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Abstract

Three dimensional electromagnetic modelling of a free-standing
CO2 microwave plasma has been performed, by describing the plasma
as a dielectric medium. The relative permittivity and conductivity
of the medium are parametrised. The waveguide geometry from ex-
periment, including the tuner, is put into the model, knowing that
this corresponds to maximum power transfer of the microwave gen-
erator to the plasma under plasma impedance matching conditions.
Two CO2 plasma discharge regimes, differing mainly in pressure, in-
put power and temperature, have been studied. The model’s validity
has been checked through study of materials of known conductivity.
From measurements of the neutral gas temperature and the plasma
electron density profile, the reduced electric field is determined. From
the parametrisation of the dielectric properties, a range for the effec-
tive electron-neutral collision frequency for momentum transfer is es-
timated. The results for the reduced electric field and the range of the
electron neutral collision frequency obtained, are consistent as verified
by simulations using BOLSIG+. In addition, from this comparison it
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is possible to narrow down the range of the collision frequencies, and to
estimate the electron temperature. The reduced electric field lies be-
tween 80 and 180 Td for the relatively low pressure, low input power,
the so-called ’diffuse’ regime. For the relatively high pressure, high
input power (’contracted’) regime it lies between 10 and 60 Td. The
normalised collision frequency lies between 1.6 and 2.3 for the diffuse
regime, while for the contracted regime it lies between 2 and 3. The
electron temperature ranges from 2 to 3 eV for the diffuse regime, and
from 0.5 to 1 eV for the contracted regime.

1 Introduction

In the field of CO, utilisation, a topic of interest is the dissociation of CO,
molecules using a microwave plasma, with the ultimate aim of producing
synthetic fuels [1, 2]. For this goal it is essential to dissociate the molecules
in an energy efficient way. This demands optimizing the microwave plasma
to obtain optimal plasma parameter values, such as electron density (n.),
electron-neutral collision frequency for momentum transfer (v, from here on
referred to as just the ‘collision frequency’) and electron temperature (7).
These plasma parameters can be conveniently captured using the single scal-
ing parameter of reduced electric field F/ng, where E is the electric field
experienced by free electrons in the plasma and ng is the neutral gas density.
The reduced electric field is crucial in tuning the electron energy distribu-
tion to primarily excite the asymmetric vibrational stretching mode in CO,
molecule, where values of E/ng = 20 Td (= 2 x 1072° V m?) are expected to
lead to high energy efficiencies for CO, dissociation via a ‘vibrational ladder
climbing’ process [3].

The aim of this work is to derive plasma parameters, such as E/ng, of
microwave plasma using the principle of impedance matching. In the exper-
imental microwave plasma reactor, a free-standing plasma is ignited inside a
quartz tube perpendicularly crossing the waveguide. To optimize the power
transfer between microwave source and plasma, the waveguide is physically
tuned using movable metal stubs, so that the effective impedance Z;, for mi-
crowaves propagating towards the plasma matches the characteristic (wave)
impedance of the waveguide Zy. In this way, the reflection coefficient for
microwaves at the input port of the tuner + waveguide + plasma system
is minimized and effectively all microwave radiation from the source is ab-



sorbed. Given that with this impedance matching criterion, the physical
positions of the metal stubs will depend on the impedance of the plasma Z,
(which partly affects Z,,), plasma properties can be derived from the fact
that in the optimal system set-up the circuit is matched.

This paper describes a comparison between experiment and 3D electro-
magnetic models, where the waveguide geometry (including stub positions)
is taken into account. In both model and experiment, minimisation of the
reflection coefficient at the input port of the tuner + waveguide + plasma
system is employed, which for the experiment is achieved via (auto-)tuning
of the stub positions, while for the model this is achieved via tuning of the
dielectric properties of the plasma (with given stub positions from experi-
ment).

