity; therefore,
renewable sources of electricity can drive the CO2 plasma conversion process. Fur-
thermore, plasma processes can adapt quickly to varying loads, which makes them
suitable to run on intermittent sources of renewable energy.

In the context of plasma-driven CO2 conversion, plasmas generated with mi-
crowave radiation are considered promising, as they offer a high energy efficiency
and have a large scaling potential. Microwave discharges can be operated in two
parameter regimes, both of which have generated interest for CO2 dissociation ap-
plications:

• Microwave discharges can exhibit a non-equilibrium character, under which
the electron energy distribution in the plasma deviates from the gas temper-
ature in such a way that the electron energy is transferred primarily to vibra-
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The plasma electro-catalyser Syngas production scheme Figure 1.5: Conceptual schemes for CO-mediated synthesis of H2 and syngas by means of
direct plasma-assisted reduction of CO2

tional degrees of freedom in the CO2 molecule [15]. Such conditions of high
vibrational excitation may induce a process of vibrational dissociation which
is widely considered to be the most efficient dissociation pathway for CO2

[].
Early plasma-chemistry studies [15,16] in the 1970s on CO2 plasma conversion
have shown that high energy efficiency values of 80-90 % with up to 25 % con-
version are possible, by leveraging the non-equilibrium characteristics of the
microwave discharge.

• Microwave discharges may also induce high translational (gas) temperatures.
Gas temperatures of 3000-6000 K can be readily achieved in the plasma region
under steady state conditions [17–19], which is sufficient to yield thermal decom-
position of CO2. Under such high-temperature conditions energy efficiency
values of up 50 % [17,20] and conversion values up to 80% [21] have been reported,
depending on the particular operating conditions.

While plasma process offer a great range of processing parameters, the design
and optimization of plasma processes is a great challenge. The processing conditions
of plasmas may vary in a substantial yet unpredictable manner, even in response to
only minor changes in reactor geometry and operating parameters (i.e. operating
pressure, temperature, potentials, chemical composition, flow and temporal effects).
A further cause of complication is the fact that measurement of in-situ plasma pa-
rameters often asks for the development of sophisticated non-invasive measurement
techniques.

The previous factors may have contributed to the fact that, despite considerable
efforts devoted to recreating and sustaining the favorable non-equilibrium process-
ing conditions for CO2 conversion, the results of the original high efficiency exper-
iments have not been reproduced. Discharge contraction phenomena and the gas
flow dynamics are two poorly understood aspects of significant influence on the
plasma conditions and the overall reactor performance:
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• Discharge contraction is a common plasma phenomenon which induces radial
constriction or filamentation. These contraction dynamics can be very sensi-
tive to control parameters such as pressure and gas composition. Apart from
the evident implications on the local power density, discharge contraction in-
duces local gradients in temperature and density which result in strong spatial
variation in the process conditions throughout the reactor volume. Although
the occurrence of non-uniformity in plasmas is well described [22], its effect on
the plasma processing conditions are not well established. In general, a better
understanding of the discharge contraction process and its implications for the
plasma parameters and dissociation mechanisms is required.

• The gas flow dynamics of plasma flow reactors has a large impact on the en-
ergy efficiency and conversion of the CO2 plasma-dissociation process. The gas
flows in plasma reactors facilitate fast plasma product quenching, which pre-
vents the recombination of CO. However, the interaction between the plasma
and gas flow is only poorly understood, as it involves a complex interaction
between the charged particle kinetics in the plasma, the chemical kinetics, tur-
bulent gas dynamics and heat transfer.

It is therefore apparent that a deeper understanding of both the discharge contrac-
tion phenomenon and the gas flow dynamics is required to improve our current
understanding of the dissociation processes in the CO2 microwave plasmas.

1.4 Outline

The experimental work described in this thesis is carried out on a vortex-stabilized
microwave plasma reactor, operated at 2.45 GHz. This reactor configuration has
been the focus of previous research at DIFFER [17,21,23–26] in the context of plasma-
dissociation of CO2. Moreover, the experimental design is similar in configuration
to the previously reported experiments [16] with which 80 % energy efficiency was re-
ported, and therefore provides opportunities for comparison of the obtained results
with the earlier work in the Soviet Union [16].

This thesis focuses on the implications of discharge contraction and flow dynam-
ics on the CO2 conversion process in and around the microwave plasma. The main
mechanisms of CO production and its recombination are established and opportu-
nities for optimization are identified. The following aspects are covered to address
these issues:

• The relation between plasma size and plasma parameters is assessed using in-
situ electron density and gas temperature measurements. The findings provide
fundamental insights into the relationship between the plasma radius and the
microwave field parameters, which can be used to infer discharge parameters
from the size of the plasma. (Chapter 6)
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• The impact of reactive gas mixtures under influence of dissociation on the con-
traction dynamics. Three discharge modes are distinguished and character-
ized by means of its shape, temperature and power density. The nature of the
discharge modes is evaluated by assessing the underlying processes of stabil-
ity and instability. As a result, the occurrence of the discharge modes is be
explained as an emergent property of thermal reactivity in the plasma core.
(Chapter 7)

• A chemical kinetics model of the reactor is developed, aiming to match the
observed reactor performance. Carefull consideration is given to capture the
essential features of the plasma, in particular the non-uniform nature of the
plasma and the gas dynamics and transport. The model reveals how the CO
production and destruction mechanism in and around the plasma influence
the efficiency of the vortex-stabilized CO2 microwave plasma reactor. The lim-
iting factors of energy efficiency and conversion are identified and methods for
reactor optimization are discussed. (Chapter 8)

This thesis is divided in two parts. Part I will continue in Chapter 2 with an analy-
sis of the CO2 conversion process and its thermodynamic limitations via thermal and
charged particle driven dissociation mechanisms, followed by a literature review on
plasma-driven conversion of CO2. In Chapter 3, the plasma reactor configuration
and experimental methods of discharge characterization are described. A summary
of the main findings and implications of the thesis are presented in Chapter 4. The
outlook in Chapter 5 sketches the contours and relevance of future topics of research
based on the results of this thesis work.

Three scientific articles form the basis of this thesis and are contained in Chap-
ters 6-8 in Part II of this thesis.
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Chapter 2

Direct conversion of CO2

The direct conversion of CO2 is represented by the net chemical reaction

CO2 → CO +
1

2
O2 ∆H	f = 2.93 eV molecule−1, (2.1)

where the standard formation enthalpy ∆H	f of 2.93 eV [27] represents the minimal
net energy required to produce a single CO molecule from CO2 into a stable product
mixture. The net reaction (2.1) is initiated by breaking the CO – O bond:

CO2 + (M) → CO + O + (M) ∆Hr = 5.53 eV molecule−1. (2.2)

where M is an arbitrary collision partner. In general, the reaction rates for such
neutral chemical reactions are described by the rate equation

R = k(Ea, T )[A]a[B]b , (2.3)

where the reaction rate constant k(Ea, T ) depends on its activation energy Ea and
the temperature T , [A] and [B] describe the concentrations of reactants A and B.
The exponents describe the order of the reaction, which correspond to the stoichio-
metric coefficients for each reaction. Figure 2.1 shows rate constants for several
important forward dissociation reactions (solid lines) and their backward reactions
(dashed lines) in the thermal CO2 chemistry. It is apparent from the relative values
of the forward and backwards rate coefficients that the CO2 dissociation mechanism
strongly depends on the temperature. Furthermore, the forward rates only dominate
over the backwards rates above a temperature of roughly 3000 K, which shows that
such high temperatures are required to shift the net composition to the dissociation
products. In order to evaluate the reaction rates over time, the temporal evolution
of the particle concentrations (and transport for spatial variations) under influence
of all possible chemical reactions must be evaluated for each species. Such a kinetic

13
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Figure 2.1: The rate coefficients for several chemical reactions in forward (solid) and reverse
(dashed) directions as function of temperature. Reaction rates obtained from Butylkin et al. [28]

model is developed for the CO2 microwave reactor in Chapter 8 in order to evalu-
ate the effect of process parameters on the production rate, conversion, and overall
efficiency of the chemical process. Considering the complexity of such models, it is
insightful to first assess the theoretical thermodynamic efficiency limits of predeter-
mined reaction pathways, without considering the detailed kinetics.

The energy efficiency of a chemical process is the ratio of useful energy content in
the reaction products over the initial energy input. In the context of CO2 conversion,
this metric is relevant as it quantifies how efficiently the input energy is utilized to
produce CO. It is useful to distinguish several contributing factors, i.e. the efficiency
of energy coupling to the molecule, the energy efficiency of the dissociation mecha-
nism, and the energy efficiency of any follow-up chemistry of (reactive) dissociation
products:(a)

η = ηext · ηchem · ηrec (2.4)

The excitation factor (ηext) represents the fraction of energy invested in the prin-
cipal channel of the reaction. For example, when considering a chemical process
stimulated by vibrational excitation, the excitation factor represents the fraction of
energy invested in the vibrational excitation channel.

The chemical factor (ηchem) represents the energy efficiency of the reaction chan-
nel. The chemical factor is limited by inherent losses associated with the chemical
process [29], which can occur for instance when the activation energy exceeds the reac-

(a)A separate relaxation factor ηrel can be explicitly distinguished [29], which is relevant particularly in
non-equilibrium processes where significant relaxation losses may occur during the excitation process. In
this work the effect of relaxation processes are incorporated in the chemical factor.
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Figure 2.2: Illustration of energy flows in a chemical conversion process

tion enthalpy. Also, the chemical factor may also be inhibited by relaxation processes
(thermalization) in the build-up to the transition state in non-equilibrium chemical
processes.

The recombination factor (ηrec) represents the efficiency of the recombination chem-
istry that occurs once the chemical conversion has taken place. Such recombination
processes include the backward reactions that take place as long as the product mix-
ture is still reactive. In the CO2 conversion process, for instance, the reactive O pro-
duced in reaction 2.2 recombine in a follow-up reaction with CO to form CO2 under
the release of heat. When all CO is retained in the recombination trajectory, ηrec = 1.
In the worst-case scenario in which all CO recombines, ηrec = 0.

The remainder of this chapter aims to unravel the individual conversion fac-
tors for the CO2 dissociation process. Using this framework, the baseline in energy
efficiency is obtained for the thermal process based on thermodynamic principles
in Sect. 2.1. More specific plasma-driven dissociation mechanisms are assessed in
Sect. 2.2. Lastly, a literature overview in Sect. 2.3 establishes the state of the art on
direct plasma-driven CO2 conversion.

2.1 Thermal conversion of CO2

2.1.1 The chemical equilibrium system

The isobaric heating of CO2 gas is considered at a pressure p as function of gas tem-
perature T . The gas composition is assumed to describe a state of chemical equilib-
rium in which all possible forward and reverse chemical reaction rates are balanced
(t → ∞). In this case the mole factions xi(p, T ) of species i are obtained by mini-
mizing the Gibbs free energy of the system [30] with the thermo-chemical coefficients
for CO2 and its dissociation products [31]. The chemical equilibrium composition of
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Figure 2.3: Mole fractions of CO2 dissociation products in chemical equilibrium, at fixed pres-
sures of 10 mbar (dashed), 100 mbar (line) and 1000 mbar (dash-dotted). The shaded areas
indicate typical CO2 microwave plasma temperatures as reported in this thesis.

CO2 dissociation products as function of Tgas at several pressures is shown in Figure
2.3. As previously mentioned, it is apparent that a gas temperature of at least 2000 K

is required to shift the equilibrium composition towards the dissociated products,
while significant conversion only occurs from around 3000 K. Further decomposi-
tion of CO in the equilibrium mixture occurs only over 5500 K. Following a pressure
increase, higher temperatures are required to effectuate the same degree of thermal
decomposition.

The efficiency factors (i.e. ηext, ηchem and ηrec in Fig. 2.2) of the thermal decompo-
sition process are expressed in terms of the mixture enthalpy change during heating
and cooling. The enthalpy change ∆W of the equilibrium gas mixture when heated
from T0 to an upper temperature Th can be expressed as

∆W = heq(p, Th)− heq(p, T0) (2.5)

As heat is the principal agent of the thermal conversion process, the thermal excita-
tion factor ηext is per definition unity. The mixture enthalpy in chemical equilibrium
heq(p, T ) is calculated under assumption of ideal mixing from the total enthalpy of
each individual component hi(T ) and the relative mole fractions of the equilibrium
mixture xi(p, T ).

heq(p, T ) =
∑
i

xi(p, T )hi(T ) (2.6)

where hi are described by polynomials of which the coefficients are obtained from
reference literature [31].

The formation enthalpy in the heated phase ∆Hform, which characterizes the en-
thalpy change that leads to formation (as opposed to heating of internal and trans-
lational degrees of freedom) is obtained by considering the change in composition
without heating in the mixture enthalpy heq,form =

∑
i xi(p, Th)hi(T0) (note the T0 in
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Figure 2.4: The chemical factor ηchem = ∆Hform/∆W of thermal decomposition of CO2, as
function of the conversion temperature Th at a fixed T0 =300 K.

the enthalpy factor with respect to Eq. (2.6))

∆Hform = heq,form(p, Th)− heq(p, T0) (2.7)

The energy partition of ∆W directed towards formation (the fraction of energy in-
vested in chemical decomposition) represents the chemical factor ηchem of the ther-
mal conversion process.

ηchem =
∆Hform

∆W
=

∑
i [xi(p, Th)hi(T0)− xi(p, T0)hi(T0)]∑
i [xi(p, Th)hi(Th)− xi(p, T0)hi(T0)]

(2.8)

Figure 2.4 shows the chemical factor ηchem of the thermal equilibrium decom-
position at 10, 100 and 1000 mbar as function of upper temperature in the thermal
conversion process, calculated with respect to room temperature. The chemical fac-
tor strongly depends on Tgas around the thermal dissociation threshold of CO2, as
this represents the temperature for thermal conversion. Below 2000 K the tempera-
ture is not sufficient to induce chemical reactions and, consequently, the energy input
is largely invested in heating rather than conversion. The maximum value of ηchem
decreases slowly with rising pressure and at the cost of a increasing optimal process
temperature. The chemical factor of thermal dissociation peaks at 72 % for a pres-
sure of 100 mbar. The associated process temperature is 3700 K in this case. Under
these conditions, 100 % conversion of CO2 is approached, for which 72 % of the in-
put energy is usefully invested in breaking chemical bonds (formation), while 28 %

is invested in exciting the internal and translational degrees of freedom (DOF) of the
molecules, e.g. heating. At a higher pressure of 1000 mbar, on the other hand, the
maximum chemical factor decreases slightly (to 68 %) and asks for a higher process
temperature of around 4200 K. A second local maximum in formation, associated
with the thermal threshold for CO decomposition, occurs 6000 K.
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Table 2.1: Standard enthalpies of formation ∆Ho
f,i for the main dissociation products of CO2.

Source:NIST webbook of chemistry [27]

Chemical compound i kJ/mol eV/molecule

C(g) 716.67 7.45
CO2 -393.52 -4.09
CO -110.567 -1.15
O 249.2 2.59
O2 0 0

2.1.2 Scenarios of product recombination

The product quenching refers to the kinetics of the recombination processes in the
cooling trajectory of the conversion products. The fraction of formation energy re-
tained after quenching ηrec = ∆Hform/∆Hnet (or efficiency of recombination) de-
pends on the recombination reactions between formation products following the
conversion process. As the particular recombination depends on complicated kinet-
ics, it is insightful to consider several quenching scenarios which classify the extent
of product retention in the recombination trajectory. In this regard, three scenarios
are generally distinguished [29]:

• Under conditions of absolute quenching, the dissociation product of interest (in
this case CO) is retained in the recombination trajectory.

• Under conditions of ideal quenching the conversion of the reactant is maintained
in the quenching trajectory, which implies not only the retention of CO but also
the conversion of all carbon-containing radicals produced in the high temper-
ature phase back to CO.

• Finally, under super-ideal quenching conditions, the surplus excitation of the dis-
sociation products is utilized for further conversion of reactant molecules, lead-
ing to a net increase in the conversion during the recombination trajectory. This
can be realized for instance when the reactivity of atomic oxygen leads to an
additional CO production via a reaction with CO2.

The efficiency ηrec of these scenarios (absolute, ideal and super-ideal quenching)
can be quantified by evaluating the change of composition from the heated phase to
the quenched phase under influence of the stoichiometry of each quenching scenario.
In general the stoichiometric transformations of species in the dissociation process
can be expressed as ∑

i

ariXi −→
∑
i

apiXi −→
∑
i

aqiXi, (2.9)
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where ari , a
p
i and aqi are the stoichiometric factors of chemical compounds Xi rep-

resentative for the reactants (r), activated products in the heated phase of the con-
version process (p), and quenched products (q) respectively. The efficiency of the
recombination process can be expressed in terms of the stoichiometric factors and
the formation enthalpies at standard conditions ∆Ho

f,i (Table 2.1):

ηrec =
∆Hnet

∆Hform
=

∑
i

(
aqi∆H

o
f,i − ari∆Ho

f,i

)
∑
i

(
api∆H

o
f,i − ari∆Ho

f,i

) (2.10)

Under restriction of net reaction R2.1, the overall enthalpy change reduces to ∆Hnet =

(aCOq − aCO2
r ) · 2.93 eV. We distinguish between closed systems conditions (in which

the recombination reactions only involve the dissociation products) and open system
conditions (in which admixture of additional CO2 with the product mixture provides
additional recombination pathways)

Closed-system recombination The efficiency for the recombination pathways ηrec

initiated from conditions of chemical equilibrium are considered for three temper-
ature regimes, each characterized by a distinct chemical equilibrium composition
(Fig. 2.3):

• Below 3000 K CO and O2 are the main dissociation products and atomic oxygen
is only a minor product. In the limit without atomic oxygen production, the
products are stable according to the definitions of absolute, ideal and super-
ideal quenching scenarios, and therefore, ηrec ≈ 1.

• Equal parts of CO and O are the main products of thermal conversion between
3000 to 6000 K. The reactive oxygen may recombine with CO to form CO2, rep-
resenting the worst-case scenario as the dissociation process effectively nulli-
fied: the potential energy of the dissociation products ∆Hconv = 5.52 eV but
since no CO is retained after quenching, ηrec = 0.

Alternatively, atomic oxygen recombines to molecular oxygen with 5.18 eV of
losses released in the form of heat.

O + O + M → O2 + M ∆Hr = −5.18 eV mol−1, (2.11)

Following absolute and ideal quenching quenching routes, CO is retained in
this manner in the recombination. As the production of a single CO molecule
(representing 2.93 eV) entails on average 5.52 eV, the recombination factor for
absolute and ideal quenching from a CO + O mixture ηIQ

rec ≈ (2.93)/(5.52)· =

0.53.

Under super-ideal quenching, not only the CO is conserved but also the energy
contained in the O radical is utilized. By reaction with a second CO2 molecule,
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which produces an additional CO with an 0.35 eV of energy investment.

O + CO2 → CO + O2 ∆Hr = 0.35 eV mol−1, (2.12)

The recombination factor for this specific super-ideal quenching scenario ηSIQ
rec =

1.0 because only stable products are formed and, consequently, there are no in-
trinsic heat losses associated with further recombination kinetics. This process
is impeded by the depletion of CO2 at higher pressure.

• Conditions above 6000 K lead to less favorable quenching conditions. In this
temperature regime C and O are the main products of the thermal dissociation
step. Absolute quenching (CO conserved) results in an efficiency ηIQ

rec = 0 as
CO production reduced to zero at such high temperatures. A lack of CO2 also
limits the super-ideal quenching process, as only C + O → CO can occur with
an associated thermal loss of 11.19 eV. Ideal quenching in a fully decomposed
CO2 mixture (to C and O) amounts to ηrec = 0.17.

Open-system recombination The depletion of CO2 in the equilibrium composi-
tion at higher temperatures clearly inhibits the ideal and super-ideal quenching pro-
cesses. In Fig. 2.6, the peak of the super-ideal quenching efficiency at 3000 K coin-
cides with the peak in product of densities xCO2xO of the equilibrium mixture. With
CO2 provided externally, on the other hand, the restriction of CO2 depletion above
3000 K is lifted, and the energy efficiency benefits of super-ideal quenching are ex-
tended to higher pressure.

In conditions in which carbon is formed in the heated phase of the conversion
process, the presence of CO2 may enhance the efficiency of the recombination trajec-
tory via energetically more favorable ideal quenching pathways. Carbon can react
with CO2 to produce two CO molecules in a reaction commonly referred to as the
reverse Boudouard reaction:

C + CO2 −−→ 2 CO ∆Hr = −5.66 eV mol−1 (2.13)

The ideal quenching pathway of C + O + O via the Boudouard pathway requires an
additional CO2 molecule and has an efficiency of ηrec = 5.84/16.72 = 0.27 as op-
posed to 0.17 via C + O recombination. Along similar lines, the super ideal quench-
ing of C + 2 O via both R2.12 and R2.13 with addition of 3 CO2 molecules has an
efficiency of ηrec = 11.68/16.72 = 0.7.

Figure 2.5 shows an overview of the recombination factors ηrec, calculated us-
ing Eq. (2.10) under constraint of the thermodynamic equilibrium composition of
Fig. 2.3), both in closed- and open system conditions. This shows that, at high tem-
peratures, the admixture of CO2 is potentially beneficial for the dissociation process,
as the admixture of additional CO2 in the recombination phase can enhance the effi-
ciency of both ideal- and super-ideal quenching scenarios.
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Figure 2.5: Illustration of recombination factors ηrec for the thermal dissociation process from
a state of chemical equilibrium composition at temperature T and along absolute (A), ideal (I)
and super-ideal (SI) quenching trajectories.

2.1.3 Overall efficiency of the conversion process

Now that process factors for the thermal dissociation process have been evaluated
individually, the overall energy efficiency can be considered. Fig. 2.6 shows the
η = ηextηchemηrec according to the closed-system recombination trajectories via ab-
solute quenching (ηaq), ideal quenching (ηIQ) and super-ideal quenching (ηSIQ). The
absolute and ideal quenching trajectories (where O + O → O2 dominates in the
recombination trajectory) yield energy efficiency values of 30-40 % in a wide temper-
ature range of 4000 K to 6000 K. As we will show in Chapter 7, such plasma tempera-
tures dominate in the pressure regime above approximately 100 mbar. Furthermore,
the energy efficiency following ideal quenching peaks at 51% around 3000 K, where
the recombination factor is still close to 1 due to the direct production of CO and O2

in the heated phase under equilibrium conditions. An interesting consequence of
CO2 depletion above 3000 K is that the admixture of additional CO2 in the recombi-
nation trajectory provides a potential to retain the full fraction of thermal formation
(i.e. ηchem ≈ 0.7) under the condition that the O + CO2 reaction can be fully lever-
aged. With ηrec = 1 for super-ideal quenching, in this case the open-system super-
ideal efficiency ηopen

SIQ (3500 K) ≈ ηchem = 0.72 according to the calculations in Fig. 2.6
at 100 mbar, a potential relative improvement of 80 % in comparison to the closed
system (super-)ideal quenching efficiency at the same upper temperature.

While the preceding thermodynamic efficiency analysis considers several plausi-
ble scenarios of conversion under particular predefined reactor conditions, the feasi-
bility of these routes depend on the kinetics and particle transport. Relevant aspects
in this regard are:

• Deviations from the chemical equilibrium composition in the plasma may oc-
cur if the timescale of chemical equilibration τeq exceeds the residence time of
the reactants in the heated zone τres

[17]. The characteristic equilibration time for
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the thermal mechanism of CO2 decomposition in Fig. 2.7(b) shows the kinetic
timescale of chemical reactions may vary greatly from microsecond to seconds
in the common range of operating pressures and temperatures.

• Global kinetics modeling of the product recombination trajectory (without ad-
ditional CO2 admixture) shows that conditions of ideal quenching (i.e. in which
all CO + O combination reactions are prevented in favor O + O reactions) re-
quire product cooling rates well over 106 K/s [17,28,33]. In addition, the reduc-
tion of the product concentrations in the recombination zone (for instance due
to gas-dynamic ad-mixing/dilution or selective extraction) can be used to sup-
press unwanted recombination reactions according to Le Chatelier’s principle.

• The implications of kinetics on the feasibility of particular reaction channels
are not considered in the thermodynamic process efficiency assessment. For
instance, activation barriers may prevent particular reaction channels from oc-
curring. This applies for instance to the CO2 + O reaction, which is inhibited
by a substantial activation barrier [34] at low gas temperatures of the cooling
trajectory. Consequently, pre-activation of the reactants is required to enhance
super-deal quenching (CO2 + O → CO + O2) in the cooling trajectory, for in-
stance by vibrational excitation of the CO2 molecule [29] or by means of kinetic
energy, i.e. a gas temperature increase.

The preceding thermodynamic and kinetic considerations provide the following
insights with regard to optimization of the thermal conversion process of CO2:

(b)Defined as the 1/e time for equilibation of the composition, calculations using the GRI-mech 3.0
chemical kinetics set [32] analogues to the method described in Den Harder et al. [17]
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Figure 2.7: Characteristic kinetic equilibration time of CO2 as function of gas temperature.
Kinetic modeling results obtained with Cantera [35] using GRI-mech 3.0 kinetics mechanism [32]

• The dissociation process for high temperatures is optimal around 3000 K to
4000 K as it ensures significant conversion of the CO2 stream at a high energy
efficiency, while thermal losses associated with unnecessary further heating
and dissociation of CO are prevented.

• The heating time must be sufficient to effectuate the chemical equilibration pro-
cess which, depending on the pressure, dictates a residence time in the hot zone
on the order of milliseconds.

• In order to prevent destruction of CO by recombination in the cooling trajec-
tory, a cooling rate 106 K/s or higher is required bring the post-discharge mix-
ture below 2000 K.

• Enrichment of the post-conversion cooling zone with additional CO2 may ben-
efit the recombination process in several ways. Admixture of cold CO2 en-
hances the cooling rates and suppresses back reactions by diluting the product
concentrations. Also, admixture of CO2 may promote CO production via re-
actions with conversion products (e.g. CO2 + O and CO2 + C). The energy ef-
ficiency gains achievable with these ideal or super-ideal quenching conditions
become greatest at conversion temperatures of over 4000 K as CO2 concentra-
tions from the conversion products drop to zero.

In general, the non-uniform processing conditions of moderate to high pressure
plasma reactors may not be simplified to singular effective processing parameters
(e.g. a single upper temperature T ), a variety of processing conditions may occur
depending on the particular trajectory of particles through the reactor. This shows
that the overall process energy efficiency results from a complex interplay between
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power deposition, transport and reaction kinetics. This should therefore be eval-
uated in multi-dimensional chemical reactor models. Such a model is developed
in Chapter 8 to evaluate the CO2 production and loss mechanisms in the vortex-
stabilized CO2 microwave reactor.

2.2 Plasma-driven dissociation mechanisms

Through their intrinsic non-equilibrium character, plasmas can deviate from the
thermal conditions of heated gasses. The non-equilibrium characteristics of plas-
mas can be used to selectively activate specific reaction channels of CO2 molecule
with the prospect of higher energy efficiencies [29] via e.g. vibrational- and electron-
impact-dissociation. Such preferential excitation can occur due to distinct temper-
atures of the plasma species (electron temperature Te(c), ion temperature Ti, vibra-
tional temperature Tv, rotational temperature Tr, translational temperature T0). Three
regimes are generally distinguished:

• Plasmas in non-equilibrium are characterized by an electron temperature that
is far greater than the heavy particle species. Moreover, the distinct degrees of
freedom within molecules can also be in a state of non-equilibrium with respect
to the rotational and translational temperature. Te � Tv > Trot ≈ Tgas. The
electron temperature for technological plasmas is typically in the range of 1 eV

to 10 eV (equivalent to ≈ 10000 − 100 000 K) while heavy species remain close
to room temperature [13].

• In quasi-equilibrium plasmas the heavy particle species are in equilibrium while
a strong non-equilibrium remains between the electron temperature and heavy
particle temperature: Te � Tv = Tr = Tgas. Quasi-equilibrium discharges of-
ten occur at elevated heavy particle temperatures of up to several thousand K,
which is sufficient to drive thermal chemistry. Simultaneously, the high elec-
tron temperature gives rise to electron induced reactions. Quasi-equilibrium
conditions typically occur under moderate pressure conditions (100 mbar) where
the energy transfer between the heavy species is sufficiently high.

• In thermal plasmas all species may be locally characterized by a single temper-
ature T . The discharge is said to be equilibrated at each point in space (local
thermodynamic equilibrium): Te = Ti = Tgas. Thermal plasmas give rise to
thermal chemistry and occur at high pressure where strong collision-induced
energy transfer between all species leads to equilibration. A common example
of a thermal plasmas are high-current arcs at atmospheric pressure.

(c)As the energy distribution function of electrons may deviate significantly from the Maxwellian dis-
tribution under non-equilibrium plasma conditions, the electron temperature is rather expressed in terms
of the mean electron energy 〈E〉: Te = 2 〈E〉 /(3kB)
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Electronic excitation and vibrational excitation are the main excitation mecha-
nisms considered for efficient conversion of CO2 in plasma environments [36]. As
dissociation processes which involve the recombination of an electron-ion pair have
large intrinsic losses associated with the electron-ion formation process (30 eV or
higher is typically required to create an electron-ion pair in CO2 plasmas [37]), dis-
sociative recombination and dissociative attachment are intrinsically inefficient and
therefore not further considered as mechanisms for plasma-driven dissociation of
CO2.

2.2.1 Direct electron impact dissociation

CO2 dissociation via the mechanism of electronic excitation,

e + CO2 −−→ e + CO + O (2.14)

proceeds most likely via excited states with energy thresholds of around 7 eV, but
also around 10.5 eV [38]. Relatively high reduced electric fields (E/n) are required for
electronic excitation, as shown in Fig. 2.8. Up to 80 % of the electron energy may
be transferred to electronic excitation for reduced fields between 100 - 1000 Td (Fig.
2.8), which corresponds to an average electron energy of 4 eV. Since the threshold
energy of excitation exceeds the dissociation enthalpy, and the excited state may
relax via several other channels which doe not directly contribute to the dissociation
process, only up to 25% of the electron energy is ultimately utilized for dissociation
reactions [29,39], witch corresponds to ηext ≈ 0.8 and a chemical factor ηchem ≈ 0.3 [40].
Note that these values apply for pure CO2 gas and may vary with composition due
to an increase in possible excitation and relaxation channels.

The electronic excitation mechanism is dominant in CO2 conversion processes in
plasmas characterized by high mean electron energy and short discharge timescales,
of which the dielectric barrier discharge (DBD) is the most prominent and well stud-
ied under atmospheric pressure conditions. Consequently, the energy efficiency of
CO2 conversion in DBD reactors typically remains below 10 %, as also found in re-
view of the literature [12].

