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Summary

Non-oxidative coupling of methane in microwave plasmas

Usage of natural gas as feedstock for fuels and chemicals will maintain the current growth
rate of the economy in a continuously surging demand for petrochemicals. Methane, the
main component of natural gas, is the least polluting of the fossil fuels. At the same time,
it has a double role both as fuel but also as feedstock for chemicals and can be used as an
intermediate to aid the energy transition. The primary challenge consists in the activation
of the thermodynamically stable methane molecules. Plasma is considered a promising
candidate for power transfer medium (electrons power molecules) that is also compatible
with sustainable electricity. Moreover, with the transition towards renewable energy sources,
the conversion from electricity to chemicals aids to sector integration.

This thesis concerns the characterization of methane discharges in a microwave plasma
reactor for the development of an efficient methyl radical source. The end goal is to have the
flux of plasma produced methyl radicals interacting with catalytic surfaces. Catalysis can
help in obtaining the desired hydrocarbon product leading to the selectivity of the conversion
process. Methane conversion is usually complex and results in a variety of product species
that are not always beneficial. For example, the formation of solid carbon deposits as soot is
a common issue because it can deactivate the catalyst. A microwave reactor was chosen for
methane plasma discharges because of the high energy efficiencies (up to 65 %) reported in
the 1980s. The nonequilibrium nature of the microwave discharges that promotes vibrational
excitation was put forward as a possible explanation for overcoming the thermodynamic
energy efficiency limit of 50 %.

We began this project with a suite of diagnostic tools to characterize the operational
parameter space for methane discharges in a microwave reactor. The parameter space consists
of pressure, gas flow and input power. A limited window was found accessible for stable
plasma discharges. This window was situated at powers up to 500 W and pressures up to
50 mbar. Increasing the value of these parameters led to an unstable plasma and to more
soot formation. The gas flow was varied in the range from 1 to 10 slm showing little effect
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on the discharges. The performance of the reactor discharges was assessed on basis of
three main criteria: conversion (amount of converted methane), selectivity (percentage of
formed products with respect to the converted amount) and energy efficiency (percentage
of input power deposited into chemical bonds). Fourier transform infrared spectroscopy
(FTIR) diagnostic was used to measure absolute concentrations of the major hydrocarbon
species (i.e. input and reaction products). A pressure gauge measured the change in molar
flow from which the hydrogen concentration was also independently inferred. The amount
of carbon deposits was calculated based on the stoichiometry of the reactions: by counting
the carbon and hydrogen atoms and closing the balance. Raman scattering was applied
on nitrogen that was added as probing molecule in dedicated shot discharges and yielded
core gas temperatures up to 2500 K. At lower gas temperatures, the methane chemistry
simplified with ethane as the primary product. Ethane selectivities reached up to 80 % in
the gas phase with a possible reaction path via plasma formed methyl radicals. At higher
gas temperatures, thermal chemistry became dominant and shifted the selectivity towards
acetylene and deposits. Thermal equilibrium calculations confirmed these observations. The
energy efficiency of methane conversion reached up to 15 % from which 10 % represented
coupling efficiency to higher hydrocarbons. It is concluded that there is an interplay between
plasma and thermal chemistry where plasma generates radicals and the final gas composition
is set by thermodynamics.

We continued with measurements of methyl radicals in the simplified methane chemistry
window characterized by high ethane selectivity. Radicals are challenging species to measure
due to their high reactivity leading to a short lifetime. The detection in reactors that are
characterized by strong gradients in temperature and density require spatially resolved
measurements. Methyl radicals, in particular, pose an additional difficulty. Their electronic
states have a very short lifetime making the usual measuring approach, fluorescence detection,
not possible. A robust diagnostic for methyl radical detection is provided by resonance
enhanced multiphoton ionization (REMPI). REMPI is an n+m photonic process in which the
first n photons put the atom into a resonant excited intermediate state, and the other m photons
ionize the resonantly excited atom. It is a resonant process, i.e. wavelength specific for each
transition so high sensitivity and selectivity can be achieved. It is also spatially resolved
because the ionization charge is generated in the focus of the laser beam. An ionization
detector was designed and commissioned on Ar REMPI and it was further applied to the
REMPI quantification of plasma produced methyl radicals in the effluent of a low-pressure
microwave CH4 plasma. Exponentially decaying methyl radical densities in the order of
1017 m−3 were measured up to 10 cm from the plasma. The detector becomes unstable in the
region closer to the plasma due to the probe acting like a microwave antenna. An estimation
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of the plasma produced methyl radicals acted as a point source for a 1D thermodynamic plug
flow reactor (PFR) model of the plasma afterglow. The simulation results were compared with
the REMPI measured profiles and with the FTIR product distribution. The quenching rate was
set by the decay of the CH3 radicals measured with REMPI. The in-plasma conversion degree
was in agreement with the final product distribution measured with FTIR. However, the
absolute methyl radical densities measured with REMPI were approximately three orders of
magnitude lower than the simulation results. The uncertainty in the two photon cross section
used for the methyl radicals could be responsible for the noted differences. Alternatively,
PFR description could be an inappropriate model for the current plasma reactor. On-going
experiments suggest the formation of a recirculation cell inside the reactor. Such behavior is
likely to results in nonuniform profiles that cannot be treated with a 1D PFR description.

Finally, the hydrocarbon plasma chemistry was evaluated and put in relation to electron
energy simulations and measurements to assess the efficiency of methyl production and the
role of vibrational excitation herein. The molecular dissociative recombination (DR) channel
was identified to play multiple roles. DR is the dominant process leading to breaking of
the hydrocarbon chains. Additionally, it was found that in molecular plasmas, DR is also
responsible for the increase of the electron temperature with input power. Further simulations
of the electron energy distribution function demonstrated the efficacy of promoting desired
vibrational excitation channels for C – H bond activation. Depending on the ionic species un-
der consideration, plasma density ne in the range of 1017−1019 m−3 (10−6−10−4 ionization
degree) and the electron mean energy < Te > in the range of 2−4 eV were estimated on
basis of Boltzmann solver calculations. We measured ne from 1019−1020 m−3 and < Te >

from 2−3 eV with Thomson scattering diagnostic that anchored the microwave discharges
in a preferential regime for vibrational excitation. Atomic C+ ions as the dominant ion
species in the plasma could best explain the results. Essentially, elimination of dissociative
recombination channels allows for increased chemical conversion efficiencies by opening the
vibrational excitation pathway. Furthermore, taking off the ionization from the molecular
ions via DR has a beneficial effect for the trade-off between energy efficiency and conversion
degree. The fact that the electron temperature is decoupled from the input power density
allows for high conversion degrees while maintaining the energy efficiency.

The results described in this thesis are significant because they highlight the plasma
formation of methyl radicals within the usually complex methane chemistry at play. A
parameter space is identified in which plasma chemistry dominates over thermodynamics. At
low gas temperatures (low power and pressure), plasma produced methyl radicals leading
to the formation of ethane through dimerization were successfully measured. Additionally,
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electron energy simulations and measurements anchored the microwave discharges in a
regime preferential for vibrational excitation.
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Chapter 1

Introduction

1.1 Natural gas as feedstock for fuels and chemicals

The dependency on petrochemicals is unavoidable in the current modern society, as reported
in The Future of Petrochemicals, an International Energy Agency 2018 study.[1] The demand
for petrochemicals is continuously surging, with the plastics outpacing other bulk materials
such as steel, aluminum or cement as shown in Figure 1.1. Furthermore, this demand
will continue to grow as more developing economies are coming into play. A path to a
sustainable future requires alternative ways of production that are more energy efficient and
environmentally friendly (i.e. less CO2 emissions).

Methane represents the main component in natural gas (either from well or shale gas) at
approximately 95 % depending on the extraction place. Alternatively, sustainable methane
resources can be found in biogas, landfill (e.g. proof of concept plant by Veolia in China) or
methanation of CO2.[2–4] Biogas formation is a sustainable form of fuel coming from an

Figure 1.1 Production growth for selected bulk materials.[1]
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Figure 1.2 Oil (left) and natural gas (right) fractions of petrochemicals total primary demand in 2017.
Petrochemicals include process energy and feedstock.[1]

anaerobic process obtained via decomposition of organic material. Microbes are digesting
carbohydrates, fats and proteins to produce a mix of gas made of methane and carbon
dioxide.[5, 6] The CO2 methanation reaction although favorable thermodynamically (∆G=
-130.8 kJmol−1), still needs a catalyst (supported Ni predominantly) to achieve significant
rates.[7]

Figure 1.2 shows oil and natural gas fractions of petrochemicals total primary demand
in 2017.[1] Methane remains an underutilized raw material for the production of fuels and
chemicals, despite the vast availability, with the main industrial use being combustion for
heating or power generation. Converting methane into higher hydrocarbons, e.g. ethylene,
that are building blocks for plastics remains an important line of exploratory research.
Ethylene is the most produced chemical commodity in the world, having demands of 140
million tons per annum.[8, 9] Industrially, ethylene comes from steam catalytic cracking
of higher hydrocarbons feedstock, obtained from crude oil distillation. It is a multi-step
process where separation from other reaction products as well is needed. Currently, Sasol
is constructing a world-scale petrochemical complex in Southwest Louisiana. An ethane
cracker that will produce 1.5 million tons of ethylene represents the core of this project.
Single step non-oxidative methane conversion to higher hydrocarbons has been a challenging
topic of study being referred to as the search for the chemist’s ”Holy Grail”.[10–12]
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Figure 1.3 Main avenues of methane conversion to higher hydrocarbons.[13]

1.2 Major routes for methane upgrading

As one of the most stable molecules, methane is very difficult to activate. It is a highly
symmetrical molecule, with the carbon and hydrogen atoms forming a tetrahedral structure.
Having no permanent dipole (given symmetry) and high ionization potential (12.61 eV)
makes it also nonreactive in electron transfer processes. Thermodynamically, it is easier to
break all the four C-H bonds, e.g. decomposing methane into carbon and hydrogen, than
selectively breaking one C-H bond and do radical coupling reactions.[14–16]

The major avenues for methane upgrading can be divided into two main categories,
direct and indirect with additional differentiation on whether the process is oxidative or non-
oxidative, as shown in Figure 1.3. A widely used indirect (oxidative) route of hydrocarbon
production that utilizes methane converted into syngas (via steam or dry, CO2 reforming) is
given by Fischer–Tropsch processes.[17] Syngas is a mix of CO and H2 (a thermodynamically
stable state) that is converted into hydrocarbons over iron or cobalt catalyst.[18]

The direct methane coupling process can be separated into two main categories: oxidative
and non-oxidative. Because of thermodynamics, most of the methane coupling efforts
concern the oxidative process over various catalysts to achieve selectivity.[19–23] Oxygen
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is used to shift the thermodynamic equilibrium, leading to higher hydrocarbons, but also to
unwanted by-product formation such as CO2. Selective oxidation reactions have an inherent
conversion-selectivity problem. Large concentrations of O2 are needed to achieve high
conversion degrees. This leads to poor selectivity results and high yields of combustion
products. The valuable intermediate products, e.g. ethylene could be lost in reacting with the
combustion products formed at high O2 concentrations. The trade-off in between conversion
and selectivity has led to insufficient yields for industrial application of less than 30 %.
Low hydrocarbon yields together with coking of the catalyst have prevented the industrial
up-scaling of the oxidative methane coupling process.[17, 10, 24]

In lack of oxygen, the non-oxidative methane coupling, which is free of combustion
products, is thermodynamically unfavorable. High temperatures are needed to activate the
stable methane molecules. The single step process follows an endothermic reaction called
pyrolysis where methane decomposes directly into hydrogen and solid carbon. Thermal
activation is not selective and most of the time is done together with a catalyst (heterogeneous
phase) to convert methane to higher hydrocarbons or aromatics. The main problem is carbon
formation (coking) that leads to deactivation of the catalyst and selectivity loss.[15, 25]
Progress to solve this problem was made in the group of Bao et al., where direct methane
conversion to ethylene and aromatics was achieved without coking and with good catalyst
stability. A novel catalyst consisting of single iron sites embedded in a silica matrix at 1700K
leading to up to 60 h of stable performance with peak conversion and ethylene selectivity of
48%.[26]

Thermal plasmas can provide efficient heating up to the high temperatures needed for
methane activation. At an industrial scale under the form of the so-called Huels process,
the plasma drives the methane pyrolysis.[27] In the original Huels reactor in the 1940s,
electric arc discharge was used for acetylene production from natural gas. Energy efficiency
values up to 48 % have been recorded, corresponding to a minimum of 8 eV per molecule of
acetylene formed.[28]

1.3 Methane plasma activation in a microwave reactor

Alternative to thermal plasma is the more promising route of nonequilibrium plasma, possibly
enhanced in combination with catalysis. For example, an increased 64 % energy efficiency
(at 6 eV per acetylene formed) for methane conversion in microwave plasma reactors was
reported in the 1990s at the Kurchatov Institute.[29] [30] This higher value, unrepeated so far,
was attributed to a contribution from the non-equilibrium nature of the plasma that promotes
vibrational excitation.



1.4 Plasma driven methane chemistry 5

In that work, a 2.45 GHz continuous microwave discharge reactor was used with a
maximum power of 1.5 kW. The reactor was made from a quartz tube of 16 mm diameter
with tangential gas injection. Additionally, a quenching unit in the form of the Laval nozzle
was used. However, it was emphasized that the quenching did not help, i.e. it did not give rise
to higher energy efficiency. Pressure ranged from 10 to 80 Torr (13.3 to 106.6 mbar), with
the maximum energy efficiency being obtained at 80 Torr in a constricted mode discharge at
an energy input of 2.6 eV per molecule of CH4. Based on the energy input and maximum
power available, a maximum input flow of 8 slm could have been used.

In follow up series of methane microwave plasma conversion experiments, done in
similar 2.45 GHz reactors and pressure ranges, the reported energy efficiencies values were
below the thermodynamic limit of approximately 50 %. A maximum of 38 % efficiency was
obtained at pressures of 100 to 120 mbar, but for a lower energy input of 1.2 eV per molecule
of CH4.[31–33] With increasing input power and pressure, selectivity shifted from more
saturated hydrocarbons to the formation of acetylene and deposits. High ethane selectivities
up to 77 % among C2 products were reported also in a similar reactor, but for pressures below
50 mbar.[34]

1.4 Plasma driven methane chemistry

Here we want to highlight the potential to reach high energy efficiencies offered by the
nonequilibrium plasma.[36] The critical property of nonequilibrium plasma is that power is
more efficiently deposited into vibrational degrees of freedom of the feedstock molecules
than to their translational degrees of freedom. The result is an inequilibrium between the
translational (i.e. gas) temperature and the vibrational temperature and hence the term
“nonequilibrium plasma”. In this medium alternative more efficient paths to dissociation
are open, e.g. due to a reduced activation barrier for methane. Besides the formation of
vibrationally excited methane, this concept will also allow to selectively activate the methane
to form methyl radicals (instead of methylene, as was predominantly the case in the thermal
plasma approach).[37, 30] Radical chemistry in the quenched region and radical-catalyst
interaction can subsequently be optimized for efficient C2 and higher chemistry.

The electrons in the plasma are accelerated by the electric field of the standing microwave
and decelerated through collisions with neutral molecules. The energy gained in between
collisions characterizes the type of interaction, as shown in Figure 1.4. In the low energy
range, up to 10 eV, the primary power loss mechanism is represented by vibrational excitation
(elastic scattering does not count in the energy balance). In the high energy range, electronic
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Figure 1.4 Electron impact cross sections in methane. Values in brackets represent threshold energies.
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Figure 1.5 Schematic drawing of the potential energy diagram for methane molecule showing
dissociation enhanced by vibrational excitation by more favorable Franck Condon overlap, as indicated
by the red arrow.[40]

excitation and ionization are dominant. Although, ionization is needed to sustain the plasma
it should not become a significant part of the input energy (given the energy cost).

The high energy electronic excitations can also be dissociative, leading to the formation of
radicals. This happens within the electron energy distribution tail, from 9 eV onwards, where
at even higher energies, direct decomposition into atomic C and H can occur. Depending on
the electron density and radical mean free path in the plasma, the radicals can undergo further
dehydrogenation leading to more carbon formation. Thus, both the electron temperature
and density influence the outcome of the methane chemistry through the nature of created
radicals.[38, 39]

Direct electron impact dissociation processes require energies in between 9−12 eV while
the average C-H bond energy is around 4.5 eV. This is an inefficient process with more than
half of the energy being lost into heat. A more efficient dissociation process would have an
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enhanced rate due to a lower activation barrier by more favorable Franck Condon overlap,
mediated by vibrational excitation, as shown in Figure 1.5.[40]

1.5 This thesis

The central theme of this thesis is to investigate whether a plasma environment can be
employed as an energy-efficient source for the production of methyl radicals from methane.
Microwave plasmas are of particular interest. The plasma energy efficiency claims of 64 %,
reported in the Russian literature during 1980s, are higher than the thermodynamic limit
values of 52 %. Their explanation was that vibrationally excited methane molecules in the
microwave plasma led to the above mentioned high efficiencies. The reason why vibrational
excitation is preferential in microwave plasmas has to do with low reduced electric field
values which should result in electron temperatures of around 1-2 eV. In this energy range
the electron cross section for vibrational excitation is dominant over the other loss processes.

Furthermore, the development of a methyl radical source requires the possibility of
extraction of these radicals from the source. The hypothesis is that the produced methyl
radicals are metastable (long-lived) at sub-atmospheric pressures and that a catalyst placed
further downstream of the plasma source would promote the coupling of radicals towards the
desired products.

The results in this thesis build on the on-going experiments at DIFFER concerning the
role of vibrational excitation in the efficient dissociation of CO2 in the microwave plasma.[41]
This work is also done in collaboration with the Catalytic Processes and Materials (CPM)
group at Twente University and Sasol, Technology Group.

We approach the study with the combination of experiments, diagnostic developments
and simple modeling. In Chapter 2, we quantified the stable product distribution of the
methane microwave discharges in order to assess the energy efficiency of the process. Fourier
transform infrared spectroscopy (FTIR) was employed to measure absolute concentrations of
the main hydrocarbon species. Additionally, gas temperatures were measured with Raman
scattering to determine whether the discharge regime is thermal or not. The experimental
knobs used to optimize the process were input power, pressure, and gas flow. Thermal
equilibrium calculations were benchmarked against the measurements. It was found that
there is an interplay between plasma and thermal chemistry where plasma initiates the radical
formation and thermodynamics sets the final product distribution.

In Chapter 3 and Chapter 5, a dedicated laser based diagnostic, resonance-enhanced
multiphoton ionization (REMPI), was developed and commissioned on neutral Ar and applied
to the quantification of CH3 radicals. Exponentially decaying methyl radical profiles were
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measured with REMPI up to 10 cm from the plasma in the effluent of low pressure microwave
reactor. The inherent spatial resolution, within the focus of the laser, was exploited for CH3

transport and recombination mapping in dependence of reactor operational parameters.
Measurements closer towards the plasma resulted in an unstable probe acquisition. To gain
understanding in the region closer to the plasma an estimation of the plasma produced methyl
radicals acted as a point source for a 1D thermodynamic plug flow reactor (PFR) model of the
plasma afterglow. The simulation results were compared with the REMPI measured profiles
and with the FTIR product distribution where the quenching rate was set by the decay of
the CH3 radicals measured with REMPI. There was a disagreement between the absolute
values for the methyl radical density resulted from the 1D model and REMPI measurements.
Further investigations are needed to establish the source of differences. Possible reasons
could be attributed to the uncertainty in the two photon cross section or in the limitations of
the 1D model used.

Chapter 4 concerns a concise reflection on electron kinetics in methane plasma, involving
modelling as well as Thomson scattering results, and yields an unexpected view on positive
charge carriers. C-H bond activation was studied by evaluation of power partition over the
possible reaction pathways in CH4 microwave plasma discharges. Electron energy distri-
bution functions were simulated to analyze the efficacy of promoting vibrational excitation
channels. The molecular dissociative recombination (DR) channel is concluded to play
multiple roles in the hydrocarbon plasma chemistry. DR increases the electron mean energy
and simultaneously breaks down the hydrocarbon chains. Thomson scattering measurements
anchored the microwave discharges in a regime preferential for vibrational excitation and
were best explained in the case where atomic C+ ions accounted for the dominant ion species
in the plasma. The proposed mechanism of formation was via successive DR processes.
Essentially, elimination of DR channels (for the atomic ion cases) allows for increased
chemical conversion efficiencies by opening the vibrational excitation pathway.

1.6 Publications

This thesis is based on the following publications:

• Non-oxidative methane coupling to C2 hydrocarbons in a microwave plasma reactor.
Teofil Minea, Dirk C. M. van den Bekerom, Floran J. J. Peeters, Erwin Zoethout,
Martijn F. Graswinckel, Mauritius C. M. van de Sanden, Toine Cents, Leon Lefferts,
and Gerard J. van Rooij. Plasma Processes and Polymers 2018.
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• REMPI detection of methyl radicals produced in microwave plasma. T. Minea, F.J.J.
Peeters, D.C.M. v.d. Bekerom, T.D. Butterworth, A. v.d. Steeg, W. ArnoldBik, M.A.
Gleeson, A.H.G. Cents, L. Lefferts, M.C.M. v.d. Sanden and Gerard J. van Rooij.
Plasma Sources Science and Technology 2018 (under review)

• Power partition in CH4 microwave plasma on basis of simulations and measurements
of electron energy. T. Minea, A.W. van de Steeg, B. Wolf, A. S. da Silva, F.J.J. Peeters,
D.C.M. van den Bekerom, T. Butterworth, Q. Ong, M.C.M. van de Sanden, G.J. van
Rooij. Plasma Chemistry and Plasma Processing 2019 (under review)

• Methyl recombination and transport in the effluent of methane microwave plasma
probed by REMPI. (in preparations)

The author of this thesis was a co-author on the following publications:

• Preferential vibrational excitation in microwave nitrogen plasma assessed by Raman
scattering. Gatti, Nicola; Ponduri, Srinath; Peeters, Floran; van den Bekerom, Dirk;
Minea, Teofil; Tosi, Paolo; Van de Sanden, Richard; Van Rooij, Gerard; Plasma
Sources Science and Technology 2018.