Three dimensional electromagnetic modelling of plasma reactors has been
performed earlier, e.g. to find the geometry for optimal power transfer to the
plasma [4] or to obtain the plasma impedance and plasma parameters [5].
An equivalent circuit method is being used by [5], which for a free-standing,
inhomogeneous plasma is difficult. The dimensions of our reactor are such
that an equivalent circuit approach is not as feasible as in [4]. Moreover,
since our aim is to determine the reduced electric field, the equivalent cir-
cuit approach is insufficient. Obtaining plasma parameters from the plasma
impedance Z,, such as n. and v, as in [6], looks promising when combined
with impedance matching, however, determining the plasma impedance in
our geometry is not straightforward. Our approach is to perform 3D electro-
magnetic modelling, using commercial software ANSYS® [7], in which the
the plasma is described as a parametrised dielectric medium. This medium is
placed inside of the waveguide geometry, as it has been used in experiment.
Subsequently, using the fact that the waveguide system is a matched circuit
in experiment, parameters in the dielectric medium are scanned in order to
result in the matching situation.

In this paper, first, details of the experimental setup are given with a
discussion of discharge regimes encountered in the free-standing COy mi-
crowave plasma. Additional experimental aspects of this work include the
measurement of plasma dimensions, as well as electron density measurements
obtained using microwave interferometry. The details of the model and ap-
proach are presented. Following this, results are presented regarding a CO,
microwave plasma, from which plasma parameters are derived. Using neutral
density values calculated using the pressure balance and the gas temperature,
E /ng values are computed for different discharge regimes. After performing
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the sensitivity analysis for both plasma and other materials, the next step
is to use the best fitting parameter for v = v/w, the normalised collision
frequency (w is the microwave angular frequency), to assess the electron
temperature T, defined as 2/3 times the electron mean energy, providing a
definition of temperature for a non-Maxwellian energy distribution. A vali-
dation of the methodology is performed using well-defined dielectric media,
in both experiment and model, from which the expected accuracy of the
approach is investigated. This validation is described in the appendix.

It is worth noting that the approach presented in this paper not only
holds for COs plasma, but for other types of plasma as well, also at other
microwave frequencies (waveguide dimensions).

2 Experimental setup

2.1 Microwave plasma system

A schematic of the experimental and model setup is shown in figure 1. A
3-stub tuner [8] is connected to a microwave applicator, consisting of a wave-
guide of type WR-340 (width 86.36 mm, height 43.18 mm) with a quartz
tube (2;,=27 mm, &,,,=30 mm) penetrating perpendicularly through its
wide walls. The quartz tube is bounded in several places by metal barriers,
which at the bottom right of figure 1 is formed by the CO, gas injection
system. In the experiment, gas is injected tangentially, leading to formation
of a vortex flow which stabilises the ignited plasma in the center of the
quartz tube [1], as indicated by the region with horizontal lines in figure 1.
Microwaves from the source, with a frequency of 2.45 GHz, a wavelength
A, and a characteristic (wave) impedance Zy, enter the tuner + waveguide
+ plasma system from the left-hand side, which in the abscence of plasma
would be reflected back on the 'short” on the right-hand side. The waveguide
mode is TEq, a transverse electric mode with the E-field perpendicular to the
direction of propagation, and the H-field having components in the direction
of propagation. Upon the ignition of plasma, the 3-stub tuner automatically
matches the load impedance Z; at the exit port of the tuner. The load
reflection coefficient I';, is measured by the tuner system, from which the
load impedance can be deferred. At the input port, Z,, is the impedance
as seen into the tuner looking towards the plasma, with a corresponding
reflection coefficient I';, at this interface for the microwave power incident



from the source. The short, or plunger, lays a distance y = —\,/4 away from
the tube axis to align the anti-node of the standing wave with the center of
the tube, to more easily ignite the plasma and maximise the power coupling.
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Figure 1: The reactor geometry with the 3-stub tuner and microwave appli-
cator. The metal casing under the waveguide is the gas injection system, the
metal ring on top is to prevent EM leakage from the waveguide. The bound-
ary conditions for the corresponding numerical model are also indicated:
PEC is a perfectly electric conducting boundary condition, while radiation
boundary conditions are assigned at the quartz tube exterior and exit. Note
that the axis is defined at the tube axis, so that the short is on the side of
negative y.