2.2.2 Vibrational dissociation

The vibrational dissociation process relies on vibrational excitation. Of the three vi-
brational modes of the CO2 molecule, the vibrational dissociation mechanism is most
efficiently driven via the asymmetric stretch [41]. The particular multi-collisional pro-
cess rely on the transfer of vibrational energy quanta to higher vibrational levels,
followed by dissociation once the CO – O bond energy of 5.5 eV is overcome. Two
mechanisms are involved, namely the excitation of low-lying vibrational mode and,
subsequently, VV-uppumping (ladder climbing) [42]. In a plasma, the process is initi-
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ated by vibrational excitation to one of the lower levels by electron-impact excitation:

CO2 + e −−→ CO2
∗ + e (2.15)

The second mechanism is step-by-step vibrational excitation (vibrational ladder climb-
ing, vibrational uppumping) of the 21 levels of the asymmetric stretch vibration.

CO2
(i) + CO2

(j) −−→ CO2
(i−1) + CO2

(j+1) i < j (2.16)

where the exponents represent the vibrational quanta. The ladder climbing effect
works due to an anharmonicity in the potential well: the energy difference between
levels becomes progressively smaller. The further excitation of the collision partner
in Eq. 2.16 with the highest energy is energetically preferred because it is slightly
exothermic [42].

The coupling efficiency of electron energy to the vibrational modes of CO2 is
most efficient at relatively low values of the reduced electric field (Fig. 2.8). Almost
all electron energy is coupled into the vibrational excitation of CO2 for E/n in the
range of 10-100 Td (corresponding to a mean electron energy of 1-2 eV), of which up
to 65 % may occur via vibrational excitation of the asymmetric stretch [40,43] accord-
ing to assessments of fractional energy transfer. It is important to note that these
values apply for pure CO2. In fact, the vibrational dissociation process may be self-
inhibiting because the presence of the dissociation product CO is detrimental to the
CO2 ladder climbing process [40] as the dominant vibrational excitation channels may
shift to CO [43].

The kinetics of the vibrational dissociation mechanism itself gives rise to several
loss mechanisms in the form of heat. For instance, the small exothermic nature of
the up-pumping steps (due to the an-harmonicity of the CO – O potential well) gives
rise to the small intrinsic heat losses with inter-VV exchange. More particular aspects
of the ladder climbing process in CO2, such as an 1Σ+ →3 B2 inter-electronic state
crossing during the ladder climbing process and the 0.4 eV activation barrier of the
3B2 term [45], may incur additional intrinsic losses in the process. In addition to the
losses associated with the ladder climbing process within the manifold of the asym-
metric stretch vibration, the kinetics of inter-mode V-V exchange to the other vibra-
tional modes, i.e. the bending and symmetric stretch modes (that do not contribute
to the dissociation process as effectively), and spontaneous emission channels, give
rise to losses [41]. Since not all reaction rates are currently established and calculations
of the loss processes rely on scaling laws for extrapolation, quantification of the loss
processes remains challenging and susceptible to uncertainty. It is well known that
he characteristic time of VT-relaxation, which indicates the rate at which vibrational
excitation is transferred to heat, scales strongly with both temperature and pressure.
As a result of only a small increase of gas temperature, the heating rate increases in
a self-intensifying process of explosive gas temperature growth [29] which eliminates



2.2. PLASMA-DRIVEN DISSOCIATION MECHANISMS 27

Figure 2.8: Fractions of electron energy transfer to the specified CO2 excitation channels
(T=300 K). Calculated in BOLSIG+ solver using the IST-Lisbon recommended electron scat-
tering cross-sections [44]

the vibrational dissociation process. Therefore, the vibrational dissociation process
relies on gas temperatures well below 1000 K, which may be achieved either by lim-
iting plasma-exposure time to below the characteristic VT-relaxation time(d) (i.e. in
pulsed discharges or short particle residence times), or by sufficient cooling. Starting
with a gas temperature of 300 K, an estimated 98 % of the vibrational energy can be
retained under supersonic conditions [47] (in which low temperature and short resi-
dence times are achieved), whilst 85 % can be retained under subsonic conditions [29].
These figures remain susceptible to extrapolation of cross-sections of the various ex-
change and relaxation cross-sections [41]. This shows that the vibrational dissociation
mechanism can potentially be very efficient, with energy efficiency values of over
90 % under highly tailored plasma conditions.

From the above discussion the optimal conditions for vibrational dissociation
process in plasmas can be formulated. Ideally, the plasma provides an average elec-
tron energy of approximately 1 eV at a relatively low reduced field E/n of < 100 Td

in CO2 gas discharges, which results in optimal vibrational excitation. Related to
this, high CO2 concentrations and a low degree of decomposition are required to
prevent a substantial vibrational excitation of CO molecules. The ionization degree
must be sufficiently high (at least 10−4 [29,39]) to populate the first level of the asym-
metric stretch CO2(001) with a sufficient rate to initiate the ladder climbing process.
To limit relaxation effects, low translational (gas) temperatures must be maintained

(d)Characteristic time estimations of VT-energy transfer at 100mbar range from 30us @ 300K to 1us @
1500K [46] and scales inversely proportional with pressure
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Table 2.2: Overview of the process factors that constitute the energy efficiency of the CO2

dissociation process, i.e. ηext, ηchem and ηrec. Here, recombination is considered according
to ideal and super-ideal quenching trajectories from a dissociation product mixture of equal
quantities of O and CO.

dissociation principal agent ηext ηchem ηrec ηIQ ηSIQ

mechanism of excitation ideal s-ideal

thermal kinetic (heat) 1 0.75(I) | | 0.4 0.75
e-impact electronic 0.8 0.3 0.53 1 0.13 0.25
vibrational vibrational 0.65-0.95(II) 0.85-0.98(III) | | 0.29 - 0.49 0.80 - 0.93

(I) thermodynamic equilibrium calculation at 100mbar
(II) upper limit of energy coupling to CO2(001) stretch is estimated at 65% under ideal conditions [43]

(III) range of estimated optimal chemical factor for vibrational dissociation, based on experimentally
obtained discharge conditions [29]

to prevent relaxation of the excited states at the detriment of the ladder climbing pro-
cess. In practical applications of plasma reactors, high flow rates are beneficial for the
dissociation process by maintaining a high CO2 concentration and provide cooling,
albeit at the cost of low conversion. Also, supersonic expansion has been successfully
utilized to provide adiabatic cooling of the mixture, while simultaneously keeping
the residence time sufficiently short to prevent gas heating in the plasma region.

Microwave discharges and gliding arcs are notable examples of discharges which
are suitable for vibrational excitation, as the relatively low operational electron tem-
perature can be tuned to approach the maximal excitation factor of CO2

[36].

2.2.3 Comparison of dissociation mechanisms

The efficiency of conversion via the thermal, electronic, and vibrational dissocia-
tion mechanisms are summarized in Table 2.2. Here, the process factors (i.e. ηext,
ηchem and ηrec in Eq.2.4) are listed. As the energy efficiency of CO2 conversion via
vibrational- or electron-impact induced dissociation mechanisms are also suscepti-
ble to the same quenching scenarios, approximate ranges of the energy efficiency ηIQ

and ηSIQ are provided according to, respectively, ideal- and super-ideal quenching
from equal conversion product quantities of O + CO.

Table 2.2 show that the vibrational dissociation mechanism in potential provides
the highest reaction efficiency. The thermodynamically derived values of ηIQ and
ηSIQ for vibrational dissociation are consistent with more elaborate vibrational kinet-
ics modelling [39], as these simulations of the vibrational dissociation process predict
η =47 % without CO + O reactions, while η =86 % is predicted when these super-
ideal quenching reactions are fully leveraged. This shows that efficient vibrational
dissociation of CO2 relies not only on a great level of control over the plasma pa-
rameters, but also on the recombination kinetics. When comparing the thermal and
vibrational dissociation mechanisms along the same quenching trajectory, one can
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see that the energy efficiency values of the recombination mechanisms do not deviate
substantially; Following an ideal quenching trajectory, the thermal process may yield
approximately 40 % efficiency while the vibrational dissociation mechanisms yields
value in a similar range of 29-49 %, depending on the excitation factor. However, the
distinct plasma conditions associated with the dissociation mechanisms may influ-
ence the recombination kinetics considerably. For instance, the low gas temperatures
of the vibrational dissociation mechanism in comparison to the thermal process may
give rise to a cooler recombination trajectory. Therefore, as the rate coefficient of
the O + O recombination process exceeds that of CO + O below 2000 K (Fig. 2.1),
ideal quenching conditions are arguably more easily achieved when preceded by a
vibrational- rather than a thermal dissociation process. Moreover, as vibrational ex-
citation of CO2 molecules may also provide the required activation energy in the O +
CO2 quenching reaction, it has been proposed that plasma conditions which induce
vibrational dissociation may simultaneously promote the super-ideal quenching tra-
jectory [29].

The dominant dissociation mechanism, electronic, vibrational or thermal, strongly
depends on the discharge type and its operational conditions. The practical feasibil-
ity of realizing the efficiency values in Table 2.2 depends critically on the extent to
which the discharge conditions and gas dynamics can be tailored and maintained.
To this end, an extensive body of research literature has emerged on plasma-assisted
conversion of CO2 over the past decades. An overview of the experimental and
modeling results is provided in the following section.

2.3 Literature review of plasma-assisted conversion of
CO2

Scalable and efficient CO2 conversion technologies have become increasingly rel-
evant in the midst of rising concerns related to the CO2-induced global warming
effects. As a result, the research on plasma-driven CO2 conversion, which started in
the 1970’s, has made a recent revival [12,14,23,48,49]. It is evident when reviewing these
works that the non-equilibrium aspects have received most attention due to the per-
ceived energy efficiency benefit of the vibrational dissociation process. However,
in recent years thermal aspects of the conversion process have emerged from ex-
perimental work, in particular in microwave discharges at moderate to atmospheric
pressure. This section aims to establish an overview of the current state of the art on
direct CO2 conversion.
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2.3.1 The origins of non-equilibrium plasma-chemistry for CO2 con-
version

The pioneering experimental research on non-equilibrium plasma-chemical conver-
sion originates from the 70s. Following the development of gas lasers, it became
apparent that high vibrational temperatures could be maintained in cold plasmas
of CO2, CO and N2 under strong non-equilibrium conditions [15]. Motivated by ap-
plications of efficient non-equilibrium plasma-chemistry such as energy storage in
chemical bonds, vibrational non-equilibrium activation has been investigated as a
means to efficiently dissociate CO2. The first experimental results for CO2 plasmas
in this context were reported in microwave and radio frequency discharges [16,50],
which at the time could be rationalized by neither electron-impact dissociation or
thermal dissociation.

High efficiency values of 80-90 % have been reported on CO2 dissociation in a
series of microwave plasma experiments [15,16], which were explained by a dominant
vibrational dissociation process in combination with a super-ideal quenching tra-
jectory [29]. These results were achieved under steady state plasmas operation at a
power input of approximately 1.5 kW and moderate pressure values of 100 mbar to
200 mbar. The plasma conditions achieved under these operating conditions were
later established to favor the vibrational dissociation process [51], most notably due
to the electron temperature in the range of 1-2 eV and a high degree of VT-non-
equilibrium established by the difference in measured values of Tgas and Tvib. In or-
der to sustain the the VT-nonequilibrium also at high power values, a more advanced
flow configuration with a supersonic expansion in the discharge region was utilized.
An energy efficiency of 90 % ±5 % was achieved at a power input of 20 kW [47], al-
though experiments were conducted up to 100 kW [29]. Despite the high power in-
put, the conversion did not exceed 15-20 % in the supersonic experiments. This is
associated to a disruptive choking of the supersonic flow to below Mach 1 when the
local heat release in the plasma exceeds a particular fundamental critical value [52].
Furthermore, the pressure drop associated with the expansion leads to energy losses
that scale with the Mach number, limiting the overall efficiency of the supersonic
experiments to 65 % [29]. Comprehensive overviews of the original experiments and
theoretical work have been compiled in textbooks [29,52]

The groundwork of vibrational non-equilibrium chemical kinetics was first es-
tablished by describing the vibrational energy distribution using the semi-analytic
Fokker-Planck equation [54,55]. The theory of vibrational kinetics and chemistry in
non-equilibrium plasma systems have emerged in recent years [29,56]. Later, numeri-
cal studies devoted to the vibrational kinetics of pure CO2 commonly use a state to
state (STS) approach [57,58] in which all vibrational levels are considered as distinct
species, often with considerable attention to the electron-kinetics [59]. Elaborate STS
models which incorporate 70 vibrational levels of the CO2 molecule [41,60] are capa-
ble to accurately describe the vibrational dynamics in tailored experiments in a low
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Figure 2.9: Left: Experimental configuration of the vortex-stabilized CO2 microwave experi-
ments. Right: reported efficiency and conversion values - adapted from Gigotov et al. [53]

pressure homogeneous glow discharges [61,62]. Improvements on the computational
time of such STS approaches (particularly relevant for the complex molecules such
as CO2) have been made recently by solving the Fokker-Planck equation for the elec-
tron kinetics using more sophisticated numerical approaches [63–65]. The applicability
of STS and FP models in chemically rich reactive mixtures remain challenging. Con-
sequently, models aimed to accurately describe the interplay between electron- and
vibrational kinetics typically do not allow for significant product formation [66].

2.3.2 Overview of plasma-chemical conversion experiments

An overview of experimental values of CO2 conversion α and energy efficiency η

are provided in Fig. 2.10, which apart from the previously discussed high efficiency
results in microwave plasmas [16,29,51] includes results from several more recent exper-
imental studies on CO2 conversion in both gliding arc plasmas [67–72] and microwave
plasmas [17,21,25,46,73–77].

Microwave discharges Microwave discharges have been extensively researched in
several reactor configurations, of which designs with a standard rectangular waveg-
uide field applicator [17,21,23] (which closely resembles the configuration of the origi-
nal experiments of Legasov et al. [16]) and the Surfaguide [46,73,74,78,79] (a tapered rect-
angular waveguide with elevated field which extend out of the waveguide) are most
common. In vortex-stabilized designs, optimal energy efficiency values are obtained
at high power in the 100 mbar to 200 mbar pressure range, varying from 40-50 %.
Although operation of microwave discharges at atmospheric pressure are generally
found to be detrimental to the energy efficiency, Bongers et al. [21] have shown that
the conditions of efficient operation can be extended to higher pressure of at least
600 mbar by adjustment of the gas-dynamic flow pattern in an attempt to improve
gas residence time and quenching characteristics. At atmospheric pressure, Spencer
et al. [78] reported 20 % energy efficiency with a conversion of 10 % in surfaguide dis-
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Figure 2.10: Overview of literature values of (α, η) for several experiment in microwave and
gliding arc plasmas

charge at high flow rates. While the energy efficiency dropped considerably to 5 %

under low flow conditions, the conversion was increased to 45 %. High conversion
values can also be achieved in microwave reactors by increasing the power input
and reducing the flow rate, albeit at the cost of reducing the energy efficiency. Silva
et al. [74] reports 80 % conversion in a pulsed 2.45 GHz surfaguide reactor at an aver-
age energy input of 40 eV/mol (which exceeds the dissociation enthalpy of 5.53 eV

by more than a factor 7), and reports a linear scaling of the conversion with power.
Bongers et al. [21] reports over 83 % conversion at an energy efficiency of 24 % in a
CW 915 MHz microwave plasma operated at 8 kW input power and a flow rate of
12 slm (corresponding to just over 9 eV/molecule). In both experiments the reaction
products were expanded to vacuum in order to prevent recombination reactions.
Although this overview demonstrates the versatility of the microwave discharges in
optimizing η (50 %) or α (80 %), the reported high energy efficiency values of up to
80 % by Legasov [16] and co-workers have not been reproduced.

Gliding arc discharges Apart from microwave discharges, the gliding arc (GA)
plasma discharge has also been recognized for its non-equilibrium characteristics at
moderate to atmospheric pressure [12]. The GA is a transient arc discharge which
elongates while gliding along two diverging electrodes, and is believed to develop
from a thermal arc to a non-equilibrium discharge due to strong heat transfer from
the plasma to the environment [80]. While this transition phenomenon is still not fully
understood, several experimental studies on CO2 conversion have been published.
The gliding arc plasmatron (GAP), a three-dimensional electrode design in which
the plasma sweeps a larger portion of the gas flow, was first employed by Nunnally
et al. [68]. Between 18-43 % energy efficiency was reported at a conversion of 2-9 %.
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The optimal efficiency of 43 % was achieved at a conversion of 5 %. Sun et al. [72] re-
ports similar values in a more conventional 2D gliding arc; 20-40 % efficiency with
6-10 % conversion. Similar conversion and energy efficiency values were obtained
in atmospheric glow discharges [81]. The relatively low conversion in gliding arcs is
believed to result from its limited gas processing fraction, resulting from the intrin-
sically transient nature of the gliding arc [82]. This issue is addressed by altering the
flow dynamics around the plasma by means of alternative flow configurations and
electrode configuration [70,71], aimed to force a larger fraction of the overall gas flow
through the discharge zone. Despite such conversion-enhancing measures, Fig. 2.10
reveals that the majority of the reported experimental results of gliding arc plasmas
remain below 10 %.

2.3.3 Discharge characterization

In contrast to the indications of a strong VT-non-equilibrium in the initial experi-
ments [51], which facilitates the vibrational dissociation process, more recent experi-
ments under similar experimental setup show quasi-equilibrium plasma-conditions [23].
For example, gas temperature values of 3000 K [17,25] rule out vibrational dissociation
as a significant dissociation mechanism due to strong VT-relaxation under these con-
ditions. Observations along similar lines were reported by other researchers [76,78].
Recently, several studies have emerged that employ advanced laser scattering diag-
nostics to obtain in-situ measurements of the vibrational excitation and relaxation
processes. In low pressure glow discharges with favorable conditions for vibrational
excitation a strong vibrational non-equilibrium was observed [61], but a direct rela-
tion between the degree of vibrational non-equilibrium and CO2 conversion could
not be found [83]. The temperature evolution in pulsed microwave plasmas show
that significant vibrational non-equilibrium conditions can be achieved at moder-
ate pressure conditions, (Fig.2.11) albeit for a short time of around 100 µs. Despite
a build-up of VT-nonequilibrium at the onset of the discharge as a result of strong
vibrational excitation, it is found that VV-transfer leads to equilibration of the vi-
brational temperatures within 40 µs and the VT non-equilibrium is sustained only
slightly longer. Furthermore, a direct causal relation between CO production and
a high degree of VT non-equilibrium has not been experimentally established [26].
Therefore, it seems that preferential vibrational excitation in the plasma alone is not
a sufficient condition, with heating remaining the most likely mechanism of disso-
ciation in both pulsed and CW experiments [26]. This experimental finding has since
been corroborated by a numerical study of the CO2 microwave discharge [84].

2.3.4 Plasma-chemical reactor modeling

Apart from the use of plasma-kinetic models and advanced laser diagnostics to in-
vestigate fundamental processes of the vibrational kinetics of pure CO2 plasma, elab-
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Fig. 5.7 Evolution of the vibrational, rotational and gas temperature measured by vibrational
Raman, rotational Raman and Rayleigh scattering, respectively. The asymmetric stretch
temperature increases until gas temperature reaches 500K. At this point the fit is not sensitive
enough to the asymmetric stretch peak for independent fitting of T3. A vibrational-rotational
non-equilibrium remains until the end of the pulse.

Figure 2.11: Temporal evolution of the vibrational, rotational and gas temperature in a pulsed
microwave discharge. Reproduced from van den Bekerom et al. [85]

orate chemical-kinetic models aimed to describe the full chemistry of reactive CO2

plasmas have been developed [11]. These models are based on a state to state ap-
proach in which production and loss balances of the chemical reactions are used to
evaluate the time-evolution of species densities and aid in the understanding and
optimization of experiments and diagnostics.

Global models Thermal kinetics models have been developed to study the thermal
quasi equilibrium conditions of atmospheric CO2 arc discharges [28]. One of the first
plasma-specific kinetic models was developed for a CO2 DBD reactor [86] (25 species;
205 reactions), and did not require detailed vibrational kinetics due to high electron
temperature. The levels of the asymmetric stretch of CO2 were added to incorporate
the vibrational kinetics [87] (73 species; 5724 reactions), a set which was later verified
by critical review of the kinetics set and numerical approach by Koelman et al. [88].

Using these established kinetic schemes for CO2, 0D models have been in various
studies to evaluate the dissociation mechanisms in for conditions that are relevant
to CO2 (gliding) arc and microwave plasmas [17,34,39,72,89,90]. In general, these stud-
ies show that vibrational dissociation may dominate at low gas temperature while
thermal kinetics dominates at high gas temperature. Simulations of the vibrational
kinetics in gliding arcs, microwave discharges and glow discharges show that en-
ergy efficiency values in the range of 30-50 % can be reached via vibrational disso-
ciation [70,71,81]. As this range in energy efficiency is found to correspond well with
experimental values (Fig. 2.10), the dissociation mechanisms in these discharges are
commonly interpreted based on vibrational dissociation mechanisms. The exper-
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imentally energy efficiency values can also be rationalized adequately by thermal
dissociation schemes. Global models of thermal chemistry (Tv = Tgas), without con-
sideration of vibrational degrees of freedom, also yield efficiency values up to ap-
proximately 50 %. In the thermal process, efficiency values slightly over 50 % can be
achieved by sustaining a temperature of around 3000 K in the plasma, followed by a
rapid cooling trajectory of at least 1× 106 K/s to mitigate CO recombination [17]. The
predicted maximum efficiency of the thermal kinetics models corresponds well with
the more recent experiments on microwave and gliding arc discharges (Fig. 2.10).
Simple plug flow simulations with only basic advective transport shows that the typ-
ical experimental values can be explained by a thermal process [25,76]. Similar findings
are also reported when elaborate vibrational kinetics are considered. Despite the fact
that the electron energy is mainly deposited mainly into vibrational states, thermal
dissociation may dominate under microwave plasma conditions [84].

In line with conclusions of the thermodynamic analysis in Sect. 2.1.2, the recombi-
nation kinetics emerge as an important aspect of the overall conversion process, both
for a dominant thermal and vibrational dissociation process. Mitigation of CO + O
recombination and stimulation of super-ideal reactions such as CO2 + O −−→ CO +
O2

[34] are identified as two vital aspects that must be addressed. Berthelot et al. [39]

show that the apparent limit in the modeled energy efficiency of the vibrational dis-
sociation process of 47 % can be almost doubled to 86 % by artificially enhancing the
super-ideal quenching reactions (O + CO2). Similar findings were reported by Sun et
al. [72]. The detrimental effects of recombination are most pronounced at high pres-
sures [34,91] where the rate of three-body recombination reactions is enhanced due to
the rising neutral density. These simulation results show that, in line with the ther-
mal dissociation process, the energy efficiency of the vibrational dissociation process
also strongly depends on the kinetics of the plasma products in the cooling trajec-
tory. It is, therefore, apparent that the post-discharge recombination kinetics rather
than the plasma conditions hold the key for further reactor optimization [25].

Multi-dimensional modeling High power discharges at moderate to atmospheric
pressure, such as thermal arcs, are known to contract to filamentary discharges [92].
Both gliding arc and microwave plasmas are also susceptible to discharge contrac-
tion, particularly in the high power and high pressure molecular plasma conditions
relevant for CO2 conversion applications. The dynamics of the discharge contraction
phenomenon in reactive molecular plasmas under is generally not well understood
due to the complex charged particle kinetics that arises from multitude of species [93].

The state of discharge contraction plays an important role in the conversion pro-
cess of CO2 microwave plasmas. The optimal conditions of microwave discharges in
the early experiments [16,51] (which lead to 80% energy efficiency) are related to con-
traction dynamics of the CO2 plasma around a discharge transition between a dif-
fuse and contracted state at 100 mbar to 200 mbar [29]. This transition was at the time
attributed to a shift in non-equilibrium conditions. In later experiments, optimal
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discharge conditions were found in the same pressure regime and coinciding with a
similar contraction behavior [17,21], but under apparent quasi-equilibrium conditions
at gas temperatures ranging from 3000 K to 5000 K. As fundamental understand-
ing of the discharge contraction phenomenon and its implications for the discharge
conditions and dissociation performance are generally not well acknowledged, these
aspects will be addressed in Chapters 6 and 7.

An obvious consequence of discharge non-uniformity is a localized and peaked
power deposition, which can significantly impact the plasma parameters and treated
gas fraction in comparison to a homogeneous power deposition scenario [25,84]. The
multi-dimensional and multi-physics aspects associated with the complex reactive
flows and non-homogeneous nature of plasma discharge in plasma reactors can
not be adequately captured by 0D global models [11,94]. Furthermore, the multi-
dimensional assessment of plasma reactors reveal the importance of the gas dynam-
ical transport. The turbulent heat conductivity in swirling flows of gliding arc plas-
mas can significantly impact the transport of heat. For example, the magnitude of
local heat conductivity in GAP reactors may exceed the laminar thermal conduc-
tivity by up to two orders of magnitude due to vortex-enhanced turbulence [91]. In
addition, steep gradients associated with non-uniform discharges in e.g. gliding arcs
microwave plasmas may also induce local turbulence enhanced transport [84].

Due to the computational cost and complexity of 3D models [11], currently CFD
modeling is primarily used to make informed simplifications in the plasma mod-
els, for instance by lowering the dimensionality to 1D or 2D (axisymmetric) plug-
flow conditions [25,76,84]. CFD modelling has been applied in this manner for CO2

plasmas in gliding arcs [70,71,91], atmospheric pressure glow discharges [81], and mi-
crowave plasmas [77]. The computational cost involved in elaborate vibrational kinet-
ics modeling of CO2 have been addressed by means several computational reduction
techniques (for instance lumping of vibrational levels [94,95]) and chemical reduction
techniques (for instance by means of pathway analysis to establish the important
chemical pathways [96]).

2.3.5 Concluding remarks

The preceding literature overview gives an overview of research on the CO2 plasma
conversion process, consisting of both experimental and modeling work in several
reactor configurations. While the research focus in earlier work has lied primarily
on the characterization and optimization of the plasma conditions (in particular to
leverage the vibrational non-equilibrium characteristics for vibrational dissociation),
the importance of the conditions surrounding the plasma in determining the recom-
bination kinetics are increasingly acknowledged. Furthermore, the emergence of
advanced laser-based diagnostics in recent years have provided an unprecedented
insight in the temperature dynamics of various discharges and discharge conditions
in recent years [17,25,26,61,62,83]. These studies suggest that the effects of thermalization
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and (quasi-)thermal conditions, particularly at moderate to high pressure conditions,
are perhaps more prevalent in and around the plasma than previously assumed. This
has motivated the research in the present work, where focus lies on the description of
thermal (quasi-equilibrium) aspects of both the plasma and recombination kinetics
of the CO2 microwave discharge.
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Chapter 3

Experimental setup

3.1 Plasma Source

3.1.1 Overview

The plasma experiments described in this thesis are carried out with a waveguide-
type microwave reactor. Fig. 3.1 shows the main components: a (1) microwave
source generates the field, matching components (2,3) tune the field to the plasma
load and the field is applied to the gas flow in the field applicator (4). A magnetron
is employed as source, putting out an adjustable CW power of up to 1.4 kW at a
fixed frequency of 2.45 GHz. This configuration resembles the experimental reactor
configuration used by Legasov et al. [16] (Fig. 2.9)

In our configuration, the impedance of the plasma is matched to the source by
means of a 3-stub impedance tuner to ensure a high coupling efficiency in a broad
plasma operating range. The reflected power remains below 1 % under most ex-
perimental conditions. The absorbed power is measured using two measurement

Figure 3.1: Experimental setup, consisting of 1) microwave source, 2) circulator + water load,
3) 3-stub tuner, 4) applicator with short, 5) tangential injection manifold, 6) quartz tube

39
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Table 3.1: Characteristic waveguide properties for common waveguide dimensions

WR284 WR340 WR975

compatible industrial frequency (CIF) 2.45 2.45 0.915 GHz
recommended frequency range 2.6-3.95 2.2-3.3 0.75-1.15 GHz
dimensions (w × h) 72× 34 86× 43 248× 124 mm
recommended nominal power rating 36 58.5 >>100 kW
characteristic impedance Z0 @ CIF 715 534 501 Ω
guided wavelength λg @ CIF 230 173 436 mm
field strength @1kW and CIF 34 23 8 kV/m

techniques: the forward and reflected power are measured by directional couplers
with a calorimetric calibration. In more recent experiments a six-port reflectometer is
employed, wich is integrated in the impedance-matching system (HOMER S-TEAM
STHT2450) and provides real-time automated impedance matching and superior ac-
curacy in the absorbed power measurement. The microwave field is applied to the
reactor flow through a quartz tube, which is transparent for microwaves and inter-
sects the waveguide field applicator.

3.1.2 Field Applicator

A more detailed illustration of the applicator and the flow geometry of the reac-
tor are shown in Fig. 3.2. While the source configuration is similar in most mi-
crowave reactor implementations, the field applicator design may vary significantly
from experiment to experiment in order to control the degree of field localization and
field strength. The shorted rectangular waveguide applicator used in this work pro-
duces a TE10 single-mode standing wave in the cavity; the waveguide short reflects
the transmitted fraction of the forward-traveling wave back to the plasma, which
ensures a high field coupling to the plasma and low radiation losses to the envi-
ronment. The plasma is aligned with a field anti-node in the cavity, with which a
relatively homogeneous oscillating field over area of the discharge tube within the
waveguide is realized (as illustrated in Fig. 3.2).

The applied field strength to the plasma depends strongly on both input power
and waveguide dimensions. The maximum field strength for a propagating TE10

wave in a perfectly conducting waveguide is shown in Fig. 3.3 for several com-
mon waveguide dimensions, which is analytically calculated [97] using the matching
characteristics for several common waveguide standards in Table 3.1. This corre-
sponds to conditions where the load impedance equals the characteristic waveguide
impedance Z0 and there are no reflections. Plasma reflections towards the source,
induced by deviation in plasma impedance from Z0, are reflected back towards the
plasma by the stub-tuner with a defined phase such that reflections to the load are
reduced to zero under matched conditions. This effectively creates a cavity with
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Figure 3.2: Illustration of the plasma reactor configuration, including the field applicator and
flow geometry.

standing waves between the 3-stub-tuner and the waveguide short. An increase
of voltage standing ratio (VSWR), a measure of the cavity resonance, may alter the
field application parameters [98] such as enhancement of the field strength. Therefore,
under impedance-matched conditions the propagating wave field values in Fig. 3.3
should be considered as a lower limit. The power transferred from the electric field
to the plasma electrons is described by Joule heating. For an oscillating field with ra-
dial frequency ω, a peak field amplitude E0, and electron conductivity σ, the power
density is described by [92]

PΩ =
σE2

0

2
=
E2

0

2

e2

meνm

ν2
m

ν2
m + ω2

ne . (3.1)

Here νm and ne represent the electron-neutral mean collision frequency for momen-
tum transfer (collision frequency in short) and the electron density, respectively.