• Non-equilibrium Microwave Plasma for Efficient High Temperature Chemistry. DCM
van den Bekerom, NP den Harder, T Minea, JM Palomares, WA Bongers, MCM van
de Sanden, GJ van Rooij, Journal of Visualized Experiments (JoVE) 2017

• Homogeneous CO2 conversion by microwave plasma: Wave propagation and diagnos-
tics. Niek den Harder, Dirk van den Bekerom, Richard S Al, Martijn F Graswinckel,
Jose M Palomares, Floran JJ Peeters, Srinath Ponduri, Teofil Minea, Waldo A Bongers,
Mauritius van de Sanden, Gerard J van Rooij, Plasma Processes and Polymers 2017

• FDCDU15 - Carbon Dioxide Utilization: Exploiting CO2 vibrational excitation to
achieve an energy efficient route for CO2 based artificial fuels. Gerard van Rooij,
Dirk van den Bekerom, Niek den Harder, Teofil Minea, Giel Berden, Waldo Bongers,
Richard Engeln, Martijn Graswinckel, Erwin Zoethout, Mauritius C.M. van de Sanden,
Faraday Discuss. 2015

• Quantifying methane vibrational and rotational temperature with Raman scattering.
T.D. Butterworth, B. Amyay, D. v.d. Bekerom, A. v.d. Steeg, T. Minea, N. Gatti, Q.
Ong, C. Richard, V. Boudon, C. van Kruijsdijk, J. Smits, S. van Bavel. and G. J. van
Rooij; (under review)
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• Vibrational-rotational non-equilibrium in methane plasma. T.D. Butterworth, A. v.d.
Steeg, D. v.d. Bekerom, T. Minea, N. Gatti, Q. Ong, C. van Kruijsdijk, J. Smits, S.
van Bavel. and G. J. van Rooij; (in preparations)
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Chapter 2

Non-oxidative methane coupling to C2

hydrocarbons in a microwave plasma
reactor1

Abstract

Non-oxidative methane activation is carried out in a microwave plasma reactor for coupling
to higher hydrocarbons. Fourier transform infrared spectroscopy (FTIR) was used to measure
absolute concentrations of the major hydrocarbon species. Hydrogen concentration was
also independently inferred from the pressure based change in molar flow measurements.
By closing both the carbon and hydrogen balance, from the stoichiometry of the reactions,
the amount of deposits was obtained as well. Additionally, core gas temperatures up to
2500 K were measured with Raman scattering when nitrogen acted as probing molecule in
sample mixture discharges. At low gas temperatures, ethane and ethylene were significant
products based on plasma chemistry, with ethane selectivities reaching up to 60 %. At higher
gas temperatures, thermal effects become stronger shifting the selectivity towards acetylene
and deposits, resembling more with equilibrium calculations. The energy efficiency of the
methane conversion reached up to 15 % from which 10 % represented coupling efficiency to
higher hydrocarbons. It is concluded that there is an interplay between plasma and thermal
chemistry where plasma generates radicals and final distribution is set by thermodynamics.

1This chapter was published in Plasma Processes and Polymers [42]
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2.1 Introduction

Methane remains an underutilized raw material for the production of fuels and chemicals,
with the main use being combustion for heating or power generation.[43] Olefins like ethylene,
the most produced chemical in the world with over 150 million tons per annum,[44, 45]
come from steam catalytic cracking of large hydrocarbons feedstock, obtained from crude
oil distillation. It is a multi-step process where separation is required and where combustion
products are formed as well. Alternatively, methane is converted into syngas (CO+H2) that is
further transformed into hydrocarbons over iron or cobalt catalyst via Fischer Tropsch (FT)
synthesis.[46–48] Single step non-oxidative methane conversion to higher hydrocarbons has
been a challenging topic of study being referred to as the search for the chemist’s “Holy
Grail”. [49–51]

The indirect routes for methane utilization come from the fact that it is one of the most
stable molecules, being very difficult to activate. Methane is highly symmetric, with the
carbon and hydrogen atoms forming a tetrahedral structure. It is a nonpolar molecule (it has
no permanent dipole in view of symmetry) where charge interaction and electron transfer
processes are unlikely. A high ionization potential (12.61 eV) limits electron transfer as
well. Thermodynamically, it is easier to break all the C-H bonds, i.e. decomposing methane
into carbon and hydrogen, than selectively breaking one C-H bond and do radical coupling
reactions.[52, 53]

Routes to methane coupling can be separated into two main categories: oxidative and
non-oxidative. In view of thermodynamics, most of the methane coupling efforts concern
the oxidative process over various catalysts to achieve selectivity. O2 is used to shift the
thermodynamic equilibrium, leading to higher conversion.[54–58] Additionally, CO2 can
be used as an oxidant. In this way, an active surface oxygen is supplied (needed for hydro-
gen abstraction from methane), without the generation of an additional gas phase oxygen
resulting in even higher C2 yields.[59–61] Hydrocarbons, especially olefins, oxidize faster
than methane leading back to CO2 formation. Hence, oxidative processes have an inherent
conversion-selectivity problem: high CH4 conversions (i.e. feeding large amounts of oxidiz-
ing agent) are associated with poor product selectivity. The trade-off between conversion and
selectivity has led to insufficient yields for industrial application of less than 30%. Low hy-
drocarbon yields have prevented the industrial up-scaling of the oxidative methane coupling
process.[62, 49] Finally, the oxidative processes are very much energy intensive: either via
pure oxygen (air separation is very energy intensive) or via separating excess nitrogen from
the products (in case of using air).
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Non-oxidative methane coupling does not have the disadvantages of oxygen and combus-
tion products but the conversion is very low because of thermodynamic constraints. High
temperatures are needed to activate the stable methane molecules. The single step process
follows an endothermic reaction called pyrolysis. Depending on the process conditions, the
reaction products are distributed among acetylene, hydrogen and solid carbon. Thermal
activation is not selective and therefore most of the time done with a catalyst (heteroge-
neous phase) to convert methane to higher hydrocarbons or aromatics. The main problem
is again carbon formation (coking) that leads to deactivation of the catalyst and selectivity
loss.[53, 63]

Methane pyrolysis has been optimized at an industrial scale in the form of Huels process,
where thermal plasma provides efficient heating up to the high temperatures needed.[64]
In the original Huels reactor in the 1940s, an electric arc discharge was used for acetylene
production from natural gas. Although appreciable conversion efficiencies can be achieved,
this process has as the main drawback that the energy efficiency is rather low. Values up to
48 % have been reported, corresponding to a minimum of 8 eV per molecule of acetylene
formed.[65]

An alternative to thermal plasma is the more promising route of nonequilibrium plasma,
possibly enhanced in combination with catalysis. For example, an increased 64 % energy
efficiency for methane conversion in microwave plasma reactors was reported in the 1990s
at the Kurchatov Institute.[66] [67] This record value is attributed to a contribution from
the non-equilibrium nature of the plasma that promotes vibrational excitation. Power is
more efficiently deposited into vibrational degrees of freedom of the feedstock molecules
than to their translational degrees of freedom. The result is an inequilibrium between
the translational (i.e. gas) temperature and the vibrational temperature, hence the term
”nonequilibrium plasma”. In this medium alternative, more efficient paths to dissociation are
open, e.g. due to a reduced activation barrier for methane.

In follow up series of methane microwave plasma conversion experiments, done in similar
2.45 GHz reactors and pressure ranges, energy efficiencies were below the thermodynamic
limit of approximately 50 %. A maximum of 38 % efficiency was obtained at pressures of
100 to 120 mbar, but for a lower energy input of 1.2 eV per molecule of CH4.[68–70] With
increasing input power and pressure, selectivity shifted from more saturated hydrocarbons
to the formation of acetylene and deposits. High ethane selectivities up to 77 % among C2

products were reported in a similar reactor, but for pressures below 50 mbar.[71]
In this work, a consistent data set on methane conversion in a continuous microwave reac-

tor was obtained by closing up both carbon and hydrogen balances. A common shortcoming
in microwave plasma hydrocarbon reforming work has been the incomplete analysis of the
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products because of the afferent complexity, as it was highlighted in a review chapter on the
topic.[70] Discharges were investigated in a “mild” regime, i.e. at low specific energy input
(SEI) and pressure, with the aim of maintaining low gas temperatures and deposit rates. The
rationale here was to create conditions favorable for nonequilibrium driven record efficiencies.
Quantitative analysis was obtained from FTIR measurements of the effluent. Pressure based
measurements of the molar flow changes allowed to account for the non-isochore nature of
the methane chemistry. In effect, the full product distribution could be obtained and related
to the discharge parameters. Moreover, in-situ gas temperatures were obtained from Raman
scattering by adding nitrogen to act as a probing molecule in sample mixture discharges.

2.1.1 Plasma driven methane chemistry

Many reviews exist in the literature on the topic of molecular plasma chemistry, one of which
can be found in Chapter 2 of the Nonthermal plasma chemistry and physics book.[72] Here
we want to highlight the potential to reach for high efficiencies offered by the nonequilibrium
plasma. Additionally, we look at what are the sources and sinks for the main radicals that are
present in methane discharges.

The electrons in the plasma are accelerated by the electric field of the standing microwave
and decelerated through collisions with neutral molecules. The energy gained between
collisions characterizes the type of interaction, as shown in Figure 2.1. In the low energy
range, up to 10 eV, the main power loss mechanism is represented by vibrational excitation
(elastic scattering does not count in the energy balance). In the high energy range, electronic
excitation and ionization are dominant. Although ionization is needed to sustain the plasma,
it should not become a significant part of the input energy (in view of the energy cost).

The high energy electronic excitations can also be dissociative, leading to formation of
radicals. This happens within the electron energy distribution tail, from 9 eV onwards, where
the following reactions are possible:

CH4 + e−−→ CH3 +H+ e (2.1)

CH4 + e−−→ CH2 +H2 + e (2.2)

CH4 + e−−→ CH+H2 +H+ e · (2.3)

At even higher energies, direct decomposition can occur:

CH4 + e−−→ C+2H2 + e (2.4)
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Figure 2.1 Electron impact cross sections in methane. Values in brackets represent threshold energies.
Vibrational excitation has low energy thresholds of 0.16 and 0.37 eV, while electronic excitation and
ionization have high energy thresholds of 7.9 and 12 eV.[73]
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to directly produce carbon and hydrogen. Depending on the electron density and radical
mean free path in the plasma, the radicals created in the above reactions can undergo further
dehydrogenation leading to more carbon formation. Thus, both the electron temperature
and density influence the outcome of the methane chemistry through the nature of created
radicals.[74, 75]

The average C-H bond energy is around 4.5 eV. Direct electron impact dissociation is an
inefficient process with more than half of the energy being lost into heat. A more efficient
dissociation process would have an enhanced rate due to a lower activation barrier, mediated
by vibrational excitation:[76]

CH4
∗+ e−−→ CH3 +H+ e. (2.5)

Additional sources of methyl radicals are the dissociative recombination (DR) of methane
ions [77]:

CH4
++ e → CH3

r,v +H (2.6)

and hydrogen radical abstraction

CH4 +H → CH3 +H2 · (2.7)

A list of the ionization potentials for the main species in the plasma is given in Table 2.1.
Methyl radicals have the lowest ionization potential among the possible radicals and hydro-
carbon species present in the methane discharge. The DR process can represent also a loss
channel for the radicals. Additionally, this process is responsible for making the electron
temperature depending on input power in molecular plasmas. Minimizing the ionization
from the molecular species by seeding alkali impurities (with low ionization potential) was
suggested as a potential solution.[78]

Main sinks for H and CH3 radicals are represented by three-body reactions, as shown
in Figure 2.2. Self-recombination to ethane and back reaction to methane are the dominant
loss channels for methyl radicals. Hydrogen radicals are lost via methane dehydrogenation
(methyl production), reaction 2.7, and self-recombination.
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The dehydrogenation reaction can further apply to the formed products, leading to less
saturated chains of hydrocarbons and soot:

C2H6 −−→ C2H4 +H2 (2.8)

C2H4 −−→ C2H2 +H2 (2.9)

C2H2 −−→ 2C(s)+H2 · (2.10)

Reactions 2.8-2.10 are identical to the last steps in the Kassel mechanism of methane py-
rolysis. Methylene radicals are dominant in methane reduction within the Kassel mechanism
as opposed to methyl radicals in plasma.[79, 67] Reactions 2.1-2.4 are responsible for the
final product distribution through gas phase radical chain chemistry.
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Table 2.1 Ionization potential (eV) for radical and hydrocarbon species presented in the methane
discharges.[81]

Species IP (eV)
C 11.26

CH 10.63
CH2 10.40
CH3 9.84
CH4 12.61
C2 11.41

C2H2 11.40
C2H4 10.51
C2H6 10.52

2.2 Experiment and Methodology

2.2.1 Experimental setup

The experimental setup consists of a microwave plasma reactor, a Fourier transform infrared
(FTIR) spectrometer, a laser system, and collection optics for the Raman scattering, as shown
in Figure 2.3. A brief description of the main components is given here. A more detailed
description and operation of the microwave reactor, including video footage, can be found
elsewhere.[82]

Steady-state microwave discharges are generated in a tubular quartz reactor of 20 cm
length and 3 cm inner tube diameter, inserted through the side faces of a rectangular waveg-
uide. This position corresponds to a maximum of the electric field in the center of the
tube. The microwave generator supplies up to 1 kW continuous power at 2.45 GHz operating
frequency. An E-H tuner is used for impedance matching of the waveguide with the plasma
for maximizing the absorbed input power. Tangential gas injection stabilizes the plasma
discharge in the center of the tube. This ensures operation over a wide parameter space while
minimizing the heat load on the tube.

FTIR spectra were taken with a Varian 670 IR spectrometer at a resolution of 0.5 cm−1

and 32 average scans in a 20.9 cm long sampling cell equipped with KBr windows. To
have a robust fitting of the acquired spectra the FTIR cell was placed at approximately 2 m
downstream, allowing for the gas to cool down. A thermocouple was set at the same position
as the FTIR cell, to confirm a constant temperature during the power scan.

The reactor conditions during the discharges were continuously logged (1Hz) with a data
acquisition system. The pressure on-line acquisition system facilitated the measurements
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CH4
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Figure 2.3 Schematic drawing of the microwave plasma plug flow reactor. The process gas is
injected by means of two tangential injection nozzles connected to the upstream glass–to–metal
connector on the quartz tube. The plasma is sustained in the tube by providing microwave radiation
through a rectangular WR-340 waveguide. The FTIR sampling cell is 20.9 cm long and it is placed
approximately 2 m downstream of the plasma together with the pressure gauge meter as well. Axial
optical access for the Raman scattering is provided by two Brewster windows. A hole in the sliding
short permits scattered light to be collected and finally coupled to the spectrometer via a linear fiber
bundle.
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Figure 2.4 Typical mass spectrometry sampling data shown as analog scan of the ionization current
versus mass over charge ratio (m/z). Plasma was generated at a pressure of 40 mbar, 5 slm CH4,
0.5 slm Ar flow and 400 W input power. The peaks at m/z = 40,20 correspond to Ar.

of molar flow changes from which hydrogen concentrations were independently obtained.
Relating species distribution determined with FTIR and gas independent pressure measure-
ments (strain gauge meter), we determined the absolute concentration of all major species by
sampling the entire reactor effluent stream.

On-going effluent mass spectrometry measurements were additionally taken, where Ar
was fed at a level of 1% as an internal standard, as shown in Figure 2.4. The complexity of
the hydrocarbon cracking patterns inside the mass spectrometer made quantification difficult.
Therefore, these measurements were only used for the qualitative purpose.

2.2.2 Methodology

2.2.3 FTIR analysis of hydrocarbons yielding

The complex methane plasma chemistry is characterized by fitting individual hydrocarbon
FTIR spectra to obtain absolute densities of the stable species. Figure 2.5 shows FTIR spectra
recorded with plasma on and plasma off together and a diagram indicating the hydrocarbons
present within the HITRAN database. Apart from C2Hy, C3H8 and C4H2 no other higher
hydrocarbons are included within the HITRAN database.[83] C3Hy or higher hydrocarbons
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Figure 2.5 (a) Overview of plasma on (25 mbar, 300 W) and plasma off FTIR spectra. (b),(c) Zoom
on the x-axis showing the reaction products (C4H2, C2H2, C2H4 and C2H6) by subtracting the plasma
off from the plasma on spectra. (d) HITRAN overview of hydrocarbon absorption coefficients.[83]
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Figure 2.6 Sample FTIR fitted spectra for (a) methane, (b) acetylene, (c) ethylene, (d) ethane and (e)
diacetylene. Resolution 0.5 cm−1 and 32 scans. For the ethane window, the methane contribution was
subtracted and the remaining spectrum offset to zero. The fitting is performed with the python routine
HITRAN Application Programming Interface (HAPI).[83](The legend and color scheme are the same
from (a)-(e)).
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are difficult to quantify with FTIR. Monitoring products with mass spectrometry learned that
the intensity corresponding to C3 and C4 groups was an order of magnitude lower than the
one of C2 products, as shown in Figure 2.4. Similar low concentrations of CxHy(x>2) were
reported also in previous methane discharges in a microwave reactor.[68, 69]

Typically fitted spectra corresponding to the effluent detected hydrocarbons are shown
in Figure 2.6. Regions of least interference from other species were selected for the fitting.
For the ethane spectral region, the methane contribution was subtracted and the resulted
transmittance background line was offset to unity. This region was selected in view of having
the highest absorption cross section for ethane.

FTIR yields absolute densities of the resulted product distribution. Measurements of the
effluent were taken sufficiently far downstream, where the gas has cooled down to room
temperature, making the species density ni the only free fit parameter. A least squares fit
of the spectra was used to obtain species density according to the Beer-Lambert law for
transmittance:

τν = exp(−nixσν) (2.11)

where nix is the mass path (molecules/cm2) and σν is the absorption cross section (cm2/molecule)
obtained from the HITRAN database. The HITRAN Application Programming Interface
(HAPI) [83] python routine was used for fitting. Although all the main peaks could be well
resolved, there were regions were adjacent lobes were present and could not be fitted, e.g.
ethylene and diacetylene spectra in Figure 2.6c and 2.6e. However, this only contributed
to the total error of the fit as the main peaks were the dominant ones. We have validated
the FTIR results in our reactor discharges running on CH4 in a comparison with a gas chro-
matography thermal conductivity detector/flame ionization detector (GC-TCD/FID). This
proofs the appropriateness of the approach.

2.2.4 Hydrogen concentration

Two approaches are used for inferring the hydrogen concentration present in the reactor, with
their comparison yielding information on the reaction mechanism. The first one concerns
particle balance calculations using pressure as a measurement for the molar flow change in
the reactor. For a constant flow rate vflow and gas temperature T, the pressure is a measure for
the total molar flux inside the reactor

ΦCH4 = nCH4vflow (2.12)
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where nCH4 is the methane density. We verified that within the operating parameter space the
flow rate was constant and that the gas has cooled down to room temperature.

In the absence of plasma the total pressure is:

poff

kT off = noff
CH4

(2.13)

where k is the Boltzmann constant and superscripts on and off refer to the plasma on and off
phases. During plasma on phase, the total pressure becomes (by using the ideal gas law):

pon

kT on = non
CH4

+∑nCxHy +nH2 (2.14)

where nCxHy is hydrocarbon density and nH2 is the hydrogen density.
For a constant gas temperature during plasma on and off phase at the measurements

position, i.e. far downstream, the pressure difference (∆p = pon− po f f ) reflects the increase
in molar flow:

∆p
kT

= ∑nCxHy +nH2− (noff
CH4
−non

CH4
). (2.15)

As the pressure difference is recorded by the gas independent gauge meter and the hydro-
carbon partial pressures follow from FTIR, we have established a relation for the hydrogen
density:

nH2 =
∆p
kT
−∑nCxHy +(noff

CH4
−non

CH4
). (2.16)

The second approach concerns closing the hydrogen balance based on stoichiometry of
reaction set involved:

nH2 =
1
2

(
4βnoff

CH4
−∑ynCxHy

)
(2.17)

where β is the conversion degree.
In the same way, a carbon balance is made based on the FTIR detected product distribution

(gas phase):

Cbalance =
non

CH4
+ x×nCxHy

noff
CH4

100%. (2.18)

Ideally, if all the formed products are in the gas phase the carbon balance should add up to
100%. If not, we assume that the missing carbon is under the form of deposits (solid phase).
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We verify this assumption by comparison of the two hydrogen partial pressures, as given in
equations 2.16-2.17.

2.2.5 Conversion, Selectivity and Energy Efficiency

The methane conversion (%) inside the microwave reactor follows from the depletion of gas
flow via

β =

(
1−

Φon
CH4

Φ
o f f
CH4

)
100% (2.19)

where ΦCH4 = nCH4vflow is the methane gas flow, nCH4 is the methane density in the plasma
on and off case and vflow is the flow rate. For a constant flow rate (i.e. a linear dependence
between pressure and flow) the conversion can be written as

β =

(
1−

non
CH4

noff
CH4

)
100% (2.20)

where nCH4 is the methane density in the plasma on and off case. In this way the conversion
is expressed only in terms of the FTIR measured density. In a similar way, the selectivity
towards product hydrocarbons (%) is defined as

S[CxHy] = x
nCxHy

βnoff
CH4

100% (2.21)

where nCxHy is the density of the formed hydrocarbons.
In most of the literature, the energy efficiency is given with respect to the acetylene

formation, since reactors are commonly optimized for it.[66–69] However, if there is a mix
of selectivities it is necessary to account for all of the products in the energy efficiency
calculations.[84–86] Hence, the energy efficiency is given by

η =
βΦoff

CH4
∆H

Pin
(2.22)

where ∆H is the total standard formation enthalpy and Pin is the input power

∆H = ∑νmol,CxHy∆HCxHy . (2.23)
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Finally, in view of comparison with other reactor types, it is useful to define also the specific
energy input (SEI) as input power per methane flow

SEI =
Pin

Φoff
CH4

. (2.24)

2.2.6 Raman scattering

A detailed description of the setup can be found elsewhere.[87] Basics of the process and
usage as a gas temperature diagnostic in N2-CH4 mixture discharges is given in the remainder
of this section.