2.2 Discharge regimes and measured plasma parame-
ters

Depending on gas pressure p, mass flow rate 1, and microwave input power
P, the plasma may exhibit two regimes: diffuse and contracted [9], see

figure 2. The diffuse mode fills the quartz tube almost uniformly, while a

Figure 2: Camera images of two types of plasma. The images are taken along
the direction of the waveguide, i.e. looking in the direction of the generator.
The spotted pattern is caused by the plunger grid. Also the Gaussian fits
are shown, from which the plasma radial and axial widths are determined.
(a) A diffuse plasma at 100 mbar, 3 slm, 800 W. (b) A contracted plasma at
250 mbar, 6 slm, 1400 W.

plasma in the contracted mode forms a thin filament. Since this leads to
very different absorbed microwave power densities, up to a factor 15 higher
in contracted versus diffuse, very different plasma properties can be expected
between the two regimes. For a complete comparison, experiments and mod-
els are investigated in this work for both types of plasma. The conditions
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for creating the diffuse and contracted COs plasmas, as well as their appar-
ent sizes, are given in table 1. Also estimates of the plasma volumes are
given, that agree quite well with the respective power densities. Gas temper-
atures have been measured using Doppler broadening measurement of 777
nm triplet emission of atomic oxygen: 3500 = 500 K for the diffuse plasma
and 5500 4+ 500 K for the contracted plasma, see figure 3. It can be seen
that the gas profile can be regarded constant as a function of radial position
in the plasma. Details of this technique can be found in [10, 11]. It has been
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Figure 3: Gas temperature Ty, from Doppler broadened O atom 777 nm
triplet of the diffuse and contracted CO, plasma, with respective Gaussian
fits. The lower graph corresponds to the diffuse plasma, the upper graph to
the contracted plasma. The diffuse plasma T4, fit has a maximum of 3700
K, and a radial FWHM of 18 mm. The contracted plasma T, fit has a
maximum of 6300 K, and a radial FWHM of 21 mm.

observed that these gas temperatures do not depend on the mass flow rate.

A Manta G145B digital camera is used to determine the optical emission
profile of the plasma, as depicted in figure 2. For our cases, the camera
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> gas pressure p and mass flow rate m for
the two types of plasma studied. The values of the FWHM are determined
from intensity profiles of atomic O emission, while the maximum electron
density 7 ... i determined from microwave interferometry measurements
[11]. An estimate of the plasma volume is given.

Table 1: Microwave input power P,

Diffuse plasma mode | Contracted plasma mode
Py (W) 800 £ 10 1400 £ 10
m (slm) 3.0+£0.1 6.0 £0.1
p (mbar) 100 £ 5 250 £ 5
FWHM, (mm) 1041 3.0 £ 0.1
FWHM. (mm) 26 + 3 35+ 4
Ne,max (M™3) (9.6 & 6.0) x 1017 (5.7 &+ 0.4) x 10'°
Plasma volume (m?) 2 x 1076 3 x 107

image collecting the total emission intensity is a very good indication of the
emission of O, as can be seen in the supplementary information to this work.
By using a bandpass filter of 777 & 10 nm, predominantly the emission from
atomic O is measured. These emission lines, which are directly populated
from the electronic ground state via electron impact, has an intensity I;77
which can be approximated as:

k
o exc(Te) [O] Te 7
Trad kQ N

(1)

where [O] is the ground state atomic oxygen density, 7, is the electron density,
no is the neutral particle density, ke(7%) is the electron impact excitation
rate coefficient as a function of electron temperature, 7,4 the radiative life-
time of the excited O atoms and kg is the electronic quenching rate coefficient
for excited atomic O due to collisions with heavy particles. More informa-
tion on this technique can be found in the supplementary information. From
equation 1 it can be seen that I;77 is proportional to n.. This proportion-
ality is investigated further in the supplementary information. The neutral
particle density ng is not constant over the plasma profile, since the gas tem-
perature Tg,s is not constant. The profile of the electron density n., however
is assumed to be much steeper than that of T, so that the gas composition
is assumed to be constant over the n. profile. For the contracted plasma,
with its relatively high temperature, this even more holds for atomic oxygen,
since the mole fraction of atomic oxygen hardly varies.

For the purpose of this work, the width of the 777 nm atomic O radial
and axial emission profiles are considered equal to the width and height of
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the n, distribution in the plasma, to within an estimated accuracy of 10%,
based on repeated measurements. The intensity profiles are approximated
well by Gaussian distributions in both radial and axial directions, for which
the Full Width Half Maxima (FWHM) are shown in table 1 for both pressure
regimes.