3.1.3 Flow geometry and gas dynamics

A vortex flow is generated by tangential injection at the top of the reactor and evac-
uated at the opposite end as illustrated in Fig. 3.2. This so-called forward vortex
is used to provide gas-dynamic stabilization of the discharge axis in the center of
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Figure 3.3: Calculations of the maximum field strength of a propagating wave in a TE10 rect-
angular waveguide mode (without plasma)

the tube to prevent wall damage, but simultaneously gives rise to complex gas flow
dynamics which deviate strongly from a laminar flow. The typical advective flow
structures of the vortex-flow without plasma heat source are revealed by CFD flow
simulations in Fig. 3.4. Intense vortex flows gives rise to a central recirculation cell
which gives rise to a local reverse flow, close to the injection point [99]. The recircu-
lation cell is illustrated for clarity in Fig. 3.4b in relation to the location of gas injec-
tion, the peripheral (open) flow lines from the injection points to the exhaust and
the plasma position. Preliminary CFD simulations with heat source indicate that the
location of the axial stagnation point (transition point from forward and reverse flow
on the tube axis) stabilizes within the hot region of the plasma. Consequently, the
plasma likely resides partially within the closed and partially within the open flow-
line regions, as illustrated in Fig. 3.4. We attribute this effect to the significant viscos-
ity increase in the high temperature region (scaling with

√
T ), but further research

is required to confirm this notion. This vortex structure has large implications on
the transport of species and heat produced in the plasma throughout the reactor vol-
ume. The open flow lines provide a CO2-rich and relatively cool environment with
an effective advective pathway towards the exhaust. Species and heat contained in
the recirculation cell relies on (turbulent) diffusive transport to end up on an open
flow line. The implications of the vortex gas flow dynamics and non-uniform power
density profiles of the plasma on the dissociation process are explored in Chapter 8.

3.2 Metrics of performance

The conversion α and energy efficiency η are the main figures of merit for the overall
dissociation process. These values are determined from the stabilized composition
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Figure 3.4: 3D visualization of the vortex flow stream simulation (left) and a cross-section of
the axial flow velocity component (center). On the right, an illustration of the flow geometry
in relation to the plasma position, including the recirculation cell (red line), the peripheral
flow (blue), the plasma (pink region) and the afterglow (light-blue region). CFD simulations
courtesy of P.W.C. Groen

of the reactor effluent. The conversion α is defined as the molar flow of product (CO)
over the reactant (CO2) and is described accurately according to the stoichiometric
ratios of the reduction reaction,

CO2 → (1− α)CO2 + αCO +
α

2
O2 (3.2)

justified by the fact that carbon deposits are not observed and CO2, CO and O2

are the only stable components in the reactor effluent. Under ideal gas behavior,
where differences in effective pumping speeds are neglected, the conversion can be
expressed in terms of the mole fractions (xi = ni/

∑
i ni) of each species i in the

effluent.
α =

xCO

xCO + xCO2

. (3.3)

The energy efficiency η of the dissociation process is defined based on the enthalpy
∆H	f = 2.93 eV of the net dissociation process of Eq. (2.1), and can be expressed in
terms of the produced CO particle flux ΓCO and the total input power Pabs or the
average energy expenditure per produced CO molecule (ECO):

η =
ΓCO ·∆H	f

Pabs
=

∆H	f
ECO

(3.4)
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Combining the previous expressions and introducing a global (average) specific en-
ergy input (SEI) in the reactor (Eν), the efficiency may be expressed in terms of the
conversion

η = α · ∆H	f
Eν

, (3.5)

The values of α and η in the preceding expressions represent averages, as they
are determined from the net gas flow and power into the reactor and a fully mixed
exhaust composition. When considering the CO2 conversion process of Eq. 2.1 in
particular, Eν can be expressed in terms of CO2 influx φCO2 and absorbed power
Pabs by the plasma:

Eν =
Pabs

φCO2
≈ 0.0138

Pabs(W)

φCO2(slm)
. (3.6)

α is determined from the effluent composition far downstream from the reactor, to
ensure that the mixture is cooled down and its composition stabilized. Following
Eq. (3.3), under assumption of stoichiometric ratios, the conversion can be expressed
in terms of the mole fractions xi in the effluent:

α(CO2) =
2− 2xCO2

xCO2 + 2
(3.7)

α(CO) = − 2xCO

xCO − 2
(3.8)

α(O2) = − 2xO2

xO2 − 1
(3.9)

Here, α(i) denotes the conversion of CO2 to CO as determined from the mole fraction
of component i. The conversion value is obtained by averaging over these values:

α
def
=

1

3

(
α(CO2) + α(CO) + α(O2)

)
. (3.10)

The mole fractions (xCO2, xCO, xO2) are obtained from mass spectrometry mea-
surements, using a relative sensitivity calibration which corrects for cracking pat-
terns and relative sensitivity of the distinct mass peaks of CO2, O2 and CO in relation
to each other [100]. The relative error in the mass spectrometry measurements, estab-
lished by cross-comparing the composition with gas-chromatography [100] and FTIR
measurements [101], remains below 2 % for values of α < 40 %.
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Figure 3.5: The three stages in the images processing: a) CCD image of the 777 nm plasma
emission intensity b) radially resolved image intensity, c) radially resolved power density

3.3 Experimental Diagnostics

3.3.1 Optical emission

The optical plasma emission is used to determine the shape and volume of the
plasma. Furthermore, by relating the emission intensity to the electron density,
power density distribution profiles are also obtained. To this end the O(3s5S0 ← 3p5P)

spectral line intensity at 777 nm is used as a proxy for the electron density, under as-
sumptions that are discussed in Appendix A.

The plasma emission images are obtained using a CCD camera in conjunction
with a narrow band-pass interference filter to select the oxygen lines. An example
of a typical side-view image of the plasma is shown in 3.5a. A radially resolved
emission intensity profile I(r, z) is obtained by discrete inverse Abel transform using
the recursive method laid out by Hansen and Law [102]. The characteristic width
of the optical emission is based on the FWHM of this radially resolved intensity
distribution.

The relation between electron density and emission intensity is approximately
proportional (I(r, z) ∝ ne(r, z)) when the radial distribution of the gas tempera-
ture and composition vary only slowly with respect to the electron density. In this
case, the radial ne profile is expressed in terms of the characteristic width Λ777 of the
777 nm emission intensity profile,

ne(r) = ne(0) exp

(
−1

2

r2

(
√
sΛ777)2

)
. (3.11)

In this equation Λe =
√
sΛ777 is the characteristic width of the radial ne distribution,

s is a factor that varies between 1 and 2 depending of the oxygen is dominantly pro-
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Figure 5.1: Schematic overview of the spectrometer, not to scale.

Table 5.1: Spectrometer design parameters

description formula value

groove frequency G 1180mm−1

groove spacing d = 1/G 0.847 458μm

grating width W 100mm

grating height H 100mm

number of grooves N = WG 118 000

focal distance collimator fc 2250mm

collimator diameter dc 100mm

acceptance angle θ = arctan(d/2fc) 1.27 ◦

numerical aperture NA = n sin θ 0.0222= f/22.5

diffraction length � 2430mm

Table 5.2: Sony ICX285 CCD specifications of the Manta G-145 camera.

description formula value

pixel size dp×dp 6.45μm× 6.45μm

resolution Nx×Ny 1388× 1038

CCD size w×h 8.95mm× 6.70mm

[February 25, 2019 at 10:04 – for review by committee ]

Figure 3.6: Optical configuration of the temperature measurement diagnostic, consisting of the
collection optics and the Littrow configuration spectrometer. Figure adapted with permission
from Righart (2019) [103]

duced via neutral- or charged particle processes (s = 1 when thermal dissociation
is dominant), and ne(0) is the peak value of the electron density. Equation 3.11 is
solved for ne(0) by means of a microwave interferometry measurement, as detailed
in Sect 3.3.3. The power density distribution in the plasma is also determined based
on the proportionality between emission intensity and electron density. By substitu-
tion of (I(r, z) ∝ ne(r, z)) into the Joule heating equation (Eq. 3.1) and normalization
to the total absorbed power Pabs,

PΩ(r, z) =
Pabs

2π
∫∫
r,z
I(r, z)r dr dz

I(r, z), (3.12)

which can be used to calculate the power density profile, such as the one depicted in
Fig. 3.5c.

3.3.2 Temperature measurements

The gas temperature of the plasma is a key parameter in both the thermal and vibra-
tional dissociation mechanisms. Therefore, the gas temperature measurements are
instrumental for the main results in this work and therefore form the backbone of
this thesis.

The gas temperature is derived from the Doppler broadening of the 777 nm atomic
oxygen lines O(3s5S0 ← 3p5P). Conveniently, these lines have a high intensity and
are not obscured by other (ro-vibrational) plasma emission. The thermal Doppler
broadening effect, which results from the isotropic thermal motion of particles, leads
to a Gaussian spectral broadening component with standard deviation σD which
only depends on the frequency of the spectral line, the mass of the emitting partici-
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5.3 convoluted fitting 43
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Figure 5.9: The blue dots in the lower graph show the intensity profile P3
of measurement number 208, fibre 16 and emission line of J = 3.
It is fitted against f(λ,A,σf,γf,Δλf) (5.8) in which Pc,3 is the
calibration measurement. Pc,3 is scaled up to P̃c,3 to make its
shape comparable with f and is plotted in green. The fit f is
plotted in orange. The difference between the measurement J3
and the fit f is in the upper axes. The Gaussian broadening
determined from this fit is σ3 = 4.493 pm which corresponds
to a temperature of 5781 K. The Lorentzian broadening equals
γ = 0.43 pm. The plasma on which this measurement was done
was running at 254 mbar, with a flow rate of 24 SLM and a power
of 800 W.

[ February 25, 2019 at 10:04 – for review by committee ]

Figure 3.7: Example of emission profile fit, showing the measured profile (blue), the fitted
function (orange) and The calibration profile is added for illustrative purpose. The Gaussian
component determined from the fit σD = 4.493 pm which corresponds to a gas temperature
of 5781 K. The Lorentzian component γ = 0.43 pm. Figure adapted with permission from
Righart (2019) [103]

ple m and the temperature T :

σD =

√
kT

mc2
λ0 (3.13)

Since the anticipated σD values are on the order of a picometer, a high-resolution
2.25 m spectrometer in Littrow configuration is used of which the optical configura-
tion is shown in Fig. 3.6. The collection optics provide a laterally resolved line of
sight measurement through the plasma. The dispersed emission is recorded with a
CCD camera. The resolution of 0.5 pm per pixel acquired with the setup is sufficient
to resolve and analyze the spectral lines individually. In order to obtain a sufficient
signal to noise ratio, the spectral profiles are measured by averaging over the three
transition lines across three exposures of 60 s each. Consequently, the measurements
are limited to steady-state discharge conditions.

A convoluted fitting procedure is used to account for instrumental broadening
of the spectrometer and to determine the plasma-induced Lorenzian and Gaussian
components. For this, a calibration measurement is performed with a low-pressure
oxygen spectrum tube (Edmund Optics) as light source to establish the instrumental
function, taking into account its temperature-induced Gaussian component. A spec-
trum fit of the 777.1913 nm line is shown in Fig. 3.7 for typical plasma conditions (p
= 254 mbar, Pabs = 800 W, φCO2 = 24 slm.

The temperature is calculated using Eq. (3.13) by taking the Gaussian component
width as σD, which is justified because the pressure broadening contributions are
Lorentzian [103] and therefore do not contribute to the Gaussian broadening compo-
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nent:
• As both energy levels are not resonant with the ground state, resonance broad-

ening can be neglected and only the effects of van der Waals broadening and
Stark broadening need to be considered.

• Van der Waals broadening can be described by the impact approximation, as
the 29 ns upper state lifetime [104] far exceeds the characteristic collision time
of 2 ns with neutral particles(a), and therefore yields a Lorentzian broadening
profile. Rough estimations following Kunze et al. [105] indicate a Van der Waals
broadening on the order of a picometer, which is reflected by magnitude of the
Lorentzian broadening component in our measurements.

• Since collision times of oxygen atoms with ions or electrons are longer than the
lifetime of the upper state due to the low ionization degree in the plasma, the
stark broadening is best described using the quasi-static approximation. While
the quasi-static approximation yields a non-Lorentzian broadening profile, it
is less significant than the 0.03 pm (predicted by the impact approximation for
Stark broadening), and is therefore not spectral resolved.

Further elaboration on the experimental setup, fitting routine and data process-
ing and error analysis can be found in Ref. [103].

3.3.3 Electron density measurements

The electron density serve as a fundamental plasma parameter, relevant to the mi-
crowave propagation and absorption and consequently underlying the power depo-
sition. This relation is used to derive the electron density of the plasma by probing
its wave propagation characteristics by means of microwave interferometry.

Theory of plasma-wave interaction The wave propagation in a plasma medium is
described by the Lorentz conductivity model. This approximation is generally appli-
cable for microwave plasmas [106,107] since electron thermal particle motion associated
with the typical electron energy of 1 - 2 eV can generally be ignored in comparison
to the phase velocity [108]. The use of the Lorentz conductivity model to describe
the dielectric properties and wave dispersion of plasmas is well motivated in litera-
ture [17,92] as well as its application for electron density measurement in various kinds
of plasma environments [106,107,109–111].

The complex reflective index is expressed in terms of the angular frequency of the
wave ω, the plasma frequency ωp =

√
ne2/ε0me rad s−1 and the effective frequency

of electron-neutral momentum transfer νm (s−1).

µ̃ = µ+ jχ =

√
1− ω2

p

ω(ω − jνc)
(3.14)

(a)Calculated based on kinetic diameters of the neutral particles
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Figure 3.8: Real (µ) and imaginary (χ) parts of the refractive index as function of pressure
and neutral density, calculated using the Lorentz conductivity model for CO2 at a pressure of
100 mbar

The behavior of µ̃ is characterized by the reduced plasma parameters νm/ω and
ne/nc, with strongest variations when close to 1. The variation of the refractive in-
dex of CO2 plasma conditions as function of neutral density and electron density are
shown in Fig. 3.8, for ω = 2π · 2.45 GHz and p = 100 mbar. Here, the propagation
cut-off at ne = nc = 7× 1016 m−3 and transition between collisional and collisionless
conditions at νc = ω ≈ 1023m−3 are evident from the strong changes in the disper-
sion properties around these values. In particular, the refractive index reduces to
0 when the medium is collisionless and over-dense, which shows that waves can-
not propagate under these conditions. More in-depth analysis of the plasma-wave
interaction related to microwave plasmas can be found elsewhere [17].

The characteristic length of absorption or skin depth δ, which represents the 1/e
attenuation length of the field intensity, is expressed in terms of the complex part of
the refractive index [106]

δ =
c

χω
. (3.15)

Note that for low collisionality (ν/ω << 1), which occurs in plasmas with pressures
on the order of 10 mbar or lower, δ becomes a simple function of the plasma fre-
quency,

δ =
c

ωp
. (3.16)

In the high pressure limit, under collisional conditions (ν/ω > 1), the well known
skin-approximation analogues to that of a metallic conducting rod can be applied [106]:

δ =
1

ωp

√
2νm

ω
≈ c

e

√
2meε0
ω

νm

ne
(3.17)

Integrated over a propagation length L, the cumulative phase shift and attenuation
of a plane wave in a homogeneous plasma medium can be calculated from the real
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(µ) and imaginary (χ) parts of the refractive index, respectively.

∆φ =
c

ω

∫
(1− µ(x))dx (3.18)

α = − 20

ln(10)

c

ω

∫
χ(x)dx (3.19)

where ∆φ and α are the cumulative phase shift in radians and attenuation α in dB.
The subscripts denote vacuum conditions (0) and the plasma medium (p). In this
manner the phase shift and attenuation can be related to the spatial profiles of elec-
tron density and frequency of momentum transfer (effective collision frequency) of
the electrons. As long as the coupling losses in the beam path are either well quan-
tified or minimized by a well-designed beam path, Eq. (3.18 and 3.19) can be solved
simultaneously to obtain self-consistent solution of both ne and νm in the plasma [107].

When the attenuation α is close to zero (which applies when νc << ωd) the solu-
tion for the electron density depends only on the phase shift. In Chapter 6 a direct
relation is derived between the peak electron density ne(0) on the discharge axis and
the recorded phase shift ∆φ by substitution of Eq. 3.11 in to Eq. 3.18 under the typical
Gaussian radial electron density profile.

ne(0) =

√
2

π

ωdcmeε0
e2

∆φ

rpl
(3.20)

were the characteristic discharge radius rpl = Λ777

√
2ln2 is derived from the optical

emission intensity.

Experimental approach The electron density profile shape is inferred from the
emission profile to obtain approximate radially resolved electron density measure-
ments out of this line-integrated measurement using equations 3.18. The experi-
mental configuration is shown in Fig. 3.9. The phase shift measurements are per-
formed with a 0 GHz to 20 GHz vector network analyzer (VNA). Custom-built up-
and down-conversion circuitry, consisting of a multiplier and a non-harmonic low-
loss balanced mixer, interfaces to the 167 GHz to 173 GHz measurement range. A
diagnostic frequency of 168 GHz (which corresponds to a wavelength λ0 = 1.8 mm)
is chosen to stay far above the collision frequency of the plasma (νc/ωd ≈ 10−2). The
measurements are performed using a well-shaped Gaussian beam optics, shaped
and received with conical horn antennas and Teflon focusing optics. The diagnostic
beam propagates through the plasma in the center of the plasma filament, perpen-
dicular to its axis of symmetry. Since diffraction limited focusing leads to strong
divergence and loss of signal in the detection branch of the setup, a compromise
was found between spatial resolution and sensitivity by positioning the beam waist
approximately 1 cm behind the discharge axis. Based on Gaussian beam transforma-
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Figure 3.9: Experimental configuration of the 168 GHz microwave interferometry setup.

tion calculations, we find that the diameter of the diagnostic beam in the discharge
zone is around 2 to 3 times larger than the beam waist w0 ≈ in the beam focus [112].
A more detailed schematic of the measurement setup and details on the installation
and commissioning of the interferometry diagnostic can be found elsewhere [112].

Since the plasma acts as a lossless medium and collisional losses can be neglected,
the electron density is determined from the phase shift using equation 3.20. The ab-
solute values of both attenuation and phase shift of the mm-wave beam are obtained
by measuring the difference in both a plasma-on and -off values of the phase and
modulus. Following this approach, the influence of the reactor tube and the sur-
rounding wave-guide and temporal drifts caused by thermal fluctuations detection
hardware are negated. The VNA provides a dynamic range of 110 dB and can resolve
the phase shift between transmitted and detected signals with a resolution of< 0.01◦.
Even so, the phase measurement error is dominated by thermal fluctuations rather
than the resolution of the measurement apparatus. The phase shift measurement has
an error of 1◦ to 2◦. For a typical plasma radius of rpl = 5 mm this corresponds to an
error of 6× 1017 m−3 in the electron density according to Eq. 3.20. In principle, the
upper detection limit of the electron density is dictated by the cut-off at the critical
electron density, i.e. 3.5× 1020 m−3 for a diagnostic frequency of 168 GHz. The sim-
ple plasma slab approach of Eq. (3.18) breaks down above 400 mbar due to scattering
effects due to resonant conditions (λwave ≈ dplasma).
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Chapter 4

Summary of the main results

The main scientific output of this thesis is described in the three articles in Section II.
The main findings are summarized below.

4.1 The microwave plasma contracts to a radius of a sin-
gle skin-depth

The CO2 microwave discharges are known to operate in several operating regimes,
characterized by a progressive decrease in the radial diameter as the pressure rises.
The plasma conditions in the discharge regimes are found to have considerable im-
pact on plasma parameters such as gas temperature [17] and electron density [29]. More-
over, optimal conditions for CO2 dissociation are found to coincide with a discharge
transition between 100 - 200 mbar [21,29]. In order improve the understanding of this
contraction mechanism and quantify the effects of the discharge contraction on the
plasma conditions, the relation between the discharge radius and the plasma param-
eters is explored in Chapter 6. Electron density measurements and gas temperature
measurements in the core are used to relate the plasma radius to the effective skin-
depth value δeff in the plasma. It is shown that the plasma radius constitutes a single
skin-depth in the transition conditions relevant for efficient CO2 conversion:

rpl := δeff . (4.1)

Here, rpl is the characteristic radial dimension of the electron density profile, and
δeff is the skin-depth of the source waves (2.45 GHz) in the center of the plasma ac-
cording to Eq. (3.17) (determined from the peak ne and gas temperature value). The
skin-depth limited contraction described by Eq. 4.1 results from the limited pene-
tration depth of oscillating electromagnetic field in conducting media. This effect is
analogous to the metallic skin effect in a solid conducting rod, for which the absorp-
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𝛿

𝛿

metallic cyllinder plasma filament

Figure 4.1: Illustration of high frequency field absorption in a metallic cylinder (left) and a
radially contracted plasma filament (right) under influence of the skin-effect. δ represents the
skin-depth value under local dielectric properties

tion of high frequency fields is well known to penetrate only in the outer skin layer
with thickness δ, as illustrated in Fig. 4.1.

In the case of plasmas with r > δ, the resulting hollow power deposition profile
is inherently unstable. Under influence of the strong radial contraction forces, the
plasma contracts radially to a stable radius of a single skin-depth. As a result, an
explicit relation between gas temperature, pressure and electron density is obtained
by substituting Eq. (4.1) into (3.17):

ne
n0
≈ 2meε0c

2

ω0e2

k̃e−n

r2
pl

(4.2)

Here k̃e−n = νm/n0 is the net rate coefficient of electron transfer of electrons with
neutral species for the molecular gas mixture. In case of CO2 and its dissociation
products, the variation of k̃e−n is not sensitive to composition and a maximal range
of (0.4− 1) · 10−13 m3s−1 may be expected under nominal discharge operation. This
experimental result confirms previous notions of spatial constraints on the power
deposition in wave-heated plasmas, imposed by the skin-effect [13,17,92,113]. The rela-
tion of Eq. 4.2 provides valuable insight into the steady-state conditions of plasma
by means of its radius, and has predictive power, facilitating design and modeling
of these plasma reactors.

4.2 The discharge modes of the CO2 microwave plasma
are intrinsically linked to thermal conversion pro-
cesses

Since the skin-depth-limited contraction criterion of Eq. 4.1 relates to steady state
plasma conditions, it does not reveal the underlying contraction dynamics. In Chap-
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homogeneous L-mode H-mode

Figure 4.2: The CO2 plasma shape reveals the three distinct discharge modes, which occur
from left to right with increasing pressure.

ter 7 the discharge modes in the CO2 microwave plasma are characterized, aiming to
reveal the nature of the discharge modes and the underlying transition mechanisms.

Discharge modes The visual appearance of the discharge clearly reveals three dis-
tinct stable contraction modes, as shown in Fig. 4.2. We refer to these discharge
modes as: a homogeneous mode at low pressure, which with increasing pressure or
input power transitions into a low confinement L-mode and a high confinement H-
mode. The visual distinction between the modes is apparent from the extent and the
shape of lateral emission intensity profiles. The homogeneous regime is named for
its homogeneous appearance with a flat or, in some cases, a hollow lateral emission
profile. This regime tends to spatially extend to fill the quartz tube, in particular
as the input power increases. The L-mode and H-mode discharge are both consid-
ered as radially contracted plasma regimes. These modes are distinguished from the
homogeneous regime by their characteristic Gaussian-shaped lateral emission inten-
sity profiles which are governed by the skin-depth limited contraction (discussed in
Chapter 6). The transition from L-mode to H-mode plasma conditions, which oc-
curs from low to high pressure, involves a considerable temperature increase, from
approximately 3500 K to 6000 K, as shown in the measurement overview in Fig. 4.3.
Based on the evolution of discharge shape, the mode-space diagram in Fig. 4.4 maps
the occurrence of the discharge modes as function of pressure an power. The gas
flow rate only marginally influences both the mode space and gas temperature (ev-
ident by the weak flow dependence in Fig. 4.3). The gas flow conditions, therefore,
only weakly influence the plasma parameters. In contrast, the particularities of flow
conditions considerably influence the net conversion and energy efficiency of the
dissociation process to a large extent. As will become apparent in Sect. 4.3, this im-
pact is related to the major influence of species transport on the chemical kinetics
around the plasma.
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Figure 4.3: Overview of the central gas temperature of CO2 microwave plasmas for a wide
range of power, pressure and flow rate. Values obtained from Doppler broadening of the
O(3s5S0 ← 3p5P) atomic oxygen lines at 777 nm.

Table 4.1: Overview of discharge parameters and mechanisms associated with the distinct
discharge modes.

homogeneous L-mode H-mode

appearance diffuse contracted contracted
pressure thresholds <p1 p1 < p < p2 >p3

gas temperature <3000 3000-4000 5500-6500
stabilization mechanism ne cut-off limit cp-controlled cp-controlled
νm/ω

[18] < 1 1− 2 1− 10
ne/nc

[18] ≤ 1 10− 100 100− 1000

The mode structures in the CO2 microwave plasma are remarkable in compar-
ison to discharge contraction in alternative discharges for two reasons. Firstly, the
diffuse-to-contracted transition occurs at a relatively high pressure in comparison to
DC glow discharges. Secondly, the occurrence of more than one contracted mode
has, to the authors knowledge, not been previously reported in the literature. Dis-
charge contraction is commonly described as a single, often abrupt, transition from
a diffusive to a contracted discharge state [92] at a pressure that coincides with the
shift of the dominant charged particle loss mechanism from ambipolar diffusion (low
pressure) to dissociative recombination (high pressure) [93].

Contraction mechanisms Discharge contraction in the CO2 microwave plasma can
generally be explained by the well established thermal-ionization instability [108,114]

(in line with the contraction mechanism in various types of plasmas including glow
discharges, arcs and microwave plasmas [92]). The thermal-ionization instability re-
lies mainly on self-intensifying mechanisms of electron density growth in response
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Figure 4.4: The mode-space diagram, which shows the occurance of the discharge modes as
function of pressure and power. The critical transition pressures between the modes (p1 to p3)
are determined experimentally from the plasma shape evolution as function of pressure for
several power inputs.
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to gas temperature rise [108], as illustrated by the following chain of events:

T0 ↑ ⇒ n0 ↓ ⇒
E

n0
↑ ⇒ ki ↑↑ ⇒ ne ↑ ⇒ σE2 ↑ ⇒ T0 ↑ (4.3)

The instability may be initiated by a perturbation in any of the elements in the chain.
The rate of growth relies on the unbounded increase in both electron density and
gas temperature. Gas heating is the slowest step in the chain and therefore often
determines the timescale of the instability [108]. The main proposition of Chapter 7 is
that the particular contraction phenomena of the CO2 microwave plasma (e.g. three
modes, of which two are contracted as illustrated in Fig. 4.2) arise from the impli-
cations of plasma-wave coupling and thermally induced chemical reactivity on the
conventional thermal contraction mechanisms of Eq. (4.3). We find that the thermal-
ionization instability mechanism explain the discharge modes of the CO2 plasmas
and the conditions of instability in the transition regions between the modes. The
distinct plasma parameters of the discharge modes and their proposed stabilization
mechanisms are summarized in Table 4.1. The transition mechanisms, which involve
a cut-off limit between the homogeneous and L-mode, and a specific-heat (cp) con-
trolled transition mechanism under L-mode and H-mode conditions, are highlighted
in the following section.

Transition dynamics The homogeneous regime distinguishes itself from the H-
mode and L-mode discharges by a flat or hollow intensity profile. The homogeneous
conditions arise due to a cut-off in wave absorption at low pressure, when the col-
lisionality is low (νm/ω < 1). In this case, when the electron density rises above
the critical-density (ne/nc > 1), the refractive index of the plasma medium becomes
zero (Fig. 3.8), and consequently, the microwaves cannot propagate in the plasma if
ne is too high. Consequently, the electron density is limited to the critical density
nc = ε0meω

2/e2 ≈ 6 ·1017m−3 for the driving frequency of 2.45 GHz and the contrac-
tion instability described in Fig. 4.3 is inhibited. Only once a collisional threshold
is reached (νm/ω > 1), the contraction instability can proceed (i.e. the transition to
over-dense conditions of the L-mode plasma may occur).

In contrast to the homogeneous conditions in the low pressure regime, the L-
mode and H-mode plasmas are characterized by over-dense conditions (ne >> nc),
with electron density values ranging from 1018 − 1020 m−3, and a radius that is
limited by the collisional skin-depth of Eq. (3.17) as demonstrated in Chapter 6. This
distinguishes the contraction mechanisms of the L-mode and H-mode plasmas from
the critical-density-limited mechanism of the homogeneous mode.

The transition between the L-mode and H-mode is linked to a thermo-chemical
instability mechanism. Thermo-chemical instability arises when heat release from
(thermally driven) chemical equilibrium reactions in the plasma couples to the thermal-
instability mechanism described in Eq. 4.3. In reactive plasmas, both thermally-
induced exothermic and endothermic reactions may significantly influence the insta-
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Figure 4.5: The specific heat capacity cp at constant pressure of CO2 products under condi-
tions of chemical equilibrium composition. The frozen cp excludes the enthalpy required for
equilibrium reactions to occur, and the total cp which includes equilibrium reactions.

bility and contraction. Thermally induced endothermic reactions have a stabilizing
effect on the thermal-ionization instability as it moderates the temperature response
to a power density rise. Vice versa, exothermic reactions are known to induce insta-
bilities in plasma-assisted combustion as a result of this mechanism [115].

In CO2, elevated values of specific heat capacity cp = dH/dT occur as a result
of shifts in the thermodynamic equilibrium composition around 3000 K and 6000 K

(Fig. 2.3). In these temperature regions, an increased energy input for the endother-
mic thermal dissociation reactions is required in order to maintain the chemical equi-
librium composition with rising temperature. The heat capacity associated with the
thermal reactivity is considerable, as shown by the calculated values in Fig. 4.5, since
it may enhance the effective cp values by more than an order of magnitude.