A frequency doubled (λ = 532nm) Nd:YAG (Continuum Powerlite DLS 8000) laser
operated at 4 W was used for Raman scattering. The beam was focused with an f = 2 m
lens along the axial direction of the reactor tube. Scattered light was collected at 90° with
an achromatic doublet. A 1:1 image was projected onto a fibre bundle (27 × 400 µm)
that is used to illuminate an custom built Littrow spectrometer (f = 1 m, lens diameter
d = 100mm, dispersion of 0.85 nmmm−1) equipped with an iCCD. A long pass filter with
cut–off wavelength of 550 nm (ThorLabs FGL550) was placed in front of the collection
fibres to block scattered light at the laser wavelength.

Raman scattering is an inelastic process in which the scattered light has a different energy
than that of the incident radiation due to interaction with molecules whose polarizability is
modified by the electric field of the incident radiation. Upon interaction with the scatterers, the
incident light can either gain or loose a discrete amount of energy proportional to the change
in the vibrational (ν) and/or rotational (J) quantum number induced in the non–resonant
Raman transition. For the nitrogen molecule is it straightforward to calculate synthetic
spectra and fit each detected peak, resulting in a gas temperature measurement.[87] On the
other hand, for the methane molecule, it is a rather difficult task due to overlapping transitions
given the higher number of vibrational modes and low resolution of the spectrometer.[88]
We used the N2 molecule as probing molecule for the rotational temperature in N2 – CH4

mixture discharges.
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Figure 2.7 Schematic drawing of plasma boundaries in the diffuse operational regime: Soot formation,
plasma expansion and adhesion to the wall (unstable), insufficient power to sustain plasma and diffuse
to constricted transition.

2.3 Results

Visual observations showed that there are several operational boundaries in the microwave
methane plasma, as shown in Figure 2.7. Data was acquired in scans of power, from 50 to
550 W, at three pressures of approximately 15, 25 and 35 mbar, and two gas flows 4 and
8 slm. These settings were selected for being favorable for having low gas temperatures
and deposit yields. The lowest power (used with the lowest pressure and flow settings)
corresponded to the minimum input needed to sustain the plasma. The power upper limit was
given by the volumetric expansion of the plasma switching to a discharge mode touching the
wall (unstable plasma). The low pressure conditions kept the plasma discharge mode in the
diffuse regime.[89] The motivation to stay within the diffuse regime is a practical one. Within
the constricted regime, deposit layers form on the quartz tube which limits the operational
time to only minutes. Visually, the tube appears to be deposited from the downstream side of
the discharge. Within a few minutes, depending on the intensity of the discharge conditions,
this layer crawls upstream into the waveguide region, leading to the microwave radiation
being mainly absorbed by the deposited layer.

The pressure increase in the microwave plasma leads to a transition between a diffuse
and constricted regime. It is difficult to find the exact pressure boundary where this transition
happens because the plasma goes off when the pressure is gradually increased, at constant
input power. The constricted regime could be observed by increasing the pressure in a
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stepwise manner up to 100 mbar, at an input power of 500 W and 6 slm flow. Plasma color
changed from purple to bright yellow, similar to a flame, with soot formation completely
covering the reactor in a matter of minutes. For comparison, in CO2 discharges, this transition
was observed at about 130 mbar. The conditions were assessed in CO2 microwave discharge
by monitoring the spontaneous emission from the plasma with a CCD camera.[89, 78]

The nature of these regimes comes from the theory of microwave propagation for different
electron neutral collision frequency νe−n. In the diffuse regime, the electron density is fixed
by the cut-off frequency of the propagating wave 2.45 GHz at ne= 7.5×1016 m−3 with the
plasma volume increasing to satisfy the power balance. In the constricted regime, an arc like
discharge, the plasma volume appears more or less fixed and the electron density increases
linearly with input power.

2.3.1 Carbon and Hydrogen Balances

Based on the product distribution, the following set of reactions was used for calculating the
hydrogen and carbon balance due to the methane conversion process:

2CH4 −−→ C2H2 +3H2 (2.25)

2CH4 −−→ C2H4 +2H2 (2.26)

2CH4 −−→ C2H6 +H2 (2.27)

4CH4 −−→ C4H2 +7H2 (2.28)

CH4 −−→ C(s)+2H2 · (2.29)

The hydrogen balance yields the hydrogen concentration that was further compared
with the values obtained from the pressure based measurements, as shown in Figure 2.8a.
Figure 2.8b shows in a consistency plot, that a good agreement is obtained for these two
approaches. The y-axis represents the concentration from the pressure gauge measurements
(first approach) and the x-axis the concentration derived from carbon balance based on
the stoichiometry (second approach). The agreement confirms that the deposits formation
can be partially attributed to reaction 2.29. Additionally, the mass spectrum in Figure 2.4
indicates presence of C4H4 (m/z = 52) and C3Hx with comparable signal to the C4H2 signal
at m/z = 50. The missing carbon could include contribution from these hydrocarbons as well.

The carbon balance is done for FTIR detected products (gas phase), reactions 2.25-2.28,
as shown in Figure 2.8c. The missing component, i.e. a carbon balance below 100%, yields
the undetected solid phase carbon according to reaction 2.29. Likewise undetected CxHy
(x> 2) can also partially account for the missing carbon. From this measured carbon balance,
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Figure 2.8 Hydrogen and carbon balance based on reactions 2.25 - 2.29. (a) Hydrogen balance
obtained from the stoichiometry of the reaction set represented in color. Hydrogen balance obtained
from the absolute pressure measurement represented in black. (b) Consistency plot for hydrogen
concentrations. The black dashed y=x line is given as reference (c) Carbon balance (the legend and
color coding is the same for (a) to (c) graphs).



34 Non-oxidative methane coupling

deposition rates up to 0.6 mg/s are estimated. For an average discharge of 10 minutes,
approximately 0.36 g of deposits should have been accumulated inside all over the reactor.

Weighing measurements underestimate the amount of deposits formed. The deposition
process was performed by a CH4 plasma discharge at a power of 1kW, gas flow at 12 slm
(SEI of 1.16 eV/molecule), and pressure of 60 mbar to maximize the amount of deposits.
After 2 minutes of deposition, the tube turned black completely. The amount of carbon
deposited was found to be 0.014 g by weighing the tube before and after deposition. FTIR
deposits are estimated at 0.072 g for the same amount of time, at a lower pressure of 35 mbar
and similar SEI. It is likely that deposits reached further downstream of the tube, on other
components of the vacuum system. Additionally, the discrepancy between the measured
0.014 g and the estimated 0.072 g weight of deposits could be partially explained by carbon
present in undetected CxHy (x> 2).

2.3.2 Conversion and Energy Efficiency

Conversion and energy efficiency increase with both input power and pressure. Figure 2.9
shows an overview of reactor performance, based on the equations defined in subsection 2.2.5.
Conversion increases linearly with SEI, having approximately equal slopes per data pressure
set, as shown in the inset of the Figure 2.9a, except for a last (stray)point at 34.41 mbar and
3.96 slm. The offset in the x-axis is interpreted as minimum power needed to sustain the
plasma. Additional to dissociation the input power is also lost into other channels such as
ionization, heat or radiation. For the higher pressures, this intercept is around 125 W, while
for the lower pressure it corresponds to 70 W.

There are two driving forces of the conversion process: plasma and thermal chemistry.
These can be intertwined so that is difficult to say which one is dominant. Thermal chemistry
is determined by the gas temperature. Almost a linear temperature increase with both
pressure and power were reported based on optical emission spectroscopy (OES) from the C2

Swan and H2 Fulcher-α band for pulsed microwave methane plasma experiments.[69, 70]
Details on methane thermochemistry and gas temperature measurements are presented in the
following sections.

The effect of plasma conditions on conversion could come from the increase of the plasma
density or volume with power, where a larger part of the gas flow is treated. In the diffuse
regime, the plasma density is more or less set at the microwave cut off frequency value. In
addition, the plasma is radially expanding with power. Hence, it is likely that the volume
increase with the power to be part of the conversion driving force. Similar behavior has been
reported in CO2 microwave discharges as well.[89] This behavior can be better understood
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Figure 2.9 Overview of reactor performance based on FTIR data obtained for a scan of power,
pressure, and flow.(a) Methane conversion determined from depletion; inset shows slope of conversion
lines versus pressure. (b) Total energy efficiency, including deposits formation. (c) Coupling energy
efficiency, excluding deposits formation. The legend and color scheme are the same from (a) and (c).
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by looking at the power balance inside the plasma:[90]

Pin = n0neV ∑kiUi (2.30)

where n0 and ne are the neutral and electron density, V is the plasma volume and the
summation represents the main electron loss channels. Textbook plasma physics says that the
electron temperature does not depend on the input power, being set by particle balance.[90]
Hence, the plasma volume increases to accommodate the input power while maintaining a
constant densities product n0ne.

The rate of conversion with SEI increases also linearly with pressure as shown in the
inset of the Figure 2.9a. This rate multiplied with the total enthalpy, represents the energy
efficiency of the entire conversion process, as shown by the Equation 2.22 and plotted as
total efficiency in Figure 2.9b. The coupling efficiency is calculated by taking into account
only the product hydrocarbons (i.e. excluding deposits), as shown in Figure 2.9c. The two
efficiencies increase with input power and pressure, with highest values corresponding to
conditions where acetylene selectivity is highest. The standard enthalpy of formation for
acetylene is highest among the formed products, resulting in an efficiency increase with
acetylene selectivity.

Doubling the flow results in differences only for the higher pressure. At the same specific
energy input, a shorter residence time results in a higher conversion (and energy efficiency).
Normally, a shorter residence time must lead to lower conversion degrees. The higher power
density corresponding to the same SEI overcompensates the shorter residence time resulting
in a higher conversion. This behavior is attributed to an increased contribution of the thermal
conversion. Higher power densities lead to increased gas temperatures where thermal effects
are enhanced.

2.3.3 Selectivity of Hydrocarbons

Figure 2.10 shows the hydrocarbons selectivities. The carbon based selectivities are calcu-
lated among the gas phase products only (i.e. equivalent to normalized quantities). Prior
to normalization, the deposits selectivity can be calculated, as shown in Figure 2.10d. For
all discharge conditions, the sum of the absolute selectivities was lower than 100 % and the
remainder was considered as deposits selectivities. We decided to show gas phase selectivities
only, i.e. 100% minus the deposits selectivities. Thus we normalized the resulted values such
that the sum of measured selectivities is always 100 %, as shown by the black dashed lines in
Figure 2.10a-2.10c.



2.3 Results 37

0.00 0.25 0.50 0.75 1.00 1.25 1.50
Energy Input (eV/molecule)

0

25

50

75

100

S
el

ec
ti

vi
ty

(%
)

C2H2 3.96 (slm)

C2H4 3.96 (slm)

C2H6 3.96 (slm)

C4H2 3.96 (slm)

C2H2 6.00 (slm)

C2H4 6.00 (slm)

C2H6 6.00 (slm)

C4H2 6.00 (slm)

(a) 15 mbar

0.00 0.25 0.50 0.75 1.00 1.25 1.50
Energy Input (eV/molecule)

0

25

50

75

100

S
el

ec
ti

vi
ty

(%
)

C2H2 3.96 (slm)

C2H4 3.96 (slm)

C2H6 3.96 (slm)

C4H2 3.96 (slm)

C2H2 8.00 (slm)

C2H4 8.00 (slm)

C2H6 8.00 (slm)

C4H2 8.00 (slm)

(b) 25 mbar

0.00 0.25 0.50 0.75 1.00 1.25 1.50
Energy Input (eV/molecule)

0

25

50

75

100

S
el

ec
ti

vi
ty

(%
)

C2H2 3.96 (slm)

C2H4 3.96 (slm)

C2H6 3.96 (slm)

C4H2 3.96 (slm)

C2H2 8.00 (slm)

C2H4 8.00 (slm)

C2H6 8.00 (slm)

C4H2 8.00 (slm)

(c) 35 mbar

0.00 0.25 0.50 0.75 1.00 1.25 1.50
Energy Input (eV/molecule)

0

20

40

60

80

100

D
ep

os
it

s
S

el
ec

ti
vi

ty
(%

)

13.35 (mbar) ‖ 3.96 (slm)

15.25 (mbar) ‖ 6.00 (slm)

23.64 (mbar) ‖ 3.96 (slm)

25.27 (mbar) ‖ 8.00 (slm)

33.78 (mbar) ‖ 3.96 (slm)

33.26 (mbar) ‖ 8.00 (slm)

(d) Deposits

Figure 2.10 Selectivities grouped by pressure for acetylene, ethylene, ethane and diacetylene at:
(a) 15 mbar, (b) 25 mbar and (c) 35 mbar. Selectivities are obtained from measuring absorption
signatures of each individual hydrocarbon. Figure (d) shows the deposits selectivity for all three
pressure ranges, based on carbon balance calculations
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Hydrocarbon selectivities are grouped by pressure with ethane showing the highest value,
up to 80 % (60 % when deposits are included) at the lowest pressure. Ethane has a very small
molar fraction on the order of 10−3 in the equilibrium picture of methane conversion, as
shown in Figure 2.12. Although methane chemistry is rather complex with multiple pathways
leading to product formation, the high ethane selectivity can only be attributed to methyl
radical formation and subsequent recombination.[91–94, 69]

Selectivity shifts towards acetylene with both power and pressure. With increasing power,
ethane selectivity decreases while ethylene and acetylene selectivities show the opposite. The
effect is even more pronounced at higher pressures. Increasing pressure results in the same
selectivity shift to less saturated hydrocarbons and deposits. Dehydrogenation of the more
saturated hydrocarbons, ethane and ethylene, towards acetylene and deposits is likely to be
the responsible mechanism. Both conversion and gas temperature increase with pressure
and power. Increased conversion leads to the formation of more atomic hydrogen radicals
available to react with the formed products as well. Additionally, dehydrogenation reaction
rates have an approximately square dependence with gas temperature.[80]

An alternative pathway involves a change in the radical distribution, as shown by the
equations 2.1-2.4. Methylene and methylidyne radicals (CH2 and CH) can further recombine
to form ethylene and acetylene. The change in radical distribution could be due to an increase
in electron temperature or more likely due to dehydrogenation as well. With the increased
conversion, dehydrogenation could apply to methyl radicals leading to a shift in product
selectivity.

Diacetylene formation adds further insight into methane chemistry at play. It was also
previously observed in small quantities in glow discharges of methane using radical and ion
scavengers at pressures up to 10 Torr.[95] A potential formation path involves the reaction of
ethynyl radicals and acetylene:

C2H+C2H2 −−→ C4H2 +H · (2.31)

The increase in acetylene selectivity is responsible for both the formation of ethynyl radical
and coupling to diacetylene. At the same time, acetylene and diacetylene are known as soot
precursors where the initial formation steps are accompanied by the presence of polycyclic
aromatic hydrocarbons (PAHs).[96, 97] We note the correlation between the formation of
diacetylene and deposits in the reactor. An additional important factor in the growth of the
aromatics and soot formation is presented by the gas temperature.
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Figure 2.11 Ro-vibrational Raman spectra measured in the effluent of (a) pure N2 and (b) N2:CH4=1:1
plasma (in the axial center of the tube, at +10 mm downstream the end of the waveguide; 30 mbar and
120 W input power). (c) Rotational temperature measurements from Raman scattering in N2 - CH4
plasma mixtures. Fitting was done with the same python routine as described elsewhere.[87]

2.3.4 Gas Temperature measurements

In literature optical emission spectroscopy (OES) studies from the C2 Swan and H2 Fulcher-
α band, a linear temperature increase from 1500 K to 2500 K with SEI from 2 eV/molecule to
8 eV/molecule at 30 mbar were reported for pulsed microwave methane plasma experiments.[69,
70] Rotational temperature is determined from Boltzmann plots versus energy levels in the
ground and excited states of C2 and H2. Although this method is more suitable at higher
pressures (for fast equilibration times of the excited states with ground state molecules) a
good agreement was found between the two “thermometer” molecules.

Gas temperatures are measured in-situ by vibrational Raman scattering on N2 in mixtures
of N2-CH4. Compared to e.g. C2 Swan and H2 Fulcher-α spectroscopy, a widely used
method to retrieve the same information, this has the advantage that it does not depend on
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the assumptions regarding the rotational equilibrium of excited C2/H2 species with the gas
mixture. In addition, it is not line integrated and has thus superior spatial resolution.

Figure 2.11 shows an overview of the vibrational Raman measurements in N2 and N2-
CH4 mixtures. Figure 2.11a shows the vibrational Raman spectrum measured in pure N2

discharges. Keeping the same discharge conditions but adding methane into the reactor yields
the spectrum shown in Figure 2.11b. Adding methane to the discharge increases the overall
gas temperature. The increase could be due to the fact that the vibrational VT relaxation rate
coefficient k10

V T (T0=300 K) for methane is a factor of 3× 104 higher than in nitrogen.[67]
Figure 2.11c shows gas temperature measurements as a function of the methane to ni-

trogen gas flow ratio. The 120 W discharge was at 30 mbar and 10 slm total flow (0.17
eV/molecule) and the 230 W discharge was at 25 mbar and 8 slm total flow (0.4 eV/molecule).
In both cases, adding CH4 to pure N2 discharges resulted in elevated gas temperatures. In-
creasing the methane content up to 50 % of the mixture led to a slight increase in temperature.
In view of the sensitivity of the Raman scattering diagnostic, decreasing further the N2

content towards a pure CH4 discharge was not possible. Given that methane set the gas
temperature we assumed that the N2:CH4 mixture to be representative for plasma with pure
methane as well. A more substantial temperature increase is seen with input power from
approximately 1000 K up to 2500 K. The gas temperatures are obtained in the center of the
plasma and, therefore, represent maximum temperatures. In our previous work, on pure N2

microwave plasma assessed by spatially resolved Raman scattering measurements, cooling
rates on the order of 30 Kcm−1 have been measured.[87]

Additionally, we have measured the FTIR product distribution of plasma discharges
for equimolar N2-CH4 mixtures. Overall the C2 chemistry for the N2:CH4=1:1 mixture
discharge at 28 mbar was similar to the pure methane discharge results. For the same energy
input interval, the conversion degree was highest for the mixture case. However, the energy
efficiency was not. More than double in the conversion degree of the mixture is necessary
to beat the pure methane discharge efficiency. Selectivities remained similar to the 25 mbar
pressure cases.

2.3.5 Methane thermochemistry

In this section, we determine the thermal equilibrium composition of methane as a bench-
mark for the plasma driven chemistry. At different temperatures and medium pressure, the
efficiency corresponding to the CxHy production is calculated as well. Thermal equilibrium
of methane discharges in the context of plasma conversion refers only to the heavy particles
(i.e. molecules, ions, and radicals). The electron energies are estimated to be an order of
magnitude higher than the equivalent gas temperatures.[90]
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Figure 2.12 Simplified methane thermodynamic equilibrium composition (carbon solid phase not
included) and the instantaneous quenching efficiency for hydrocarbon production as function of
temperature at a pressure of 100 mbar. The simulations are based on GRI-Mech 3.0 mechanism and
were performed with Cantera.[80, 98]
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Cantera is a specialized computer programme for chemical kinetics, thermodynamics,
and transport processes. It is used here to calculate the equilibrium composition based on the
GRIMech 3.0 mechanism.[98, 80] Figure 2.12 shows methane thermodynamic equilibrium
composition together with the instantaneous quenching efficiency (i.e. assumes that the
equilibrium composition can be preserved) for the produced hydrocarbons as a function of
temperature at a pressure of 100 mbar. The energy efficiency was defined in the methodology
part in Equation 2.22 subsection 2.2.2.

The dissociation of methane starts at temperatures higher than 700 K and is complete
at 1500 K. There is a window where ethylene appears as a minor product, but the main
formed products are acetylene and hydrogen. Subsequently, further decomposition occurs
into atomic hydrogen and carbon. The endothermic process of methane conversion into
acetylene has a maximum of 52.43 % thermal efficiency at 1440 K. After that, the production
of acetylene is rather constant with most of the input energy going into the heat of the gas
mixture. The theoretical values assume ideal quenching and also a homogeneous reactor
temperature. This simplified methane thermodynamic equilibrium excludes the solid phase
carbon formation

CH4 −−→ Cs+2H2. (2.32)

When this is included, the equilibrium phase is made only of solid carbon and molecular
hydrogen.[99, 65]

The peaked temperature profile causes that full dissociation is only reached in the hot
core of the microwave reactor and that the global conversion remains limited. This effect
together with the gas flow dynamics has been described for CO2 in detail by den Harder et
al.[89] Regarding selectivity, most likely there is an interplay between plasma and thermal
chemistry where plasma generates radicals and final distribution is set by thermodynamics.
Mild discharges where ethane has high selectivities are more prone to be due to the plasma
methyl radical formation followed by self-recombination. At higher power discharges and
higher gas temperature, thermal effects become stronger making the final distribution to
resemble more the equilibrium calculations.
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2.4 Conclusions

A consistent data set of methane reduction in a continuous microwave plasma reactor was
obtained for which a complete analysis was made on stable product distribution and reactor
performance. FTIR was used to measure absolute concentrations of the major hydrocarbon
species. In addition, hydrogen concentration was also independently inferred from the
pressure based change in molar flow measurements. From the stoichiometry of the reactions,
the amount of deposits was obtained as well as by closing both the carbon and hydrogen
balance.

A mild discharge regime characterized by low energy input and pressure aimed at
having conditions favorable for nonequilibrium plasma chemistry. In spite of that, high gas
temperatures up to 2500 K were measured from vibrational Raman scattering on N2 probing
molecules in N2 – CH4 mixture discharges. Energy efficiency reached up to 15 %, of which
10 % represented coupling efficiency, with remaining of the energy going into heat.

Hydrocarbon selectivities were grouped by pressure. At the lowest pressure ethane
had the highest selectivity up 60 % (80 % based on gas phase species only). Selectivity
shifted towards lower saturated hydrocarbons and deposits formation with both power and
pressure. At the same time conversion increased. The initial formation of products was
plasma dominated through the nature of the created radicals. Increasing thermal effects are
likely to be responsible for the selectivity shift. Hydrogen abstraction reactions have a square
dependence on temperature leading to a change in both radical, from CH3 to CH2 and CH,
and product distribution.
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A. Saib, J. Visagie, C. Weststrate, and H. Niemantsverdriet, “Fischer–tropsch synthesis:
Catalysts and chemistry,” vol. 7, pp. 525–557, 08 2013.