Aside from the shape of the n, distribution, line-integrated electron den-
sities have been determined using the method of microwave interferometry
[11]. This technique employs a microwave probe beam at a frequency of
140 GHz directed radially through the plasma. The phase shift incurred by
the probe beam is a direct measure of the integrated electron density in the
plasma, see [11] and [12] for further details. Using these measurements the
absolute electron density profile is determined. The maximum values of the
electron density, in the radial and axial center of the plasma, n ., have been
calculated and are given in table 1. It can be seen that the contracted plasma
has a much higher electron density at ne .. = 5.7 X 10" m™ compared to
the diffuse plasma at 1 .. = 9.6 X 10" m~3. Note, however, that the ioniza-
tion degree always remains on the order of 107 to 1074, so that in all cases
considered here the behavior of the plasma is controlled by electron-neutral
interactions [11].

3 Model

The experimental geometry of figure 1 is implemented in ANSYS Electronics
Desktop (ED), a Finite Element solver for Maxwell’s equations. Using a set
input power and frequency, the reflection coefficient is calculated for incident
electromagnetic waves at the input port indicated in figure 1. In general
an N-port network can be described by its impedances, or equivalently by
a scattering matrix. The (complex) elements S;; of the scattering matrix
describe the ratio of the reflected wave amplitude coming from port 7, and
the incident wave amplitude driving port j [13]:

Vreﬂ
Si' - lin . (2>
Y

For a shorted waveguide, as is the case here, the tuner and/or applicator
have one port, so that the reflection coefficient T';, equals the (only) S-matrix
element Siy, as indicated in figure 1. ANSYS ED directly calculates Si; at
the input port. For the remainder of this paper, the reflection coefficient at
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the input port (either from experiment or model) is referred to only as Si;.
The impedance is perfectly matched when S;; goes to zero. In this case the
impedance Z;, equals the characteristic impedance Z; of the waveguide. In
order to estimate errors in the model, a validation with materials of varying
conductivity has been preformed, see appendix A. For the plasma system,
stub positions of the autotuner are transferred to the model. The plasma is
implemented as a non-uniform dielectric medium, while the materials used
for model validation are implemented using constant dielectric properties.

3.1 Plasma as a dielectric medium

In our experiments, a free-standing plasma is present inside a quartz tube
crossing a waveguide applicator, see figure 1. Since plasma parameters, such
as electron density, are non-uniform (see also figure 2), the assumption of
a completely uniform plasma as made by e.g. Zakrzewski [6] is an oversim-
plification. Instead, the plasma is described by parametrising its dielectric
properties based on a position-dependent electron density n.(r, z), and a con-
stant effective electron-neutral collision frequency v. In the supplementary
information it is shown that v can be considered constant within the elec-
tron density profile, when the Ti,s profile is broader than the profile of the
electron temperature 7,, which is plausible for the plasma cases considered.
In the model, both n.(r, z) and v are normalised using:

77(73 Z) = ne(rv z)/nc ) (3>
Y= V/wa (4)

where w is the microwave angular frequency as stated earlier, and n. the
critical electron density (or cut-off density) given by:

, ()

with €y the permittivity of free space, m, the electron mass, and e the electron
charge, which is the density for which the electron plasma frequency is equal
to the microwave angular frequency. This critical density n, is 7.45 x 101¢
m 3 for 2.45 GHz.

The complex relative permittivity [14] of the plasma can then be expressed
in terms of n and v as [4, 6]:

w2epme
Ne =

e2

Re(e,) = 1—717:’;’2, (6)
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n(r,z) v )

Im<€p) = - 1+72 ’

Note that the conductivity o of the plasma depends only on Im(e,) via
o = —welm(ey). (8)

Based on the 777 emission measurements (see equation 1), the spatial non-
uniformity of the electron density is accounted for by using Gaussian profiles
for n(r, 2):

N1, 2) = Taax exp(=17/(207)) exp(—(z — 20)*/(202)), (9)

with o, and o, the distributions’ standard deviations from which the radial
and axial widths respectively are calculated, and 2, the axial center of the
plasma.