It is apparent that the temperatures corresponding to the stable L-mode and H-
mode plasma states coincide with conditions of high specific heat capacity. The
strong response of cp to the reactive thermal decomposition thresholds of CO2 mod-
erate the response of the gas temperature to a perturbation in the power density
(P/V = σE2). The strong local heat withdrawal, associated with endothermic dis-
sociation reactions, has a stabilizing effect on the thermal ionization mechanism in
Eq. 4.3. Consequently, it is found that the stable discharge conditions and the tem-
perature values of the H-mode and L-mode plasmas are an emergent property of a
thermally-dominated dissociation process in the plasma: the L-mode and H-mode
plasma states arise as a result of thermal conversion in the plasma core.
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Figure 4.6: Conversion and energy efficiency of the CO2 dissociation process as function of
pressure, obtained at a fixed input power of 1 kW and various CO2 input flow rates. Adapted
from [117]

4.3 The quenching process is enhanced by means of cool-
ing and dilution through turbulent diffusive mix-
ing

While the contraction phenomena and their influence on the plasma parameters
have now been established, the impact on the net dissociation process (e.g. con-
version and energy efficiency) has not yet been considered. The conversion α and
energy efficiency η are shown for a fixed power input of 1000 W in Fig. 4.6. There are
several particular dependencies which one can observe as function of pressure and
flow, of which the following have been previously reported:

1. The peak in energy efficiency around 100 - 200 mbar. This favorable pressure
regime is frequently reported for CO2 microwave discharges [12,17,29].

2. A trade-off between conversion and energy efficiency (i.e. η can be increased
at the cost of α) [12,46,116], an effect which in our experiments becomes more pro-
nounced at high pressures.

Even so, these observations have remained largely descriptive in nature and the un-
derlying mechanisms are presently not well established in relation to thermal pro-
cesses in any of the cited publications.

In Chapter 8, the particular features of the η and α dependency on pressure and
flow in Fig. 4.6 are explained based on the implications of discharge non-uniformity
and the vortex flow dynamics, using a combination of experiments and modeling.
We show that the non-uniform power deposition profile of contracted plasmas pro-
duces lateral mixing of species between the plasma and the peripheral flow, as il-
lustrated in Fig. 4.7. This significantly influences the plasma product recombination
kinetics (product quenching) in comparison to conditions of homogeneous power
deposition.
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Figure 4.7: Illustration of difference between the homogeneous plug-flow (top) and the non-
uniform plasma reactor (bottom)

A cylindrical reactor model is developed, which aims to achieve quantitative
agreement with the experimentally obtained values while using only a minimum
of input parameters, without resorting to computationally intensive, and physically
complicated, self-consistent models. To this end, the plasma is treated as a straight-
forward heat source in which the chemical processes are described by a thermal neu-
tral chemistry scheme (see Appendix C). Species transport, induced by the complex
vortex flow dynamics, is approximated by laminar advective transport in the axial
direction with super-imposed turbulent diffusive transport in the lateral direction.
The magnitude of turbulent diffusive transport is approximated by an effective tur-
bulent viscosity νT . The shape of the radial dependence of νT is obtained from 3D
CFD simulations of the vortex flow using the (k-ε)-turbulence model. The magnitude
of this profile is used as a free parameter to match the simulated peak temperature of
the model to the experimentally obtained gas temperature. The power density distri-
bution is imposed based on experimental values, using Eq. 3.12. With this approach,
the simulations remain true to the experiments without the need to self-consistently
model the contraction dynamics of the plasma.

Figure 4.8 shows a comparison of selected experimental values of Fig. 4.6 and
corresponding simulation results. The discharge performance is assessed for several
flow rates in the range of 2.8 to 14 slm as function of pressure, at a fixed input power
Pabs = 1 kW. A good agreement is obtained, as both the peak in energy efficiency be-
tween 100 and 200 mbar and the flow dependence at higher pressure are reproduced.
This shows that the thermal chemistry, in which the plasma effectively functions as
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Figure 4.8: The energy efficiency of the dissociation process as function of pressure for speci-
fied flow rates obtained from experiment (left) and model (right). The power input was fixed
at 1 kW

a heat source, adequately describes the dissociation and recombination processes in
the reactor. In order to obtain a good correspondence between simulation and ex-
periment, two aspects should be kept in mind:

• The discharge contraction must be accurately incorporated in the model, mo-
tivated by its strong influence on the local power density. We find that the
contraction dynamics of the discharge strongly influence the energy efficiency
of the conversion process. The favorable reactor conditions in the 100 mbar to
200 mbar range coincide with the L-mode to H-mode mode transition (indi-
cated in Fig.4.4 by the p2 transition pressure).

• The radial transport in the model must be balanced with the imposed power
density profiles, as the local gas temperature depends strongly on the balance
between power density and particle transport. We find that complete omission
of lateral turbulent transport of species and enthalpy in the model results in
strong deviations from experimental gas temperatures, in some cases amount-
ing to Tsim > 20 000 K. Realistic values of simulated gas temperatures in the
plasma region are obtained for turbulent viscosity values of the same order of
magnitude as those calculated by the CFD models.

The reactor performance is influenced by the flow dynamics in two distinct ways.
The particle and energy balance of the plasma are both significantly influenced by
the radial turbulent transport in addition to advective transport. Furthermore, tur-
bulent transport facilitates quenching of the dissociation products through cooling
and product dilution, both of which are favorable for preventing back-reactions. The
pressure-enhanced recombination effects, which dominate at high pressure, are ef-
fectively mitigated by increasing the gas flow rate, albeit at the cost of product di-
lution (i.e. limited conversion). It is therefore apparent that a realistic description
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of non-uniform plasma-chemical flow reactors not only relies on an accurate repre-
sentation of the power density profile, but also on a realistic description of lateral
transport around the plasma.

The model also reveals that the discharge modes lead to distinct chemical kinetics
regimes. The low pressure behavior is related to an insufficient speed of the chemical
kinetics in relation to the particle residence times, as shown in Fig. 4.9 by the modeled
time-scales of chemical kinetics (a) and the particle residence time. The relatively low
temperature of L-mode plasmas can lead to kinetic timescales of chemical conversion
which exceed the residence time of particles in the high-temperature region (τres ≤
τeq). With insufficient time for chemical reactions to take place, this is detrimental to
the net rate of CO2 conversion in this pressure regime. The energy efficiency of the
L-mode plasma conditions is, therefore, not only limited by the reduced efficiency of
the thermal conversion process below 3000 K (as indicated by the low chemical factor
in Fig. 2.4), but also by the slow chemical kinetics in relation to the transport. In the
high pressure H-mode regime, above 110 mbar under the considered experimental
conditions, τres >> τeq. The assumption of a local chemical equilibrium composition
in the plasma is justified under these conditions because the kinetic timescale (µs)
becomes much shorter than the residence time (0.1 ms).

The net change of CO in the recombination trajectory is quantified by means of
the γCO factor(b). γCO represents the retained CO fraction in the post-discharge as
a result of the kinetics of the cooling trajectory. The overview in Fig. 4.10 shows
the energy efficiency as function of γCO. One can see that the recombination pro-

(a)See also Fig. 2.7, which shows that the characteristic chemical equilibration time increases strongly
with both a reduction in pressure and temperature

(b)γCO is determined in the model from the ratio of total axial flux of CO particles at a location down-
stream from the reactor where the composition is stabilized, over the maximum axial CO particle flux
along the reactor tube (which coincides with the location of the plasma)
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cesses are most prominent in the high pressure H-mode conditions. Up to 90 % of
CO products may eventually recombine in the recombination trajectory under unfa-
vorable conditions (i.e. high pressure and low flow rate). The latter shows that the
drop in efficiency with rising pressure and decreasing flow rate, which are observed
in experiments at pressures above 110 mbar in Fig. 4.8, are related to the kinetics of
the cooling trajectory rather than changes in the plasma conditions. Under L-mode
conditions, at least 80 % of the CO production is retained downstream in relation to
the production in the high temperature zone. Evenso, the η values under L-mode
plasma conditions are largely limited by the low CO production, which we associate
with low chemical rates of conversion at the relatively low plasma temperatures. At
intermediate conditions of pressure, in the 100- 200 mbar range, a favorable trade-off
occurs between the dissociation rates in the plasma (which increase with pressure
as a result of the contraction-induced temperature rise in the plasma) and pressure-
stimulated recombination effects.

The simulations in Fig. 4.10 further indicate that an efficiency of η0 ≈ 40 % (repre-
senting the energy efficiency achieved in the high temperature region without con-
sidering the subsequent kinetics of the cooling trajectory) can be achieved. Further-
more, the model shows that a net loss of CO in the quenching trajectory can be
largely prevented under optimized post-discharge conditions (i.e. high flow rate).
The simulated production-related limits in the conversion process, η0, corresponds
well with the observed efficiency limits in our experiments (which ranges from 35-
40 %). Despite the correspondence in the experimental and simulated upper value of
η, the dominant mechanisms in the recombination trajectory remain to be evaluated
as we currently only consider the net change in CO and thereby do not distinguish
between the various possible CO production and loss routes in the γCO factor. Also,
the remaining quantitative deviations in the simulated values of α and η with respect
to the experiments remain to be addressed for a more accurate quantitative assess-
ment of the limitations imposed by production (η0) and quenching (γCO) processes
on the overall dissociation process.

Further efficiency improvements of the thermal CO2 microwave plasma remain
possible, both in terms of production enhancement in the hot zone and optimization
of the quenching trajectory. Notable examples are the increase of residence time of
particles in the high temperature region, under L-mode conditions, to improve the
low CO production values associated with the low gas temperatures. Moreover, CO
production in the cooling trajectory may even be further enhanced by leveraging the
CO2 + O super-ideal quenching mechanism. As these aspects remain largely unex-
plored in the context of this thesis, they provide opportunities for future research.



Chapter 5

Outlook

The findings presented in this thesis show that the plasma conversion process can be
described by thermal mechanisms in several distinct ways:

• The mechanisms of discharge contraction are found to rely on heating of the
plasma core via the thermal-ionization mechanism.

• The distinct discharge modes which arise in particular pressure intervals are
an emergent characteristic of thermally driven CO2 dissociation in the plasma
core.

• CO production and destruction in the plasma and post-plasma reactor regions
are described by thermal kinetics.

We observe that the subject of thermal plasma-chemistry for gas conversion is often
overlooked in literature reviews [12] and road-maps [14,48] in favor of non-equilibrium
aspects. Consequently, many research opportunities remain to leverage the unique
processing regimes of (quasi-)thermal plasma reactors.

In this final section, an outlook is given on the basis of the results of this thesis
work, by sketching the contours and relevance of future topics of research. Below,
observations and implications are provided for the plasma-dissociation process of
CO2, (sect. 5.1), plasma source design for thermal conversion (sect. 5.2), and design
considerations related to system up-scaling (sect. 5.3).

5.1 Opportunities for improvement of the CO2 conver-
sion process

For the CO2 plasma dissociation process, several considerations may help to shape
directions for future research. It is important to realize that pressure, power and
flow are not the only parameters that control the performance of the plasma process.

65
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Flow geometry, field design and control algorithms are also important to consider.
Below, we distinguish measures to improve the plasma parameters and the product
recombination parameters.

Thermal conversion in the plasma The thermal dissociation process under ideal
quenching conditions (IQ) is theoretically optimal with ηIQ ≈ 50% around 3000 K to
4000 K. However, we find in our experiments that in the L-mode conditions, where
this temperature is reached, the thermal conversion process is impeded by the slow
reaction kinetics. Consequently, the discharge performance in the L-mode plasma
conditions are expected to greatly benefit from increased particle residence times in
the hot regions in and around the plasma. Measures to enhance the particle residence
time in the high temperature zone may include, among others:

• Changes in the advective flow pattern, for example by applying alternative gas
flow patterns, i.e. a reversed vortex flow. Note that vortex flows have an aux-
iliary function to stabilize the discharge, and deviation from vortex structures
asks for a different means to stabilize the discharge

• Optimization of turbulent transport by addressing the trade-off between resi-
dence time and quenching rates: A reduction of the turbulent mixing between
the high temperature zone and peripheral regions may increase the particle
residence time without leading to significant deterioration of product quench-
ing.

• Adjustments in field applicator design can change the plasma shape and size
to the benefit of the particle residence time. The microwave source frequency
is an evident parameter to consider in this regard; plasmas driven at 915 MHz

rather than 2.45 GHz may influence the discharge radius according to the 1/
√
ω

scaling of the skin depth (Eq.3.17). Moreover, the larger waveguides of the
915 MHz standard support longer plasma filaments. In addition, alternative
field mode structures can be considered to fundamentally change the spatial
distribution of the power deposition, for instance to contain the discharge with-
out the requirement for vortex stabilization.

• Active field control may be utilized to realize more favorable discharge op-
erating regimes. The almost instantaneous plasma response to field varia-
tions provides opportunities for fast field control on a plasma-chemical process
timescale (us - ms timescale). Active control algorithms may be used as a tool
to shift the discharge transition to a higher pressure, in order to increase the
rate of plasma-chemical conversion in the L-mode plasmas, as well as control
of the plasma stability in otherwise unstable process parameter regimes.

Product recombination The recombination process can be improved by adjust-
ments in the gas-dynamics around the plasma. Improvements of the quenching
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trajectory are imperative, particularly at high pressure, as the fast recombination
kinetics at high pressure increase the trade-off effect between energy efficiency and
conversion.

• An optimum in flow rate and the resulting benefits of turbulent cooling and
mixing can likely be found. In current experiments, relatively high flow rates
are required to counteract product recombination, at the expense of reduced
overall conversion. An evident parameter to consider is the ratio between
the plasma size and gas tube diameter, as this may yield steeper gradients
and lower “gas slippage”. Also, directed inmixing of CO2 at specific locations
within the plasma and the recombination zone may enhance the local quench-
ing conditions. For example, preliminary experiments show that small but sig-
nificant improvements in energy efficiency (approximately 10 % relative) can
be realized with relatively simple measures such as partial axial injection into
the plasma region.

• Active wall cooling and expansion nozzles in the exhaust flow can increase
the cooling rate of the products by further enhancing heat extraction. Such
measures are particularly beneficial at conditions of high power and low flow,
in which case the benefits of quenching by radial mixing are largely lost.

• Super-ideal quenching of the CO2 plasma products, in which additional CO is
produced in the cooling trajectory via a reaction between atomic oxygen and
CO2, allows thermodynamic energy efficiency of over 70%. As this reaction
pathway requires a recombination environment rich of CO2, transport of CO2

from the peripheral flow towards the plasma may enhance the CO production
rate especially when CO2 is depleted as a plasma product at high plasma tem-
perature. Evenso, the activation barrier of 1.57 eV associated with the atomic
oxygen reaction poses a challenge [34]. The rate of CO2 + O outside of the dis-
charge benefit from vibrational pre-excitation of the CO2 molecules [29]. Eleva-
tion of the base temperature of the gas flow may thermally enhance the rate of
the CO2 without significantly affecting the CO recombination reactions.

What are the prospects of non-equilibrium plasma conversion of CO2? We ob-
serve that most contemporary experimental results on CO2 plasma conversion in
the 0.1-1 bar range can in principle be explained by conditions of thermal conversion
under ideal quenching conditions. Energy efficiency values typically remain below
40-50 %, or fall within a reasonable experimental error margin of this threshold. The
exceptionally high efficiency values of up to 80 %, obtained under similar experimen-
tal conditions but reported conditions of vibrational non-equilibrium conditions in
or around the discharge, remain hard to reconcile with the results from this thesis.

Under the present conditions, with plasma temperatures too high to support non-
equilibrium vibrational processes under steady state conditions [26], the manifesta-
tion of any non-equilibrium conditions is likely restricted to a cooler peripheral zone
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around the plasma. Concequently,

• non-equilibrium processes, if they occur, are likely restricted to cooler regions
around the plasma. Strong VT-nonequilibrium conditions may be leveraged
particularly in the recombination zone to contribute to the dissociation process,
as vibrationally activated CO2 can providing the activation energy required for
the O + CO2 super-ideal quenching process, while the low gas temperatures as-
sociated with a high VT-non-equilibrium prevent excessive CO recombination.
The advantage of non-equilibrium processes in this case comes down to the
enhancement of super-ideal quenching processes in the recombination trajec-
tory, and, as discussed previously, may be leveraged to reach energy efficiency
values of up to approximately 70 % under thermal conversion conditions in the
plasma.

5.2 The merits of microwave plasmas for thermal con-
version

Microwave reactors are commonly used for plasma-chemical applications due the fa-
vorable non-equilibrium characteristics of the microwave plasma at moderate pres-
sures [12]. We argue that microwave plasma reactors also possess a unique combina-
tion of properties which motivate their use for high-temperature thermal chemistry
of highly endothermic reactions:

• Well-designed microwave plasma sources can achieve close to 100 % coupling
of the field to the plasma by means of impedance matching. Power coupling to
plasmas in oscillating fields (described by by Joule heating Eq. (3.1)) reaches
an optimum at 0.1 atm to 1 atm in the microwave frequency range (ν/ω ≈ 1).

• High gas temperatures (thousands of K) can be readily achieved. The electrode-
less design of microwave applicators provides a clear benefit over competing
plasma sources, as electrode overheating would impose limitations on operat-
ing conditions and restricts the steady state operating parameters.

• Skin-depth limited contraction at microwave frequencies leads to plasma sizes
on the mm to cm scale, which yields the high power densities and steep gra-
dients required in thermal processes. Moreover, the discharge pressure proves
to be a convenient control knob for contraction with which the plasma tem-
perature can be adjusted. Control of discharge contraction by other means,
for instance by modifications and control of the field geometry, frequency and
intensity, remain to be explored.
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5.3 Considerations for up-scaling of the CO2 conversion
process for synthetic fuel synthesis

The original motivation for this work was the application of plasma driven CO2 con-
version for CO2-neutral fuels synthesis. As typical commercial gas to liquid (GTL)
plants operate on a Gigawatt scale [118] while current research reactors operate on a
kW scale, a drive for power scaling is still required.

• A shift to a lower microwave frequency standard is beneficial for power scal-
ing. Microwave power is limited by the power handling capabilities of the
waveguides to order 10 kW at a frequency of 2.45 GHz, while industrial scale
sources at 915 MHz may provide power on the order of 0.1 MW. The scaling
of the thermal plasma conversion processes to industrially-relevant power lev-
els remains to be evaluated, as such conditions diverge significantly from the
current kW scale of experiments. In addition, current developments in high-
power solid state microwave generation are pushing the boundaries of effi-
ciency, flexibility and scaling in microwave power generation [119], and there-
fore may become an attractive alternative to conventional magnetron sources.

• While the energy efficiency is often prioritized with regards to plasma process
optimization, the importance of a high conversion should also be appreciated.
The capital costs associated with concentration of diluted products by sepa-
ration, and also the rise of capital costs required to compensate for the lower
product output, should be factored into cost assessments [118]. In other words,
the trade-off between η and α in the plasma process should be considered in
relation to the required capital investments and energy costs associated with
product separation in the integrated chemical process chain, as a compromise
in α may incur a disproportionate increase in the overall cost of CO produc-
tion. In general, reactor conditions which yield a reasonably high efficiency
and high conversion are preferred. Likewise, increasing the nominal plasma
operating pressure towards atmospheric conditions also yields direct benefits
in terms of smaller auxiliary pumping requirements.

• Lastly, we would like to point out that thermal processes on industrial scales
benefit substantially from heat recycling. For the CO2 conversion process, the
potential benefits of preheating the inlet gas can be assessed by considering a
preheated CO2 inflow 1500 K (for which the composition after quenching may
still be considered frozen for CO recombination). This represents a recycled
heat input of of approximately 0.75 eV per CO2 molecule (Fig 7.6), which is
considerable in relation to the dissociation enthalpy of 2.93 eV/molecule.
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Chapter 6

Characterization of the CO2
microwave plasma based on the
phenomenon of skin
depth-limited contraction

Abstract

The sub-atmospheric CO2 microwave plasma is known to contract to a narrow filament
with rising pressure as result of a mode transition. This changing state of contraction is investi-
gated in relation to its dielectric properties, in order to directly relate the discharge parameters
to the discharge radius. The electron density and gas temperature are measured, respectively,
by 168 GHz microwave interferometry and Doppler broadening of the 777 nm oxygen emis-
sion lines. The plasma is operated in steady state with 1400 W at 2.45 GHz, between 100 mbar

to 400 mbar. Electron density values in the central region range from 1018 to 1020 m−3 be-
tween the discharge modes, while the gas temperature increases from 3000 K to 6500 K, in
good agreement with previously reported values. Based on the dielectric properties of the
discharge in relation to the plasma radius, it is found that the discharge column constitutes a
radius of a single skin depth. Implications of these insights on the conditions of previously
reported CO2 dissociation experiments are discussed.

Published as: AJ Wolf et al. 2019 Plasma Sources Sci. Technol. 28 115022
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6.1 Introduction

Plasma contraction, a phenomenon leading to filamentation or arcing, is widely ob-
served in both DC and HF discharges in the moderate- to high pressure regime (10-
1000 mbar). The contraction is related to the plasma parameters, such as power den-
sity, composition, temperature and electron density. Discharge contraction has been
previously studied based on experimental work [113,120] and modeling [93,108,114,121].
The phenomenon of contraction in conditions of sub-atmospheric pressure is ex-
plained by an interplay between two essential mechanisms: a non-uniform heat-
ing mechanism, and enhanced dissociative recombination in the outer regions of the
plasma.

The elevated temperatures inherently associated with the discharge contraction
lead to an increase in the variety of species, particularly in molecular plasmas. This
greatly complicates the charged particle kinetics of such systems. As a result, dis-
charge contraction phenomena are well described by models in simple systems such
as noble gases, while dedicated experimental and theoretical research is still required
to understand the contraction dynamics in relation to the discharge properties for
more complex molecular gases [93]. For discharges sustained in oscillating fields, it is
proposed that the contracted plasma radius and the plasma parameters are directly
related to the frequency-dependent skin-depth parameter [92,113]. While this notion of
skin depth-limited contraction provides valuable insight into the plasma properties of
such contracted plasma columns, conclusive experimental evidence has not yet been
reported.

Contraction dynamics is a relevant topic for plasma-driven gas conversion appli-
cations such as CO2 plasmolysis. In this context, the microwave discharge is iconic
for its high plasma activation and is widely investigated for efficient large-scale
plasma-chemical conversion [17,21,25,49,74,78,89,116]. High energy efficiencies of up to 80%
have been reported by experimental investigation in a subsonic vortex-confined mi-
crowave reactor under proposed conditions of strong vibrational-translational (VT)
nonequilibrium [16,51]. Comprehensive overviews of these initial experiments and
the theoretical foundation of the nonequilibrium interpretation are available in text-
books [29,52]. The contraction dynamics of the CO2 microwave plasma, which de-
pends on the pressure, shows a strong correlation with optimized conditions for
plasma activation of CO2 in the pressure range of 100 mbar to 200 mbar. The in-
fluence of the contraction dynamics on the discharge parameters, however, remain
ambiguous. The record efficiency values of 70 % to 80 %, obtained at a pressure of
around 160 mbar, were reported to occur in conditions of strong radial contraction
from a diffuse to a contracted discharge mode. Attempts to experimentally repro-
duce the energy efficiency achieved in the original experiments have so far been
unsuccessful [17,21,25], with reports generally showing thermal discharge conditions,
characterized by high gas temperatures of over 3000 K and energy efficiencies below
50%. Interestingly, the optimal conditions in these experiments are also associated
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with a discharge transition [17,21]. Consequently, the maximum energy efficiencies for
this collection of thermally interpreted conversion experiments were achieved at a
similar pressure. This suggests that in both cases the contraction dynamics plays an
important role in the dissociation.

In this paper, the contraction dynamics in a CO2 microwave plasma is investi-
gated, by relating the radius of the plasma to the dielectric properties of the plasma
medium and the skin depth. The reactor configuration and plasma conditions in this
work are chosen to closely follow the operating conditions of Butylkin et al. [51] and
related publications [47,122], to facilitate a comparison with these results. The dimen-
sions of the discharge modes of the plasma are established from its optical emission.
The gas temperature and electron density are determined in the center of the plasma,
through Doppler broadening measurements of the 777 nm O-line, and 168 GHz mi-
crowave interferometry, respectively. Apart from the electron density, the collision
frequency of momentum transfer to neutral species νm also has a large influence on
the dielectric properties of the plasma medium, and hence on the skin depth. Using
the gas temperature, νm is calculated based on the anticipated composition in the
discharge.

As we will show, the main result of this work is a direct experimental proof of the
relation between the plasma radius and the skin depth: it is observed that the fila-
ment diameter of the microwave-sustained discharge is found to contract to a radius
of approximately a single skin depth. Additionally, we assess the role of the vortex
flow in the confinement of the plasma, since it has an important role in stabilizing the
discharge in the center of the reactor tube. In light of these insights in the contraction
dynamics, a critical discussion on the discharge parameters (i.e. gas temperature and
electron density) in relation to the original high-efficiency results is provided, aiming
to establish the extent of correspondence between discharge conditions.

6.2 Experimental setup

A schematic of the plasma reactor is depicted in Fig. 6.1. The discharge is sustained
with 2.45 GHz microwave field, which is applied with a shorted rectangular waveg-
uide (WR-340). A quartz tube, transparent for microwaves, functions as the vacuum
chamber. It intersects the center of the broad side of the waveguide, such that its
axis is aligned with the field of the TE10 field mode. The discharge tube axis is po-
sitioned at a quarter guide wavelength from shorted end of the waveguide, so that
the plasma coincides with a field maximum. A 3-stub tuner is used for impedance
matching of the plasma to the source to minimize reflections back to the microwave
source.

A vortex flow is generated by tangentially injecting the gas in the injection plane
(5) in Fig. 6.1. The vortex helps to stabilize the plasma in the center of the tube,
which prevents damage to the quartz reactor wall. A detailed description of the ex-
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Figure 6.1: Illustration of the experimental setup, consisting of the microwave source (1), cir-
culator (2), 3-stub impedance tuner (3) and the field applicator (4). The gas flow is tangentially
injected (5) into the quartz reactor tube (6)

to spectrometer CCD camera
waveguide

L BPF

�ber

plasma

Figure 6.2: Illustration of the optical diagnostics setup (front-view). L: optical lens, BPF:band-
pass filter.

perimental arrangement, and attained experimental results on the plasma-chemical
conversion of CO2, is provided by Bongers et al. [21].

The plasma width is defined as the full width at half maximum (FWHM) of the
electron density profile. The radial electron density distribution in the plasma is
derived from the intensity distribution of the 777 nm O(3s5S0 ← 3p5P) spectral line
emission. A CCD camera is used to record the plasma emission, after isolating the
spectral lines with a band-pass filter with a central wavelength around 780 nm, as
illustrated in Fig. 6.2. The images and associated lateral emission intensity profiles
of two typical plasma modes are shown in Fig. 6.3.

The upper state of the 777 nm transition is mostly populated by electronic impact
excitation, since the excitation energy of 10.74 eV far exceeds kBTgas. The emission
intensity scales with the population rate

I777 ∝ nenOkext(Te) ∝ nse (6.1)

with nO the density of atomic oxygen, and kext(Te) the rate constant for electronic
excitation (as motivated in App. A). The exponential scaling factor s has a value be-
tween 1 and 2, depending on the dominant production mechanism of atomic oxygen.
In the extreme case that O formation is driven fully by neutral particle reactions, the
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Figure 6.3: Recorded profiles of 777nm plasma emission for two distinct discharge modes: a
diffuse mode at 100 mbar (left) and a contracted mode at 200 mbar (right). The intensity is
normalized to maximize contrast.

rate depends on Tgas and the emission intensity scales with ne (s = 1). On the other
hand, when O formation follows from electron-impact reactions, such as electron
impact dissociation, the emission intensity scales with n2

e (s = 2).
The relation between the plasma emission and electron density profile is illus-

trated in Fig. 6.4. The lateral plasma emission intensity profile is Gaussian. The char-
acteristic width Λ777 is invariant under Abel transformation. Therefore, following
Eq. (6.1) and assuming only slow radial variations in both Tgas and Te with respect
to the electron density, the radial ne profile is expressed in terms of Λ777:

ne(r) = ne(0) exp

(
−1

2

r2

(
√
sΛ777)2

)
, (6.2)

where Λe =
√
sΛ777 is the characteristic width of the spatial density distribution.

ne(0) is the peak value of the electron density, which will be determined later by
microwave interferometry. Eq. 6.2 shows that the radial dimension of the plasma
is identical or slightly larger than the spatial extent of the 777 nm intensity profile,
depending on the exponential scaling parameter s. It is important to note that the
ne profile remains Gaussian under the influence the s, which is in agreement with
numerical simulations other radially confined plasmas in (surface-wave sustained)
microwave discharges [114,123]. According to our previous definition of the plasma
width as the FWHM of the electron density profile, the discharge radius rpl = dpl/2

is expressed in terms of Λ777 as

rpl := Λe
√

2 ln 2 = Λ777

√
2s ln 2 (1 ≤ s ≤ 2) (6.3)

It will become apparent that this definition is convenient when relating the plasma
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Figure 6.4: Illustration of a: the plasma emission profile cross section perpendicular to the
plasma axis, b: the lateral projection of the 777 nm emission, c: the underlying ne profile
(s = 1) and d: the underlying ne profile (s = 2).
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Figure 6.5: Illustration of the mm-wave measurement system, including the beam propagation
path and alignment with respect to the plasma setup (viewed along the discharge axis).

dimensions to the skin-depth of the microwaves in the plasma.
The peak electron density on the discharge axis ne(0) is obtained from microwave

interferometry using a quasi-optical free-space measurement approach similar to
Bourreau et al. [124] at a fixed frequency of 168 GHz. The experimental configuration,
which is based around a vector network analyzer (VNA), is illustrated in Fig. 6.5.

A custom millimeter-wave converter interfaces the VNA to the high frequency
segment, by up- and down conversion of the signals by mixers and phase-locked
local oscillators. A quasi-optical Gaussian beam path through the center of the dis-
charge is realized by aligning two corrugated horn antennas with Teflon lenses on
opposite sides of the reactor tube, perpendicular to the tube and plasma axis. Phys-
ical constraints imposed by the waveguide dimensions dictate a minimal distance
between the horn antennas of 11 cm. The beam focus is positioned just before the
plasma medium in a compromise between the size of the beam waist and signal
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strength. A beam waist of 2 mm to 3 mm is realized, which is smaller or similar to the
discharge diameter for the discharge conditions considered in this work. Therefore,
a representative phase shift measurement is obtained, since most of the beam passes
through the plasma.