44 References

[47] F. Botes, J. Niemantsverdriet, and J. Van De Loosdrecht, “A comparison of cobalt
and iron based slurry phase Fischer–Tropsch synthesis,” Catalysis today, vol. 215,
pp. 112–120, 2013.

[48] I. Chokendoff and J. Nimantsverdrief, “Concepts of modern catalysis and kinetics 2nd,
revised and enlarged edition,” 2007.

[49] P. Tang, Q. Zhu, Z. Wu, and D. Ma, “Methane activation: the past and future,” Energy
Environ. Sci., vol. 7, no. 8, pp. 2580–2591, 2014.

[50] H. Schwarz, “Activation of methane,” Angewandte Chemie International Edition,
vol. 30, no. 7, pp. 820–821, 1991.

[51] D. H. Barton, “The invention of chemical reactions,” ChemInform, vol. 21, no. 40,
1990.

[52] R. H. Crabtree, “Aspects of methane chemistry,” Chemical reviews, vol. 95, no. 4,
pp. 987–1007, 1995.

[53] R. Horn and R. Schlögl, “Methane activation by heterogeneous catalysis,” Catalysis
Letters, vol. 145, no. 1, pp. 23–39, 2015.

[54] G. E. Keller and M. M. Bhasin, “Synthesis of ethylene via oxidative coupling of
methane. I. Determination of active catalysts,” Journal of Catalysis, vol. 73, no. 1,
pp. 9–19, 1982.

[55] J. H. Lunsford, “The catalytic conversion of methane to higher hydrocarbons,” Catalysis
Today, 1990.

[56] S. Korf, J. Roos, L. Veltman, J. van Ommen, and J. Ross, “Effect of additives on lithium
doped magnesium oxide catalysts used in the oxidative coupling of methane,” Applied
Catalysis, vol. 56, no. 1, pp. 119–135, 1989.

[57] J. A. Sofranko, J. J. Leonard, and C. A. Jones, “The oxidative conversion of methane to
higher hydrocarbons,” Journal of catalysis, vol. 103, no. 2, pp. 302–310, 1987.

[58] S. Pak, P. Qiu, and J. H. Lunsford, “Elementary reactions in the oxidative coupling
of methane over Mn/Na2WO4/SiO2 and Mn/Na2WO4/MgO catalysts,” Journal of
Catalysis, vol. 179, no. 1, pp. 222–230, 1998.

[59] T. Nishiyama and K.-I. Aika, “Mechanism of the oxidative coupling of methane using
C02 as an oxidant over PbO-MgO,” Journal of Catalysis, vol. 122, no. 2, pp. 346 – 351,
1990.

[60] S. Al-Zahrani, Q. Song, and L. L. Lobban, “Effects of carbon dioxide during oxidative
coupling of methane over lithium/magnesia: mechanisms and models,” Industrial &
engineering chemistry research, vol. 33, no. 2, pp. 251–258, 1994.

[61] K. J. Smith and J. Galuszka, “Effect of carbon dioxide on methane oxidative coupling
kinetics,” Industrial & engineering chemistry research, vol. 33, no. 1, pp. 14–20, 1994.



References 45

[62] J. H. Lunsford, “Catalytic conversion of methane to more useful chemicals and fuels:a
challenge for the 21st century,” Catalysis Today, vol. 63, pp. 165–174, 2000.

[63] Y. Xu, X. Bao, and L. Lin, “Direct conversion of methane under nonoxidative condi-
tions,” Journal of Catalysis, vol. 216, no. 1-2, pp. 386–395, 2003.

[64] H. Gladisch, “How Huels makes acetylene by DC arc,” Hydrocarbon Process. Petrol.
Refiner, vol. 41, pp. 159–164, 1962.

[65] J. R. Fincke, R. P. Anderson, T. Hyde, B. A. Detering, R. Wright, R. L. Bewley, D. C.
Haggard, and W. D. Swank, “Plasma thermal conversion of methane to acetylene,”
Plasma Chemistry and Plasma Processing, vol. 22, no. 1, pp. 107–138, 2002.

[66] A. Fridman, A. Babaritskiy, V. Givotov, S. Dyomkin, S. Nester, and V. Rusanov p. 6,
ISPC-10, 1991.

[67] A. Fridman, Plasma chemistry. Cambridge university press, 2008.
[68] M. Heintze and M. Magureanu, “Efficient methane conversion to acetylene,” HAKONE

8: International Symposium on High Pressure, Low Temperature Plasma Chemistry,
vol. 1 and 2, pp. 201–205, 2002.

[69] M. Heintze, M. Magureanu, and M. Kettlitz, “Mechanism of C2 hydrocarbon formation
from methane in a pulsed microwave plasma,” Journal of applied physics, vol. 92,
no. 12, pp. 7022–7031, 2002.

[70] V. I. Pârvulescu, M. Magureanu, and P. Lukes, Plasma chemistry and catalysis in gases
and liquids. John Wiley & Sons, 2012.

[71] S. L. Suib and R. P. Zerger, “A direct, continuous, low-power catalytic conversion of
methane to higher hydrocarbons via microwave plasmas,” 1993.

[72] J. Meichsner, M. Schmidt, R. Schneider, and H.-E. Wagner, Nonthermal plasma chem-
istry and physics. CRC Press, 2012.

[73] LXcat, “Hayashi database,” 2017.
[74] S. Kado, K. Urasaki, Y. Sekine, K. Fujimoto, T. Nozaki, and K. Okazaki, “Reaction

mechanism of methane activation using non-equilibrium pulsed discharge at room
temperature,” Fuel, vol. 82, no. 18, pp. 2291 – 2297, 2003.

[75] T. Nozaki, A. Hattori, and K. Okazaki, “Partial oxidation of methane using a microscale
non-equilibrium plasma reactor,” Catalysis Today, vol. 98, no. 4, pp. 607 – 616, 2004.

[76] T. Nozaki, N. Muto, S. Kado, and K. Okazaki, “Dissociation of vibrationally excited
methane on Ni catalyst: Part 1. application to methane steam reforming,” Catalysis
Today, vol. 89, no. 1, pp. 57–65, 2004.

[77] A. I. Florescu-Mitchell and J. B. A. Mitchell, “Dissociative recombination,” Physics
Reports, vol. 430, no. 5-6, pp. 277–374, 2006.



46 References

[78] G. J. van Rooij, D. C. M. van den Bekerom, N. den Harder, T. Minea, G. Berden, W. A.
Bongers, R. Engeln, M. F. Graswinckel, E. Zoethout, and M. C. M. van de Sanden,
“Taming microwave plasma to beat thermodynamics in CO2 dissociation,” Faraday
Discuss., vol. 183, pp. 233–248, 2015.

[79] L. S. Kassel, “The thermal decomposition of methane,” Journal of the American
Chemical Society, vol. 54, no. 10, pp. 3949–3961, 1932.

[80] “Gri-mech.” http://combustion.berkeley.edu/gri-mech/. Accessed: 2017-10-02.
[81] R. Janev and D. Reiter, “Collision processes of CHy and CH+

y hydrocarbons with
plasma electrons and protons,” Physics of Plasmas, vol. 9, no. 9, pp. 4071–4081, 2002.

[82] D. van den Bekerom, N. den Harder, T. Minea, N. Gatti, J. P. Linares, W. Bongers,
R. van de Sanden, and G. van Rooij, “Non-equilibrium microwave plasma for efficient
high temperature chemistry,” Journal of Visualized Experiments, no. 126, pp. 1–11,
2017.

[83] R. V. Kochanov, I. E. Gordon, L. S. Rothman, P. Wcisło, C. Hill, and J. S. Wilzewski,
“HITRAN Application Programming Interface (HAPI): A comprehensive approach to
working with spectroscopic data,” Journal of Quantitative Spectroscopy and Radiative
Transfer, vol. 177, pp. 15–30, 2016.

[84] A. Zhu, X. Zhang, W. Gong, and B. Zhang, “Study on Coupling of Methane under Pulse
Corona Plasma in the Presence of Oxygen,” Acta Physico - Chimica Sinica, vol. 16,
no. 9, pp. 842–843, 2000.

[85] A. Oumghar, J. Legrand, A. Diamy, N. Turillon, and R. Ben-Aim, “A kinetic study
of methane conversion by a dinitrogen microwave plasma,” Plasma Chemistry and
Plasma Processing, vol. 14, no. 3, pp. 229–249, 1994.

[86] G.-B. Zhao, S. John, J.-J. Zhang, L. Wang, S. Muknahallipatna, J. C. Hamann, J. F.
Ackerman, M. D. Argyle, and O. A. Plumb, “Methane conversion in pulsed corona
discharge reactors,” Chemical Engineering Journal, vol. 125, no. 2, pp. 67–79, 2006.

[87] N. Gatti, S. Ponduri, F. Peeters, D. C. M. van den Bekerom, T. Minea, P. Tosi, R. V.
de Sanden, and G. J. V. Rooij, “Preferential vibrational excitation in microwave nitrogen
plasma assessed by Raman scattering,” Plasma Sources Science and Technology, 2018.

[88] E. Jourdanneau, F. Chaussard, R. Saint-Loup, T. Gabard, and H. Berger, “The methane
Raman spectrum from 1200 to 5500 cm- 1: A first step toward temperature diagnostic
using methane as a probe molecule in combustion systems,” Journal of Molecular
Spectroscopy, vol. 233, no. 2, pp. 219–230, 2005.

[89] N. den Harder, D. van den Bekerom, R. S. Al, M. F. Graswinckel, J. M. Palomares, F. J.
Peeters, S. Ponduri, T. Minea, W. A. Bongers, M. van de Sanden, et al., “Homogeneous
CO2 conversion by microwave plasma: Wave propagation and diagnostics,” Plasma

http://combustion.berkeley.edu/gri-mech/


References 47

Processes and Polymers, vol. 14, no. 6, 2017.
[90] M. A. Lieberman and A. J. Lichtenberg, Principles of plasma discharges and materials

processing. John Wiley & Sons, 2005.
[91] W. L. Hsu, “Gas-phase kinetics during microwave plasma-assisted diamond deposi-

tion: Is the hydrocarbon product distribution dictated by neutral-neutral interactions?,”
Journal of applied physics, vol. 72, no. 7, pp. 3102–3109, 1992.

[92] C. Schwärzler, O. Schnabl, J. Laimer, and H. Störi, “On the plasma chemistry of the
C/H system relevant to diamond deposition processes,” Plasma Chemistry and Plasma
Processing, vol. 16, no. 2, pp. 173–185, 1996.

[93] K. Hassouni, O. Leroy, S. Farhat, and A. Gicquel, “Modeling of H2 and H2/CH4

moderate-pressure microwave plasma used for diamond deposition,” Plasma Chemistry
and Plasma Processing, vol. 18, no. 3, pp. 325–362, 1998.

[94] L. Mechold, J. Röpcke, X. Duten, and A. Rousseau, “On the hydrocarbon chemistry
in a H2 surface wave discharge containing methane,” Plasma Sources Science and
Technology, vol. 10, no. 1, p. 52, 2001.

[95] K. Hiraoka, K. Aoyama, and K. Morise, “A study of reaction mechanisms of methane in
a radio-frequency glow discharge plasma using radical and ion scavengers,” Canadian
journal of chemistry, vol. 63, no. 11, pp. 2899–2905, 1985.

[96] K. M. Leung, R. P. Lindstedt, and W. Jones, “A simplified reaction mechanism for soot
formation in nonpremixed flames,” Combustion and flame, vol. 87, no. 3-4, pp. 289–305,
1991.

[97] M. Frenklach, “Reaction mechanism of soot formation in flames,” Physical chemistry
chemical Physics, vol. 4, no. 11, pp. 2028–2037, 2002.

[98] D. G. Goodwin, H. K. Moffat, and R. L. Speth, “Cantera: An object-oriented software
toolkit for chemical kinetics, thermodynamics, and transport processes.” http://www.
cantera.org, 2017. Version 2.3.0.

[99] J. R. Fincke, R. P. Anderson, T. A. Hyde, and B. A. Detering, “Plasma pyrolysis of
methane to hydrogen and carbon black,” Industrial & Engineering Chemistry Research,
vol. 41, no. 6, pp. 1425–1435, 2002.

http://www.cantera.org
http://www.cantera.org




Chapter 3

REMPI detection of methyl radicals
produced in microwave plasma

Abstract

Resonance-enhanced multiphoton ionization (REMPI) was commissioned for quantification
of CH3 radicals as the precursor for hydrocarbon chemistry in the effluent of CH4 microwave
plasma. A cylindrical single probe was developed for optimal response close to the plasma
environment. It was absolutely calibrated in comparison with a planar double probe through
REMPI (3+1) Ar measurements. Proper REMPI scaling was found for total charge up
to 0.1 pC per event, which limits the laser power. The potential of REMPI in a plasma
environment was demonstrated by detection of a methyl radical density on the order of
1017 m−3 at 15 cm downstream of the CH4 microwave plasma. Non-resonant multiphoton
ionization background was observed as a limitation of the diagnostic dynamic range.
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3.1 Introduction

Conversion of methane to more value added products, e.g. ethylene, is high on the industrial
wish-list yet remains a challenging topic of study. Efficient and selective C-H bond cleavage
to form methyl radicals is considered to be the bottleneck.[100–103] The non-oxidative
methane coupling via plasma catalysis aims at separating the two stages of radical formation,
i.e. in the volume and on the surface. Studies in a dielectric discharge barrier (DBD)
reactor aiming at details of the interaction of radicals with catalytic surfaces showed that
(methyl)radicals made by the plasma coupled very easily to higher hydrocarbons.[104, 105]
As radicals are generated catalytically with a catalyst with significant surface area, it is
likely that interaction of radicals with that same surface area is an important pathway for
quenching the reaction. The development of an energy efficient methyl radical source that
can be connected to heterogeneous catalysis would give an extra degree of freedom to the
design of catalysts allowing to study whether the product formation can be influenced via
interaction with the surface.[106, 107]

Within methane gas processing and plasma conversion studies, the presence of CHn

radicals has often been inferred based on the end product distribution.[108–111] However, a
single product can have alternative pathways of formation, making it difficult to distinguish
which path is dominant without additional input on the radical formation. For example,
acetylene in a methane plasma could result either from dehydrogenation of more saturated hy-
drocarbons (e.g. ethylene and ethane) or from direct coupling of CH radicals.[112, 113] In our
previous work, high ethane selectivities, most likely from methyl radical dimerization, were
obtained in low pressure methane microwave plasma for similar discharge conditions.[114]
The direct detection of methyl radical would help to understand and eventually to control
chemistry and is the purpose of the current paper.

Radicals are challenging to measure due to their high reactivity. Methyl radicals, in
particular, pose an additional difficulty. Their electronic states have a very short lifetime
(fs range) because the excited states of the methyl radicals are strongly pre-dissociative.
Consequently, fluorescence detection (ns timescales) is not possible.[115] Moreover, the
strong pre-dissociative character gives a broad spectral shape of absorption due to the mixing
of the discrete energy levels of the excited electronic state with the continuum.[116]

One of the first measurements of methyl radical studies in rf plasma discharges involved
threshold ionization mass spectroscopy at pressures of 10 mTorr.[117–120] It was found
that the density of CH3 radicals was two orders of magnitude higher than that of CH2.
Additionally, CH3 lifetimes were an order of magnitude higher than that of CH2 radicals.
This was attributed to a very large surface sticking coefficient for CH2 as opposed to CH3
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radicals. Higher pressures are challenging for the mass spectroscopic techniques. Radical
extraction from the reactor to the high vacuum (UHV) requires multi-skimmer regions and
adds complexity to the overall setup.

Spectroscopy represents another way of detecting radicals. Absorption-based methods
(either in the UV or the infra-red) are line of sight measurements resulting in limited spatial
resolution. Steep spatial gradients of temperature and density pose additional complications to
the measurements. The wide pre-dissociatively broadened absorption feature B2A′1←X2A′′2
transition (Herzberg β1 band), can be applied to determine column densities of CH3. At
216.6 nm methyl absorption is strongest and most of the UV measurements were taken
at this wavelength.[121–125] The variation of the absorption coefficient at 216.6 nm with
gas temperature was determined in shock tubes experiments from an empirical fit from
1250 K-2000 K.[126] Extrapolation of the exponential fit towards lower temperatures adds
further uncertainty to the measurements, making the quantitative assessment of the radicals
unreliable. Radical detection in reactors characterized by gradients in temperature and density
require spatially-resolved measurements that are usually laser based.

A robust diagnostic for methyl radical detection is provided by resonance enhanced
multiphoton ionization (REMPI). REMPI is an n+m photonic process in which the first n
photons put the atom into a resonant excited intermediate state, and the other m photons
ionize the resonantly excited atom. It is a resonant process, i.e. wavelength specific for
each transition so that high selectivity can be achieved. It is also spatially resolved because
the ionization charge is generated in the focus of the laser beam. Additionally, it has high
detection sensitivities down to 0.1 ppm at atmospheric pressure level.[127, 128]

The resulting charge can be detected with electrodes (probes)[129–132], time-of-flight
mass spectrometry [133–135], as was shown recently with microwave scattering.[136–140].
Most of the REMPI probe measurements were done in chemical vapor deposition (CVD) or
combustion reactors where a low or no ionization background was present.[141–143] REMPI
probe measurements in plasma reactors remains rather unexplored due to the difficulty of
charge extraction from a highly ionized background.[144]

This paper reports on commissioning of REMPI on neutral argon gas for methyl detection
in microwave plasma. For CH3 radicals we probed the 2+1 REMPI transition (X2A

′′
2 →

3p2 A
′′
2) from 332.5 nm to 334.5 nm while for Ar we used the the 3+1 REMPI transition

(3p6 1S→ 3p54s4s′[1/2] J=1) from 314.0 nm to 314.5 nm. Charge detection is performed
with a current amplified single cylindrical probe for its favorable operation with plasma.
Comparisons will be made with more sensitive charge amplification as well as with a double
planar probe configuration to obtain an absolute calibration of the charge measurement.
Scans of probe voltage and laser power are analyzed to determine the regime in which the



52 REMPI detection of methyl radicals

diagnostic provides reliable species densities. The capabilities for methyl detection are
demonstrated on the basis of measurements in the afterglow of microwave methane plasma.

3.2 Experimental setup

3.2.1 Microwave reactor

The experimental setup is made of three main components: a microwave plasma reactor, a
laser system, and an electrical part for detection of the REMPI signal, as shown schematically
in Figure 3.1. Briefly, steady state microwave discharges were generated in a tubular quartz
reactor of 20 cm length and 3 cm inner tube diameter, inserted through the wide faces of a
rectangular waveguide, as shown in Figure 3.1. This position corresponds to a maximum
of the electric field in the center of the tube. The microwave generator supplies up to
1 kW continuous power at 2.45 GHz operating frequency. The impedance of the waveguide
with the plasma was matched with an E-H tuner for maximizing the absorbed input power.
Tangential gas injection stabilizes the plasma discharge in the center of the tube. This ensures
operation over a wide parameter space while minimizing the heat load on the tube. We
used methane of chemical grade 2.5 (purity ≥ 99.5 %) from Linde Gas which contained the
following other impurities (ppm level): O2 ≤ 100, N2 ≤ 600, H2 ≤ 600 and other CnHm ≤
3000.[145]

The REMPI detection point was located 15 cm downstream where the UV laser was
focused near a positively biased probe. An additional Mo mesh was grounded 2 cm above
the focused point to shield the REMPI probe from the above microwave generated plasma.

3.2.2 Optical layout

UV light for REMPI ionization was generated using an integrated OPO system, NT342C
series from Ekspla[146], as shown in Figure 3.2. The pulse duration is between 4−6 ns with
10 Hz repetition rate. The output was tuned from 313 to 315 nm and from 332 to 335 nm
with energies up to 5 mJ/pulse and 2 mJ/pulse. A variable attenuator consisting of a half
waveplate and a polarizer made possible the continuous attenuation of the laser output power.
Additionally, a beam expander that also acted as a spatial filter (with a 5 µm pinhole) was used
to increase the numerical aperture (approximately an f/3.5 configuration) and to collimate
the beam.

An approximately 50 mm effective focal length (obtained from the combination of one
plano-convex and one meniscus lens with f = 100 mm) generated the REMPI ionization near
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Figure 3.1 Schematic drawing of the plasma reactor setup and the cylindrical single probe. Process
gas was injected by means of tangential injection nozzles connected to the upstream glass–to–metal
connector on the quartz tube. The plasma was generated inside the quartz tube due to the microwave
radiation that was provided through a rectangular WR-340 waveguide. The REMPI detection point
was located 15 cm downstream. The laser was focused with an effective 5 cm lens system and the
probe was positively biased. An additional Mo mesh was grounded 2 cm above the focused point to
shield the REMPI probe from the above microwave generated plasma.
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Figure 3.2 Schematic drawing of the optical setup. The half-wave plate together with the polarizer
were used to attenuate the laser beam power. L1, L2 and L3 are plano-convex lenses with f = 35 mm,
75 mm and 100 mm. L4 is a positive meniscus lens with f = 100 mm. The pin-hole between lenses L1
and L2 had an aperture of 5 µm. W1 and W2 are UV fused silica windows situated at a distance of
5 cm and were glued on the reactor.

the probe tip, as shown in Figure 3.3. For the above settings, a laser spot size diameter in the
order of 2 µm with a Rayleigh length of 22 µm is calculated with Gaussian optics.