The phase shifts ∆φ induced by the plasma medium are determined by measur-
ing the difference in phase between the “plasma-on" and “plasma-off" conditions
in quick succession. Following this approach, the influence of the reactor tube and
other surrounding features is accounted for, while also minimizing the effect of ther-
mal drifts in the system associated with thermal expansion of the waveguides. We
relate the phase shift to the dielectric properties of the plasma medium along the
propagation path using the Lorentz conductivity model [106]. The complex refractive
index of the plasma medium µ̃ is described by the diagnostic angular frequency ω,
the plasma frequency ωp =

√
nee2/ε0me in (rad s−1) and the momentum transfer

frequency νm (s−1) between electrons and heavy species.

µ̃ = µ+ iχ =

√
1− ω2

p

ω(ω − iνm)
(6.4)

Here, µ and χ are the real and imaginary parts of µ̃. In the near-field of the beam
focus the plane wave approximation is used to describe the plasma medium as a slab
with its spatially varying properties along the propagation path corresponding to the
radial density profile of Eq. (6.2). In the high frequency limit (νc � ω), the refractive
index is largely real and the dependence on collision frequency is negligible. The
cumulative phase shift ∆φ induced by the medium for a dielectric profile µ(x) is
obtained by integration over the propagation path [107]:

∆φ =
c

ω

∫
(1− µ(x))dx (6.5)

The characteristic absorption length or skin depth, resulting in a 1/e attenuation
of the field intensity, is determined by the from the complex part of the refractive
index.

δ =
c

χω
(6.6)

For νm/ω � 1 the medium acts as a low-loss dielectric medium with a skin depth
δ = c/ωp. In the collisional case, where (νm/ω > 1), Eq. (6.6) takes the form of the
well-known skin-effect in a conducting medium [106]:

δ =
c

ωp

√
2νm

ω
≈ c

e

√
2meε0
ω

νm

ne
(6.7)

The peak electron density along the propagation path ne(0) is determined for exper-
imentally obtained values of ∆φ and dpl using Eq. (6.2) and (6.4) and solving Eq.
(6.5).
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As we will later show, the collisionless approach of Eq. (6.5) is justified since the
momentum transfer frequency of the electrons in the center of the plasma is low
in comparison to the diagnostic beam frequency. In this high frequency limit, i.e.
(ω � ωp � νm), we expect a low attenuation of the diagnostic beam and Eq. (6.5)
can be written as an explicit function of the average electron density ne integrated
along the path of propagation [106]:

∆φ =

∫
e2

2ωdcmeε0
ne(x)dx (6.8)

Substitution of the experimentally obtained electron density profile function of Eq. (6.2)
and rewriting for ne(0) gives

ne(0) =

√
2

π

ωdcmeε0
e2

∆φ

Λe
(6.9)

which provides a direct relation between phase shift and peak value of the electron
density.

Using this approach, where the propagation is approximated by a plane wave
through a plasma slab, reliable values of the electron density are obtained for our
plasma conditions in the 50 mbar to 350 mbar pressure range. Below 50 mbar, the
phase shift induced by the plasma is smaller than thermal fluctuations inherent to
the detection method. In principle, the upper measurement limit of the electron den-
sity is dictated by the cut-off at the critical electron density (which is 3.5× 1020 m−3

at 168 GHz). We find, however, that upper measurement limit is rather limited by
scattering effects, induced by the plasma column at resonant conditions of the wave-
length in the plasma column λd/µ ≈ dpl, since the plane wave approximation breaks
down under these circumstances. Further elaboration is provided in App. B.

The gas temperature is determined from the Doppler broadening of the 777 nm

oxygen triplet emission lines, using a 3.3 pm resolution f = 2.25 m spectrometer in
Littrow configuration. The collection optics have a focus of 0.9 mm and are aligned
with the center of the discharge, as illustrated in Fig. 6.2. Since electronic excitation
from the ground state is the dominant population mechanism for the upper state
of this transition (see also App. A), the temperature of the excited state reflects that
of the ground state species. The three spectral peaks are fitted with a Voigt profile.
The gas temperature is determined from the Gaussian broadening component, after
correcting for the instrument function. Other anticipated broadening effects such
as Stark broadening and Van der Waals broadening are only minor, and since they
lead to Lorentzian broadening components, do not affect the temperature value. The
line-integrated measurements are most sensitive for the temperature in the center of
the discharge since the emission intensity is highest in this region. Furthermore, flat
temperature profiles are observed in lateral scans within the plasma region, which
shows that the temperature is approximately constant over the discharge radius.
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The νm value in the center of the discharge is calculated from the momentum
transfer cross sections of the neutral species in the discharge. Since the degree of
ionization ne/n0 generally does not exceed 10−4, electron-ion contributions can be
neglected. It remains important to consider the influence of composition and elec-
tron temperature since the variety of molecular excitation channels leads to momen-
tum transfer cross sections that may vary greatly with both mean electron energy
and composition [125].

A general expression for collision frequency in multi-component mixtures, nor-
malized to the neutral density, is obtained by summation over contributions from all
major neutral species in the discharge α.

νm ≈ n0

∑
α

r(α)k
(α)
e−n (6.10)

Here, k(α)
e−n are the rate constants for effective momentum transfer from electrons

to heavy species, and r(α) are the mole fractions of the neutral species α. The rate
constants are calculated for each species as a function of electron temperature Te
by integrating the electron scattering cross-sections over an isotropic Maxwellian
velocity distribution function of the electrons [126].

ke−n =

∫ ∞
0

8πmeEe
(2πmekBTe)3/2

σ(Ee) exp

(−Ee
kBTe

)
dEe (6.11)

Here Ee is the center of mass energy of the electron. The recommended effec-
tive scattering cross-sections for momentum transfer are taken from the most recent
version of the IST-database [44] (for CO2, O2 and O) and the Phelps Database (for
CO). The assumption of a Maxwellian EEDF is justified, since deviations from the
assumed Maxwellian EEDF have a minor influence on the νm. In contrast to pro-
cesses with high threshold energy Eth such as electron impact ionization, which are
driven by the tail of the EEDF when Eth � 〈Ee〉, the process of momentum transfer
of electrons to heavy particles is driven by the bulk of the EEDF. Therefore the value
of νm is not sensitive to the shape (particularly the tail) of the EEDF.

An effective rate constant for momentum transfer in a gas mixture for low ion-
ization degrees k̃e−n is defined,

k̃e−n ≈
∑
α

r(α)k
(α)
e−n(Te) (6.12)

which accounts for the thermally induced composition shifts for a given pressure,
temperature and electron temperature. Finally from Eq. (6.10) and (6.12) we obtain
an expression of the collision frequency

νm ≈ k̃e−n · n0. (6.13)
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As will become apparent later, the Tgas is in the range of 3000 K to 6500 K in
the considered pressure range. These high temperature values result in chemical
reaction timescales similar to or shorter than the plasma residence time [17,127], which
can lead to a plasma composition that is determined by thermally driven neutral
particle chemistry. Even so, plasma driven conversion processes such as electron
impact dissociation, dissociative recombination, and dissociative attachment may
also influence the chemical balance. These effects can only be quantified by elaborate
modeling of the plasma kinetics and gas dynamics. Therefore we consider three
plasma composition scenarios that represent the extreme cases:

1. The plasma consists of 100 % CO2, under the assumption that no conversion
takes place

2. A mixture of CO and O in stoichiometric ratios, assuming full conversion to
CO has occured in the plasma

3. The intermediate case where an chemical equilibrium composition has set in
at temperature Tgas and plasma-assisted chemical conversion processes are ne-
glected.

The mole fractions for the majority species under the chemical equilibrium con-
ditions are obtained by minimizing the Gibbs free energy of the mixture at given
pressure and temperature using the Cantera [35] single-phase equilibrium solver and
the NASA Glenn thermochemistry dataset [31] for the majority species. The effective
rate constant depends significantly on both Tgas and Te. This is demonstrated by the
calculations of k̃e−n in Fig. 6.6 for a fixed pressure of 100 mbar and several electron
temperature values between 1 eV to 2 eV. The dependence of k̃e−n on the gas tem-
perature demonstrates the effect of the thermodynamic equilibrium composition on
the collisionality of the mixture.

The calculations in Fig. 6.6 shows that k̃e−n does not depend strongly on either
Tgas or Te in mixtures with a high conversion to CO. In CO2-rich mixtures on the
other hand, k̃e−n is generally lower and more sensitive to Te, since the effective mo-
mentum transfer cross section of CO is high in comparison to CO2. For a wide range
of plasma parameters, Tgas = 3000 K to 6000 K and Te values between 1 − 2eV, the
effective rate constant k̃e−n ≈ 0.95× 10−13 m3s−1 does not change significantly. This
is convenient since in the present CO2 plasmas, which are optimized for a high con-
version to CO, the anticipated uncertainty range in the electron temperature does
not have a large impact on νm.

6.3 Results

Fig. 6.7a shows the plasma radius rp, and the corresponding core gas temperature
Tgas in the pressure range of 50 mbar to 400 mbar. The input power and input flow
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Figure 6.6: The effective rate constant for momentum transfer k̃e−n for different plasma com-
positions, calculated for the specified Te values.

rate were fixed at respectively 1400 W and 18 slm. We observe a significant reduction
of the plasma radius, from approximately 7 mm to 2 mm, in the range of 100 mbar to
150 mbar, which marks the characteristic discharge transition in CO2 from the “dif-
fuse" to the “contracted" conditions [17,29,51,122]. In the contracted regime, occurring
above 150 mbar at higher pressure the discharge radius becomes constant for fixed
power.

The core temperature shows a strong correlation with the plasma radius, which
is expected based on the associated power density increase. The temperature mea-
surements show a steep increase with pressure in the diffuse mode, from 3000 K to
4000 K, while in the contracted mode the temperature is only weakly related to the
pressure with a range of 5500 K to 6500 K. The temperature values measured in this
work agree well with previous values based on Rayleigh scattering [17] under similar
discharge conditions.

The microwave interferometry measurements presented in Fig. 6.8 provide both
the phase shift and attenuation data corresponding to the plasma conditions pre-
sented in Fig. 6.7. The collision frequency values are also provided, based on Eq. (6.12)
and (6.13). This shows that νm/ωd � 1 for the entire pressure range. Therefore, the
plasma medium acts as a lossless dielectric medium with low attenuation. For higher
pressures, however, we see an apparent deviation from this collisionless behavior as
indicated by the non-zero attenuation. This effect can be attributed to a resonant,
Mie-like scattering on the plasma column at pressures where the refractive index
becomes sufficiently high. This scattering effect imposes an upper limit of approxi-
mately 350 mbar in the electron density analysis since the plane wave approximation
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Figure 6.7: Experimental values of the discharge radius rp and the gas temperature for 1400 W
and 18 slm.

used in the derivation of the electron density does not account for this effect. More
details are provided in Appendix B.

The electron density obtained from Eq. (6.9) is plotted in Fig. 6.9 using the pre-
vious measurements of plasma radius and phase shift. The corresponding ioniza-
tion degree is calculated with n0 = p/kBTgas. We observe an electron density of
1× 1018 m−3 in the low pressure diffuse mode and 2× 1019 m−3 to 1× 1020 m−3 in
the contracted mode. The change in the transition regime of 100 mbar to 125 mbar

induces a shift in both electron density and ionization degree of more than an order
of magnitude. In the contracted mode, we observe that the electron density scales
linearly with pressure. Since the gas temperature only weakly changes with pressure
in this regime, the ionization degree is found to remain constant with pressure for
fixed power input. A comparison of the electron density values with measurements
reported by Golubev et al. [122], which were obtained under comparable experimen-
tal conditions, is included in Fig. 6.9(a). A good agreement is found, both in terms
of absolute values and in terms of the pressure of transition. We note that relatively
large errors towards ne = 1018 m−3 are caused by a decline in signal to noise ratio of
the phase shift measurement.

The effective skin-depth δeff in the core of the discharge corresponds well with the
discharge radius. This is demonstrated by the normalized discharge radius parame-
ter rpl/δeff , which is plotted in Fig. 6.10a as function of the electron density under the
assumption of chemical equilibrium composition. The discharge radius is defined
by Eq. (6.3) and δeff is calculated with Eq. (6.7). Since rp/δeff ≈ 1.0± 0.3 in the full
electron density range, we postulate a condition of skin-depth limited contraction,

rpl := δeff . (6.14)
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Figure 6.9: Experimental values of the electron density and associated ionization degree,
based on the microwave interferometry and gas temperature measurements, and reference
values obtained from Golubev et al. [122]. The blue markings indicate values derived from the
skin-depth-limited contraction criterion (s = 1): assuming chemical equilibrium composition
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its uncertainty band (light blue).
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Figure 6.10: Ratio between the plasma radius rpl and the effective skin-depth of the plasma
δeff , as function of the measured peak electron density in the plasma core. Dark blue: value
range resulting from exponential scaling factor s in the rpl definition, and the associated un-
certainty band (light blue).

which states that the plasma radius constitutes a single skin-depth. δeff can be de-
scribed accurately by the collisional approximation of Eq. (6.7), since calculations in
Fig. 6.8 show that νc > ω0 for both diffuse and contracted modes. Substitution of
Eq. (6.7) and (6.13) into Eq. (6.14), and rewriting to the ionization degree gives

ne
n0
≈ 2meε0c

2

ω0e2

k̃e−n

r2
pl

, (6.15)

which explicitly relates the ionization degree, electron density, discharge radius and
gas temperature. The predictive power of the skin-depth-limited contraction crite-
rion is demonstrated by applying Eq. (6.15) to the values of Fig. 6.7, using s = 1. The
results are plotted in Fig. 6.9 as blue lines for the previously described composition
scenarios (i.e 100 % CO2, full conversion to CO and chemical equilibrium composi-
tion). In general, a good overlap is achieved for diffuse, contracted, and transition re-
gion, which shows that Eq. (6.15) captures the experimental values well. The exper-
imental points fall roughly within the two extreme composition scenarios, for pure
CO2 (lower limit of the blue band) and full conversion to CO and O (upper limit). For
pressures greater than 140 mbar, the values match under the assumption of a chemi-
cal equilibrium composition. At lower pressure, a high CO2 concentration gives bet-
ter agreement, which indicates that the conversion may be lower in this regime than
predicted by the chemical equilibrium calculations. We note that a value of s = 2

may also alleviate the apparent discrepancy, since the measured ne (Eq. 6.15) scales
with 1/

√
s, while the predicted value scales with 1/s. As discussed previously, such

deviations in composition and s value may occur as a result of plasma-enhanced re-
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activity (i.e. dissociative ionization, -attachment and -recombination). Gas-dynamic
aspects such as convective transfer may also result in deviations from chemical equi-
librium composition. For instance, when Tgas < 3000 K, the equilibration timescale
of the heavy particle reactions become larger than the particle residence time [17],
which may lead to lower conversion and higher CO2 concentrations in the plasma
with respect to thermal chemical equilibrium. A more elaborate quantification of the
composition in the plasma is out of the scope of this work but forms a topic of future
research.

Rewriting Eq. (6.15) provides an expression of the discharge radius in terms of
the ionization degree.

rpl ∝

√
k̃e−n

ω0

n0

ne
(6.16)

The calculations presented in Fig. 6.6 indicate that k̃e−n is approximately constant in
the temperature range of 3000 K to 6000 K and electron temperatures ranging from
1 eV to 2 eV. In this case, the plasma radius is solely determined by the ionization
degree and the driving frequency. This behavior is most evident in the contracted
mode, where both the radius and ionization degree are constant and the temper-
ature remains approximately constant with rising pressure. The constant ioniza-
tion degree at constant input power can be explained based on the scenario of a
recombination-controlled charged particle balance. In electropositive molecular dis-
charges, at pressures where ambipolar diffusion can be neglected, ionization and
dissociative recombination are balanced and the particle balance can be described
by [52]

kiz(Te)

kdr(Te)
=
ne
n0
. (6.17)

Here kiz and kdr are the rate constants for direct impact ionization and dissociative
recombination respectively. In this regime, the steady-state degree of ionization is
uniquely determined by the electron temperature. Based on a presumed dominance
of the CO molecule under chemical equilibrium conditions at 6000K, the observed
ionization degree of ne/n0 ≈ 10−4 corresponds roughly to a constant electron tem-
perature between 1.2 eV to 1.4 eV. The frequency dependence in Eq. (6.16) can be
used to predict the implications of alternative driving frequencies on the plasma di-
mensions. A 915 MHz microwave in comparison to 2.45 GHz would entail a plasma
radius that is a factor

√
2.45/0.915 = 1.6 greater for otherwise identical temperature

and ionization degree.

6.4 Discussion

To put the findings of this work in the context of current literature on contraction, we
consider the influence of the plasma composition and the experimental configuration
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of the plasma source.
First, we assess the role of the gas-dynamic confinement, provided by the vor-

tex flow, on the contraction behavior discussed above. The mechanisms of con-
traction relevant for molecular discharges in literature are mostly considered for
wall-stabilized plasma columns. This stabilization mechanism relies on the radial
heat transfer towards the wall via diffusion. The implications of gas-dynamic sta-
bilization via convective heat transfer on the contraction mechanism is not well es-
tablished. The stabilizing effect of the vortex is often attributed to the transverse
pressure gradient build-up induced by the centrifugal forces [29,51], which would im-
plicate a dependence of the plasma conditions on the specific flow dynamics of the
present reactor configuration. It is reasoned that the resulting peak in E/n on axis
determines the discharge burning region and governs its contraction. An opposing
view is that the vortex only helps to stabilize the contracted plasma filament along
the tube axis [128]. Our findings support this latter notion. Firstly the transverse pres-
sure gradient is expected to be no more than 10%, as demonstrated by CFD modeling
on a similar flow geometry [129]. The significant radial temperature buildup observed
towards the discharge core [25] on the other hand suggests that the thermal-ionization
contraction instability has a much greater influence on E/n via the inverse linear re-
lationship between temperature and neutral density at isobaric conditions.

The role of vortex in the discharge contraction of the plasma is demonstrated
with Helium. Reports on DC glow [93] and wall-stabilized microwave discharges [113]

show that Helium exhibits little to no contraction in contrast to other noble gasses.
This is attributed to a particularly weak contribution of molecular ion kinetics and
associated recombination-driven contraction in Helium. The contraction behavior
in the vortex-stabilized discharge is consistent with these literature reports, since
we observe that even under conditions of intense vortex flow and high pressure
the Helium discharge tends to remain in a diffuse state. Interestingly, the addition
of trace amounts of water vapor leads to immediate contraction, which provides
strong evidence that the crucial role of molecular ions in the contraction process for
wall-stabilized discharges also applies in vortex stabilized discharges.

Based on this qualitative agreement, the contraction phenomena observed in
vortex-confined discharges and wall-stabilized discharges likely share the same un-
derlying contraction mechanisms. Kabouzi et al. [113] proposes axisymmetric heat
transfer as a prerequisite for stabilization of discharge filaments that are subject to
thermal heating instability. The stabilizing and confining effect of the vortex flow,
therefore, appears to be a result of the enhanced symmetric radial heat transfer it
imposes rather than radial pressure gradients induced by the centrifugal forces.

Since the universal nature of the skin depth as an absorption length-scale for os-
cillating fields in dielectric media, we can speculate whether the skin depth-limited
contraction in CO2 can be extended to other gases subject to contraction (i.e. in most
molecular and electronegative gases and most noble gases [92]). Following the dis-
cussion above, the contraction mechanisms in vortex-stabilized CO2 plasma are ar-
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Table 6.1: Summary of reported temperature measurements for several steady state CO2 mi-
crowave plasmas in various configurations, over a wide range of plasma conditions. The
driving frequency is 2.45 GHz unless otherwise indicated.

power pressure Tgas Tvib SEI η type measurement ref.
(W) (mbar) (K) (K) (eV/mol) % method

1400 80 4000 1 (<40) vortex Doppler
1400 150 6200 1 (<40) vortex Doppler
800 127 4000 1 48 vortex Rayleigh [17]
554 212 5000 0.6 40 vortex Rayleigh [17]
830 53 2780 0.9 27 vortex Rayleigh [17]
5000 200 5700 9000(1) 0.9 48 vortex (2) C2-Swan [21]
1000 200 4000 9000(1) 0.9 40 vortex C2-Swan [21]
80 160 3000 0.6 10 vortex Raman [85]
2000 1000 6710 2.8 torch OH bands [131]
3000 1000 5000-6760 2.8 torch C2-swan [132]
2000 1000 6200 6200 1.4-5.5 torch C2-swan [76]
1750(3) 160 300-1500 4000 0.9 80 vortex multiple [51]

(1) vibrational temperature based on C2-swan emission fits is likely over-estimated
(2) a deviating frequency of 915MHz was used

(3) discharge power likely over-estimated due to impedance mismatch

guably governed by the same contraction mechanisms as other discharges reported
in literature. Furthermore, results in this paper show that the skin depth-limited con-
traction applies for both discharge modes of the CO2 microwave plasma. The distinct
temperatures associated with these discharge modes essentially result in different
gas mixtures since the composition changes associated with thermal decomposition
are known to lead to significant changes in charged particle kinetics [130]. The fact
that CO2 shows a uniform behavior across the discharge modes emphasizes that
skin depth-limited contraction is a general phenomenon for contracted discharges,
basically independent of gas species and charged particle kinetics.

Table 6.1 provides a summary of experimentally obtained temperature measure-
ments and overall energy efficiency η reported for various CO2 microwave discharges.
The gas temperature measurements reported in this work are consistent with many
reports in a broad range of experimental conditions. Gas temperature values of
3000 K to 6000 K are typically observed in the moderate pressure regime, based
on measurements of C2 Swan-band emission [21], Rayleigh scattering [17] and Raman
spectroscopy [25]. Extended to the conditions of higher pressure, the temperatures
values correspond well to the temperature values of 5000 K to 7000 K reported for
CO2 plasma torch flames at atmospheric pressure [76,131,132]. The efficiency values are
consistent with heavy particle kinetics calculations provided by Den Harder et al. [17],
which show that an efficiency of up to approximately 50 % can be achieved only for
gas temperatures above 3000K.

The reports of Butylkin et al. [51] stand out with respect to the other temperature
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values in Table 6.1. A record energy efficiency value of 80% was found at a rel-
atively low gas temperature of <1500 K. In the core of the discharge, Butylkin et
al. [51] reports a state of high VT-nonequilibrium, marked by a vibrational tempera-
ture of 4000 K and a rotational temperature of 300 K to 1000 K. Both these values
were obtained by spectral fitting of the ro-vibrational CO2 peaks at 2.5 µm to 3.1 µm.
In addition, the rotational temperature of 1500 K was determined based on the emis-
sion spectra for the ro-vibrational bands of the C2-swan bands. It is notable that also
a CN-swan system emission profile was obtained that indicated a gas temperature
of 4000 K, much closer to the thermal conditions observed in our experiments. This
value was however disqualified by the authors of this paper based on a presumed
lack of equilibration between the rotational and translational temperature. In the
following discussion, the insights obtained in this work regarding the electron den-
sity, gas temperature and contraction behavior obtained are used to reevaluate the
reported plasma conditions of CO2 conversion in relation to high efficiency conver-
sion.

The electron densities reported by Golubev et al. [122], which are closely related
to the high-efficiency experiments reported by Butylkin et al. [51] show good agree-
ment with our results in Fig. 6.9. The electron density is found to agree in both the
low pressure and high pressure conditions. Also, the transition dynamics between
the discharge modes coincides, marked by the strong increase of electron density
with pressure around the transition pressure of 100 mbar to 150 mbar. Only mini-
mal information has been reported on the plasma dimensions in the original set of
experiments: plasma diameters of 20 mm and 6 mm are reported, respectively, for
the diffuse and contacted mode [29]. A direct quantitative comparison between these
values and our results is not possible since the exact experimental conditions used
to obtain these values are unknown. It does show, however, that the plasmas were
in varying states of contraction for rising pressure, similar to our observations. The
agreement of the electron density, the coincidence of discharge modes with pressure
and the similarities in the contracted size demonstrates that the contraction dynam-
ics encountered in both experiments are very similar.

In light of the underlying mechanisms of contraction, which were discussed pre-
viously (governed by a thermal-ionization instability), it is unclear if the observed
contraction behavior can be accounted for without significant heating of the dis-
charge core. Furthermore, the optical emission features originating from C2 recorded
in the high-efficiency discharges may indicate conditions of high temperature in the
discharge core. The presence of C2 emission is known to be linked to the thermo-
dynamic equilibrium composition [133]: the temperature range of C2-swan emission
measurements in plasma mixtures of CH4/CO2/Ar was limited to the region of
highest thermodynamic equilibrium concentration of C2. In CO2 the C2 concentra-
tions reaches highest concentrations at 5000 K to 7000 K and drop off rapidly for
lower temperatures. Therefore, the presence of C2 emission in the CO2 spectrum is
expected under chemical equilibrium conditions at gas temperature values of at least



6.5. CONCLUSIONS 91

5000 K. This appears to agree with the fact that we observe C2 emission only in the
contracted mode where the gas temperatures exceed this threshold value. It is there-
fore plausible that the presence of C2-Swan emission in itself indicates conditions
of high temperature in the discharge. Further investigation on the relation between
C2-Swan emission intensity and gas temperature and thermodynamic equilibrium
composition is required to further assert this notion.

Based on the similarities identified in the contraction behavior, combined with
the reported presence of C2 features in the emission spectrum, it is plausible that
the core (translational) temperature of the plasma core reported by Butylkin et al. [51]

was significantly underestimated for the 80 % efficiency results. This would entail a
more dominant contribution of thermal conversion also in these high-efficiency CO2

conversion results than has been previously recognized. High efficiency values may
be explained also by a dominant contribution of thermal dissociation in combined
with an optimized cooling product quenching trajectory [25]. Super-ideal quenching
(where reactive oxygen formed in the core reacts with vibrationally excited CO2 to
form CO) and nonequilibrium contributions that may arise at the interface of the hot
plasma region and the cold surroundings may contribute to an overall efficiency of
up to 80 % [25]. This notion not only provides a more consistent picture with regards
to the recently reported plasma core temperature measurements, but also highlights
the potential gains that can be made by optimizing the quenching trajectory of the
products around the plasma. The effect of flow dynamics on particularly the quench-
ing trajectory, however, currently remains a largely unexplored topic of research. In
this regard, future studies on optimization of the reactor conditions for efficient CO2

conversion should focus on understanding the role of gas dynamics and product
quenching rather than the plasma core parameters.

6.5 Conclusions

In this work, we studied the radial contraction of the sub-atmospheric pressure CO2

microwave discharge and its effect on the discharge parameters. The objective was
to establish a direct relationship between the discharge radius and the skin depth of
wave absorption, by means of the dielectric parameters of the plasma medium.

We find that the CO2 microwave plasma filaments in the radially contracted
states have a radius that constitutes approximately one skin depth. The radius of
the discharge is governed by the ionization degree and collision frequency in the
plasma medium. Based on this insight we demonstrate that the ionization degree
can be successfully derived from the radius of the discharge when the gas temper-
ature and the composition are known. The results apply both to the diffuse and
contracted discharge modes of the CO2 microwave plasma and can be generalized
to collisional discharges sustained in high frequency fields and subjected to radial
contraction or filamentation.
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The discharge contraction is explained by the thermal-ionization instability, which
suggests that non-homogeneous gas heating is essential to explain the occurrence
of the discharge modes. Obtained insights in the plasma parameters and the ob-
served contraction dynamics are consistent with several key reports on the conver-
sion of CO2 in microwave plasmas. This underlines the similarities between these
discharges and also the importance of thermally driven dissociation to explain the
high energy efficiency. The occurrence of the discharge modes can not be fully ex-
plained since the complex interplay between the charged particle kinetics, heating
and reactivity are currently not well understood. The importance of controlling the
discharge modes in optimizing the plasma processing conditions motivates further
investigation on the contraction dynamics.



Chapter 7

Implications of thermo-chemical
instability on the contracted
modes in CO2 microwave
plasmas

Abstract

Understanding and controlling contraction phenomena of reactive plasmas is essential to op-
timize the discharge parameters for plasma processing applications such as fuel reforming
and gas conversion. In this work, we describe the characteristic discharge modes in a CO2

microwave plasma and assess the impact of wave coupling and thermal reactivity on the con-
traction dynamics. The plasma shape and gas temperature are obtained from the emission
profile and the Doppler broadening of the 777 nm O(5S← 5P) oxygen triplet, respectively.
Based on these observations, three distinct discharge modes are identified in the pressure
range of 10 mbar to atmospheric pressure. We find that discharge contraction is suppressed
by an absorption cut-off of the microwave field at the critical electron density, resulting in a ho-
mogeneous discharge mode below the critical transition pressure of 85 mbar. Further increase
in the pressure leads to two contracted discharge modes, one emerging at a temperature of
3000 to 4000 K and one at a temperature of 6000 to 7000 K, which correspond to the thermal
dissociation thresholds of CO2 and CO respectively. The transition dynamics are explained
by a thermo-chemical instability, which arises from the coupling of the thermal-ionization
instability to heat transfer resulting from thermally driven endothermic CO2 dissociation re-
actions. These results highlight the impact of thermal chemistry on the contraction dynamics
of reactive molecular plasmas.
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7.1 Introduction

Plasmas in reactive flows have been widely studied for a range of plasma-chemical
processing applications such as plasma-catalysis [134,135], fuel reforming [136], and plasma-
conversion of stable molecules such as CO2, H2O and N2 for the production of
synthetic fuels and value-added chemicals [12,118]. Discharge contraction (otherwise
known as constriction) phenomena are common in such discharges, enhanced by
both their molecular nature [92] and the moderate to atmospheric pressure condi-
tions often required in such processing applications. Distinct homogeneous and con-
tracted modes emerge as the equilibrated states of plasma instabilities, each result-
ing in distinct discharge parameters and, subsequently, plasma-chemical processing
conditions. A thorough understanding of the underlying contraction mechanisms
is required to aid the development and optimization of plasma-assisted processing,
synthesis, and conversion processes.

Microwave plasma-driven conversion of CO2, aimed at producing CO feed-stock
for synthetic fuels [118], is currently a relevant topic of research, motivated by the ris-
ing concerns of global warming. Discharge contraction has proven to play an es-
sential role in optimization of the reactor performance. Energy efficiency values of
70-80 % have been reported in a vortex stabilized discharge configuration. The op-
timal conditions were reported to coincide with a plasma transition from a diffuse
to contracted discharge mode, under hypothesized conditions of strong vibrational-
translational (VT) non-equilibrium around 160 mbar [29,47,51] for a power of 1400 W

and a CO2 flow rate of 24 slm. Subsequent investigations on the exploitation of the
non-equilibrium character of the microwave plasma to promote the preferential ex-
citation of the vibrational levels of CO2 were however not successful [21,29,34,77,79]. The
conditions under which high efficiency was achieved have not been reproduced to
date. In recent experiments which closely follow the original design, up to 50 %

energy efficiency was reported under conditions that point to a state close to local
chemical equilibrium [17,25].