3.2.3 REMPI probe design for optimized charge extraction

The detection of REMPI ionization is based on the principle of charge induction on conductors
that is fundamental to the gaseous radiation detectors used in high-energy and particle physics
applications.[147, 148] We briefly introduce the physics behind the charge detection in an
ionization chamber, as the basis for explaining the design choices for the current probe
detection. We first consider the geometry of a planar double probe as sketched in Figure 3.3a.
Let’s assume a point like charge source due to a focused ionizing UV laser beam, i.e. the
REMPI process at a certain distance x from the anode. In the presence of an electric field, the
ions and electrons will separate, and their motion will induce charge on the two electrodes
(the anode and the cathode). The time dependent induced charge in the electrical circuit can
be written as:

q(t) = Q
w+t

h
+Q

w−t
h

(3.1)

where Q is the total charge, h is the distance between the two electrodes and w+,− the drift
velocity of ions and electrons. The electron and ion drift velocities are directly proportional
(via their mobility) to the strength of the electric field and gas pressure:

w =
q
m

τ(E,σ)E
p0

p
= µE

p0

p
(3.2)
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(a) (b)

(c) (d)

Figure 3.3 (a) Schematic drawing of the planar double probe geometry (w×l×h = 6 × 6 × 5.5 mm)
made of Mo. (b) The cylindrical single probe geometry had a 1 mm anode bead made of a Pt and was
situated at a 10 mm distance from the Mo cathode. An Al2O3 insulation hollow rod separated the two
electrodes.[127] Photographs of the (c) planar double probe and (d) cylindrical single probe.
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Figure 3.4 Schematic representation of the induced (a) current and (b) charge due to the drift motion
of ions and electrons between two parallel plates electrodes when the ionization takes place in the
center.[147]

where q is the electric charge, m the mass of the charged particle, E the electric field, τ

the mean time between collisions, p the gas pressure, p0 the standard pressure and µ the
charge mobility. Due to the mass difference between the two particles (ions and electrons),
their mobilities (and drift velocities) can vary up to three orders of magnitude, resulting in
similar differences for the drifting times. For the case of the two ions studied here, Ar+ and
CH3

+, the methyl ions are lighter and about 2.6 times faster under the same field strength
conditions. Thus, measurements of the electron drift velocities for both probes represent
a way of estimating the effective field strength for the more complex 3D structure of the
cylindrical single probe.

After the maximum drifting times T+,− the ions have been neutralized on the surface and
the electrons absorbed by the surface. Hence, the total induced charge becomes:

qT = Q
w+T+

h
+Q

w−T−

h
≡ Q. (3.3)

Figure 3.4 shows the induced charge schematically and resulted current as a function of
the drifting time for the geometry sketched in Figure 3.3a. Note that the induced electron and
ion signal will both have the same polarity in the measurement circuit. The rule of induced
signal formation is as follows: “A positive charge moving towards an electrode generates and
induced positive signal; if it moves away from the electrode the signal is negative”.[147]

For high vacuum environments where the charge mean free path (mfp) is much larger
than the collection distance, charge detection can be very efficient. However, this is not
the case under current reactor operating pressures of 10− 20 mbar where the mfp is much
smaller than the collection distance. As a results recombination and attachment processes
can become important loss channels. Two contrary aspects need to be addressed by the
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probe design: on the one hand the drifting time should be large to maximize the amount of
the induced charge, and on the other hand, it should be small to minimize the losses due to
recombination and attachment.

Following the above considerations, two probes were available to acquire the ionization
signal. The first one, a planar double probe, has a simple geometry given by two parallel
plates, as shown in Figure 3.3a. The two plates (6×6 mm) are separated at a distance of
5.5 mm and act as collecting electrodes. The REMPI charge, electrons and ions, drift towards
the anode and cathode, under a constant electric field and recombine at the surface of the
electrodes. The outcome and the main advantage of this probe is the collection of the
total charge in the absence of recombination and attachment processes. The drawback is
represented by the longer drifting time scales of the ions (compared to electrons) needed to
collect the total charge. Additionally, the amplitude of the induced ion current is weak due to
the large signal bandwidth requiring an even higher sensitivity of the amplifier.

Screening of the slow ion component was obtained by using a second probe design, as
shown in Figure 3.3b. A cylindrical single probe that favors the collection of the REMPI
electrons and that was adapted from the work of Cool et al.[127] The anode is made of Pt and
terminated with 1 mm diameter bead. The cathode is placed approximately 10 mm backward
on top of an insulating Al2O3 layer. Applying a positive bias voltage on the Pt anode bead
results in a nonuniform electric field that favors the electron collection. A strong electric
field develops only in the close vicinity of the anode bead, as simulated potential contour
plots showed it for the same probe design.[144] The REMPI cloud charge diameter should
be located within the high electric field region. The focal distance of the collimating lens,
the beam aperture, and the laser power are the primary determining factors for the initial
size of the charge cloud. The resulted induced electron charge occurs over a shorter distance
and a more significant potential drop compared to the ion counterpart. As a result, (at fast
timescales) the electron part dominates the measured signal. The design of the cylindrical
single probe aims at maximizing the detection signal, i.e. the induced electron current and
charge, while minimizing the losses, i.e. the distance traveled by the electrons. The two
requirements are conflicting with each-other according to Equation 3.3. Hence, a trade-off
with respect to the laser focus position to the anode bead had to be made for this probe
design. The disadvantage of the cylindrical single probe is the lack of the total charge
information. Dependence of the image charge on the exact probe-laser distance and lack of
the ion component implies that calibration is necessary for quantification of the total charge
generation.
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Figure 3.5 Simplified diagram of the current amplifier. The biased input stage is AC coupled to
the amplifier in order to isolate the circuit from the high voltage bias supply. The resulted gain
of the amplifier was 100 mV/µA with a minimum signal level of 1 mV possible to measure on the
oscilloscope (LeCroy Waverunner LT354).

3.2.4 Electrical layout

Two detection amplifiers, with different sensitivities yielding either charge or current, were
used with each probe. Figure 3.5 shows a simplified electrical schematic of the current
amplifier that was built in-house. The first stage of amplification (the main stage) is given by
a trans-impedance amplifier (current amplifier) that had the following specifications: rise and
fall times of 112 ns, overshoot and undershoot of 5.2 % and a gain of 100 mV/µA.

The charge amplifier was a commercial unit from FAST ComTec made of two parts, a
pre-amplifier module (CSP10) and a shaping amplifier (CSA4).[149] The pre-amplifier unit
had a gain of 1.4 V/pC and a fast rise time of 7 ns followed by a long decay tail of 150 µs. A
shaping amplifier provided a Gaussian response of 2.4 µs with a 1 µs shaping time. Gaussian
shaping amplifiers take a step-like input pulse and produce an output pulse shaped like a
Gaussian function. Their purpose is to filter much of the noise from the signal of interest and
to provide a quickly restored baseline leading to improved stability. The shaping amplifier
can eliminate overshoots by the adjustment of the pole-zero corrections. Further details on
the operation and usage can be found elsewhere.[148] An oscilloscope (LeCroy Waverunner
LT354) recorded the output of the amplifiers.

3.3 REMPI commissioning

In this section, the REMPI ionization measurements of the total charge with the planar double
probe, as described in subsection 3.2.3 was commissioned on Ar without plasma. We aim at
the operation of the probe as an ionization chamber in which all REMPI ionization is collected,
and the proportionality between the measured charge and parent species is equal to unity.[147]
The saturated charge collection regime is a crucial aspect of the current measurements because
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Figure 3.6 Overview of Ar (3+1) REMPI generated signal in different mixtures at a pressure of 10
mbar. (a) Comparison of REMPI spectra taken in 100 % Ar (chemical grade 5.0) and 2 % Ar in CH4
of chemical grade 2.5.[145] (b) and (c) overview of the methane background for both Ar (3+1) and
CH3 (2+1) REMPI spectral regions. (d) Comparison of REMPI spectra taken in air and 1 % Ar in
CH4.
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Table 3.1 Ionization potentials (IP) and electron affinities (EA) for radical and hydrocarbon species
presented in the methane discharges and O2.[150–154]

Species IP (eV) EA (eV)
C 11.26 1.26
H 13.59 0.75

CH 10.63 1.23
CH2 10.40 0.65
CH3 9.84 0.08
C2 11.41 1.26

C2H2 11.40 1.43
C2H4 10.51 1.77
C2H6 10.52 -

O2 12.07 0.43

knowing the total amount of charge yields an absolute density measurement from the REMPI
ionization signal.

REMPI ionization was detected with two amplifiers, one for the charge and one for the
current. The charge amplifier has a higher detection sensitivity making possible to measure
both the ion and electron components yielding the total charge. However, it becomes unstable
in the plasma afterglow due to microwave interferences. The current amplifier has a lower
sensitivity and can not measure the ion component. The combination of the current amplifier
and the cylindrical single probe represents a stable acquisition configuration. Calibration
with the planar double probe and the charge amplifier allows absolute quantification.

In view of simulating the electronegative background environment of methane plasma
discharges [114], indicated by the electron affinities in Table 3.1 and the minority character
of the methyl radical species, we used ambient air that contains 1 % Ar. Figure 3.6 shows
an overview of the Ar (3+1) REMPI generated signal in different mixtures (at 10 mbar).
Figure 3.6a shows a comparison between REMPI spectra taken in 100 % Ar (chemical
grade 5.0) and 2 % Ar in CH4 of chemical grade 2.5.[145] Ar has an IP of 15.759 eV with
the ionization ground state split into two levels separated by 177.5 meV.[155, 156] The
multiphoton ionization of Ar measured here has as first step a three-photon excitation to
an excited state (3p6 1S → 3p54s4s′[1/2] J=1) by three linearly polarized photons from
314.0 nm to 314.5 nm.[157, 143] The second step is the ionization process from the excited
state by one-photon that brings the Ar atoms just above the ionization level. Apart from the
main Ar peak at 314.3 nm new broadband features and extra peaks can be observed upon
methane dilution. Main peaks corresponding to the methane impurity background are located
at 313.4 nm, 314.2 nm and 320.4 nm, as shown in Figure 3.6b and 3.6c. A comparison
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(a) (b)

Figure 3.7 Ar (3+1) REMPI generated signal in the planar double probe configuration with a 50 V
applied bias. (a) A current trace measured with the current amplifier (continuous blue line on the
left y-axis) and area under the current trace (dashed red line on the right y-axis). (b) A charge trace
measured with the charge amplifier showing the first stage of amplification.

between Ar that was diluted in methane down to 1 % and Ar present in air is shown in
Figure 3.6d. No background contribution and similar amount of charge (for the same laser
power) was detected for the Ar present in air, which formed the reactor environment for the
probe commissioning.

3.3.1 Current and charge amplifier response

Typical REMPI traces of the induced ion and electron current and charge measured with a
planar double probe can be seen in Figure 3.7a and 3.7b with both a current and a charge
amplifier. The two measured signals (current and charge) were acquired under the same
conditions of laser power and Ar pressure. In both cases, the electron signal appears at the
beginning and rises in less than a 1 µs while the ion component is slower lasting for a few
tens of µs after. Due to the larger time-width of the ion current compared to the electron
counterpart, the current amplifier is not sensitive to the ion signal, as shown in Figure 3.7a.
The charge amplifier has a higher sensitivity (due to an analog integration) and can resolve
both the ion and electron components, as shown in 3.7b.

In Figure 3.7a, the electron current is integrated from 1 to 2.5 µs (area under the trace) to
yield the total electron charge component of 0.045 pC. A baseline correction was applied to
the current trace by subtracting the average signal from 0.5 to 1 µs. Further integration of the
ion signal is not reliable because of the small magnitude of the ion component.

In the charge amplifier case, as shown in Figure 3.7b, the first change in slope of the
trace indicates where the electron drift has ended. The total electron charge measured at
that position is equal to 0.039 pC, resulting in a 0.006 pC offset with respect to the current
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Figure 3.8 Ar (3+1) REMPI generated signal with the cylindrical single probe configuration with a
50 V applied bias. (a) Current trace measured with the current amplifier (continuous blue line on the
left y-axis) and area under the current trace (dashed red line on the right y-axis). (b) Charge measured
with the charge amplifier showing both first and second stages of amplification.

amplifier measurement. The measurements were averaged 64 times (internally on the
oscilloscope) to eliminate the shot to shot fluctuations with the laser power.

When ions have been neutralized at the cathode surface the total charge has been collected
(the maximum value of the charge trace equals to 0.058 pC) and the signal decreases within
150 µs time constant set by the RC time of the charge amplifier.

The large bandwidth of the ion current prevents the measurement of the total charge in
the case of the current measurements. In view of obtaining the total charge, the planar double
probe measurements were acquired with the charge amplifier given higher sensitivity.

Figure 3.8 shows REMPI (3+1) Ar traces measured with the cylindrical single probe
with both the current and the charge amplifier. Similar to the planar double probe response,
the electron current represents the main part of the signal. The difference with the double
probe consists of a lack of the ion component, as shown in Figure 3.8b. Integrating the main
current peak (from 1− 1.8 µs) yields the electron charge, as shown Figure 3.8a, with similar
values, also resulted from the charge amplifier measurements.

3.3.2 Optimization of the laser focus position

The optimum of the laser focus position with respect to the anode aims at maximizing the
detection signal while minimizing the losses, i.e. the distance traveled by the electrons and
ions. The two requirements are conflicting with each-other according to the Equation 3.3. On
the one hand, the drifting time should be increased to maximize the amount of the induced
charge. On the other hand, it should be reduced to minimize the losses due to recombination
and attachment.
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Figure 3.9 (a) Time traces of the REMPI ionization induced charge in the planar double probe for
different laser focus positions at 50 V bias; distance is shown with respect to the anode. The open and
filled circles represent the electron and total charge amount. (b) Total measured charge (filled circles),
electron charge calculated (open black circles) and measured (open red circles); 0 mm represents the
anode and 5.5 mm the cathode positions.

In addition, for the cylindrical single probe, there is another requirement due to the
nonuniform electric field. The best focal position, at the probe tip, ensures that there is
maximum overlap between the electric probe field and the generated charge cloud during the
REMPI ionization process. However, given the proportionality of the induced charge signal
with the distance, a trade-off had to be made, i.e. to find the maximum signal with respect to
the laser focus position to the anode bead.

Planar double probe geometry

Scanning the position of the laser focus with respect to the anode in the double planar probe
configuration changes the proportion of the electron and ion parts of the signal as described
by Equation 3.1. Figure 3.9a shows time traces of the induced charge due to the Ar (3+1)
REMPI ionization for different laser focus positions. The probe had 50 V DC bias and was
in a reactor filled with Ar (15 mbar). Additionally, comparing drift time and velocity for the
two probes represents a way of estimating the electric field strength for the more complex
3D field structure of the cylindrical single probe. In the current case of the planar double
probe, the electric field is in the order of 100 V/cm and can be calculated straightforwardly
by dividing the applied bias voltage over the distance between the two plates.

Thus, scanning the laser focus position between the probe plates changes the electron and
ion drift distances. The results of the scan are shown in Figure 3.9b. While the total charge
remains constant, the electron part increases with increasing drift length. At the same time,
the ion part (electron charge subtracted from total charge) decreases. The proportionality of
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Figure 3.10 (a) Zoom on the electron component of the time charge trace showing the two approaches
of calculating drift times. (b) Electron drift times in the planar double probe obtained from numerical
derivation (filled circles) and the corresponding values obtained for a constant drift velocity of
0.8 cm/µs (open circles) as function of drift length.

the change in the electron part is evaluated from the comparison of the measured electron
charge and the calculated amount from the total charge, as given by Equation 3.3. Good
agreement is found between the two methods at the larger electron drift lengths. The
disagreement at smaller electron drift lengths could come from the error in calculating the
change in slope position through numerical derivation.

Figure 3.10 shows electron drift times obtained from the laser focus position scan of the
REMPI charge. The electron drift times are calculated as the difference between the point
in time where the charge slope changes, calculated through numerical derivation, and the
beginning of the signal. This approach yields a constant electron drift time with distance. For
comparison, the electron drift times are calculated for a constant drift velocity of 0.8 cm/µs
and over-imposed on the charge time traces, as shown in Figure 3.10a. The average value
obtained for the electron drift velocity is similar to literature values for the bias field and
neutral density used here.[158]

The ion drift times are given by the difference between the point in time where the charge
signal reaches its maximum value and the beginning of the signal, as shown in Figure 3.11.
Finding the maximum values is less prone to errors than numerical derivation. Additionally,
the ion component has larger drift times and increments that are easier to resolve. It ranges
from 10 µs to 40 µs and increases linearly with drift length. Accompanying drift velocities
(simply calculated as the drift length over the time) span from 7.5 cm/ms to 17.5 cm/ms
and increase also with the drift length. The average ion drift velocity corresponds well to
literature values at the conditions used here.[159]
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Figure 3.11 (a) Ion drift times in the planar double probe (open circles) obtained from the position of
the maxima of the time charge traces and (b) ion drift velocities (filled circles) calculated as ratio of
the drift length to time.

To avoid the numerical derivation in obtaining the electron charge, a second stage
amplification and shaping (as described at the end of subsection 3.2.3) was used in further
measurements to yield the electron component directly, of which results are shown in
Figure 3.12. A 1 µs amplifier cut off time was chosen to ensure that all the electron charge
was accumulated. Comparison of electron charge resulted from the second stage amplification
and values resulted through numerical derivation from the 1st stage amplification had an
average offset of 7.7 fC. The offset is due to the contribution of the ion component in the
1 µs set time, as can be seen in the tail of the shaped responses, in Figure 3.12a.

Cylindrical single probe geometry

The laser induced electron emission from the metal, e.g. due to the photoelectric effect, is
likely to be responsible for the measured current, as shown in Figure 3.13.[160] This is an
uncontrolled process resulting in substantial scattering of the data. It is being used here solely
to find the best focal position and approximate the laser focal volume. The point of best
overlap between the laser focus and the probe was determined with the Pt anode bead acting
as a target for the laser. From this reference position, the Ar (3+1) REMPI signal will be
optimized, similar to the planar double probe distance scan.

The REMPI ionization volume is difficult to be measured directly, especially in cases
when a non-resonant background due to one photon ionization is also present. In such cases,
the ionization volume can be even more significant than the resonant case alone (i.e. because
of a higher photon flux needed).
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Figure 3.12 (a) Total charge and second stage 1 µs shaping amplifier response with the planar double
probe, yielding the electron response. (b) Comparison of electron charge resulted from the second
stage amplification and shaping (filled circles) and values resulted from the 1st stage amplification
(open circles) yields a 7.7 fC average offset.

The solid curve used for fitting the laser induced electron emission, as shown in Fig-
ure 3.13, follows from the intensity of the laser beam profile and is given by[161]

I(z)
I f

=
A f

A(z)
=
(
1+a(z− z f )

2)−1
(3.4)

where a = 1/z2
0 = 9.36 mm−2 is a fitting parameter, z0 is the Rayleigh length, I(z) is the

average laser intensity, A(z) is the area along the beam direction, I f is the average laser
intensity at the plane of best focus, A f is the area and z f is the position of the plane of best
focus. The laser induced electron emission signal drops within less than 2 mm distance of
moving the beam focus (with the help of the lens system L3/L4 as shown in Figure 3.2). The
full width half maximum (FWHM) of the signal is approximately 1 mm, the same as the
anode bead diameter. The corresponding Rayleigh length, z0 is approximately 326 µm. The
fitted Rayleigh length is 15 times larger than the Gaussian beam calculations.

The results of a distance scan of the Ar (3+1) REMPI signal are shown in Figure 3.14a
for the reference position found previously. The laser focus is moved away from the probe
tip, in a parallel direction with the probe. Both the peak current and the charge (area under
the current trace) show a similar response with distance. Moving away from the probe
increases the induced charge, as expected from Equation 3.1. Compared to the peak current,
the maximum of the charge signal remains constant over a larger distance, from 2 to 4 mm.
Subsequently, both a decrease in the electric field strength and increased recombination and
attachment lead to a decrease in the REMPI ionization signal. The best laser focus position
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Figure 3.13 Charge resulted from focusing the laser on the anode bead of the Pt cylindrical single
probe from the variation of the position of best focus (lenses L3/L4 as shown in Figure 3.2). The
arrow indicates the laser beam scan direction. The solid curve is given by Equation 3.4. The reactor
was filled with methane at a pressure of 20 mbar. A 50 V positive bias was applied to the probe and
256 shots were averaged.

to the probe tip is represented by the interval where the signal is maximum, at the position
closest to the probe, i.e. at 2 mm.

Figure 3.14c shows electron drift times that are calculated as the difference in the peak
and the start position of the REMPI current signal, as shown in Figure 3.7a. Additionally,
drift velocities are obtained as the ratio of scanned distances over the drift time, as shown in
Figure 3.14d. The drift velocity increases with distance reaching a top after the maximum
of the charge position, from 4 to 7 mm. Subsequently, there is a less spatial overlap of
the probe field and generated cloud charge, and the drift velocity decreases. Compared to
the average 0.8 cm/µs drift velocity obtained for the planar double probe, as described in
subsection 3.2.3, current velocities are approximately two times higher, indicating a stronger
electrical field. Assuming a constant electron mobility an effective field strength in the order
of 200 V/cm can be estimated from Equation 3.2 for the single probe case.

3.3.3 Saturated charge collection operation regime

For the current application to be independent on the gas composition, charge saturation
(gain equals unity) is essential for quantification of the REMPI signal and represents the
regime where the two probes should be operated. Operating in a saturating collection mode
ensures that effects from electron recombination and attachment have been minimized and
that no extra electrons are coming from secondary ionization events. Thus, all the electrons
originating from the REMPI process are detected. Electron and ion losses come from
recombination and attachment processes that make the collected charge to be smaller than
the total amount generated. The recombination rate depends on the number of charge carriers
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Figure 3.14 (a) Scan of the REMPI signal in Ar as function of the cylindrical single probe tip to laser
focus distance. Both maximum of the peak current (left y-axis) as well as the corresponding charge
(right y-axis) are plotted. (b) Sample current traces for different probe tip to laser focus distances. (c)
Experimental electron drift times and (d) electron drift velocities. A 50 V positive bias was applied to
the probe and 64 shots were averaged.
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Figure 3.15 (a) Electron and (b) total charge measured with the charge amplifier in the planar double
probe as function of bias voltage for different laser powers. The black vertical dashed lines at 50 V
and 100 V were chosen as operational bias points to assess the influence on the laser power scaling
measurements. For the three lowest laser powers, the dashed vertical lines also serve as border
guidelines for the different charge collection regimes: recombination and attachment, saturation
(ionization chamber mode with unity gain) and secondary ionization.

and the recombination coefficient.[147] The recombination effect becomes significantly
important at higher laser powers when more charge is generated. Increasing the charge
densities requires higher voltages for saturation. The electron attachment effect is negligible
for noble gases, N2, H2 and CH4. It becomes important in the presence of electronegative
gases such as O2 and hydrocarbons. Operation of the probes in a saturating regime is an
essential aspect because it enables absolute density measurements.