While these experiments distinguish themselves both in terms of energy effi-
ciency and the reported operating conditions, the state of radial plasmas contraction
as a function of pressure is in fact very similar [18]. The optimal conditions for plasma
conversion are found in the same pressure range of 100 mbar to 200 mbar [18,52], co-
inciding with a discharge mode transition. Despite these commonalities in the con-
traction behavior, the implications of the mode transitions on the plasma conditions
remain largely unclear, since currently established theories of plasma contraction fail
to describe the occurrence of these discharge modes.

One theory of discharge contraction is described by Fridman and Kennedy [29,52],
based on shifting non-equilibrium character of the discharge with increasing pres-
sure. The proposed mechanism is initiated by growing rate of VT-relaxation with
increasing pressure and resulting in a shift from a vibrational non-equilibrium to
quasi-equilibrium conditions [52]. Recent reports, however, show that a vibrational
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nonequilibrium can be ruled under steady state conditions at moderate pressure [17,18,25],
which make the proposition of non-equilibrium driven contraction mechanisms less
plausible. Den Harder et al. [17] proposes a pressure-induced transition as a result
of a shift from collisionless to collisional conditions. This mechanism relies on the
wave propagation cut-off at the critical density nc in low pressure conditions, where
the momentum transfer frequency of electrons with heavy particles (collision fre-
quency νm) is below the angular driving frequency ω. Recently reported electron
density measurements [18], however, show that both discharge modes are over-dense
(ne > nc). This rules out a collisionality-induced contraction mechanism. Therefore,
the contraction dynamics of the CO2 microwave discharge has not been explained to
a satisfactory degree.

Discharge contraction is only well studied and understood in relatively simple
plasma systems in noble gases and nitrogen. The mechanisms of contraction have
been described previously based on experiments [113,137] and modeling [93,114,121,138].
For molecular gasses the two necessary conditions for contraction are non-uniform
gas heating and the onset of molecular ion formation, which is followed by effec-
tive dissociative molecular ion recombination [92]. The non-uniform heating is driven
mainly by the thermal-ionization instability, a mechanism that relies on positive
feedback between an increase in temperature and stimulation of the ionization rate
(via an increase of the reduced field (E/n) parameter) [92,108,114], resulting in a self-
intensifying electron density growth. At low pressures, a dominance of ambipolar
diffusion over volume recombination prevents contraction [114,120]. In more chem-
ically rich, reactive plasmas, the contraction mechanisms are generally less estab-
lished due to added complexity of the charged particle kinetics. While the gen-
eral mechanisms of contraction are also anticipated for more complex molecular
discharges [121,138], they fail to address the influence of chemical reactions in reac-
tive plasmas, particularly the consequences of significant thermally driven heavy-
particle conversion and electronegativity [93].

Only recently the implications of chemical reactions on discharge mode instabil-
ities were first described in a numerical study on reactive H2 – O2 – N2 mixtures in a
DC discharge [115]. The authors show by assessment of the coupling between plasma-
and chemical kinetics, that the plasma thermal instability couples to a plasma chem-
ical instability (PCI). The thermo-chemical heat exchange in the plasma, as a result of
endothermic and exothermic reactions, is found to induce stability and instability, re-
spectively, via the thermal-ionization mechanism. Also, plasma chemical instability
is shown to be moderated by electron attachment processes. Both of these aspects are
very relevant in CO2 discharges. The thermal dissociation of CO2, a highly endother-
mic process, and the shift in electronegativity in a partly decomposed CO2 mixture
as a result of the attachment to molecular oxygen, become important in CO2 plasma
with gas temperatures exceeding 2000 K [130]. Even so, while the reactive nature of
the CO2 microwave plasma likely influences the contraction dynamics significantly,
this aspect has remained largely unexplored.
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Figure 7.1: Illustration of the experimental setup, including the field applicator and the main
plasma reactor components. The microwave source and impedance matching components
are omitted. The view ports on either side of the waveguide provide optical access for the
emission-based plasma diagnostics.

The main purpose of this paper is to formulate a consistent description of the
observed discharge modes of the CO2 microwave plasma in the range of 50 mbar to
1000 mbar. The plasma is characterized in terms of its geometric shape, gas temper-
ature, and power density, obtained from optical emission profiles and the Doppler
broadening thereof using the 777 nm O(5S← 5P) oxygen triplet emission. The evo-
lution of these discharge parameters is interpreted in terms of the thermodynamic
and dielectric properties of the discharge medium as a function of temperature. Two
mechanisms are identified that explain the discharge modes; based on the coupling
of the plasma-chemical instability and thermal instability, and resulting from the in-
tricacies of plasma wave-coupling in high-frequency fields. The critical parameters
for the onset of these mechanisms are identified, and its implications on the plasma
parameters will be discussed. Furthermore, improved understanding of the instabil-
ity and contraction mechanisms in reactive microwave plasmas are used to provide
retrospective insight in the plasma conditions of previously reported CO2 conversion
experiments.

7.2 Experimental Setup

The plasma is generated by 2.45 GHz microwaves using a WR340 waveguide-applicator
configuration with vortex-stabilization. This plasma source configuration is exten-
sively researched in context of gas processing applications [17,18,21,24,51].

An illustration of the field applicator configuration and discharge tube are shown
in Fig. 7.1. The vacuum vessel consists of a quartz tube, 27 mm inner diameter and
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transparent for microwaves, and intersects the wide sides of the waveguide in the
direction parallel to the TE10 field mode. Two nozzles are mounted tangentially in
an injection manifold at the tube entrance in order to create a vortex flow. This stabi-
lizes the plasma on the tube axis and provides gas-dynamic insulation of the plasma
from the wall [18,99]. A waveguide short is fixed at a distance of a quarter wavelength
from the tube axis. The standing wave created in this configuration has an anti-node
that spatially coincides with the reactor tube, which is beneficial for plasma-wave
coupling. An automatic 3-stub motorized impedance matching device (S-TEAM
HOMER) provides both real-time impedance matching to the plasma conditions
and power measurements. The incident (Pi) and reflected (Pr) power measurements
have a specified error below 5 %. The power absorbed by the plasma Pabs = Pi − Pr,
assuming there are no losses to the environment. A coupling efficiency (Pi − Pr)/Pi

exceeding 99.9 % is achieved under a wide range of operating conditions. Under
matched conditions the reflected power can therefore be neglected. Two view ports
mounted in the short sides of the waveguide on opposite sides of the quartz tube
provide optical access for the optical diagnostics, which are used to measure the gas
temperature measurements and the plasma emission intensity profile.

The geometric dimensions of the discharge are obtained from the full-width at
half intensity of the 777 nm oxygen triplet emission using the same approach as de-
scribed in Wolf (2019) [18]. A narrow spectral band-pass filter is used to isolate these
emission lines and recorded with a CCD sensor. Radially resolved intensity profiles
are obtained by applying a discrete inverse Abel transform using the Hansen and
Law method [102]. We note that the recorded plasma shape is susceptible to optical
deformations, particularly at low pressures due to potential lensing effects in the
tube. While we doe not correct for this effect, significant distortion is only expected
in lowest pressure conditions in which case the plasma size approaches the diameter
of the discharge tube.

The relation between the 777 nm emission intensity I777 and electron density ne
can be described in good approximation by [18]:

I777(r, z) ∝ ne(r, z) (7.1)

since it is driven mostly by electron impact excitation, and scales with the popula-
tion rate of the upper state upper state nenOkee. Here nO is the ground state atomic
oxygen density and kee is the rate constant of electron impact excitation of the tran-
sition. Both the reduced field (E/n) and gas temperature Tgas are assumed to have
a weak axial and radial dependency in comparison to the electron density profile in
our experimental conditions. Furthermore, we have assumed in Eq. 7.1 that the O
production is dominated by heavy-particle reactions over electron-impact reaction,
which is likely at gas temperatures values above 3000 K. While this assumption is
expected to break down only at lower gas temperature values (p < 100 mbar), the re-
sulting error in the plasma size values remains limited to a factor

√
2 in the extreme
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case where all oxygen production is driven by electron-induced processes [18].
The power transferred from the electric field to the plasma electrons is described

by Joule heating. For an oscillating field with radial frequency ω, a peak field ampli-
tude E0, and electron conductivity σ, the power density is described by [92]:

PΩ =
σE2

0

2
=
E2

0

2

e2

meνm

ν2
m

ν2
m + ω2

ne (7.2)

Here νm and ne represent the electron-neutral mean collision frequency for momen-
tum transfer (collision frequency) and the electron density respectively. Both E0 and
νm are assumed constant over the plasma, which is supported by simulations of the
field coupling to the microwaves for plasma conditions presently studied [24]. By sub-
stituting Eq. (7.1) into Eq. (7.2) and normalization of the spatially integrated power
density to the total absorbed power, an explicit expression of the spatially resolved
power density is obtained.

PΩ(r, z) =
Pabs

2π
∫∫
r,z
I(r, z)r dr dz

I(r, z), (7.3)

Gas temperature measurements in the plasma are obtained from the Doppler
broadening of the 777 nm oxygen triplet lines, analogous to Ref. [ 18]. The three
emission peaks are resolved and the Doppler broadening is taken from the Gaus-
sian component. The pressure broadening mechanisms is in good approximation
Lorentzian. Only Van der Waals broadening is significant under the present operat-
ing conditions. A rough estimate obtained with the impact approximation, following
Kunze et al. [139], indicates a Lorentzian component of around 1 pm, which is small
compared to the Doppler broadening and in good agreement with experimentally
observed values in the full measurement range.

The measurements are spatially resolved in the lateral direction by projection on
a linear optical fiber array. The axial coordinate is scanned using a translation stage.
The collected light is dispersed using a Littrow-configuration spectrometer (2nd or-
der of a 1180 lines/mm grating, f = 2.25 m, slit diameter: 50 µm) and detected using a
CCD camera. The low emission intensity of the low pressure plasma conditions re-
quired an averaging over three 60 s exposures to keep the fitting errors below 5 % of
the measured value. An important implication of this time-averaged measurement
is that temperature values can only be obtained for steady-state plasma conditions.

7.3 Results

Three fundamental discharge modes are identified in the CO2 microwave plasma
between 50 mbar and atmospheric pressure. The visual appearance of the modes, in-
cluding also a hybrid regime, are shown in Fig. 7.2. In previous publications [17,24,29,52],
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(i) homogeneous (ii) L-mode (iii) hybrid (iv) H-mode

Figure 7.2: Photos of 4 characteristic states of the vortex-stabilized CO2 microwave plasma
with increasing pressure from left to right. The associated lateral emission intensity profiles
are displayed above. The intensity is normalized in each image to maximize contrast.

discharges (i) and (ii) are commonly referred to as the diffuse mode, and discharges
(iii) and (iv) as the contracted mode. Since the mode classification described in this pa-
per expands on the these definitions, we adhere to a new nomenclature. From low
to high pressure (left to right in Fig. 7.2) the discharge modes are referred to as (i)
the homogeneous mode, (ii) a low confinement mode (L-mode) and (iv) a high confinement
mode (H-mode). The hybrid discharge state (iii) shows simultaneous features of both
the L-mode and H-mode plasmas.

• In the homogeneous mode the discharge emission exhibits a homogeneous ap-
pearance, with a luminous intensity which is approximately constant over the
discharge (Fig. 7.2(i)). This mode is visually distinguished from the others by
a relatively flat lateral luminosity, which indicates a flat or even hollow radial
emission intensity profile. While the discharge tends to expand to the full vol-
ume of the discharge tube, the plasma is axially contained by the extent of the
waveguide and radially by the vortex flow.

• The low confinement mode (L-mode) contracts in both the axial and radial direc-
tion with respect to the homogeneous discharge mode. The lateral emission is
characterized by a Gaussian profile (Fig. 7.2(ii)). The filament diameter varies
between 10 mm to 20 mm depending on the power and pressure, which is re-
lated to the local skin depth [18].

• The high-confinement mode (H-mode) has the appearance of a narrow elongated
filament with a diameter of 2 mm to 4 mm, spanning the entire waveguide
height (Fig. 7.2(iv)). The discharge radius remains skin depth limited, which
is found to scale with input power but is independent of pressure [18]. Apart
from radial contraction, axial elongation of the discharge column is another
distinctive characteristic of the H-mode plasma.
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Figure 7.3: Power density profiles of a microwave discharge in CO2 as a function of pressure,
with an input power of 860 W. The distinct discharge regimes are indicated below.

• The hybrid regime is a transition state in which the plasma filament simulta-
neously exhibits features of both L- and H-mode plasmas along the axial dis-
charge coordinate (Fig. 7.2(iii)). As the pressure increases, the onset of the H-
mode occurs first in the center of the filament and grows outwards towards the
tips.

Power density profiles in Fig. 7.3 are obtained from plasma emission profiles at a
fixed power input of 860 W, using Eq. (7.3). In this manner, the progressive states of
discharge contraction with rising pressure are more clearly visualized. The evolution
of plasma dimensions, power density, and the gas temperature in the center of the
plasma are provided in Fig. 7.4. The mode transitions are marked by abrupt changes
in the radial and axial dimensions of the filament, as indicated in Fig. 7.4(a-b). The
threshold pressures of transitions between the discharge modes for a fixed power
input depend mostly on pressure. In general, an increase of input power results in
lower pressure thresholds between modes. The flow rate only weakly influence the
discharge parameters, which is in line with previous observations on flow depen-
dence of gas temperature, geometry and electron density [18,76]. Therefore the gas
flow is not further considered in the remainder of this paper.

The elongation observed in the H-mode are likely a result of surface waves for-
mation, considering its resemblance to surface-wave induced elongation in surface-
wave sustained microwave discharges [140]. Surfatron and Surfa-guide reactors plasma
columns are known to extend far beyond the boundaries of field applicator [141].
Since the plasma must be sufficiently collisional (νc > ω) and conductive to effec-
tively couple the standing wave mode in the waveguide to a coaxial surface wave
mode [142], the strong increase of the ionization degree observed in the transition from
L-mode and H-mode conditions [18] may explain the observed elongation observed
at the onset of the H-mode. A simultaneous rise in microwave radiation is observed
outside of the applicator, which increases with further rise in power and pressure.
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Figure 7.5: Lateral temperature profiles for L-mode, H-mode and hybrid conditions, obtained
in plasmas at the specified pressures and an input power of 860 W. The temperature cross
sections are obtained at locations in the center of the waveguide (I), at the edge (III), and
halfway (II)

This indicates a leakage of power to the environment, possibly induced by coaxial
coupling of the TE10 field mode. An important implication of discharge elongation
and the associated coupling losses of H-mode plasma is a reduction in the absorbed
power. In extreme cases, at atmospheric pressure, an estimated 10 % of the input
power is radiated away. Note that this radiation effect has not been presentably
quantified accurately, and therefore is not accounted for in the power density val-
ues in Fig. 7.4(c). A highest overall state of discharge confinement is reached under
hybrid plasma conditions, around p2 to p3. Consequently, the highest temperature
values are observed in this pressure range. Apart from radiation losses, other causes
of the temperature reduction with rising pressure may include changes in the heat
transfer rate or gas-dynamics.

The gas temperature measurements presented in Fig. 7.4(d) show that the H-
mode and L-mode conditions are associated with distinct gas temperature ranges.
The L-mode plasma has a gas temperature of approximately 3500 K to 4000 K, while
the H-mode conditions occur at a temperature of 5500 K to 6500 K, as illustrated by
the shaded regions. The distinction in temperature between the modes is most evi-
dent at low values of Pabs as a result of the considerably higher transition pressure.
The plasma remains below 4000 K up to the transition pressure of 200 mbar, after
which a sharp in crease in temperature is observed.

The distinct H-mode and L-mode gas temperatures in the center of the discharge
also extend throughout the discharge. The spatially resolved temperature profile
measurements shown in Fig. 7.5(a) and (d) show flat spatial temperature distribu-
tions for both L-mode (3000 K to 4000 K) and H-mode (5500 K to 6500 K) plasmas.
The temperature distribution of the intermediate hybrid conditions in Fig. 7.5(b)
shows radial temperature profiles associated with the H-mode in the central region



7.3. RESULTS 103

of the filament (z = 19 mm to 25 mm), while the temperature profiles in the edges
show an L-mode temperature profile. The co-existence of both L-mode and H-mode
conditions along the axis of the filament hybrid mode may be explained by a drop
in the applied field strength near view ports and access ports for the quartz tube in
the waveguide. Note that the lowest power input in the confined regime leads to the
highest power density, which is probably related to field enhancements associated
with plasma impedance changes under matched conditions.

In conclusion, the distinct temperature ranges observed for L-mode and H-mode
discharges demonstrate that the governing mechanisms are closely related to the
gas temperature. Power and pressure, on the other hand, do not directly influence
the temperature of the discharge modes, and rather function as independent control
parameters by determining which mode comes to expression (Fig. 7.8).

From Fig. 7.3 and Fig. 7.4(d) we observe that the power density has a non-linear
relationship with respect to the gas temperature. In the L-mode, the power density
increases exponentially by an order of magnitude with rising pressure, while the gas
temperature only increases by a third, from roughly 3000 K to 4000 K. To put these
observations in perspective, we will now discuss the properties of CO2 under chem-
ical equilibrium conditions. To do this, we first calculate the thermodynamic equi-
librium properties of CO2 for the temperature range observed in the experiments,
i.e. composition and the specific heat capacity of the reactive system. As a starting
point, the enthalpy of the equilibrium mixture is calculated under assumption of
ideal mixing,

hmix =
∑

xiHi (7.4)

where Hi is the enthalpy of each species i in the mixture with mole fractions xi.
The thermodynamic coefficients for the dominant neutral species (e.g. CO2, CO, O2,
O and C) are obtained from the NASA Glenn library [31] for a temperature range of
200 K to 20 000 K. Ions and electrons are not considered in the calculations, since
the plasma has a low ionization degree (10−4) and a gas temperature below 6500 K

which is well below the first ionization threshold of CO2 at 15 000 K [143]. Although
plasma-driven processes such as electronic excitation are known to influence the
thermodynamic properties [56,144] under LTE conditions (where Te = Tvib = Trot =

Ttrans), such contributions can be neglected un first approximation based on the as-
sumption that the heavy particle kinetics dominate over the electron-induced chem-
istry. The latter is justified by the high gas temperatures of the CO2 microwave
plasma in combination with its low electron temperature (1-2 eV) and ionization de-
gree.

Following the procedure detailed in Ref. [18], xi of the equilibrium state are calcu-
lated by minimization of the Gibbs free energy for given pressure and temperature.
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The specific heat capacity cp is defined for a fixed pressure as

cp =
∂hmix

∂T

∣∣∣∣
p

, (7.5)

which includes both the heat capacity of the gas species associated with the inter-
nal and translational degrees of freedom (frozen), and a reactive component which
involves the heat of formation required to bring the mixture to a state of local ther-
modynamic equilibrium composition at a given temperature T . The specific energy
input in thermodynamic equilibrium, qte(p, T ), required per initial CO2 molecule to
reach a state of thermodynamic equilibrium by isobaric heating trajectory from T0 to
Tgas is obtained by integration over cp.

qte =
MCO2

eNA

∫ Tgas

T0

cp(T )dT (7.6)

HereMCO2
is the molar mass of CO2,NA is Avogadro’s constant and e is the elemen-

tary charge. Figure 7.6a shows the calculated thermodynamic equilibrium properties
of the heated gas at pressures of 10 mbar, 100 mbar and 1000 mbar. Both the compo-
sition and specific heat capacity of the thermodynamic equilibrium mixture are very
much temperature-dependent, which is a results of the distinct thermal dissocia-
tion thresholds associated with each molecular species in the mixture. Above 2000 K

the CO2 mixture progressively decomposes with rising temperature, producing in-
creasingly smaller molecules. Between 3000 K to 4000 K the mixture is dominantly
composed of CO, O2 and O. Above 7000 K to 8000 K the mixture becomes mono-
atomic, composed of mostly O and C. As the gas pressure increases, the thresholds
of thermal dissociation shift to higher temperatures, in agreement with Le Chate-
lier’s principle [145].

Figure 7.6b shows that the total specific heat capacity (frozen + reactive compo-
nent) for CO2 is largely determined by its reactive component. The calculated values
correspond reasonably well to literature values [143,145], both in terms of the absolute
values and the peak occurrence. The two peaks in the specific heat around 3000 K

and 6000 K correspond to the thermal dissociation thresholds of CO2 and CO, re-
spectively [143]. The difference between the frozen and reactive contributions to the
specific heat capacity represents the energy invested in the dissociation of molecular
species. The evolution of the temperature in response to the specific energy input qte

is calculated using Eq. (7.6) and shown in Fig. 7.6c. The span in specific energy input
associated with these stable temperature regions corresponds to the bond-energies
of the CO – O bond (5.51 eV) and C – O bond (11.16 eV).

The gas temperature, associated with the L-mode and H-mode plasma condi-
tions, coincides with regions of high cp, as indicated in Fig. 7.6. It therefore appears
that the observed temperature plateaus around 3000 K and 6000 K correspond to the
dissociation thresholds for CO2 and CO, respectively. This notion is corroborated by
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Figure 7.7: Peak power density PΩ in the discharge in relation to the gas temperature in the
center of the plasma.

the plateaus that emerge in the relation between the gas temperature and the power
density in Fig. 7.7. Thermodynamic regions of high reactive heat capacity result in
a weak correlation between power density and gas temperature. This suggests that
the plasma medium is cp-controlled and in a state close to chemical equilibrium with
the gas temperature. The peak temperature values of 6000 K to 7000 K are more com-
monly observed in moderate to high pressure CO2 microwave plasmas [17,18,21] and
plasma CO2 torches [76,131,132]. This apparent temperature barrier can be explained by
the large energy input (from 10 eV to over 20 eV per molecule according to Fig. 7.6c)
required to bridge this temperature range when including the enthalpy of equilib-
rium reactions.

7.4 Discussion

The characterization of discharge in the previous section lays the foundation for a
classification of the discharge modes. Two governing mechanisms are proposed,
which rely on the interplay between collisionality νc/ω and wave absorption, and
the thermodynamic properties of the plasma medium as a result of its reactive na-
ture. An overview of the subatmospheric modes of CO2 microwave plasma are il-
lustrated in Fig. 7.8. The transition pressures (p1 to p3) define the parameter space
of the discharge in terms of pressure and power, as illustrated in the lower panel in
Fig. 7.8.

The homogeneous discharge mode results from a cut-off in the plasma wave dis-
persion properties at low pressure. The wave-propagation cut-off imposes a limit on
the electron density to its critical value nc when the collisionality is low in relation
to the driving frequency (νm/ω < 1) [17,92,106,146], where νm is the momentum trans-
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fer frequency of the electrons with heavy particles, ω is the driving frequency and
nc = ε0meω

2/e2 is the frequency dependent critical density. Since the imaginary
value of the wave-number becomes purely imaginary in a low-collisional super-
critical (ne > nc), the dispersion cut-off leads to reflection of microwaves at the
over-dense plasma boundary. This inhibits further electron density growth and ef-
fectively imposes under-dense conditions (ne < nc) in the center of the plasma as
long as (νm/ω < 1). In some cases this may even lead to hollow profiles. For a driv-
ing frequency of ω = 2.45 GHz the electron density is limited to nc = 6× 1017 m−3 in
low-pressure conditions.

The collision frequency calculations for homogeneous mode conditions (Tgas =3000 K

to 4000 K, ne = nc = 7 ·1018 m−3, Te = 1 eV to 2 eV) shows that νm < ω in this regime,
with calculations following the approach by Wolf (2019) [18]. The transition criterion
(νm = ω) predicts a critical pressure between 60 mbar to 90 mbar, which is in line
with the experimentally observed value of approximately 85 mbar. The critical pres-
sure is almost constant with rising input power. This behavior is a characteristic of
the critical density limited regime, resulting from the limit the latter imposes on the
power density (which scales with ne according to Eq. 7.2) with rising input power.
The observed PΩ values in Fig. 7.4 indeed remains constant with rising power, con-
sequently leading to fixed temperature and collisionality values, and ultimately a
critical pressure which does not depend on Pabs.

While the electron density of the homogeneous mode regime has not been di-
rectly measured, the spatial extent of the plasma indicates that the electron density is
around its critical density of 6× 1017 m−3. The skin-depth in the under-dense regime
(δ = c/ωpe) is approximately 2 cm at the critical density. The radial plasma dimen-
sions, as observed from the emission profiles in Fig. 7.4a, remain below this skin-
depth value. This shows that the plasma is not skin-depth limited in this regime.
The absence of contraction in the homogeneous mode appears to be a directly related
to the associated electron density limit. The discharge contraction phenomenon re-
lies heavily on self-intensifying electron density growth [92,108,114] such as the thermal-
ionization instability. It appears that the electron density limit, imposed by the wave-
dispersion cutoff, suppresses the contraction in high frequency discharges in the ho-
mogeneous regime. This implies that the cut-off behavior suppresses the thermal-
ionization contraction instability, even at elevated pressures, until collisional wave
absorption sets off.

The mechanism that governs the L-mode to H-mode transition instability dif-
fers fundamentally from the critical-density moderated thermal-ionization instabil-
ity mechanism described above. In contrast to the homogeneous mode, both L-mode
and H-mode plasmas are in a collisional, contracted state [18]. A correlation is found
between the stability of the discharge in the two contracted modes and the enhanced
heat capacity of the reactive gas mixture (c.f. Fig. 7.6(c)) at their respective gas tem-
peratures. This observation can be explained by a coupling between the plasma-
chemical balance and the thermal instability via thermal-ionization mechanism, as
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Table 7.1: Overview of discharge parameters and mechanisms associated with the distinct
discharge modes

homogeneous L-mode H-mode

appearance diffuse contracted contracted
pressure thresholds <p1 p1 < p < p2 >p3

gas temperature <3000 3000-4000 5500-6500
stabilization mechanism ne cut-off limit cp-controlled cp-controlled
νm/ω

[18] < 1 1− 2 1− 10
ne/nc

[18] ≤ 1 10− 100 100− 1000

proposed by Zhong (2019) [115] for plasmas in reactive gas flows. The weakened tem-
perature response associated with elevated reactive cp values moderates the thermal-
ionization contraction instability and, consequently, has a stabilizing effect on the
contraction mechanism. Conversely, the unstable nature of the transition between
the L-mode and H-mode, characterized by a low reactive specific heat and a more
sensitive gas temperature to small perturbations in input conditions, enhance the
thermal-ionization instability. This thermo-chemical cp-controlled stability corrobo-
rates the previously proposed stabilizing effect of endothermic reactions on reactive
plasmas [115], as the stable plasma conditions in both the L-mode and H-mode appear
to coincide with temperature regimes associated with strong net endothermic chem-
ical conversion of CO2. Table 7.1 provides a summary of governing mechanisms and
typical parameters associated with each mode.

This cp-controlled stability mechanism predicts a number of distinct contracted
discharge modes equal to the distinctly separated dissociation and ionization thresh-
olds of the working gas. In the case of CO2, the large separation of the bond energies
of CO2 (5.51eV) and O2 (5.15eV) and the much higher bond energy of CO (11.2eV)
lead to the two contracted discharge regimes. In comparison, N2 only has a single
dissociation threshold at approximately 7000 K [147], which seems to agree with tem-
perature measurements of 7000 K reported in N2 microwave plasmas at a pressure
of 800 mbar [148].

The chemical equilibrium calculations underlying the preceding analysis provide
valuable insight into the nature of the discharge modes and the governing mecha-
nisms, despite disregarding the potential effects of electron-driven kinetic processes.
Even so, composition changes induced by processes such as electron impact disso-
ciation, dissociative recombination and attachment can lead to complicated kinetic
effects on plasma-instability [93,115]. A rise in oxygen concentration, for instance, may
enhancement of attachment reactions, which may both stabilize the thermal insta-
bility by suppressing the electron density growth, while simultaneously enhanc-
ing destabilizing oxidation processes via exothermic heat release [115]. Such com-
plicated dynamics are also anticipated in CO2 plasmas since heated CO2 in chem-
ical equilibrium is known to acts as an electronegative gas at 3000 K and becomes
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recombination-dominated above 5000 K [130]. This suggests that the H-mode and L-
mode plasmas are governed by distinct charged particle kinetics. In the temperature
regime of the L-mode, the electron balance is likely influenced significantly by elec-
tron attachment due to the presence of O2. This pathway is lost in the H-mode con-
ditions as a result of the low O2 concentrations at the associated gas temperatures.
The constant ionization degree and plasma diameter as a function of the pressure
for a fixed power in the H-mode indicates a dissociative-recombination controlled
charged particle balance [18], with the dominant molecular ion (e.g. CO+). The dom-
inant charged particle kinetics in relation to the contraction dynamics in complex
reactive plasmas such as CO2 is however still not fully understood. This asks for
detailed plasma-kinetic modeling where both the effect of plasma processes and gas
dynamics on the composition should be considered.

Now that the basic mechanisms underlying of the moderate to atmospheric pres-
sure discharge modes in CO2 has been established, its implications on the perfor-
mance of plasma-induced CO2 conversion can now be discussed. The optimal dis-
charge pressure in terms of energy efficiency, commonly reported between 100 mbar

to 200 mbar for microwave CO2 discharges [17,29,52], has been previously related to
the L-mode to H-mode transition [18]. The present work shows that the contracted
discharge modes emerge as a property of the reactive plasma, governed by the dis-
tinct dissociation thresholds of the molecular species. Therefore, the prevailing non-
equilibrium plasma interpretation used to explain the favorable plasma conditions
around 100 - 200 mbar [15,29,47,51,52] is unlikely, given the importance of thermally driven
chemical reactions on these types of discharge modes. The favorable conditions for
efficient plasma-driven conversion in CO2 in the 100 mbar to 200 mbar range can
be explained by a shift in the dominant thermal heavy particle kinetics in the dis-
charge. The L-mode plasma conditions lead to increased CO production with rising
pressure, while the rising selectivity to atomic carbon in H-mode plasmas and the
increase in subsequent recombination pathways in the discharge afterglow lead to
diminishing returns. More generally, the observed reduction in the energy efficiency
with increasing pressure may also be attributed to the enhancement of 3-body asso-
ciation reactions, (O + O + M) and (O + CO + M), or the coaxial field losses observed
at high operating pressures.

The thermodynamic energy efficiency limit of around 50% for thermal conver-
sion [17], which is calculated for a closed system where all oxygen radicals associate
to O2, agrees well with the energy efficiency values up to 50% reported for recent
experiments. An advanced super-ideal quenching scenario is described, in which
the efficient O + CO2 reactions are promoted over oxygen recombination [29]. In this
manner, by optimization of the cooling trajectory of the plasma products, a thermal
dissociation process efficiency of over 65% is predicted based on thermodynamic
calculations [25,29]. This underlines the potential of thermal conversion and the im-
portance of the cooling trajectory therein in optimizing the energy efficiency in CO2

microwave plasmas. Efforts to understand and improve the overall plasma conver-
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sion performance, therefore, require careful optimization of the dissociation process
in and around the plasma in conjunction with the subsequent cooling trajectory.