REMPI charge collection with the two probes is assessed from probe voltage scalings at
different laser powers. Figure 3.15 shows the electron and total charge with the planar double
probe as a function of applied bias voltages for different laser powers. Increasing the bias
voltage from zero begins to separate charges that would otherwise recombine close to the
position where the ionization took place. The first collection regime can be seen in the initial
part of the bias scan, where the voltages are low, along with the corresponding drifting time
and velocity. The second collection regime that of charge saturation is reached by increasing
the bias voltage (and the electric field) up to 100 V. At this point, the charge produced
during the REMPI ionization has been fully collected, and losses are reduced to a minimum.
Effectively there is a proportionality factor equal to unity between the collected charge and
the ionized parent species. This is a crucial step as it makes quantitative measurements of the
total charge possible.

Continuing to increase the voltage leads to the third regime of secondary ionization,
where new charge is created through electron collisions with gas phase molecules and
atoms. Primary electrons in high electric fields that reach sufficient energy lead to secondary
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Figure 3.16 (a) Time traces of the Ar (3+1) REMPI ionization currents with the cylindrical single
probe for different bias voltages at resonance wavelength. The integrating time window determines
the time span when electron charge dominates and it is indicated by the vertical dashed lines. (b)
Charge (area of the signal) versus voltage scans for three different applied laser powers.

electrons, that in turn may produce further electrons resulting in an avalanche formation:

n = n0exp(αx) (3.5)

where α = 1/λion is the probability of ionization per unit path length (1st Townsend coeffi-
cient), λion is the mean free path for secondary ionization, n0 is the primary electron density.
Gain amplification factors can be obtained up to 1×108 after which sparking occurs. This
represents the so-called proportional counter mode where dedicated gas mixtures with known
proportionality gains are required. It is widely used in high-energy and particle physics
where gaseous radiation detectors are undergoing continuous development.[147]

The voltage at which a saturation plateau can be reached is dependent on the laser
power. High laser powers yield an increased charge volume that is detrimental to reaching a
saturation plateau. The first and last collection regimes, recombination and attachment, start
to overlap with secondary ionization.

Figure 3.16a shows Ar (3+1) REMPI current traces for different applied bias voltages at
fixed laser power for the cylindrical single probe. At zero bias voltage, the laser plasma is
at a positive potential with respect to the probe tip, and there is a negative current drawn to
the circuit due to ion collection. Increasing the applied positive voltage changes the current
to be positive, thus to an electron collection regime. The tail of the current traces at higher
voltages could be attributed to the presence of positive ions, negative ions (due to attachment,
as described in subsection 3.3.3) and secondary electron generation.[127] The area between
the two vertical lines represents the time span when the electron charge dominates. The
charge in that window (area under the current trace) is shown as a function of bias and laser
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Figure 3.17 Ar (3+1) REMPI spectrum measured with the planar double probe for two laser powers at
1.15 mJ and 1.78 mJ per pulse, showing the resonance peak at around 314.38 nm. Background dashed
line was calculated as a median excluding the 314.1 nm to 314.45 nm region. Laser wavelength was
scanned with a fixed step of 0.01 nm.

power in Figure 3.16b. The integrating window is chosen to minimize the ion component by
excluding the tail in the current trace, and it was visually inspected for all applied probe bias
voltages.

Similar to the planar double probe, the three collection regimes of recombination and
attachment, saturation and secondary ionization can be identified for the cylindrical single
probe as well. The cylindrical probe I-V characteristic is comparable to the results obtained
with the same probe design.[127, 162] Again, increasing the laser power results in an overlap
of the first and last of the collection regimes. Hence, both the laser power and bias voltage
must be adjusted to bring the working point within a saturated collection regime.

Overall there are six different regimes of charge collection with applied bias described in
the ionization gas detectors literature: recombination before collection, ionization chamber
(saturation), proportional counter, the region of limited proportionality, Geiger-Muller counter
and discharge region. Depending on pressure and gas composition these regimes span over
1000 V of applied bias with the ionization chamber mode ending around 200 V.[147]

3.3.4 Total charge calibration based on laser power scaling

The appropriate scaling of the REMPI ionization charge signal with the laser power represents
another verification for the operation in the charge saturation collection regime. Two applied
bias voltages of 50 V and 100 V were set as fixed operational bias points to assess their
influence on the laser power scaling measurements. Additionally, the response of the
cylindrical single probe can be calibrated for the total charge based on the laser power
scaling.
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Figure 3.18 Scaling of of Ar (3+1) REMPI charge in the planar double probe with laser power.
Logarithmic plot of (a) electron and (b) total charge as a function of the laser power scan at two
different applied bias voltages of 50 V and 100 V. A linear fit (continuous green line) for charges up
to 0.1 pC shows a 3rd power dependence of REMPI signal with laser power.

For a saturated ionization step and an unsaturated resonant transition, a third power
dependence of the Ar (3+1) REMPI signal with laser power is required. For the assessment of
this dependence, the entire spectrum band of the REMPI transition was acquired. Figure 3.17
shows Ar (3+1) REMPI spectra at two different laser powers. The resonant peak appears
on top of a small background. The background was fitted using a third order polynomial
excluding the 314.1 nm to 314.45 nm region and is further subtracted from the measurements.
The resonant peak has an asymmetric line shape due to the Autler–Townes effect also known
as ac Stark broadening that increases with the laser power.[155, 163]

Spectra of Ar (3+1) REMPI were acquired with a planar double probe for a scan over
laser powers yielding the electron and the total charge dependence, as shown in Figure 3.18.
After background subtraction, the maximum value was used in the calculations. For the 50 V
case, the electron charge shows a 3rd power scaling with the laser energy up to a threshold
of approximately 0.1 pC. For higher amounts of laser produced charge recombination and
attachment lower the amount of collected charge. Hence the probe collection is no longer in a
saturation regime, as shown in the previous section. Operation of the probe at an applied bias
voltage of 100 V shows more overlap with the fitted scaling. However, secondary ionization
can also become significant at higher voltages, as shown in Figure 3.15. Hence, the collected
charge does not exclusively originate from the REMPI ionization process. Ideally, we would
use the minimum bias voltage that is necessary to have a full charge collection and to avoid
possible secondary ionization events.

The total charge scaling, as shown in Figure 3.18b yields a 3rd power dependence over the
entire laser power range and appears less sensitive to the different applied voltage biases. At
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Figure 3.19 Scaling of Ar (3+1) REMPI signal with laser power measured with both charge and
current amplifier for the cylindrical single probe configuration. The charge amplifier had an order of
magnitude higher sensitivity. A 50 V bias voltage was applied.

higher voltages (and laser powers) secondary ionization takes place and offsets the collection
losses resulting in an apparent scaling agreement with the 3rd power dependence of the laser.

The scaling of the Ar (3+1) REMPI signals with laser power for the cylindrical single
probe measured with both current and charge amplifiers is shown in Figure 3.19 for compar-
ison. A 50 V bias voltage was applied. A straight line showing a third power dependence
was fitted to the data up to a charge of 0.1 pC. Similar to the double probe analysis, at higher
laser powers there is more charge generated leading to the lack of the saturation regime. The
50 V applied bias is in the first collection regime of recombination and attachment where
less amount of charge is collected. Both the current and charge amplifier values are in good
agreement, with the latter one being an order of magnitude more sensitive.

The cylindrical single probe and the planar double probe charge scaling with laser power
yield the following calibration relation:

Qsingle probe
e = 0.57Qdouble probe

e . (3.6)

where the electron charge with the planar double probe was given by Equation 3.1. As a
result there is an effective value for the total charge measured with the cylindrical single
probe given by:

Qsingle probe
tot =

1
0.57

d
x

Qsingle probe
e ≈ 2Qsingle probe

e (3.7)

where d = 5.5 mm was the total distance of the parallel plate probe and x = 4.5 mm the laser
focus position with respect to the anode (electron drift length).
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Figure 3.20 (a) Effluent gas phase selectivity measured with FTIR as function of the conversion
degree at 15 mbar. (b) Absolute yield (product of selectivity and conversion) for the scanned parameter
space as function of input power.

3.4 REMPI measurements of methyl radicals

Most of the REMPI probe experiments in literature for methyl radical detection were done
with a cylindrical geometry (i.e. a wire) in chemical diamond deposition reactors.[130, 129,
131, 132] Within the plasma afterglow environment, the planar double probe acted like an
antenna for microwaves making the charge amplifier to become unstable. Hence, the planar
double probe was not possible to use for methyl radical detection. The cylindrical single
probe together with the current amplifier represented a stable acquisition configuration that
was applied for methyl radical detection.

In the following, we will investigate the microwave discharge conditions favorable for
methyl radical production. Bias and laser power scalings based on the CH3 (2+1) REMPI
signal were used to characterize the behavior of the cylindrical single probe response in the
plasma afterglow. This will enable to estimate the methyl radical density based on simplified
REMPI dynamics and two-photon theory.

3.4.1 Microwave discharges favorable for CH3 production

In our previous work, we characterized the native operational parameter space of non-
oxidative methane discharges in low pressure microwave plasma.[114] Figure 3.20a shows
the stable product distribution (at 15 mbar) measured with Fourier-transform infrared spec-
troscopy (FTIR) effluent sampling. The discharges were characterized by high ethane
selectivities up to 80 % among gas phase species (60 % when deposits are included). Based
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Figure 3.21 (a) Charge versus voltage (area of the signal) scans at three different laser powers. Similar
to the Ar case, a 50 V bias was selected as an operational point for the power scaling measurements.
(b) CH3 (2+1) REMPI spectrum measured at 50 V bias with a current amplifier. The resonance peak
at around 333.6 nm is seen on top of a non-resonant background (continuous red line) that was fitted
and subtracted from the measurements. A fixed step of 0.025 nm was used for the scan of the laser
wavelength.

on conversion and selectivity data the ethane yield (the product of conversion and selectivity)
is approximately 2 %, as shown in Figure 3.20b.

The self-recombination process of methyl radicals is likely to be responsible for ethane
production:[164, 112]

CH3 +CH3 +M−−→ C2H6 +M · (3.8)

3.4.2 Bias and laser power scaling of CH3 (2+1) REMPI signal

The 2+1 REMPI methyl signal was measured as far as 15 cm downstream in the plasma
afterglow. Given the broadband laser ionization background subtraction the entire contour
band of the CH3 (2+1) REMPI signal was measured, as shown in Figure 3.21b. The methyl
radical has an ionization potential (IP) of 9.4 eV and shows a strong Q branch (∆J = 0)
around 333.6 nm. It results from the two-photon absorption from the X2A

′′
2 electronic ground

state to the 3p2 A
′′
2 Rydberg state, followed by a single-photon ionization.[165, 166] The

resonance methyl peak is seen on top of a non-resonant ionization background. The adjacent
O, P, R and S transitions (∆J = ±1,±2) have much lower cross sections and are covered
by the background signal. To account for the non-resonant background, a second order
polynomial fit is applied excluding the 333.25 nm to 334.15 nm region. The main peak could
also be well fitted with a Voigt function.
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Figure 3.22 (a) Scaling of CH3 (2+1) and Ar (3+1) REMPI signal (shown here for comparison) with
laser power, both measured with the current amplifier. (b) Background scaling of both Ar and CH3.
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Figure 3.23 Signal-to-background ratio for both Ar and CH3 as a function of laser power.

Similar to the Ar applied bias voltage scans, but at different input laser powers, three
different regimes of charge collection can be distinguished from the methyl radical measure-
ments, as shown in Figure 3.21a. Recombination and attachment processes dominate the
first part. With increasing the laser power (and the amount of produced charge), this first
regime requires larger applied bias voltages to overcome losses and reach saturation. An
operational bias voltage was set again at 50 V, well into the charge saturation part for lower
values of the laser power. In literature, there are only a few REMPI probe I-V characteristics
for the electron collection to compare with. In the work of Corat et al. the reported saturation
biases for REMPI electron probe detection were in a comparable range where the same
operational regimes could be identified.[129] In the work of Celii et al. (also about the
collection of REMPI electrons) the I-V characteristic looks more like what is described in
Fein et al. as sheath collapsing due to space charge effects.[130, 144] The other REMPI
probe experiments investigated did either concern the ion collection or did not report on the
I-V characteristics.[131, 132, 141, 142, 167]
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The background was subtracted from the laser power scaling measurements, as shown in
Figure 3.21b. Figure 3.22a shows the laser power dependence of the methyl REMPI signal
together with the results obtained in Ar. A square dependence of the REMPI signal with the
laser power is seen up to approximately the same charge threshold of 0.1 pC similar to the Ar
case. The fact that in both cases, of two and three photon processes, a similar charge threshold
was obtained indicates that these transitions are not saturated (as different thresholds would
have been expected). Charge saturation or the lack of it thereof with increasing laser power
is more likely to be the reason for the measured response. Appropriate laser powers together
with bias operation in the saturation regime ensure that the measured signal is coming only
from the ionization process of methyl radicals. Thus, for quantitative measurements, the
laser power must be adjusted to bring the working point within a square scaling regime.

The background scaling indicates a one-and-a-half photon process, which could come
from a combination of one and two-photon processes, as shown in Figure 3.22b. In addition
to the non-resonant multiphoton ionization of the methyl radicals, plasma excited species
or negative ions (through electron detachment) are the most likely candidates for the non-
resonant background. Typical ionization potential (IP) of the species present in the reactor
are mostly above 10 eV, as shown in Table 3.1. The approximate energy of 3.7 eV (of
the 333 nm photons) is not sufficient to overcome the IP of these molecules in the ground
state. However, when these species are pre-excited in the microwave plasma, they can be
ionized downstream by the UV laser. Alternatively, negative ions formed in the plasma have
a low electron affinity, as shown in Table 3.1. Acetylene molecules are part of the main
hydrocarbons formed during the methane discharges, and they are described as being the
precursor for negative ion formation.[168, 114] Electron detachment can follow from single
photon energy and contribute to the measured background.

The background signal is detrimental because it limits the dynamic range of the probe
measurements, as shown in Figure 3.23. Both Ar and CH3 measurement peak at the laser
power where the charge level is approximately 0.1 pC, after which they decrease because
the charge collection is outside the saturation regime. The signal-to-background ratio is
approximately five times lower in the methyl radical case. This is most likely due to the
contributions mentioned above from the plasma created species.
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Figure 3.24 (a) Beam waist w0 and Rayleigh length z0 in a focused beam geometry for the 2+1
REMPI process. (b) Total number of molecules created in the two-step excitation process as function
of the path length in the excitation volume.[169, 161] The asymptotic value for z≫z0 of the above
function is π/2. The black dashed line represent the value of half the cell length L/2, for z0 = 330 µm.

3.4.3 Estimation of the methyl radical density

For a two-photon excitation regime where the path length of the available excitation volume
is larger than the Rayleigh length it can be shown that the asymptotic value of the collected
two-photon signal as function of the available path length becomes constant, as plotted in
Figure 3.24b.[169, 161] The gas cell length along the laser beam, i.e. the distance between
windows W1 and W2 as shown in Figure 3.2, spans over 5 cm. The Rayleigh length for a
Gaussian beam geometry, as plotted in Figure 3.24a, was 22µm while the value obtained
from fitting measurements of direct focusing on the probe were 15 times higher. For both
of the Rayleigh length estimates the available absorption path length is much larger. As a
result, the total number of excited radicals from the ground state to the excited state via the
two-photon process is given by:[169]

N2V =
σ2phN0N2

ph

λ∆t
π

2
. (3.9)

where N0 and N2 (m−3) are the number of ground and excited state methyl radicals per unit
volume, σ2ph (cm4s) is the two-photon excitation cross section, ∆t(s) the laser pulse duration
and Nph the number of photons per pulse.

Effectively all electrons created during the REMPI process are collected as shown in
the previous saturation measurements. For a saturated ionization transition and a unity
electron collection efficiency, the electron number (charge) measured with the probe is
the same with the total number of molecules in the excited state due to the two-photon
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Figure 3.25 (a) Small beam and negligible ground state depletion approximations given by Equa-
tion 3.11 and 3.12 as function of axial distance as calculated from a Gaussian beam geometry for an
approximately f/3.5 configuration.

process (N2V ). We derive from the collected charge of 0.1 pC that 6.24×105 electrons are
generated per pulse. If τ = 5ns, f = 10Hz, E = 1mJ (average power 10 mW), λ = 333.5nm
(Eph = 5.96×10−19 J/photon), Nph = 1.68×1015 photons/pulse and σ2ph = 5×10−49 cm4s
we obtain the ground state methyl radical density from Equation 3.9:

N0 = 7.8×1016 m−3. (3.10)

Methane densities during the discharge are 1023 m−3, hence CH3 radicals are in the ppm
level at the downstream measuring position.

Equation 3.9 assumes both of the following approximations to hold: small beam and
negligible ground state depletion.[169] The fraction of photons absorbed per pulse and the
fraction of radicals excited per pulse in the two photon absorption process should be smaller
than unity:[169]

∆
(2)
ph = σ2phΦN0L≪ 1 (3.11)

∆
(2)
m =

1
2

σ2phΦ
2
τ ≪ 1, (3.12)

where Φ is the photon flux (photons cm−2s−1), σ2ph = 5×10−49 cm4s the two photon
excitation cross section, N0 (m−3) the ground state methyl radicals, τ (ns) the laser pulse
width and L the excitation path length. In order to verify the small beam and negligible ground
state depletion assumptions made we need to know the laser beam profile in the focus and
we assume Gaussian optics. If τ = 5ns, f = 10Hz, E = 1mJ (average power 10 mW), λ =

333.5nm (Eph = 5.96×10−19 J/photon), Nph = 1.68×1015 photons/pulse, L = 21.2 µm
(Rayleigh range for approximately an f/3.5 configuration), N0 = 7.8×1016 m−3 and σ2ph =
5×10−49 cm4s we obtain, the results in Figure 3.25. It can be seen that these experimental
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conditions are at the limit where the negligible ground state depletion holds yielding a
saturated two photon transition in a cone smaller than 0.2 mm. Given that we measured a
square dependence of the (2+1) CH3 REMPI signal, as shown Figure 3.22, it is likely that the
majority of radicals to come from the outside of the saturated cone. An additional uncertainty
contributing to the ground state methyl density calculations is given by the two photon cross
section value, with variations over two orders of magnitude from σ2ph = 10−47 cm4s to σ2ph

= 5×10−49 cm4s for the values used in literature.[138, 170, 171]

3.5 Conclusions

REMPI charge collection with electrical probes was commissioned in Ar and then applied
to CH3 radical detection in the afterglow of a low pressure microwave plasma. Two probes
and two signal amplifiers, for charge and current, facilitated the total charge measurements
that are essential for quantitative measurements. The planar double probe together with
the charge amplifier yielded quantification of the total charge. However, in the plasma
afterglow environment, the probe acted like an antenna and the charge amplifier became
unstable. The single cylindrical probe, sensitive mainly to electrons, together with the current
amplifier represented a stable acquisition configuration in the harsh effluent of the reactor.
The single cylindrical probe was then calibrated against the planar double probe allowing for
measurements of the total charge as well.

Charge saturation and laser power scaling, also the pre-requisites for quantitative op-
eration, were positively assessed. Three charge collection regimes could be identified up
to a maximum of 200 V applied bias voltage: recombination and attachment, saturation
(ionization chamber regime), and secondary ionization. The presence of saturation regime
was dependent on the initial electron number density that was created via REMPI ionization.
When too much charge was created, at higher laser powers, the first and third regimes ap-
pear to overlap eluding the saturation part of the collection. In a saturation collection mode,
REMPI response was found to be linear for charges up to 0.1 pC (per pulse) to which the laser
power is to be adjusted to. An estimation of the methyl radical density based on simplified
REMPI dynamics and two-photon theory yielded 1017 m−3 as far as 15 cm in the plasma
afterglow region. Measurements closer towards the plasma resulted in an unstable probe
acquisition for which saturation criteria were not met anymore. Possible causes could be
related to physical changes to the probe, like heating but also an increased plasma ionization
background.

This microwave discharges favorable for CH3 radical production were characterized by
high ethane selectivities up to 80 %, most likely due to methyl dimerization. The development
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of an energy efficient source for methyl radicals that are meta-stable (long-lived) under low
pressure conditions is expected to give an extra degree of freedom to novel catalysts design.
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Chapter 4

Power partition in CH4 microwave
plasma on basis of simulations and
measurements of electron energy

Abstract

C-H bond activation was studied in low pressure microwave plasma discharges in methane.
Electron energy distribution functions (EEDFs) were simulated to analyze the efficacy of
promoting vibrational excitation channels. The molecular dissociative recombination (DR)
channel is concluded to play multiple roles in the hydrocarbon plasma chemistry. DR
increases the electron temperature with input power density and simultaneously breaks
the hydrocarbon chains. Depending on the ionic species considered, plasma density ne in
the range of 1017−1019 m−3 (10−6−10−4 ionization degree) and the electron mean energy
< Te > in the range of 2−4 eV were estimated on basis of a Boltzman solver. < Te >

from 2−3 eV measured with Thomson scattering anchored the microwave discharges in a
preferential regime for vibrational excitation. The results were best explained for the case of
atomic C+ radical ions formed through successive DR reactions.
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Figure 4.1 Electron impact cross sections in methane. Values in brackets represent threshold energies.
Vibrational excitation has low energy thresholds of 0.16 and 0.37 eV, while electronic excitation and
ionization have high energy thresholds of 7.9 and 12 eV.