7.5 Conclusion

This work presents a first systematic experimental investigation into the nature of
the discharge modes of CO2 microwave plasmas in subatmospheric conditions. The
contraction dynamics and the final stable contracted states have been investigated,
providing insights into the discharge modes, the underlying mechanisms of forma-
tion, and their critical parameters of onset.

A homogeneous mode and two contracted modes have been identified between
50 mbar and atmospheric pressure. The homogeneous conditions are explained by a
critical-density limit, imposed by the cut-off frequency of wave propagation, which
suppresses the discharge contraction until up to a pressure where collisional condi-
tions are reached. Multiple contracted modes are found to occur under conditions
of high reactive heat capacity, governed by a thermo-chemical instability. The latter
arises from the coupling of heat release from thermally driven chemical conversion
in the plasma to the thermal-ionization instability. In high temperature CO2 plasma,
the endothermic nature of the thermally driven CO2 and CO dissociation reactions
are found to induce the stable operating conditions of the L-mode and H-mode, re-
spectively. The difference in the appearance of these contracted modes likely results
from the evolution of charged particle kinetics in response to the shifting chemical
composition. Modeling with detailed chemical kinetics is required to further under-
stand the observed contraction dynamics.

We hope that the mechanisms of plasma instability and discharge mode forma-
tion described in this work will aid in the understanding and further development of
technological plasmas for plasma-chemical applications. Specifically, the nature of
the CO2 contraction dynamics shows that previously reported results on highly effi-
cient microwave driven plasma conversion of CO2 likely rely on thermal conversion
as the primary dissociation mechanism. Optimization of the CO2 conversion process
in microwave plasmas, therefore, asks for an approach where the plasma conditions
are optimized for thermal conversion in conjunction with the cooling trajectory of
the plasma products.
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Chapter 8

Modeling dissociation and
recombination in non-uniform
CO2 plasma

Abstract

Plasma-decomposition of CO2 is considered as a first step in renewable synthetic fuel pro-
duction. Optimization of the plasma dissociation process is often complicated by discharge
contraction, a plasma phenomenon that induces non-uniform processing conditions. This
work combines experiments and modeling to investigate the implications of discharge non-
uniformity on the dissociation and recombination mechanisms in the vortex-stabilized CO2

microwave plasma.
A 2D axisymmetric tubular reactor model is developed which accounts for non-uniform

power deposition and thermal chemical kinetics. The vortex flow is approximated by a lami-
nar flow with imposed radial turbulent transport. The plasma is treated as a heat source. The
energy efficiency and conversion of the dissociation process are experimentally characterized
at a fixed power of 1000 W and as function of pressure and flow.

The results show a good agreement between model and experiment, but only when the
chemical kinetics are coupled with the radial transport. A discharge mode transition in the
range of 100 to 200 mbar gives rise to favorable plasma-kinetic conditions for thermal conver-
sion. At low pressure the dissociation process is inhibited by a low gas temperature, while
recombination of dissociation products limits the conversion process at high pressure, partic-
ularly in combination with low flow rates. Turbulence-induced cooling and dilution of dis-
sociation products is found to facilitate the quenching process. Maxima in energy efficiency
around 40 % are related to the limits imposed by production and recombination processes.
Steps for further improvement are discussed.

In preparation for publication as: CO2 conversion in a non-uniform discharges: disentangling
dissociation and recombination mechanisms, A.J. Wolf, F.J.J. Peeters, W.A. Bongers and M.C.M.
van de Sanden.
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8.1 Introduction

Plasma technology offers a multitude of established processes for gas conversion and
processing on industrial scale [13,22,48], including high temperature plasma pyrolysis
of toxic gasses and ozone production. Plasma-driven conversion of CO2 is current
topic of active research, motivated by its application to efficiently produce CO or
syngas as feedstock for energy-dense synthetic fuels [36,118]. Plasmas provide excep-
tional processing conditions in terms of power density, while the non-equilibrium
characteristics of the plasmas can be exploited to selectively activate specific reaction
channels of CO2

[12]. Among the available plasma technologies, microwave plasma
reactors are promising due to their efficiency, scaling potential and ability to oper-
ate up to and above atmospheric pressure. Considerable research effort has been
invested into the characterization and optimization of the processing parameters,
aiming to improve the energy efficiency and conversion of the dissociation process.

Early plasma-chemistry studies on CO2 conversion by Legasov et al. [16] demon-
strate that high energy efficiency of 80 % with a conversion of 25-20 % are feasible
in steady state microwave plasmas under subsonic flow conditions. At the time,
these results were explained by a vibrational dissociation mechanism which lever-
ages the non-equilibrium characteristics of the discharge in such a way that the
electron energy is preferentially transferred to the vibrational excitation of the CO2

molecules [15]. The plasma conditions in these experiments where characterized by
a high vibrational temperature and a low translational temperature [51]. In contrast,
recent attempts to reproduce these results have resulted in plasmas with high (gas)
temperatures under otherwise similar operational conditions. Rayleigh scattering
measurements of the central plasma temperature reveal that 3000-5000 K is readily
achieved under steady state conditions [17]. Such temperature values are known to
induce thermal decomposition of CO2. Under such high-temperature conditions,
energy efficiency values of up 50 % have been reported [17] and conversion values up
to 80 % [21] depending on the particular operating conditions and gas flow dynam-
ics. The record energy efficiencies of 80 % previously associated with the vibrational
dissociation mechanism have not been reproduced [26].

Apart from the plasma parameters, kinetics and transport around the plasma
the should in a comprehensive evaluation of the total dissociation process. In fact,
it is the cooling trajectory of dissociated products, which occurs in the gas layers
surrounding the plasma and further downstream in the effluent, which determines
the extent to which plasma products are retained [17,33,71,72]. A temperature of over
2000 K in the afterglow is known to promote CO recombination reactions. In order to
minimize such losses following plasma conversion at 3000 K or higher, cooling rates
of at least 106 K/s are required to cool the plasma products below 2000 K sufficiently
fast [17,28]. On the other hand, a further increased CO production in the afterglow is
deemed possible by means of the CO2 + O → CO + O reaction [52]. However, efforts
to leverage this reaction pathway are impeded by its high activation energy [39].
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Figure 8.1: The effect of discharge contraction on the CO2 microwave plasma leads to distinct
discharge modes: a low pressure L-mode (left) and high pressure H-mode (right). The hori-
zontal and vertical axes correspond top the radial and axial coordinates of the discharge and
flow geometry

A clear distinction between production and destruction terms is not easily made
in an analysis of the overall reactor performance, since the production and destruc-
tion mechanisms in the vortex-stabilized CO2 microwave reactor cannot be easily
characterized individually. In this regard, two complicating yet poorly understood
aspects are non-uniform heating (which is associated with discharge contraction at
moderate to high pressure conditions) and turbulent transport. In comparison to
homogeneous heating conditions, the effects of non-uniformity and turbulence can
considerably influence the local processing and transport parameters in the reactor,
as illustrated in Fig. 8.2.

Non-uniform power deposition is common in plasma reactors, as plasmas tend
to contract at elevated pressures and powers [18]. In CO2 plasmas, discharge contrac-
tion leads to distinct discharge modes (Fig. 8.1) and strong changes in the plasma
parameters [19]. As a result of mode transitions, in a range of just tens of millibars, the
power density may vary by two orders of magnitude, resulting in gas temperature
variations of a factor three to four. In addition to the strong influence on the plasma
parameters, discharge contraction in flow reactors results in a partial processing of
the gas flow, i.e. the gas flow may partly bypass the plasma, as in its contracted state
the radial plasma dimension is typically much smaller than the reactor tube. Partial
gas processing is believed to contribute to the relatively low conversion degrees, for
instance in gliding arc plasmas [70].

The reactor flow is injected tangentially for the purpose of plasma-stabilization in
the center of the discharge tube [99], This prevents high heat loads to the walls. Apart
from its stabilizing effect, the vortex flow also influences the conversion process by
enhancing particle transport in and around the plasma. For instance, vortex flows in-
crease the axial flow rates towards the reactor wall [77], which stimulates gas bypass
around contracted discharges in comparison to a developed laminar flow. More-
over, turbulence effects induced at the plasma edge [91] and between the central and
peripheral regions of vortex flows [149] are known to enhance radial heat and particle
transfer due to turbulent mixing. As a consequence of fast lateral turbulent mixing,
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Figure 8.2: Illustration of the distinct processing and transport parameters in situations of
uniform and non-uniform power deposition. Indicated are the region of power deposition in
which dissociation occurs, and the surrounding quenching zone in which product recombina-
tion may occur.

the primary regions of product quenching may shift from the axially downstream lo-
cation (in case of homogeneous processing) to a region laterally around the plasma
(Fig. 8.2). This illustrates the importance of considering vortex-induced transport
effects on the plasma conversion process.

Reactor modeling of the CO2 plasma reactors is often limited to 0D global mod-
els [17,34] or plug flow reactors with heat transfer to the walls [76,84]. However, 0D
and 1D plug flow models do not incorporate lateral gradients and transport, and
therfore, often fail to capture the non-uniform heating and transport effects related
to the 3-dimensional flow. Full 3D flow implementations, on the other hand, re-
main too computationally expensive, especially when combined with chemical and
charged-particle kinetics in the plasma [11]. As a work-around, Van den Bekerom et
al. [25] developed a sophisticated plug flow reactor model in which basic radial trans-
port was captured by means of two concentric volume elements, of which the central
one is homogeneously heated.

Building upon our previous work [18,19] in which we characterized the CO2 mi-
crowave discharge, in this chapter we assess the effects of conversion and recombi-
nation processes on the energy efficiency by combined experiments and modeling.
The model is aimed to reproduce experimentally obtained values of conversion and
energy efficiency, while using only a minimum of input parameters and without
resorting to computationally intensive, and physically complicated, self-consistent
models. To this end, gas temperature and power density profile measurements serve
as input in the model. A simplified 2D axisymmetric tubular flow geometry is em-
ployed to capture the axial and radial variations in composition and temperature.
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Figure 8.3: CFD simulation of vortex flow. Left: 3D rendering of streamlines in the vortex
flow. Right: Cross-sectional plot of the axial flow component. Simulations courtesy of P.W.C.
Groen

Species transport is simplified by considering only advective transport in the ax-
ial direction and only turbulence-enhanced diffusive transport in the radial direc-
tion. The vortex flow dynamics are approximated by reducing the turbulent mix-
ing to an effective mixing parameter. Recent experimental and numerical studies
show that, despite the fact that a the microwave field energy is largely coupled to
vibrational modes of CO2, thermal dissociation prevails over vibrational dissocia-
tion due to strong VT-relaxation under realistic moderate-to atmospheric discharge
conditions [26,84]. Therefore, since the vibrational dissociation mechanisms of CO2 is
not effective at the observed 3000 to 6000 K temperature range, neutral chemistry is
incorporated while vibrational kinetics are disregarded in the present model.

The model results are used to evaluate the contributions of production and re-
combination to the overall CO2 conversion process. Finally, the limitations and op-
portunities of plasma-conversion in CO2 microwave plasmas are discussed.

8.2 Experimental Setup

The plasma conversion experiments are carried out in a vortex-stabilized microwave
reactor in a configuration commonly used for CO2 conversion [16,17,21]. The source
consists of a 2.45 GHz magnetron, with a CW power output of 1000 W is generated.
The microwaves are applied to the CO2 flow as illustrated in Fig. 8.4, using the TE10

standing wave mode of a WR340 rectangular waveguide. The gas flow is tangen-
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Figure 8.4: Illustration of the field applicator and the flow geometry

tially injected into the quartz tube in order to generate the swirling flow for lateral
stabilization of the plasma in the center of the reactor tube. The flow rate is regulated
by mass flow controllers at the inlets, while the reactor chamber pressure is regulated
by a throttle valve, situated in between process and vacuum pump.

The impedance of the plasma is matched to the source by means of a 3-stub
impedance tuner which keeps the reflected power below 1 %. This allows for stable
operating conditions at flow rates ranging from 2-28 slm and a pressure range be-
tween 50 mbar and atmospheric pressure. The absorbed power, which is determined
from the difference in forward and reflected power, is measured by calibrated direc-
tional couplers. In more recent experiments a six-port reflectometer integrated in the
impedance-matching system (HOMER S-TEAM STHT2450) is also employed, pro-
viding superior accuracy in the absorbed power measurement. Further details about
the present source and tuning configuration have been described previously [18,21].

Gas temperature values Tgas in the center of the discharge are obtained via a
Doppler broadening measurement of the O(3s5S0 ← 3p5P) oxygen line at 777 nm, of
which the experimental details can be found in previous publications [18,19]. The CO2

conversion α and energy efficiency η are the two main global performance metrics
of the dissociation process: α is defined according to the stoichiometric ratios of the
reduction reaction, CO2 → (1−α)CO2 + αCO + α

2 O2, and can be written in terms
of the molar fractions χi of the species i in the dissociated mixture,
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α =
χCO

χCO + χCO2
+ χC

. (8.1)

η is expressed following common practice in terms of the change in standard for-
mation enthalpy of the reactor products in relation to the overall energy input per
molecule that enters the reactor:

η = α · ∆H	r
Eν

, (8.2)

In this expression, α∆H	r denotes the change in formation enthalpy and the global
specific energy input Eν = Pabs/φCO2 is ratio of total reactant particle flux φCO2

through the reactor over the absorbed power Pabs. The conversion α is determined
from the mole fractions χi of the main species, which are measured by means of mass
spectrometry (HIDEN HAL RC201 QIC) in the cooled and stabilized reactor output
flow sufficiently far from the heat source.

8.3 Model

The chemical reactor model geometry constitutes a long cylindrical tube with con-
stant diameter, discretized into 25 concentrically nested cylindrical volume elements
of equal thickness. Each cylindrical volume element j carries a mass flow ṁj from
z = 0 to z = L with a velocity in the z-direction given by:

vj =
ṁ

AjM jn0,j(p, Tj)
, (8.3)

with M j the mean molar mass, Aj the cross-sectional surface area of a volume ele-
ment and n0,j(p, Tj) the local neutral density. For clarity of presentation, the func-
tional dependence on z is omitted in all variables. In the radial direction, exchange
of particles occurs between volume elements via Fickian diffusion:

Γij,j+1 = −n0,j(p, Tj)Deff,j

∆χij,j+1

∆Rij,j+1

, (8.4)

where Γij,j+1 is the particle flux of species i through the surface between volume
element j and j + 1, Deff,j is an effective diffusion coefficient (assumed equal for all
species i), ∆χij,j+1 is the difference in molar fraction of species i between the volume
elements and ∆Rij,j+1 is the difference in radial center positions between volume
elements. In similar fashion, the radial heat conduction qj,j+1 is accounted for using

qj,j+1 = λeff,j
∆Tj,j+1

∆Rj,j+1
, (8.5)
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with λeff,j the effective thermal conductivity of the gas mixture and ∆Tj,j+1 the tem-
perature difference between volume element j and j + 1. The effective diffusion
coefficient Deff,j and effective heat conductivity λeff,j are the summations of laminar
and turbulent components

Deff,j = DL,j +DT,j = 1.0 · 10−4 · Tj
3/2

p
+
νT,j

ScT
: and (8.6)

λeff,j = λL,j + λT,j = 2.5 · 10−3 ·
T

3/2
j

Tj + 300
+
Cp,jνT,j

PrT
, (8.7)

where the laminar diffusion coefficient and heat conductivity DL,j and λL,j are ap-
proximated by functions of T and pwithout distinguishing between different species
or mixture compositions. The chosen functions are fits to the average diffusion co-
efficient and thermal conductivity for an 80 % CO2, 10 % CO, 10 % O mixture. The
turbulent contributions, DL,j and λL,j depend on the turbulent viscosity νT and the
local heat capacity Cp,j in J/kg/K. The turbulent Schmidt number ScT and the tur-
bulent Prandtl number PrT are constants for which standard CFD simulation values
of 0.71 and 0.85, respectively, are used. Approximating DL,j and λL,j with species-
or mixture-independent functions greatly simplifies calculations with a limited ef-
fect on model results, since the turbulent terms are generally more than an order of
magnitude greater than the laminar terms. The only transport parameter not directly
solved for in the model is the turbulent viscosity νT,j , which can be expected to de-
pend dominantly on the position within the reactor. CFD simulations of the vortex
flow (including a heat source representing the plasma) in ANSYS Fluent c© show that
the radial variation in νT can be approximated by a quadratic function in r, while the
axial variation shows a gradual decay starting below the central position of the heat
source, i.e. the plasma position. Since initial model results suggest that both turbu-
lent mixing of species and temperature occurs in the region surrounding the plasma,
with nearly uniform distributions of species fractions and temperature at positions
downstream of high temperature zone, the turbulent viscosity can be represented
well by

νT,j = νT,peak ·
(
1−R2

j

)
, (8.8)

which reduces the number of input parameters required to characterize radial trans-
port in the reactor to a single value: νT,peak.

The 3D CFD simulations using a k − ε model of the vortex flow in Fig. 8.3 show
that the radial distribution of axial mass flow ṁ(r) may vary significantly as a func-
tion of the radial position. Despite this, radial variations on the mass flow distribu-
tion via ṁj are found to have only a minor impact on the model outcome. The radial
distribution of mass flow rate is, therefore, approximated by a constant function so
that
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ṁj = ṁ
Aj

πR2
tube

, (8.9)

with ṁ ∝ ΦCO2
the total mass flow at the input of the reactor. With this simpli-

fication, the vortex-induced advective flow elements which are shown in the CFD
simulation (most notably the recirculation cell, containing significant tangential and
radial components) of Fig. 8.3b) are disregarded. This simplification can be justified
by considering the fact that the strongest gradients in temperature and species dis-
tribution occur around the plasma, while at these same position most of the species
and energy transport is accounted for mostly by turbulent mixing in the radial direc-
tion and not by axial advective transport. As will be shown, advective transport may
dominate over radial diffusive transport at low pressures, but in those cases heating
of the gas stream occurs almost uniformly across the width of the tube due to ef-
fective radial transport so that the exact shape of the advective flow field remains
irrelevant (i.e. at low pressure, a 1D model could describe the reactor with sufficient
accuracy, so that results depend only on the total mass flow rate ṁ).

The spatial distribution of power deposition over the volume elements PV,j is
obtained from the intensity distribution of the spontaneous plasma emission of the
O(3s5S0 ← 3p5P) at 777 nm, as described previously in Chapter 7. Gaussian func-
tions are fitted to the emission intensity profile in both r- and z-directions, with
the resulting power density function integrated over the width of each volume el-
ement to obtain functions in z only. The power density directly heats the gas, i.e.
it is assumed, thermalizes sufficiently fast. Non-equilibrium vibrational kinetics are
intrinsically excluded from the calculations. These assumptions are justified by pre-
vious work which shows that, despite substantial preferential vibrational excitation,
fast thermalization occurs on timescales below 100 µs [26] and the thermal conversion
mechanisms dominate over vibrational mechanisms under steady state and high
temperature reactor conditions [84].

In total 26 reactions between the 5 most prevalent neutral chemical species in the
plasma: CO2, CO, O2, O, C are incorporated in the model, which consists of the re-
action set of Butylkin et al. [28] with supplemented reactions involving atomic carbon
from Beuthe et al. [150]. The contribution of electron-impact driven chemical reactions
was investigated in the model by including an electron density proportional to the
power density PV,j at each point, with measured line-integrated electron densities
taken from [18]. It was found that electron-impact dissociation reactions of CO2, CO
and O2, with rate coefficients taken from [151], contribute at most 10% to the total CO
flux at the output of the reactor. To simplify the discussion, the effect of electron-
impact reactions will be neglected for the remainder of this work.

Power not converted to CO and O2 leaves the reactor via convective effluent flow
or is radiated out of the reactor at the outer wall in the form of heat via the boundary
condition

qwall = ω(TJ − Tenv) + εσSB(T 4
J − T 4

env) , (8.10)
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Figure 8.5: Diagram of the model implementation

with TJ the temperature of the gas in the outermost volume element, Tenv the tem-
perature of the environment fixed at 300 K, ω a heat transfer coefficient fixed at
25 W/m2/s (a typical value for free convection of air), ε the emissivity of quartz
fixed at 0.93 and σSB the Stefan-Boltzmann constant. All governing equations in the
model, including the continuity equations and thermodynamic functions not dis-
cussed here, are listed in Appendix D.

The model implementation is illustrated in the diagram of Fig. 8.5. The govern-
ing equations are solved to obtain spatial distributions of temperature Tj(z) and the
species densities ni,j(z). For each set of experimental conditions (ΦCO2

, p and P )
the model is iterated under variation of the peak turbulent viscosity νmax

T until the
simulated peak temperature Tmax

sim matches the experimental peak temperature Tgas.
This fitting procedure for νmax

T ensures that the radial turbulent transport is repre-
sentative for the simulated conditions.

The simulated αsim and ηsim are calculated from ni,j(z = Z) (with i = 1, 2, 5

for CO2, CO and C, respectively) using Eq. (8.1) and (8.2), where Z is the coordi-
nate at which temperatures Tj have returned to their starting value of 300 K. For
most conditions this occurs at Z ≈ 1.5 m, with the power density profile centered
on z = 0.15 m. At z = Z, both temperatures and species densities are fully mixed
and uniform across all volume elements j, so that ni,j(z = Z) with any j can be
used to calculate αsim and ηsim. At intermediate z-coordinates, where gradients exist
for both temperature and species densities, it is helpful to define radially averaged
values using

〈ni〉 =

∑
j vjAjni,j∑
j vjAj

and (8.11)

〈T 〉 =

∑
j n0,jAjTj∑
j n0,jAj

, (8.12)
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Figure 8.6: Energy efficiency and conversion of the dissociation process at a fixed input power
of 1000 W. Left: experimental results. Right: modeling results.

where the radially averaged species density at position z 〈ni〉 is determined by weight-
ing on the species flux in a volume element and the radially averaged temperature
〈T 〉 is determined by weighting on neutral density. 〈ni〉 is used to evaluate the max-
imum production of CO in the reactor, as well as the loss of CO downstream from
the plasma. 〈T 〉 is used to determine the downstream cooling rate of the gas along
the length of the reactor.

8.4 Results

The CO2 conversion and energy efficiency are obtained for varying pressure and
flow at a fixed power input of 1 kW. The energy efficiency is shown in Fig. 8.6 for
different flow rates ranging from 2.8 to 14 slm. The corresponding simulated values
of energy efficiency are shown in the adjacent panel.

Experimentally, two pressure regimes can be distinguished based on their dis-
tinct energy efficiency behavior. Below a pressure of approximately 110 mbar the
efficiency increases with pressure, while above 110 mbar the energy efficiency gen-
erally decreases. It is notable that efficiency is largely independent of flow rate at
low pressure, while a strong dependence occurs for high pressures. We find that
the transition pressure at the inflection point coincides with the mode transition
from L-mode to H-mode conditions, which with 1 kW input power occurs around
110 mbar [19]. The mode transition in the 100 - 200 mbar regime results in a significant
reduction in radial plasma size (Fig. 8.1). As a result, the temperature increases from
3000 K to 4000 K at low pressure to 5500 K to 6500 K at high pressures, which signif-
icantly influences the thermal process rates in the high temperature region and the
balance between CO and C production [19].

The results of the reactor simulations in Fig. 8.6b are in good agreement with
the experimental values of η and α, considering the simplicity of the model. The
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model qualitatively captures the rise in efficiency up to 110 mbar, the peak between
100 and 200 mbar and the flow dependence at higher pressures. Without turbulent
transport, (i.e. νT = 0) the simulated gas temperatures deviate strongly from the
experimental values, particularly under H-mode conditions (Tsim > 20 000 K). We
find that only for significant values of νT a match could be obtained between the
simulated and experimental temperature as shown in Fig. 8.7. The corresponding
νT,peak values in Fig. 8.8 reveal a general νT ∝ p−1.84 dependency, leading to one
to two orders of magnitude change in the pressure range from 70 mbar to 500 mbar.
This illustrates the importance of accounting for radial turbulent mixing in order to
obtain realistic simulated gas temperatures, and shows that the particle and energy
balance of the plasma are strongly impacted by the radial turbulence-induced trans-
port. Consequently, that incorporation of turbulent mixing in the model is essential
to accurately describe the chemical processes.

While we have not thoroughly assessed the physical principles underlying the
particular scaling behavior of the turbulent mixing parameter, it appears to relate
to the dependence of turbulent velocity fluctuations on the gas density. Despite the
decline of νT with pressure, the contribution of radial transport is found to be highest
at elevated pressures (Fig.8.9), because the radial concentration and gas temperature
gradients are much stronger in the high-pressure contracted discharges.

The production-limited and recombination limited regimes are characterized fur-
ther by quantifying the timescales of energy- and heavy particle transport and the
loss of CO molecules during the recombination trajectory. Therefore we consider
energy confinement time and particle residence time in high-temperature region.

Energy confinement time Under steady state conditions the energy confinement
time τE = W/Ploss represents the rate of energy loss from the plasma in relation
to the global energy content W . Under assumption of a local chemical equilibrium
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Figure 8.9: The fraction of net diffusive diffusive energy transport from the plasma ΓE,D over
the total energy flux (advective, diffusive, conductive).

(ce) in the plasma, the energy confinement time of the plasma can be determined
straightforwardly:

τE,ce =
∆W (p, T )

PV
. (8.13)

Here ∆W (p, T ) is the heating enthalpy of the reactive mixture in the high-temperature
phase of the thermal dissociation process with respect pure CO2 at room tempera-
ture (Eq. (2.5)) and PV is local power density. The modeled value of τE = W/(ΓE,A +

ΓE,D + ΓE,Q) consists of the confinement times of advective (A), diffusive (D), and
conductive (Q) energy transport terms. The experimental values of τE,ce are obtained
based on the measurements of peak gas temperature and peak power density in the
plasma, and are compared in Fig. 8.10 to the simulated values.

Good agreement between the experimentally and model-derived values of τE
are obtained for discharge conditions above 100 mbar. As will become apparent, the
overestimation of τE,exp at low pressure arises due to overestimation of the internal
energy of the plasma, as the local thermal equilibrium assumption in the calculation
of ∆W (p, T ) breaks down at low temperature.

The fraction of diffusive energy transport in relation to the total energy trans-
port through the plasma in Fig. 8.9 quantifies the relative importance of diffusive
transport in the energy balance of the plasma. Here ΓE,D/ΓE,tot = ΓE,D/(ΓE,A +

ΓE,D + ΓE,Q) is defined in Eq. (D17-D19) in Appendix D). Diffusive energy transport
clearly dominates at high pressure, as it provides approximately 80 % of the total
energy transport from the plasma in the pressure region where the discharge con-
traction gives rise to the strongest radial temperature gradients. Advective transport
prevails at low pressure, as the radial gradients are less pronounced due to a more
uniform power deposition profile associated with the L-mode discharges.
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Residence Time While the energy confinement time characterizes the timescale of
energy flow through the plasma, the heavy particle confinement time is a measure
of particle residence time τres in the plasma. The value of τres is particularly relevant
in relation to the kinetic timescale of chemical conversion, τeq (i.e. the timescale of
chemical equilibration of the mixture), as it characterizes the extent to which chem-
ical reactions occur within the processing time. Here we define τeq as the time re-
quired to reach 95 % of the equilibrium composition in terms of CO concentration.
A local chemical equilibrium in the high temperature zone may only be reasonably
assumed when τeq << τres. In the model τres (=1/(τ−1

A + τ−1
D )) where τA and τD de-

note the characteristic times of particle replacement in the plasma core by advective
and diffusive transport, respectively.

Figure 8.11 shows the simulated values of τres and τeq in relation to the discharge
pressure. It is apparent that the temperature shifts induced by the plasma mode
transitions therefore results in distinct low- and high pressure flow-kinetic regimes:
At low pressure (τeq ≥ τres), while at high pressure τeq � τres. τeq scales expo-
nentially with gas temperature according to the Arrhenius behavior of the reaction
rates, which explains the strong increase in the chemical reaction timescale in the low
pressure range. Consequently, the conversion at low pressure is production-limited,
not only due to the limited efficiency of the thermal conversion process at low tem-
peratures, but also because of the slow chemical kinetics in relation to the transport
timescales. At high pressure, τres remains between 0.1-1 ms over a wide pressure and
flow range. This relatively insensitivity to pressure and flow is explained by the fact
that both the plasma size and temperature stabilize for fixed power input in H-mode
conditions [19].

CO recombination The net change in CO flux downstream from the high temper-
ature region, as a result of kinetics in the cooling trajectory, is quantified by the CO
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recombination factor γCO. In the model we define

γCO =
〈ΦCO〉(z=Z)

〈ΦCO〉max . (8.14)

Here 〈ΦCO〉(z=Z) is the stabilized CO particle flux at an axial position Z far from
the plasma and 〈ΦCO〉max is the peak value along the tube axis. As γCO is obtained
from averages over the tube cross-section, it represents the net balance between pro-
duction and loss of CO and provides a useful measure of the extent to which CO is
retained in the cooling trajectory of dissociation products.

Fig. 8.12 shows typical simulated profiles of 〈ΦCO〉 and 〈T 〉 for several combina-
tions pressure and flow. Here, the the heat source coincides with the profile peaks
around z = 0.15 m.

The low pressure conditions at 110 mbar and 14 slm flow rate (a) show a modest
decline in 〈ΦCO〉, from at most 1.7 slm close to the heat source to 1.4 slm far down-
stream. Using Eq. 8.14 for these control parameters we find γCO ≈ 0.80, i.e. roughly
20 % of the CO produced in the high temperature zone is converted back to CO2 in
the cooling trajectory. For higher pressure (as shown by the simulations at 600 mbar

with 14 slm and 2.8 slm total flow in Fig. 8.12) the net recombination of CO is evi-
dently enhanced as indicated by the strong drop in 〈ΦCO〉. High pressure conditions
enhance the rate of recombination, as recombination of CO with O or O2 requires
a third body. Even so, the recombination losses at high pressure are mitigated by
enhanced flow rates: γCO decreases from 90 % to approximately 50 % when the flow
rate is increased from 2.8 to 14 slm.