4.1 Introduction

Methane remains an underutilized raw material for production of fuels and chemicals, with
the main industrial use being combustion for heating or power generation.[172] Converting
methane to more value added products, e.g. ethylene, has been a challenging topic of study
where C – H bond cleavage is considered the rate limit step.[173] An alternative approach to
the traditional upgrading schemes is represented by plasma conversion and in particular by
the nonequilibrium state of the plasma.[174] The key property of nonequilibrium plasma is
that power is more efficiently deposited into vibrational degrees of freedom of the feedstock
molecules than to their translational degrees of freedom. The electrons in the plasma are
accelerated by the electric field of the standing microwave and decelerated through collisions
with neutral molecules. The energy gained between collisions characterizes the type of
interaction, as shown in Figure 4.1.[175] In the low energy range, up to 10 eV, the main
power loss mechanism is represented by vibrational excitation (elastic scattering does not
count in the energy balance). The result is an inequilibrium between the translational (i.e.
gas) temperature and the vibrational temperature and hence the term “nonequilibium plasma”.
Control over the electron energy distribution function (EEDF) allows to achieve selectivity
in the complex reaction pathway manifold of the plasma phase hence improving energy
efficiency: a holy grail within plasma chemistry.[176–178]

In the high energy tail of the EEDF, electronic excitation and ionization are the dominant
processes. Although, ionization is needed to sustain the plasma it should not consume a
significant part of the input energy in view of the high energy cost. Direct electron impact
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Table 4.1 Ionization potentials (IP) and electron affinities (EA) for radical and hydrocarbon species
presented in the methane discharges.[180–184]

Species IP (eV)
C 11.26
H 13.59

CH 10.63
CH2 10.40
CH4 12.61
CH3 9.84
C2 11.41

C2H2 11.40
C2H4 10.51
C2H6 10.52

dissociation processes require energies between 9−12 eV while the average C – H binding
energy is around 4.5 eV. This is an inefficient process with more than half of the energy
being lost into heat. A more efficient dissociation process would have a lower activation
barrier, mediated by vibrational excitation, as shown in Figure 4.2:[179]

CH4
∗+ e− −−→ CH3 +H+ e− · (4.1)

A direct channel for electrons in molecular plasmas is represented by their loss to radical
production through the dissociative recombination (DR) of hydrocarbon ions. DR reactions
have no energy barrier resulting in very high rates of the process. The rate increases even
further with decreasing translational energy of the colliding species.[185, 186] The rate
coefficient is similar for hydrocarbon ions being slightly enhanced when vibrational states
are taken into account as well.[187, 188, 180, 189]. This channel depends on which are
the dominant ionic species in the methane discharges. Methane has the highest ionization
potential (IP) among its dissociation products as shown in Table 4.1. In literature the most
dominant ion species were found to be C2H5

+,C2H3
+,CH5

+,C3H5
+,C2H4

+ and CH3
+.[190–

193] DR of these ions produces dominantly methyl radicals:[194]

CH4
++ e− −−→ CH3 +H (4.2)

CH5
++ e− −−→ CH3 +H2 (4.3)

C2H3
++ e− −−→ CH3 +C (4.4)

C2H4
++ e− −−→ CH3 +CH (4.5)

C2H5
++ e− −−→ CH3 +CH2 · (4.6)
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Figure 4.3 Overview optical emission spectra from methane plasma at 20 mbar. The intense peak at
430 nm represents the CH (A2∆→ X2Π) line emission.

Studies of fusion divertor plasma (low electron temperature of few eV) learned that
successive DR reactions is the dominant process breaking hydrocarbon chains.[195, 180]
Carbon has also a long history in the fusion community as the plasma-facing material of
choice for the divertor plates. Here the erosion of the carbon target by hydrogen plasma leads
to hydrocarbons being formed and ejected back into the plasma.[196, 197] Additionally,
charge exchange (CX) reactions have also very high rates, comparable to the DR process:[198,
199]

CHm +H+ → CH(m−n)
++(H,H2) (n≤ 1). (4.7)

Together the processes of CX and DR break the hydrocarbon radical chain down to atomic
carbon:

CH3
+ DR−−→ CH2

CX−−→ CH2
+ DR−−→ ...C+. (4.8)

The CH radical is of particular importance in the above chain of reactions because it is
spectroscopically observable producing a strong emission band around 430 nm (A2∆→X2Π),
as shown in an overview optical emission spectrum of microwave methane plasma discharge
at 20 mbar Figure 4.3.[200, 201] Similar radical formation mechanism based on CX and DR
was also reported in low pressure acetylene and silane plasmas used for a-C:H and a-Si:H
deposition.[202–205]

C – H bond activation, i.e. the formation of vibrationally excited methane, was studied
by EEDF analysis with the help of a Boltzmann solver. Bolsig+ was used for the evaluation
of the electron kinetics as a function of input power density. A complete description of the
Bolsig+ solver can be found in the work of Hagelaar and Pitchford.[206] Furthermore, the
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electron mean energy and density are obtained from a particle and power balance analysis
and benchmarked with a set of Thomson scattering measurements.

Measurements of the electron temperature and density are essential in order to assess
whether the operational parameter space is preferential for vibrational excitation. Thomson
scattering is the diagnostic of choice for in-situ measurements of the plasma parameters for a
wide range of plasma sources.[207–209] While it is routinely used in atomic gas discharges
it becomes challenging on molecular plasmas since generally molecules emit rotational
Raman scattering over the same wavelength range. Methane is a special case because it has a
point group symmetry where its depolarization reduces to zero. This means that there is no
depolarization of the Rayleigh scattering but also no rotational Raman scattering. It makes
methane an ideal molecule for Thomson scattering experiments.[210] However, methane
discharge products are rotationally Raman active making the detection of the Thomson signal
challenging.

In this work, basic plasma physics in combination with a Boltzmann solver was used to
estimate the plasma parameter space and electron energy coupling in low pressure microwave
plasma discharges in methane. The influence of the different ionic species on ne and Te is
considered together with the role of DR processes, or lack thereof. The electron density
and temperature were also measured with Thomson scattering diagnostic. Additionally,
optical imaging based on spontaneous plasma emission characterized the plasma volume and
anchored the measurements in the simulated parameter space by determining the input power
density.

4.2 Experiment and Methodology

The experimental setup consists of a microwave plasma reactor coupled with a laser scattering
system, as described in Chapter 2 and shown here in Figure 4.4. The setup was improved
to facilitate the Thomson scattering measurements with the addition of a sharp longpass
filter.[210] A brief overview of the experimental setup together with the analysis methodology
is given.



4.2 Experiment and Methodology 93

Figure 4.4 Schematic drawing of the microwave plasma plug flow reactor. Process gas is injected by
means of two tangential injection nozzles connected to the upstream glass–to–metal connector on the
quartz tube. The plasma is sustained in the tube by microwave radiation through a rectangular WR-340
waveguide. Axial optical access for the laser scattering is provided by two Brewster windows. A hole
in the sliding short permits scattered light to be collected and finally coupled to the spectrometer via a
linear fibre bundle.

4.2.1 Experimental setup

Steady state microwave discharges are generated in a tubular quartz reactor of 20 cm length
and 3 cm inner tube diameter, inserted through the wide faces of a rectangular waveguide.
This position corresponds to a maximum of the electric field in the center of the tube.
The continuous microwave generator supplies up to 1 kW power at 2.45 GHz operating
frequency. A three-stub tuner is used for impedance matching of the waveguide with the
plasma for maximizing the absorbed input power. Tangential gas injection stabilizes the
plasma discharge in the center of the tube. This ensures operation over a wide parameter
space while minimizing the heat load on the tube.

A frequency doubled (λ = 532nm) Nd:YAG laser (Spectra Physics GCR230) operated
at 6 W is used for the laser Thomson scattering. The beam is focused with an f = 1.7 m
lens in the center of the waveguide. Scattered light is collected at 90° with an achromatic
doublet. A 1:1 image is projected onto a fibre bundle (27× 400 µm) that is used to illuminate
a custom–built Littrow spectrometer (f = 1 m, lens diameter d = 100mm and 1800 lines/mm
grating), equipped with an iCCD (PI-MAX4).
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Spontaneous optical emission of the plasma in the microwave reactor was measured with
a Manta G-146B camera. A 30 cm lens was used for imaging the active region of the plasma
reactor. Additionally, an optical emission spectrometer (HR2000 and HR4000, Ocean Optics)
recorded overview emission spectra of the plasma as well.

4.2.2 Thomson scattering analysis

In laser scattering experiments stray light rejection is of extreme importance, as is the
filtering of the Rayleigh scattered light, which is orders of magnitude stronger than Raman
or Thomson scattering. For this purpose a sharp longpass filter is put in front of the fibers.
Details about the filter response calibration can be found elsewhere.[210]

Thomson scattering represents elastic scattering of photons, i.e. the laser light, on the
electrons in the plasma. Scattered power depends on the number of electrons and on the
interaction between them. Correlated interaction between electrons occurs above the Debye
length λD.

The scattered spectrum yields both the electron density and temperature. For Maxwellian
electrons and negligible relativistic effects, the electron temperature is calculated from the
measured Doppler broadened spectrum:

sT (λ ) =
1√
πsT

exp
(
−(λ −λ0)

2

s2
T

)
(4.9)

where λ is the scattering wavelength, λ0 the laser fundamental wavelength and sT the 1/e
width of the spectrum:

sT =

√
4kBTe

mec2 λ0 (4.10)

where c is the speed of light, kB is the Boltzmann constant and me is the electron mass.
Integrating the measured spectrum yields the number of photons collected per spatial ele-

ment that is proportional to the electron density ne. Details about the calibration based on the
rotational Raman of N2 at known gas pressure and temperature can be found elsewhere.[210]
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(a) (b)

Figure 4.5 Two optical emission measurements that show at similar input power the difference in
plasma volume with pressure (a) 15 mbar and (b) 35 mbar.

4.2.3 Spontaneous emission analysis

The spatial extent of the discharge is designated by the region of spontaneous optical emission.
When spontaneous optical emission is driven mostly by direct electron impact excitation, the
correlation between emission intensity and electron density may be assumed to be roughly
linear. In this way the emission profile can be related to the the electron density profile in the
plasma. The plasma emission is found to correspond well with a Gaussian emission profile
and is therefore characterized in axial and lateral direction by the Gaussian FWHM.[211]

The volume of the discharge is approximated as a cylinder with radius FWHM2
r and

length FWHM2
z . The lateral width FWGNr can be taken as the radial profile since the

Gaussian distribution is projected onto itself under inverse Abel transform with conservation
of characteristic width.

4.3 Experimental results

4.3.1 Optical emission imaging and spectroscopy

The plasma volume was estimated on basis of the spontaneous emission imaging of the steady
state plasma discharges in order to obtain the input power density. Data was acquired in
scans of power, from 90 W to 350 W, at three pressures of approximately 15, 25 and 35 mbar
and 4 slm gas flows. These settings were selected for being favorable for having low gas
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Figure 4.6 (a) Overview of plasma volume change with input power and pressure from optical
emission imaging. (b) Estimated power densities as function of input power at three different
pressures.

temperatures and negligible carbon deposition. The lowest power was close to the minimum
input needed to sustain the plasma. The upper limit power was given by the volumetric
expansion of the plasma switching to a discharge mode touching the wall (unstable plasma).
The low pressure conditions kept the plasma discharge mode in the diffuse regime.[212, 213]

Figure 4.5 illustrates the strong dependence of the optical emission on pressure values.
The plasma appears to be widening along the axial distance, the effect being more pronounced
for the lower pressure case. This could be attributed to the flow dynamics, where the vortex
due to tangential gas injection has a strong swirl decay along the reactor longitudinal
axis.[214, 215] Both axially and radially, there is a clear contraction of plasma with pressure
that leads to a smaller discharge volume for the same input power. Figure 4.6a shows the
variation in plasma volume, determined based on the optical emission imaging, with input
power at three different reactor pressure settings. For the 15 mbar and 25 mbar pressure cases
there is a linear increase in plasma volume with input power. This behavior is in line with
the microwave propagation in under-dense plasma (νc/ω < 1) where the electron density is
limited to the critical density (7.5×1016 m−3 in the case of the 2.45 GHz driving frequency).
The plasma volume is expected to scale linearly with absorbed power.[212] This scenario is
confirmed, since Figure 4.6b shows a constant power density as function of power (for the
15 mbar and 25 mbar cases). At 35 mbar pressure, a clear deviation from the linear scaling is
observed. This indicates the transition to the over-dense regime (νc/ω) where the electron
density is not limited to the critical density and the power density can increase. The same
behavior is shown for CO2 plasmas[212], although it occurs at a higher transition pressure of
approximately 120 mbar. The over-dense regime is associated with a power density increase
and an accompanying temperature increase.
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Figure 4.7 Thomson scattering (a) electron mean energy ( 3
2 Te) and (b) density measurements for

different power and pressure conditions in methane discharges.

4.3.2 Thomson scattering measurements of ne and Te

The electron density and temperature for different reactor conditions (scans in power and
pressure) are measured with Thomson scattering, as shown in Figure 4.7. For consistency
with the non-Maxwellian evaluation of Bolsig+ simulation results, the electron temperature
data is plotted as mean energy < Te >= 3

2Te. The electron mean energy was found in the
range of 2-3 eV with no clear dependence on the pressure of discharges. Additionally, Te

dependence as function of the input power remained rather constant as well. The electron
density was found in the range of 1019−1020 m−3 with lowest values corresponding to the
lowest pressure discharges. A slight increase with input power was seen, most notable in the
30 mbar discharges. The uncertainty of the measurements was in the order of 10 %. Apart
from the general fitting error introduced by the presence of the cut-off filter, there was an
additional contribution due to the N2 calibration procedure for the absolute electron density.
At 35 mbar the more significant presence of rotational Raman scattering of plasma products
made the Thomson scattering measurements challenging.

4.4 Evaluation of the electron energy distribution in methane
plasma

4.4.1 Particle and power balance analysis on basis of Bolsig+ EEDF
simulations

In this section, the electron energy distribution function (EEDF) simulations are discussed
that demonstrate the efficacy of promoting the vibrational excitation channels. The non-
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Maxwellian aspect of the discharges was taken into account by evaluating the electron
kinetics with Bolsig+ simulations. The solver takes as input an interval of values for the
reduced electric field to solve the Boltzmann EEDF for the electrons. Then the cross sections
are convoluted with the EEDF to obtain the reaction rate coefficients. In order to get back
the temperature dependence of the rate coefficients a look-up table is made for the reduced
electric field and electron energy.

Furthermore, the electron mean energy and density are obtained from a particle and power
balance analysis where we used the reaction rates obtained from Bolsig+. Solving the particle
and power balance equations for density and temperature can be also done analytically for
the Maxwellian case as it is shown in the book of Lieberman.[216] This exercise learns that
Te does not depend on ne and it is constant with input power. However, this is not the case
when there are second order processes in ne such as DR. As a result, the electron temperature
is now coupled with the electron density and implicitly with the input power.

There are two coupled equations that need to be solved. Firstly the particle balance:

Γloss = n2
eV kDR +neAzv f low +neArcs (4.11)

where ne is the electron density, n0 is the neutral density, V is the reactor volume (a cylinder
of length l=0.05 m and diameter d=0.03 m), Az = πd2/4 is the radial cross section, Ar = πdl
is the lateral area, v f low is the flow speed, and cs =

√
Te/Mi is plasma sound speed.

The loss particle flux Γloss is made of three components: a convective flux due to the
flow Γconv = neAzv f low, a diffusive flux to the walls ΓBohm = necsAr and a particle flux due to
dissociative recombination of the hydrocarbon ions. The diffusive flux is usually dominant,
being an order of magnitude higher than the convective term. For the DR component
in Equation 4.11, rates of the hydrocarbon ions are similar varying at most by an order
of magnitude between 10−7 and 10−6 cm3s−1.[188] Thus, it is not necessary to know the
dominant molecular ion when considering the effect of the DR process.

The produced particle flux is solely caused by ionization:

Γprod = n0neV kion (4.12)

and the particle balance is simply given by

Γprod = Γloss. (4.13)

The second equation is represented by the power balance made between the input power
and a summation over the main loss channels: ionization, electronic excitation and vibrational
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(a) (b)

Figure 4.8 Particle and power balance calculation of the plasma parameters, ne and Te, using Bolsig+
simulations input. (a) Electron density and (b) electron mean energy as function of the input power
density. Three ion species cases, CH4

+, CH3
+ and C+ are considered to show the influence on plasma

parameters. The dashed (black) vertical lines border the measured parameter space in the continuous
operation mode.

excitation:

Pin = n0neV ∑kiUi. (4.14)

Solving the particle and power balance equations together yields the electron mean energy
and density as function of the input power density.

4.4.2 Simulation results for different ionic species

Within the hydrocarbon plasma chemistry the set of DR and CX reactions (Equation 4.8)
make it difficult to assess what is the dominant ionic species. Figure 4.8 shows the simulation
results where three ion species cases, CH4

+ (feedstock gas), CH3
+ (lowest IP) and C+ (no

DR component) are considered to assess their influence on plasma parameters. The electron
density with input power density is shown in Figure 4.8a. The case of C+ ions show the
highest electron density values followed by CH3

+ and CH4
+ cases. For the two molecular

ions CH3
+ and CH4

+ the difference originates from the difference in IP values, as shown
in Table 4.1. Whereas for the atomic C+ ion the main difference consists in the absence
of the DR process. The cut off electron density of 7.5×1016 m−3 (based on microwave
propagation theory) corresponds to input power densities that are an order of magnitude
lower than minimum needed to sustain the plasma as shown in Figure 4.6b.

Figure 4.8b shows the electron mean energy that is set by the particle balance (Equa-
tion 4.13), as function of the input power density. As seen from Equation 4.11-4.13, the
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(a) (b)

Figure 4.9 Particle and power balance calculation of the plasma parameters, ne and Te, using C+ as
dominant ions for both cold and hot plasmas. a) Electron density and b) electron mean energy ( 3

2 Te) as
function of the input power density. The dashed (black) vertical lines border the measured parameter
space in the continuous operation mode.

dissociative recombination term has a square dependence in ne which makes the electron
temperature increase with power. The whole DR process is rendered out when C+ represents
the dominant ion species. Taking off the molecular ionization coupled with a lower ionization
potential leads to no DR processes and an even lower electron temperature profile.[178]

When compared to the Thomson scattering measurement set, as shown in Figure 4.7,
the molecular ion results show higher mean energy values and electron densities differing
by more than one order of magnitude. The closest agreement, in both electron density and
temperature appears to be for the case of atomic C ions. This agreement further improves, i.e.
the simulated electron density and temperature increase, when the effect of gas temperature
is taken into account as well in the following section.

4.4.3 Hot plasma instability results

So far we have considered room temperature plasma discharges, whereas low pressure
microwave discharges in methane have gas temperatures in excess of 1000 K.[213, 217] To
look at the effect of gas temperature on the above simulations, we can change the neutral
density n0 assuming constant pressure along the reactor. Solving the two equations for a
cold and a hot gas plasma, gives the results plotted in Figure 4.9 chosen here for the case of
C+ ions. In the transition from a cold to a hot plasma case we see the electron temperature
(and density) increasing to accommodate the same input power. This behavior represents a
thermal plasma instability.[218] The instability is due to the exponential dependence of the
ionization rate coefficient on the reduced electric field E/n0. Higher electron density leads to
an increase of gas heating by electron impact. For a constant pressure along the reactor, a gas
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Figure 4.10 Energy loss fractions as function of the electron mean energy. The dashed (black) vertical
lines border the measured parameter space.

temperature increase leads to a lower neutral density and to a higher reduced electric field.
Finally a higher reduced electric field results in the increase of the electron density making
this a positive feedback system.

Similar electron density and temperature increase is also observed for the two molecular
ion cases. Their simulated electron temperatures were already higher than Thomson results at
room temperature. Hence, the extra increase due to the higher gas temperatures only adds to
the existing difference. The hot plasma case where C+ represented the dominant ion species
was closer to the measured plasma parameter values, as shown in Figure 4.7. Successive CX
and DR reactions (Equation 4.8) in the core of the plasma discharge are thought to be the
mechanism leading to the atomic C formation. The effect of the DR channel, or the lack
thereof, on C – H bond activation is assessed on the basis of the power partition analysis in
methane microwave plasma.

4.4.4 Power loss channels in methane plasma

The main power loss channels for methane discharges are shown in Figure 4.10. For the
operational parameter space studied here, it shows that the preferred vibrational excitation is
dominant over direct electron excitation channels. These channels cross over a rather short
mean energy interval with increasing electron temperature and opening up the ionization
pathway. In general, the lower the electron temperature, the better as vibrational excitation is
dominant in this lower region. Nevertheless, a trade off is most often set by the high energy
needed in ionization channel to sustain the plasma. While ionization is important to sustain
the plasma it should not become a significant fraction of the input power in view of the high
energy expense around 10 eV.
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DR has two primary effects on the partition of power in methane plasma. Given the lack
of contribution to the electron loss it enables a low mean energy operational parameter space
that is preferential for vibrational excitation. Additionally, with decoupling the electron
temperature from the input power density it allows for increased chemical conversion. At
constant energy loss fractions the reactor can be operated at higher input power densities
that enhance the conversion degree but without sacrificing the energy efficiency. Hence,
overcoming the compromise given by the trade-off between conversion and energy efficiency
degree.

The difference in case of molecular ions is that an increased power density also leads
to an increased electron temperature. As a result there is a transition from a preferential
regime for vibrational excitation to electronic excitation. Furthermore, there is an increased
power deposition in the electronic excitation channel leading to a trade-off between energy
efficiency and conversion degree. This behavior was studied in microwave plasma discharges
concerning activation of CO2 (into CO). Seeding of alkali metal traces was proposed to take
off the ionization from the molecular ions, i.e decoupling the plasma activation from the
ionization channel.[178] In the case of CH4 discharges, taking off the ionization from the
molecular ions happens through successive DR and CX reactions resulting in a preferential
regime for methane activation.

4.5 Conclusions

C-H bond activation was studied in low pressure microwave plasma discharges in methane.
Within the hydrocarbon plasma chemistry at play the DR channel is seen to drive up the
electron mean energy with input power. Together with CX processes they form a system of
probable reactions that break the hydrocarbon radical chains down to the atomic carbon.

Taking advantage of the nonpolar character of the methane molecule we measured the
plasma electron density and temperature with Thomson scattering. Evaluation of the EEDF by
means of a Boltzman solver aided with the interpretation of the measured plasma parameters.
Electron mean energies in the range of 2 eV showed that the microwave discharges were in
a preferential regime for vibrational excitation. The results could be best explained in the
case where atomic C+ ions accounted for the dominant ion species in the plasma. Essentially,
elimination of dissociative recombination channels allows for increased chemical conversion
efficiencies by opening vibrational excitation pathway.

Furthermore, taking off the ionization from the molecular ions via DR has a beneficial
effect for the trade-off between energy efficiency and conversion degree. The fact that the
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electron temperature is decoupled from the input power density allows for high conversion
degrees while maintaining the energy efficiency.
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Chapter 5

Methyl transport and recombination in
the effluent of methane microwave
plasma probed by REMPI

Abstract

Exponentially decaying methyl radical profiles were measured with resonance-enhanced
multiphoton ionization (REMPI) up to 10 cm from the plasma in the downstream of low
pressure microwave plasma reactor. The inherent spatial resolution, within the focus of the
laser, was exploited for CH3 transport and recombination mapping in dependence of reactor
operational parameters. Measurements closer towards the plasma resulted in an unstable
probe acquisition. To gain understanding in the region closer to the plasma an estimation of
the plasma produced methyl radicals acted as a point source for a 1D thermodynamic plug
flow reactor (PFR) model of the plasma afterglow. The simulation results were compared with
the REMPI measured profiles and with the FTIR product distribution where the quenching
rate was set by the decay of the CH3 radicals measured with REMPI. The estimated radical
concentration at the plasma source (z=0 cm) leads to both conversion and selectivity degrees
of few percent that are comparable to the FTIR results. However, the methyl radical density
at 10 cm from the plasma is approximately three orders of magnitude higher than the REMPI
estimation, underlining the limitations of the 1D PFR model.
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5.1 Introduction

The current chapter builds on the results obtained in the previous two chapters (Chapter 3
and 4). Resonance-enhanced multiphoton ionization (REMPI) was exploited for further
characterization of the microwave reactor as a methyl radical source. The plasma challenge
is to produce methyl radicals, with high efficiency that is mediated by vibrationally excited
methane molecules. At the same time, the plasma source should be prevented from facil-
itating the undesired back reactions, i.e. recombination of methyl and atomic hydrogen
radicals to methane. Reactions involving methyl and atomic hydrogen radicals have a strong
pressure dependence because they are three-body reactions. Hence, pressure becomes an
important knob in tuning the overall chemistry outcome of the plasma reactor. Measuring the
recombination of methyl radicals is an important step in assessing the three-body chemistry
at play.

Additionally, by measuring the transport of the methyl radicals in the plasma afterglow
we aim at finding what is the optimal configuration between active plasma zone and the
quenching zone. Radical chemistry in the quenched region and radical-catalyst interaction
can subsequently be optimized for efficient C2 and higher chemistry. Metastable (long-lived)
methyl radicals that are generated in the plasma allow that the temperature at which reactions
take place downstream of the plasma to be decoupled, generating a new variable to optimize
the process.

In the remaining of this chapter, a chemical model is developed to bridge the gap
between the effluent stable species distribution, methyl radical downstream axial profiles,
and the radical plasma source. The simulations are benchmarked against the experimental
results obtained with FTIR, for the effluent stable products and REMPI for methyl radical
measurements.

5.2 Experimental setup

The experimental setup described in Chapter 3 was modified to allow for scanning of the
plasma probe distance, as shown schematically in Figure 5.1. A high-load custom made
Z stage was used for the vertical slide of the reactor along the quartz tube. In this way
the plasma probe distance was varied while everything else was immobilized. The REMPI
detection point and the probe were fixed at the bottom part of the quartz tube reactor.
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Figure 5.1 Schematic drawing of the plasma reactor setup and the cylindrical single probe. Process
gas was injected by means of tangential injection nozzles connected to the upstream glass–to–metal
connector on the quartz tube. The plasma was generated inside the quartz tube due to the microwave
radiation that was provided through a rectangular WR-340 waveguide. A custom made high-load
Z stage supported the microwave generator and allowed for vertical sliding along the quartz tube.
The laser was focused with an effective 5 cm lens system and the probe was positively biased. An
additional Mo mesh was grounded 2 cm above the focused point to shield the REMPI probe from the
above microwave generated plasma.
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Figure 5.2 REMPI measurements of methyl radical in the afterglow of the microwave plasma reactor.
(a) CH3 (2+1) REMPI spectrum and fitting procedure. (b) Plasma power scan of methyl densities at
15 cm. (c) Distance scan of methyl densities and background signal and exponential decay fit along
the plasma tube. (d) Charge saturation behavior as two different distances from plasma. Discharges
had a methane flow 3 slm at 15 mbar pressure.

5.3 REMPI measurements of methyl radicals in the plasma
afterglow

Figure 5.2 shows an overview of the REMPI measurements of methyl radical in the afterglow
of the microwave reactor as function of distance and plasma power. Figure 5.2a shows the
resonant REMPI methyl peak at 333.5 nm together with the processing analysis described
in previous chapter. Figure 5.2c shows a scan of the REMPI signal versus plasma-probe
distance and an exponential decay fit of the signal. Methyl radical signal increases with
approaching to the plasma while the background appears to be rather constant. Bot signal
and background increase with input power, as shown in Figure 5.2b. Approaching closer to
the plasma increases the difficulty of measuring with the probe. The closest distance where
saturation conditions were met, as shown in Figure 5.2d was up to 10 cm from the plasma.
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Figure 5.3 (a) Effluent gas phase selectivity measured with FTIR as function of the conversion degree.
(b) Absolute yield for the scanned parameter space as function of input power (product of selectivity
and conversion).

Possible causes could be related to physical changes to the probe, like heating but also to an
increased plasma ionization background.

The discharge conditions favorable for methyl production were similar to the one char-
acterized in Figure 5.3a, that shows the stable product distribution measured by the FTIR
effluent sampling. The discharges are determined by high ethane selectivities up to 80 %
among gas phase species (60 % when deposits are included). Based on conversion and
selectivity data the ethane yield (the product of conversion and selectivity) is approximately
2 %, as shown in Figure 5.3b.

The self-recombination process of methyl radicals is likely to be responsible for the
amount of detected ethane:[219–221]

CH3 +CH3 +M−−→ C2H6 +M · (5.1)

5.4 Chemical model

To bridge the gap in between the downstream measured radical profiles and the plasma source
we used simulations. The plasma produced methyl radicals are estimated and will be further
used as a point source for the 1D thermal plug flow reactor modeling of the plasma afterglow.
The results will be compared with the stable products measured with the FTIR and REMPI
profiles of CH3 radicals.
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5.4.1 Methyl radical sources and sinks in methane plasma

A brief overview of the main sources and sinks for the methyl radicals is given. Methyl
radical formation can be a result of both plasma processes and neutral-radical reactions
governed by thermal chemistry. Within the tail of the electron energy distribution in the
plasma, the following reactions are possible

CH4 + e− −−→ CH3 +H+ e− (5.2)

CH4 + e− −−→ CH2 +H2 + e− (5.3)

CH4 + e− −−→ CH+H2 +H+ e− · (5.4)

For electrons with even higher energies, direct decomposition can occur:

CH4 + e− −−→ C+2H2 + e− (5.5)

to directly produce carbon and hydrogen. Depending on the electron density number, radicals
created in the above reactions can undergo further dehydrogenation leading to more carbon
formation. Thus, both the electron temperature and density can have a strong influence on
the outcome of the methane chemistry through the nature of the created radicals.[222, 223]

Direct electron impact dissociation processes require energies in between 9−12 eV while
the average C-H bond energy is around 4.5 eV. This is an inefficient process with more than
half of the energy being lost into heat. A more efficient dissociation process would have an
enhanced rate due to a lower activation barrier, mediated by vibrational excitation [224]

CH4
∗+ e− −−→ CH3 +H+ e− · (5.6)

Another very reactive channel for radical production is represented by the dissociative
recombination (DR) of hydrocarbon ions[225]

CH4
++ e− −−→ CH3 +H (5.7)

CH5
++ e− −−→ CH3 +H2 (5.8)

C2H3
++ e− −−→ CH3 +C (5.9)

C2H4
++ e− −−→ CH3 +CH (5.10)

C2H5
++ e− −−→ CH3 +CH2 · (5.11)

DR reactions have no energy barrier resulting in very high rates of the process. In addition,
the rate increases even further with decreasing the translational energy of the colliding
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Figure 5.4 Plasma generated methyl radicals based on electron impact dissociation and dissociative
recombination. The left y axis represents methyl radical density and the right y axis the rate coefficients
of the two electronic processes.[236, 237, 231] The shaded region indicates the measured electron
temperature Thomson scattering measurements.

species.[226, 227] The rate coefficient is similar for hydrocarbon ions being slightly enhanced
when vibrational states are taken into account as well.[228–231]. This channel depends on
which is the dominant ion within the methane discharges with literature suggesting that most
dominant ion species were C2H5

+, C2H3
+, CH5

+, C3H5
+, C2H4

+ and CH3
+.[232–235]

Together the processes of charge exchange (CX) and DR help breaking the hydrocarbon
radical chain further down to atomic carbon:

CH3
+ DR−−→ CH2

CX−−→ CH2
+ DR−−→ ...C+. (5.12)

Including the entire chain in Equation 5.12 in the estimation requires more rates and
branching ratios that are beyond the scope of this calculation. Here we only look at the first
step of CX and DR leading to methyl formation of which is likely to represent an overestima-
tion. Hence, the produced methyl radical flux due to the electron impact dissociation and the
dissociative recombination processes can be written as

Γprod = n0neV kdiss +n2
eV kDR (5.13)

where ne is the electron density, n0 is the neutral density, V is the reactor volume (a cylin-
der of length l=0.05 m and diameter d=0.03 m) and kdiss and kDR are the electronic rate
coefficients.[228, 229, 236, 237]

The loss particle flux, Γloss, is represented by the convective flux due to the flow

Γconv = nCH3Azv f low (5.14)
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where Az−−πd2/4 is the cross section, vflow the flow speed and nCH3 the methyl radical
density.

Balancing the two fluxes, of production and losses, yields the methyl radical density, as
shown in Figure 5.4, where we used the following values corresponding to the experiment:
an electron density of 2×1019 m−3, 40 m/s gas flow velocity (for 3 slm flow at 1200 K) and
8×1022 m−3 neutral density corresponding to 1200 K gas temperature at 15 mbar.[238] For
the low energy electrons the dissociative recombination channel is the main mechanism for
radical formation. With increasing mean energy, the electron impact dissociation becomes
important as well, adding to the overall production. For example, in an atmospheric dielectric
barrier discharge where the electron mean energy is high, the impact dissociation of methane
to form methyl radicals is found to be the dominant process.[239]

So far we have not included thermal chemistry in the estimation. Hence, neglecting at
this stage, the production channel given by hydrogen abstraction from methane:

CH4 +H−−→ CH3 +H2, (5.15)

and subsequent radical loss mechanisms, as shown in Figure 5.5. Methyl radicals are lost
mainly through self-recombination to ethane and back reaction to methane. We include this
processes in the following section where a thermal model of the afterglow (post discharge)
region is done and the plasma is reduced to a point source of radicals.
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5.4.2 1D plasma afterglow PFR modeling

Cantera is a specialized computer programme for chemical kinetics, thermodynamics, and
transport processes. It is used here to calculate the 1D chemical composition of the reactor
afterglow based on the GRIMech 3.0 mechanism.[240, 219]

The beginning of the model at z = 0 cm represents the point source of plasma produced
radicals. A stoichiometric composition to CH4:CH3:H = 99:1:1 was set at the plasma
source, as obtained in Figure 5.4. The end of the simulation was taken where chemical
equilibrium had been reached. The initial gas temperature (inside the plasma) was set from
the measurements around 1200 K.[238] For a constant pressure reactor, the gas flow velocity
is determined mainly by the temperature profile inside the reactor. From the decay length
of the methyl radicals measured with REMPI we can obtain the gas flow velocity profile by
setting the CH3 profile in the model within the 10-20 cm window to have the same decay
length. The CH3 molar ratio, gas temperature and velocity profiles are shown for comparison
for two different decay lengths in Figure 5.6b, 5.6c and 5.6d. The resulted cooling rates
were approx 12 K/cm and 65 K/cm. Cooling rates values obtained from spatially resolved
temperature measurements in N2 discharges at 50 mbar were in the order of 30 K/cm.[241]
The lost power corresponding to the two cooling rates was 4000 W and 750 W. Compared to
actual input powers around 100 W the lost power in the 1D approach is an overestimation.
This can be explained by the fact that only a fraction of the actual flow is at high temperature
(due to strong radial gradients).

The results of the model, i.e. molar fractions of main species as function of distance
from plasma are shown in Figure 5.6a for a 9.1 cm decay length. Once the H and CH3

radicals are produced they are mainly lost via three body reactions, as shown in Figure 5.5.
Self-recombination to ethane and back reaction to methane are the dominant loss channels for
methyl radicals. Hydrogen radicals are lost via methane dehydrogenation (methyl production),
reaction 5.15, and self-recombination.

The estimated radical concentration at the plasma source (z=0 cm) leads to both conver-
sion and selectivity degrees of few percent that are comparable to the FTIR results, as shown
in Figure 5.3. However, the methyl radical density in the order of 1020 m−3 at 10 cm from
the plasma, according to the PFR model in Figure 5.6a, is approximately 103 times higher
than the estimation done in the previous chapter based on the REMPI diagnostic, as shown
in subsection 3.4.3. The uncertainty in the two photon cross section used for the methyl
radicals could be responsible for the noted differences. Alternatively, PFR description could
be an inappropriate model for the current plasma reactor. On-going experiments suggests
that the stabilizing vortex pattern, due to the tangential gas injection could lead the formation
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Figure 5.6 (a) Plug flow reactor (PFR) model of methane plasma afterglow for a 12.76 K/cm quench-
ing rate. (b) Normalized methyl radical profiles for two different cooling rates. (c) Gas temperature
and (d) flow velocity profiles according to the PFR model. Simulations are based on GRI-Mech 3.0
mechanism and were performed with Cantera.[219, 240]
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of a recirculation cell inside the reactor. Such a behavior is likely to results in nonuniform
profiles along the reactor that are at the limit of the 1D PFR description.

5.5 Conclusions

Exponentially decaying profiles of methyl radicals were measured with REMPI up to 10 cm
from the microwave plasma source. Measurements closer towards the plasma resulted in
an unstable probe acquisition for which saturation criteria were not met anymore. Possible
causes could be related to physical changes to the probe, like heating but also to an increased
plasma ionization background.

To bridge the gap in between the downstream measured radical profiles and the plasma
source we used simulations. The plasma source of methyl radicals was estimated based on
dissociative recombination and electron impact ionization processes. The results represented
a point source for the 1D thermal plug flow reactor modeling of the plasma afterglow based
on GRI-Mech 3.0 database. The results were compared with the stable products measured
with the FTIR and REMPI profiles of CH3 radicals.

The estimated radical concentration at the plasma source resulted in both conversion
and selectivity degrees of few percent that were comparable to the FTIR measured results.
However, at the same distance from plasma, the resulted methyl radical density was not in
agreement with estimations from REMPI diagnostic diverging by almost three orders of
magnitude. The difference could be attributed to the uncertainty in the two photon cross
section or in the limitations of a 1D model used.
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Chapter 6

Discussion and Outlook

The aim of this thesis was to find whether the methane microwave discharges are an energy-
efficient methyl radical source. The development of the microwave reactor as a radical source
would aid the design of novel (heterogeneous) catalysts. Having a flux of radicals available
for interaction with catalytic surfaces requires less or no activity at all from the catalytic
surface. Thus, increasing the freedom of choice from the available materials and focusing on
the selectivity of the end product. The choice of a microwave plasma was motivated by past
Russian literature that reported energy efficiencies higher than the thermodynamic limit for
CH4 dissociation. The hypothesis was that vibrational excitation mediated the dissociation
process.

The above aim was separated into two parts. On one hand, whether any methyl radicals
are formed at all and if they are formed what is their amount and lifetime. And on the other
hand, whether plasma methyl radical formation is an energy efficient process. For the first part
a dedicated laser based diagnostic for methyl radical detection, REMPI, was successfully built
and commissioned. Methyl radicals were measured in the effluent of the reactor, downstream
of the plasma source between 10 and 20 cm. Closer to the plasma, the diagnostic (the charge
collection with the probe part) became unstable due to plasma interferences. These relative
measurements provided the lifetime of the methyl radicals in the respective window. Much
effort has been put into providing an absolute quantification. Optimization of the charge
extraction and full charge collection (saturation mode) were among the critical factors leading
to the proper scaling regime of the REMPI signal. However, further investigation is needed
to assess the differences between the absolute measured values and modeling results. On the
diagnostic side, possible sources for the discrepancy are given by the large uncertainties in
the two photon cross section. On the modeling side, they are given by the validity of the 1D
PFR model together with the point source estimation of the methyl radical density. A plug
flow reactor (PFR) description could be an inappropriate model for the current plasma reactor.
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On-going research of the stabilizing vortex pattern, due to the tangential gas injection, suggest
the formation of a recirculation cell inside the reactor. A recirculation zone is characterized
by a flow field where the flow lines are closed. Hence, the gas can only enter or exit by
diffusion. Such behavior leads to the formation of a transport barrier where steep gradients
are created. Thus, reaching the limit of the 1D PFR approach. Likewise, reducing the plasma
reactor to a point-source of methyl radicals can lead to additional errors in the calculations.
That is because the plasma zone is of comparable size (5 cm) with the region where most of
the radicals are lost in the 1D thermal model. A fully integrated plasma-thermodynamics
model was beyond the scope of this work but could provide more accurate results.

Absolute measurements of methyl radicals at the plasma source, i.e. in-situ, are needed
in order to assess the energy efficiency of the plasma radical formation. Since these in-situ
measurements were not possible we tried to assess the energy efficiency of the plasma
process in a different way. We measured that part of the energy that went into the formation
of chemical bonds. Conversion and selectivity of the plasma process (as well as input
power) were the main parameters needed for calculation of the energy efficiency. FTIR
was employed to measure the primary hydrocarbons resulted from the conversion process.
Energy efficiency reached up to 15 %, of which 10 % represented coupling efficiency, with
remaining of the energy going into heat. Even in mild plasma discharge conditions, the gas
temperatures, measured with Raman scattering, were in excess of 1000 K. Thus, any potential
benefit from the nonequilibrium plasma chemistry was not observed due to the dominance
of thermal equilibrium chemistry. The microwave power deposition profile was regarded to
be responsible for not reaching around the 50 % thermodynamic values. A hot core plasma
(with high radial gradients) is formed during the discharges where only a fraction of the
incoming flow is processed at high temperature, therefore the thermal efficiency maximum
values were not reached. The energy efficiency increased with input power (and pressure)
and overall was limited by the formation of deposits that led to termination of the discharge
(due to microwave being absorbed primarily by the deposits formed on the quartz wall of the
reactor).

Hydrocarbon selectivities are governed by pressure. At the lowest pressure ethane, a
plasma-specific product from methyl radical dimerization had the highest selectivity up 60 %.
Selectivity shifted towards lower saturated hydrocarbons and deposits formation with both
power and pressure. At the same time conversion increased. The initial formation of products
was plasma dominated through the nature of the created radicals. Increasing thermal effects
are likely to be responsible for the selectivity shift. Hydrogen abstraction reactions have a
square dependence on temperature leading to a change in both radical, from CH3 to CH2 and
CH, and product distribution. An alternative mechanism that could be responsible for the
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change in radical type (from predominantly methyl to methylidyne radicals) could have been
via electron impact dissociation. Having more energetic electrons favors the production of
less saturated radicals. The dehydrogenation hypothesis as the primary mechanism is further
supported by the rather constant electron mean energy with input power (and pressure) that
was measured with Thomson scattering. It is concluded that there is an interplay between
plasma and thermal chemistry where plasma generates radicals and final distribution is set by
thermodynamics.

To further look into the plasma activation of the C-H bond we studied the power partition
over the possible reaction pathways in CH4 microwave plasma discharges. Electron energy
distribution functions were simulated to analyze the efficacy of promoting vibrational excita-
tion channels. The molecular dissociative recombination (DR) channel is concluded to play
multiple roles in the hydrocarbon plasma chemistry. DR increases the electron mean energy
and simultaneously breaks down the hydrocarbon chains. Thomson scattering measurements
of a rather low electron mean energy (in the order of 2 eV) together with a high ionization
degree (from 10−4 to 10−3 ) were best explained in the case where atomic C+ ions accounted
for the dominant ion species in the plasma. The proposed mechanism of formation was via
successive DR processes. Essentially, elimination of DR channels (for the atomic ion cases)
allows for increased chemical conversion efficiencies by opening the vibrational excitation
pathway.

Although the operational parameter space was found to be optimal for vibrational excita-
tion, the high gas temperatures in the plasma demonstrate that vibrational to translational
(VT) must be limiting the non-equilibrium. On-going experiments where a pulsed microwave
source was employed showed nonequilibrium behavior but only for a short (few tens of µs)
time interval at the beginning of the pulse. In the literature, the concept of a supersonic
flow reactor is proposed to try to mitigate the V-T relaxation heating effects. However, the
vibrational VT relaxation rate coefficient k10

V T (T0=300 K) for methane is a factor of 3× 104

higher than in N2 contributing further to the challenge.[242] In conclusion, it will always be
difficult to maintain a strong non-equilibrium, so it is essential to consume the vibrational
excitation as fast as possible into methyl formation. Alternatively, quenching the vibrational
excitation on the catalyst surface could help both with tailoring the product distribution but
also with mitigating the VT heating source.

In conclusion, resonance enhanced multiphoton ionization (REMPI) is a robust diagnostic
with the potential of detecting not only the metastable methyl radicals but also other plasma
produced radicals, as well as the state resolved distribution of the excited molecules. It is
limited by the detection of the ionization charge with the current probe design in the harsh
environment of the plasma afterglow. A way forward is given by embedding the probe in
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the reactor wall or catalyst surface. The so-called smart-tile diagnostic represents a similar
concept in the edge of a nuclear fusion reactor, where probes are embedded into the reactor
surface to be shielded from plasma.[243] If one were to use a different plasma source, such as
glow discharges, these could be more compatible with REMPI because the same electrodes
that generate the plasma can detect the REMPI ionization as well. Alternatively, Thomson
scattering could be employed for detecting the RMEPI charge. Detection can be done either
by crossing the two laser beams, YAG and OPO, and using the currently existing spectrometer.
Or within the same REMPI UV laser pulse but then a new spectrometer suitable for the
collection of UV scattered light is needed.

Having established that the plasma primarily forms methyl radicals offers the opportunity
to add a catalyst and influence the product distribution. Traditionally, catalysis is used for
bonds cleavage while currently that role is already fulfilled by the plasma. Hence, we enabled
the possibility of changing the function of the catalyst that will be now of predominantly
making new bonds. In surface science experiments silver-based catalysts were found to have
good performance on methyl coupling.[244]
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