We now consider the impact of γCO on the efficiency of the overall conversion

(a)note: low flow rate under low pressure conditions resulted in unstable plasmas, and are therefore
omitted
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H-mode conditions L-mode
η0=0.40

η0=0.35

Figure 8.13: Modeled post-discharge CO retainment fraction γCO. Indicated are the recombi-
nation limited regime of the H-mode conditions (light blue background) and the production
limited regime of the L-mode discharge conditions (dark blue background)

process. An overview η as function of the γCO is provided in Fig. 8.13. Two regimes,
highlighted by their distinct background colors, correspond roughly to the L-mode
and H-mode plasma conditions. Most CO is retained in the post-discharge of L-
mode plasmas, since γCO > 0.8 under these conditions. Even so, unfavorable re-
action timescales and thermodynamic energy efficiency previously established for
the L-mode plasmas limits the overall efficiency. The higher pressure H-mode con-
ditions, on the other hand, yield larger range of γCO values between 0.1 and 0.8.
Since γCO is strongly influenced both by changes in p and Φ (indicated by the ar-
rows), both of these parameters have a large influence on the kinetics of the product
cooling trajectory.

One can observe in Fig. 8.13 that the H-mode data points are well described by

η = η0 · γCO, (8.15)

where η0 represents the efficiency of the conversion process in the high temperature
zone of the reactor while excluding the subsequent (downstream) kinetics of the
dissociation products. The dashed line illustrates points with a typical values of
η0 ≈ 0.4. As η is directly proportional to the reactor output flux of CO ΓCO according
to its definition in Eq. (3.4), Eq. (8.15) can be rewritten as

ΓCO = ΓCO,prod · γCO, (8.16)

and therefore ΓCO relates the net source flux of CO from the high temperature re-
gion ΓCO,prod to the reactor output γCO. Consequently, the behavior of Eq. (8.15),
which describes a similar η0 value for all H-mode conditions, shows that at a fixed
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Figure 8.14: Modeled radial profiles of local conversion α and gas temperature Tgas at the
plasma location, shown for high and low pressure conditions and flow rates

power input the H-mode conditions lead to similar net production rates of CO in
the high temperature region of the reactor. The changes in energy efficiency induced
by pressure and flow rate, on the other hand, are attributed to changing kinetics in
the cooling trajectory of the plasma products. It is important to realize that the cur-
rent analysis of the simulation results, assessed using the ΓCO parameter, considers
averages of net production and destruction of species rather than distinct CO pro-
duction and loss routes. In the future, a more in depth analysis of the individual
reaction rates in the plasma and recombination regions will provide more detail on
the influence of pressure, power and flow on the dominant reaction pathways.

The role of turbulent transport in quenching process The previously established
impact of flow and pressure on γCO is related to the radial transport in the reactor
and its influence on the temperature evolution of the cooling trajectory. We point out
that conditions of high γCO qualitatively corresponds to relatively low temperatures
in the afterglow region (as shown by the development of 〈T 〉 downstream from the
heated zone z > 0.15 in Fig. 8.12b). The simulation shows that high flow rates keep
the average temperature in the recombination trajectory below 2000 K. Under such
conditions, CO recombination can be largely prevented because the rate of O + O
is faster than the rate of CO + O recombination for T below 2000 K. Conditions of
’overheating’, downstream from the high temperature region, occur at low flow and
high pressure with T over 3000 K. These high temperatures coincide with a strong
decline in 〈ΦCO〉. In conclusion, high pressure induces elevated CO recombination
rates around the plasma, but the cooling effect enhanced flow rates mitigate this
effect.

We have established thus far that cooling between plasma and peripheral flows
facilitates the quenching of CO reactions in the recombination trajectory. In addition,
radial transport of particles and energy between periphery and reactive zones not
only enhances the cooling trajectory of the reaction products, but also enhances the
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resupply of CO2 to the reactive zones. Following Le Chatalier’s principle, enhanced
concentrations of CO2 in the reactive zones will shift the chemical balance to the
reaction products and, as reverse reactions are mitigated, enhancing the efficiency
of the conversion process. Therefore, the merits of turbulent mixing on dissociation
products quenching can be attributed both to cooling and product dilution.

Without the effects of turbulent mixing, product quenching relies on heat extrac-
tion from the dissociation product mixture for cooling via e.g. wall conduction or
gas-dynamic expansion. This occurs at low flow conditions (Fig. 8.14) where the
diminishing radial gradients in temperature and species concentrations start to re-
semble the homogeneous heating conditions of Fig. 8.2. Because of the diminished
role of radial transport in such cases, the recombination kinetics are more true to the
global kinetics models [17,28,33], which show that cooling rates of at least > 106 K/s

are required to largely prevent product recombination. As no specific measures were
taken in our current experiment to enhance heat transport away from reactor tube, it
is evident that under conditions of high power and low flow the cooling trajectory is
compromised by the limited heat transfer via the reactor tube. High conversion rates
have, however, been achieved previously, under conditions of high power and low
flow rates, but with expansion to vacuum [21]. It therefore appears that realization of
a high conversion asks in particular for measures which enhance heat extraction in
the afterglow by means of i.e. active wall cooling and expansion nozzles.

8.5 Discussion

Limitations in energy efficiency An overview of energy efficiency and conversion
values are shown in Fig. 8.15. One can observe that the broad parameter range cov-
ered in this plot results in optimal energy efficiency values, between 35 % to 40 %, in
a broad range of input power (400-1400 W), flow (between 3 and 28 slm) and pres-
sure (between 80 and 800 mbar. This apparent plateau in energy efficiency, indicated
by the red line around 38 %, is more commonly reported for CO2 plasmas in other
configurations. For instance, at 650 mbar we observe an η of 35 % with a conver-
sion of 11 %. These values were obtained at 1 kW input power and 14 slm and with-
out additional measures to actively cool the exhaust flow. Such values are similar
to optimal values of η and α previously found in atmospheric pressure gliding arc
(APGA) [68,70,71] and atmospheric pressure glow discharge (APGD) [81] experiments
(see Fig. 2.10). Moreover, the trade-off between efficiency and conversion at high
pressure, which we explain based on the interplay between the CO recombination
kinetics and turbulent mixing, is another common feature across [12,46,116]. These sim-
ilarities in efficiency, conversion, and trade-offs behavior suggest that the dissocia-
tion and recombination mechanisms of microwave plasma described in this work by
more generally applicable to other plasma sources for CO2 conversion.

In the simulations of H-mode discharges, γCO values of up to 80-90 % are achieved,
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Figure 8.15: Overview of efficiency and conversion data in a broad range of power, flow rates
and pressure. Hollow markers indicate L-mode conditions and solid markers represent H-
mode plasmas

while η0 varies between approximately 0.35 and 0.43. This indicates that the CO out-
put of the high temperature region is largely maintained in the cooling trajectory
under the most favorable conditions of pressure and flow.

The narrow range of η0 values, obtained in the simulations for a wide range of
pressures and flow, are similar in value to the energy efficiency limit observed in ex-
periments (Fig. 8.15). It is plausible this more widely observed energy efficiency limit
of 40-50 %, both in experiments and modeling, can be explained by the manifesta-
tion specific dominant kinetic pathways in the recombination trajectory. In Sect. 2.1)
the thermodynamic energy efficiency along various of such kinetic pathways (i.e.
quenching trajectories) have been assessed. For instance, when CO recombination
in the cooling trajectory is prevented entirely while all atomic oxygen associated to
O2 (following an ideal quenching trajectory in which the conversion of CO2 in the
plasma is conserved in the cooling trajectory) the energy efficiency is ηIQ = 30-50 %

for a temperature of 3000-6000K in the high temperature region (Fig. 2.6). While
thermodynamic limits imposed by ideal quenching is a plausible explanation for the
observed maxima in η, it is important to realize that the further analysis of the in-
dividual reaction rates is required to provide more solid insight in to the distinct
reaction pathways.

In the further assessment of the quenching mechanisms, it is particularly inter-
esting to consider the CO2 + O reaction in the cooling trajectory. With the stimula-
tion of this reaction in the cooling trajectory, an energy efficiency of approximately
70 % is predicted based on thermodynamic calculations of the super-ideal quench-
ing scenario (Sect. 2.1). A thermal dissociation process with super-ideal quenching in
the recombination trajectory approaches the high efficiency values of 80 % reported
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previously under supposed conditions of vibrational non-equilibrium [16]. The real-
ization of such efficiency values via super-ideal quenching in a thermal dissociation
scenario remain elusive, both in experiment and modeling. In particular, the acti-
vation barrier of the CO2 + O reaction of 1.57 eV inhibits this reaction pathway [34].
While strong conditions of VT-nonequilibrium are thought to greatly enhance the
CO2 + O rate by vibrational activation [29], it remains largely unclear how these re-
actions can be best leveraged in a thermal regime. The extent to which the limits
of ideal and super-ideal quenching can be approached under conditions of thermal
plasma will be evaluated in future iterations of the model.

Furthermore, the thermodynamic calculations of energy efficiency (Fig. 2.6) pre-
dict values of around ηIQ = 50 % when the dissociation process takes place at around
3000 K. However, as previously established, the residence times in this regime are
insufficient to accommodate the relatively slow chemical kinetics timescales. There-
fore, in order to approach the theoretical efficiency values in the lower temperature
range, the residence times of particles in the high temperature zone must be im-
proved in future experiments e.g. by adjustment of the flow geometry or the vortex
intensity.

Despite the good qualitative agreement between experiment and model in Fig. 8.6,
the quantitative deviations that occur particularly at high and low pressure remain
to be addressed. While a more in-depth analysis of the simulation results is required
to establish the causes of deviation, we can already speculate on plausible causes.
The underestimation of α and η, in particular at high pressure and flow rate, sug-
gest that both η0 and γCO are underestimated in the model. Therefore, it appears
that the model underestimates the rate of CO production in the high temperature
region of the reactor and over-estimates the recombination rates in the quenching
region. Such deviations may result from the simplified flow dynamics in the model.
The laminar representation of the flow, with an effective radial turbulent mixing
parameter, likely over-simplifies certain spatial aspects of the complex vortex flow
dynamics (and its implications on the on the particle residence times and quenching
trajectory) which we currently do not fully comprehend. This can explain the devi-
ations at low pressure, where the state of chemical non-equilibrium is sensitive to
deviations in particle transport, but also at high pressures, where turbulent mixing
plays an important role in the recombination process. Enhancements in the spatial
resolution in the radial direction to better resolve the steep plasma-induced gradi-
ents, and incorporation of more refined flow dynamics by closer integration of CFD
modeling need to be implemented to improve the model accuracy. Also errors in the
kinetic rate coefficients of the chemical mechanism are possible cause of inaccuracies,
as presently only thermodynamic consistency is ensured (i.e. develops towards the
correct equilibrium composition) but not the equilibration timescale. These aspects
will be considered in the future improvements of the model.
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Implications of non-uniform plasmas on common practices of global discharge
characterization In Chapter 7, we have shown that discharge contraction can be
controlled by means of the pressure to optimize the plasma parameters for the thermal-
chemical CO2 conversion process. While pressure has been a central parameter in
this work, the extent of discharge contraction is also known to be impacted by pa-
rameters such as power input [18] and gas composition [92]. For instance, the common
practice of admixture of gasses to study their impact on the plasma chemistry and
plasma kinetics [12] may simultaneously affect the local power density, even though
the nominal power input remains constant. This shows that, in general, in studies of
plasma-chemical parameters in nonuniform plasma flow reactors, the possible impli-
cations of discharge contraction in response to variations in the process parameters
of interest should not be ignored.

The peaked power density associated with non-uniform discharges evidently im-
plies that that the global (average) specific energy input (Eν ∝ Pabs/Φ) does not
provide an accurate measure of the discharge conditions. As power input Pabs and
flow rate Φ influence the conditions of the plasma- and recombination zones in fun-
damentally distinct ways, Eν characterizes neither the plasma state nor the overall
reactor performance. In general, we find that the use of Eν as a basis of comparison
for non-uniform plasma flow reactors (including but not limited to microwave plas-
mas and gliding arcs) can not be justified, and should therefore be avoided. Van den
Bekerom et al. [25] proposes a local SEI parameter which accounts for the dimensions
of the heated region. However, as shown by the particle residence time and energy
confinement time analysis, the particle flows in turbulent plasma environments (and
by extension the local SEI values) rely strongly on the advective and diffusive trans-
port. Consequently, studies of non-uniform plasma reactors which utilize the SEI
parameter (global or local) without considering these factors are susceptible to large
error and unjustified conclusions.

8.6 Concluding remarks

This study investigates the implications of non-uniform heating on the dissociation
and recombination mechanisms in the vortex-stabilized CO2 microwave discharge,
combining experiments with simplified 2D axisymmetric tubular reactor model.

The CO2 conversion and energy efficiency are characterized as function of power,
flow and pressure. The reactor model employs a cylindrical geometry with laminar
flow, while an effective turbulent transport parameter is imposed to approximate
the radial transport induced by the complex vortex flow dynamics. Experimentally
obtained power deposition profiles are imposed. The plasma is considered as a sim-
ple heat source, where the chemical kinetics are determined by the local gas tem-
perature. Following this approach, the energy efficiency of the plasma-conversion
process is reproduced with good qualitative agreement as function of pressure for
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different flows and at an input of 1 kW. This is achieved by considering the non-
uniform discharge characteristics (i.e. the pressure-sensitive contraction dynamics
of the discharge and the radial transport induced by temperature and concentra-
tions gradients) as well as the implications of the vortex-induced radial turbulent
transport.

The simulation results show that the discharge modes of the CO2 microwave
plasma induce distinct chemical-kinetic regimes. Low pressure L-mode conditions
limit the CO production in the plasma due to slow dissociation rates, related to rel-
atively low plasma temperatures. High pressure H-mode plasma conditions, on the
other hand, are associated with energy efficiency limitations resulting from down-
stream recombination processes. The transition conditions between 100 - 200 mbar

provide a favorable trade-off between the dissociation rates in the plasma (which
increase with pressure as a result of contraction-induced temperature rise with pres-
sure) and pressure-stimulated recombination effects, and explains the more common
observation of favorable CO2 microwave reactor conditions in this particular pres-
sure regime.

Both the experiments and model reach energy efficiency values up to approx-
imately 40 % under favorable combinations of flow and pressure. The model in-
dicates that the CO flux produced in the high temperature region only reduces by
roughly 10-20 % during the recombination trajectory. Pressure-induced recombina-
tion effects can be quite significant, however, with up to 90 % loss of CO in the cool-
ing trajectory at high pressure and low flow rate. There is an eminent role for radial
transport in facilitating the quenching process by providing both cooling and dilu-
tion through diffusive mixing. The radial admixture of CO2 can largely mitigate the
pressure-enhanced recombination effects up to atmospheric pressure, but this comes
at the cost of low conversion.

The conversion and recombination processes in the high temperature zone and
cooling trajectory should be further evaluated by means of a pathway analysis to
establish the dominant mechanisms and their limitations on the overall conversion
process. For this, the remaining quantitative deviations between experiment and
model must be addressed by improvements in the accuracy of the kinetics scheme
and further refinements of the simplified vortex flow implementation in the model.
In general, the development of models that accurately describe the contraction dy-
namics in molecular plasmas such as CO2 would improve the predictive capabilities
of non-uniform plasma reactor models.

Further prospects for efficiency enhancement in the thermal CO2 plasma remain.
In particular, the established importance of kinetics and turbulent transport in the
cooling trajectory shows that these aspects deserve to be further investigated.



Appendix A

Derivation of the electron
density shape

The O(3s5S0 ← 3p5P) atomic oxygen lines at 777 nm are excited mostly via direct
electron impact excitation from the ground state. The high excitation energy of
10.74 eV in relation to the electron temperature and gas temperaure and the fast col-
lisional quenching of excited states in the moderate pressure regime, make excitation
via stepwise- or heavy-particle induced processes less likely. Under electron impact
excitation, the radiation balance of the emitting state results in

I777nm ∝ n∗Okrad ≈ krad
kext(Te) · nOne
krad + n0kQ,M

(A1)

Here, kext(Te) is the rate constant of electronic excitation, nO is the atomic oxygen
ground state density. The proportionality of ne with I777 is evaluated by assessing
the timescales involved in the process. The radiative lifetime τrad = 1/krad of the
upper state is approximately 50 ns [152]. The rate constant of collisional quenching
of the upper state by heavy particle interactions kQ ≈ 10.8 · 10−16m3s−1 [152] and
electron-induced quenching can be neglected at low ionization degree. Since kQ

and krad are constants and kQn0 > krad using typical plasma conditions, the radial
emission intensity profile becomes a function of electron temperature, mole fraction
of ground state oxygen and the electron density.

I777nm ∝ kext(Te) · xO · ne (A2)

In this expression, the electron temperature Te is taken as an average over the dis-
charge, as the radial dependence of E/n is expected change only slowly with elec-
tron density within the plasma medium due to counteracting effects of temperature
rise and attenuation of the field towards the center of the filament [29]. This notion has
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since been corroborated by simulations of wave absorption in the microwave plasma
medium [24]. Even so, as the rate constant kext(Te) has an exponential dependency on
Te, variations in Te are expected to result in either an over- or underestimated of the
electron density profile. As the extensive self-consistent kinetic modeling required to
quantify the spatial variations in Te is out of the scope of this work, its effect remain
to be evaluated in future work.

If the neutral particle conversion dominates, the concentration of oxygen xO be-
comes largely constant over the ne distributions, as the turbulent radial transport of
species lead to spatial distributions of temperature and species concentrations gra-
dients much weaker than the electron density gradients. On the other hand, atomic
oxygen production is driven predominantly by electron-impact reactions, the local
oxygen concentrations scale up to linearly with ne, which would result in a n2

e de-
pendence in Eq. (A2). The anticipated effect of shifting dominant oxygen production
mechanisms is accounted for by adopting an exponential scaling parameter s,

I777 ∝ ns
e (1 ≤ s ≤ 2), (A3)

where s ranges between 1 and 2. The radial emission intensity has a Gaussian profile
which is described by

I777(r) = I777(0) exp

(
−1

2

r

Λ777

)
, (A4)

where I777(0) is the emission intensity on the discharge axis and Λ777 is the standard
deviation. The radial electron density profile is obtained by substituting Eq. (A4)
into Eq. (A3)

ne(r) = ne(0) exp

(
−1

2

r2

(
√
sΛ777)2

)
, (A5)

which retains its Gaussian shape regardless of the specific value of the s parame-
ter. This shape qualitatively corresponds well with predominantly Gaussian pro-
files obtained via numerical simulations of the electron density profile in similar dis-
charges [114,123].



Appendix B

Limitation on the derivation of
the electron density

The electron density calculations using Eq. (3.20) are based on the plane wave prop-
agation through a dielectric medium using the Lorentz conductivity model. This
expression is derived based on the homogeneous slab approximation and the adia-
batic approximation.

• In the homogeneous slab approximation the problem is simplified to a plane
wave propagation calculation through an infinite plasma slab geometry. In
our case, the electron density variation along the propagation axis corresponds
with the radial density profile. For large homogeneous plasma conditions
where the plasma size is much larger than the diagnostic wavelength, the ho-
mogeneous approximation is valid. Significant deviations from ideal behavior
are expected at high ionization degrees due to scattering effects when the di-
agnostic wavelength approaches the plasma diameter.

• The collisionless approximation, it is assumed that no absorption in the plasma
medium occurs. This approximation is valid when when νm/ωd � 1 and the
plasma frequency is lower than the diagnostic frequency [106].

Since the plasma has a cylindrical geometry rather than a slab, and the radius of the
discharge approaches the wavelength of the diagnostic beam (1.8 mm), it is impor-
tant to establish the boundaries at which the assumptions break down. We therefore
assess in this section the applicability of Eq. (3.20) for the plasma conditions pre-
sented in this work.

The ideal collisionless behavior is demonstrated by assessing the ratio of phase
shifts from the dual frequency phase shift ratio analysis. According to the ideal be-
havior in Eq. (3.20) the ratio between the acquired phase shifts for the distinct fre-
quencies should equal collisionless ratio of the diagnostic frequencies. A deviation
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Figure B.1: The ratio of phase shifts using 168 and 140 GHz diagnostic beams, indicating col-
lisionless behavior between 100 mbar to 350 mbar.

from this ideal behavior can indicate, for instance, unaccounted collisional effects.
Fig. B.1 shows the phase shift ratio for a set of measurements obtained at a diagnos-
tic frequency of 168 GHz and 140 GHz. We note that the deviations observed at lower
pressure result from in relatively large errors in the phase shift measurements at low
electron density values. The ideal phase shift ratio is 168/140 = 1.2 is achieved for
a pressure up to 350 mbar, which shows that the electron density values are valid at
least up to this pressure.

An abrupt deviation from ideal behavior is observed above 350 mbar, character-
ized by a 180 deg inversion of the phase shift (Fig. B.2). The stable plasma conditions,
signified by the plasma radius and gas temperature, suggests that the strong fluctu-
ations in phase shift are a measurement artifact. Calculations of plane wave scat-
tering around a dielectric cylinder, using the analytical solution provided by Balanis
et al. [153], shows that the measurement artifact can be explained by Mie-like scatter-
ing that occurs at a resonant condition of λd/µ ≈ dpl. The calculations qualitatively
capture the phase shift inversion at the estimated dielectric cylinder conditions.

The attenuation observed above 200 mbar is associated with the beam scattering
rather than the attenuation of the beam in the plasma medium. The phase shift ratio
analysis demonstrates that the plasma acts as a low-loss medium. We conclude that
the homogeneous approximation give reliable electron density values for pressures
below 350 mbar. Evidently, this is not a fundamental limit but rather a result of the
experimental configuration in combination with the plasma conditions.
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Figure B.2: Propagation characteristics of the diagnostic beam terms of phase shift (a) and
attenuation (b), and the corresponding plasma radius (c) and temperature (d) for the entire
considered pressure range.
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Appendix C

Model Reactions

Table C.1: Rate constants and activation energies of the elementary reactions considered in
the kinetics calculations, adapted from Den Harder et al. [17] (H) and Beuthe et al. [150]. The rate
constant is expressed in m3s−1 for binary reactions and m6s−1 for ternary reactions.

No. Reaction k0 Ea (K) source

N1 2 CO2 −−→ CO + CO2 + O 4.38× 10−13 64697 H
N2 CO + CO2 −−→ 2 CO + O 4.38× 10−13 64697 H
N3 CO2 + O2 −−→ CO + O + O2 3.72× 10−16 60199.2 H
N4 CO2 + O −−→ CO + O2 7.77× 10−18 18166.2 H
N5 2 O2 −−→ 2 O + O2 8.14× 10−15 59684.4 H
N6 O + O2 −−→ 3 O 1.99× 10−14 57820 H
N7 CO + O2 −−→ CO + 2 O 2.41× 10−15 59379.9 H
N8 CO2 + O2 −−→ CO2 + 2 O 2.57× 10−15 59626.5 H
N9 CO + CO2 −−→ C + CO2 + O 1.46/T 3.52 128700 B
N10 2 CO −−→ C + CO + O 1.46/T 3.52 128700 B
N11 CO + O2 −−→ C + O + O2 1.46/T 3.52 128700 B
N12 CO + O −−→ C + 2 O 1.46/T 3.52 128700 B
N13 2 CO −−→ C + CO2 9.02× 10−22 70944.4 B
N14 CO + CO2 + O −−→ 2 CO2 6.54× 10−45 2183.97 H
N15 2 CO + O −−→ CO + CO2 6.54× 10−45 2183.97 H
N16 CO + O + O2 −−→ CO2 + O2 6.51× 10−48 -1856.72 H
N17 CO + O2 −−→ CO2 + O 1.23× 10−18 15359.7 H
N18 2 O + O2 −−→ 2 O2 6.81× 10−46 0 H
N19 3 O −−→ O + O2 2.19× 10−45 -2340.47 H
N20 CO + 2 O −−→ CO + O2 2.76× 10−46 0 H
N21 CO2 + 2 O −−→ CO2 + O2 2.76× 10−46 0 H
N22 C + CO2 + O −−→ CO + CO2 9.1× 10−34 /T 3.08 -2114 B
N23 C + CO + O −−→ 2 CO 9.1× 10−34 /T 3.08 -2114 B
N24 C + O + O2 −−→ CO + O2 9.1× 10−34 /T 3.08 -2114 B
N25 C + 2 O −−→ CO + O 9.1× 10−34 /T 3.08 -2114 B
N26 C + CO2 −−→ 2 CO 9.02× 10−22 0 B
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Appendix D

Model equations

Continuity equations A system of coupled mass and energy balances are solved
for each volume element j at axial coordinate z to obtain radial and axial tempera-
ture and species distributions. For computational efficiency, the number of volume
elements in the radial direction was limited to J = 12. It is implicitly assumed that
within a single volume element j the fluid is perfectly mixed in the radial directions,
both in terms of species densities nij and axial velocity component vj . The mass
balance for species i and volume element j is given by

Aj
∂vj(z)n

i
j(z)

∂z
= (Rij (Tj(z), z)− Λij (Tj−1(z), Tj(z), Tj+1(z), z) , (D1)

and the energy balance for a volume element j by

∂

∂z

(∑
i

vj(z) · nij(z) ·Hi (Tj(z))

)
=(∑

i

Hi (Tj(z)) · Λij (Tj−1(z), Tj(z), Tj+1(z), z)

)
+Qj

(
Tj−1(z), Tj(z), z

)
, (D2)

where Rij the chemical reaction rate in particle/m3/s, Λij the net loss or gain of
species i from volume element j through radial transport in particle/m3/s, Hi the
enthalpy of species i in J/particle and Qj the net heat flux from volume element j in
J/m3/s. The cross-sectional area of a volume element Aj is in m2 is calculated from
the radial position of volume element boundaries rj using

Aj = π
(
r2
j − r2

j−1

)
. (D3)
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The ideal gas law provides an additional continuity equation:

p = kbTj(z)
∑
i

nij(z) = kbTj(z)n
0
j (p, Tj(z)) = const , (D4)

where total static pressure p is kept constant throughout the reactor.

Following the continuity equations, the velocity in each volume element is de-
scribed by

vj [z] =
ṁ

AjM j(z)n0
j (p, Tj(z))

, (D5)

Here, ṁ is the total mass flow into the system and M j(z) is the mean molar mass
which accounts for the net change in total particles due to dissociation or recombi-
nation reactions:

M j(z) =

∑
i n

i
j(z)m

i

n0
j (p, Tj(z))

(D6)

Reaction rates The chemical reactions (App. C describe stoichiometric transforma-
tions of chemical species i for reaction l, which is described by

I∑
i=1

ailXi →
I∑
i=1

bilXi , (D7)

Here Xi is the identity of species i participating in the reaction and ail and bil are the
stoichiometric coefficients. The reaction rate kl(T ) at temperature T is given by

kl(T ) = k0,l exp

(
− Ea,l
kBT

)
(D8)

The net production rate of each species Rij is now obtained by summation over all
Nr reactions

Rij =

Nr∑
l=1

[
(bil − ail)kl(T )

Ns∏
m=1

(nmj )a
m
l )

]
, (D9)

with Ns the number of species accounted for in the model.

Transport equations The diffusion rates Λij in particle/m3/s are given by
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Λij (Tj−1, Tj(z), Tj+1(z), z) =

=
4π

Aj
n0
j (p, Tj−1(z))Dj−1 (p, Tj−1(z)) ·

{
rj−1(z)(χij−1(z)− χij(z))

rj(z)− rj−2(z)

}
−

− 4π

Aj
n0
j (p, Tj (z))Dj (p, Tj(z))·

{
rj−1(z)(χij(z)− χij−1(z))

rj(z)− rj−2(z)
+
rj(z)(χ

i
j(z)− χij+1(z))

rj+1(z)− rj−1(z)

}
+

+
4π

Aj
n0
j (p, Tj+1(z))Dj+1 (p, Tj−1(z)) ·

{
rj−1(z)(χij−1(z)− χij(z))

rj(z)− rj−2(z)

}
, (D10)

with χij molar fractions obtained via the ideal gas law:

χij(z) =
nij(z)

n0
j (p, Tj(z))

. (D11)

Note that in the main text, Γij is expressed as a wall flux in particles/m2/s, while Λij
is expressed as a volume loss rate in particles/m3/s. The heat exchange equations in
units of W/m3/s are given by

Qj (Tj−1(z), Tj(z), z) = PV,j(p, z) +

4π

Aj

[
λ(Tj−1(z))

rj−1(z)(Tj−1(z)− Tj(z))
rj − rj−2

− λ(Tj(z))
rj(Tj(z)− Tj+1(z))

rj+1 − rj−1

]
, (D12)

where the final volume element J includes a wall boundary condition (see main
text):

QJ (TJ−1(z), TJ(z), z) = PV,J(p, z) +

+
4π

AJ

[
λ(TJ−1(z))

rJ−1(z)(TJ−1(z)− Tj(z))
rJ − rJ−2(z)

−

− rJ(z)

2

(
ω(TJ(z)− Tenv) + εσSB(TJ(z)− Tenv)4

)]
. (D13)

The heat exchange equations Qj include the power deposition rate PV,j(z), given by

PV,j(p, z) =
Pabs√

2πσz(p)

[
exp

(
−

r2
j−1

2σr(p)2

)
− exp

(
−

r2
j

2σr(p)2

)]
exp

(
− (z − z0)2)

2σz(p)2

)
,

(D14)
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where the pressure dependence in σr(p) and σz(p) accounts for the change in plasma
shape with pressure and z0 is the center position of the heat source. The diffusion
coefficients and heat conductivity are given by

Dj (p, Tj(z)) = 1.0 · 10−4 · Tj(z)
3/2

p
+
νT,j
ScT

(D15)

and

λj(Tj−1(z)) = 2.5 · 10−3 Tj(z)
3/2

Tj(z) + 300
+ Cp,j(z)

νT,j
PrT

, (D16)

which are discussed in more detail in the main text.
Energy transport rates, in units of J/s from the core of the plasma are determined

for a cylindrical test volume centered on the heat source, with a height 2σz(p) and
radius σr(p). The energy transport rate is determined separately for species diffusion
ΓE,D, species advection ΓE,A and heat conduction ΓE,q at the boundary between
each volume element j using

ΓE,D = 2πrj

∫ z0+σz(p)

z0−σz(p)

(Γij,j+1(z) ·Hi(z))dz, (D17)

ΓE,A = πr2
j vj(z + σz(p))(n

i
j(z + σz(p)) ·Hi(Tj(z + σz(p)))) (D18)

and

ΓE,q = 2πrj

∫ z0+σz(p)

z0−σz(p)

qj,j+1(z)dz, (D19)

where Γij,j+1 is the particle flux in particle/m2/s and qj,j+1 the heat flux in W/m2/s,
both defined in the main text, and Hj the enthalpy of species i in J/particle. To
obtain the energy transport rates at the radius of σr(p), interpolation between results
for different j’s is applied.
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