3.2 Modelling approach

For both the materials used in the validation system and the plasma, exper-
imental conditions are replicated in the model. For the materials used for
validation, where the dielectric properties are known a-priori and assumed to
be accurate (see appendix), the goal is to test how accurately the reflection
coefficient S7; measured in experiments can be replicated in the necessarily
more simplified electromagnetic model. When using the autotuner in the
microwave plasma system, minimum reflection coefficients are of the order of
0.01. The ultimate objective of the validation measurements is to determine
whether such low reflection coefficients are easily reproduced in the modelled
microwave system. Note that S;; concerns the amplitude reflection coeffi-
cient, meaning that the power reflection coefficient is the square of these
values, making the latter significantly lower.

For the plasma, the goal is to vary either only v, or v and n,,.,, or all
four parameters v, NM..., 0 and o,, until the reflection coefficient is min-
imised. As discussed in section 2.2, the parameters 7,.., o, and o, are, to a
good approximation, known for the plasma conditions under consideration.
Nonetheless, one of the aims of this work is to test the sensitivity of the
reflection coefficient Sp; to the dielectric material present in the waveguide.

A consistency check of the fitted normalised collision frequency -y is done
by calculating « for the diffuse and contracted case using NASA’s CEA code
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[15] and BOLSIG+ [16, 17] as a function of the reduced electric field. First,
the equilibrium molar fractions of CO,, CO, O and O, are calculated at
Tgas between 3000 and 4000 K and between 5000 and 6000 K respectively.
Molar fractions used for the diffuse case at 3500 K are 0.02629 (COy), 0.5185
(CO), 0.06327 (O3), and 0.3920 (O). For the contracted case at 5500 K the
molar fractions used are 0.004744 (CO,), 0.4931 (CO), 0.0004160 (O3), and
0.5017 (O). Subsequently, the collision frequency v is calculated for a reduced
electric field range. The collision frequency v = 7w is related to the electron
energy distribution function (EEDF) f as:

species species 00 2
V= Z Vi = Z nO,i/O f(g)Utot,i(gaTgas)g\/ Hd& (1())
i=1 =1 e

where ng; is the neutral gas density of species 7, oy; the total cross section
for electron-neutral collisions with species i, and & the electron energy. The
cross section oy will depend on the composition of the gas, which to a good
approximation depends only on T4, for the high temperatures present in the
plasma.

Since the output of the electromagnetic model directly provides the E-
field distribution within the plasma, the reduced electric field E/nq is easily
obtained. This value of E/ng is also compared with the one resulting from
the CEA/BOLSIG+ code. The cross sections from Ixcat [18] that have been
used, are from the Phelps database [19-22] (CO5, CO and Os), and of Blaha
23] (for atomic O). For a thorough discussion on using cross sections for
modelling CO, conversion, see for example [24].

4 Results and discussion

4.1 Plasma

The values for 7,.., obtained with microwave interferometry are n,,.. = 13 £ 8
for the diffuse plasma, and 7,,,, = 765 4+ 54 for the contracted plasma (de-
duced from the values in table 1). The fitting approaches in which all param-
eters have been fit (i.e. Ny., 7, FWHM, and FWHM,) and for which only
Nmax and v have been fit, lead to good impedance matching (|.S;i"| of the order
of 0.01). The resulting values of either 7,,, or the plasma width, however, do
not agree with the experimental values. See table 2 for an overview of these
results. In this approach it is not straightforward to assign an uncertainty
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Table 2: Modelling results for varying 7,,.., 7 and /or width. The correspond-
ing values of |Sj;| are of the order of 0.01, except for 7., = 680 (contracted)
for which |S7;] = 0.001. The parameter values, however, do not agree with
the values found with independent measurements.

Plasma e | EWHM, | FWHM, |~
mode (mm) (mm)

Diffuse 15 15 13 2

35 10 18 4

48 10 18 5

90 10 26 | 14

Contracted | 224 3.0 35| 0.8

500 2 42 | 1.0

680 2.0 80 | 1.4

2220 1.5 52 | 1.5

to these parameter values, since the values merely have adapted to absorb
maximum input microwave power, but without any direct reference values.
The solution of the diffuse plasma with 7, = 15 even has a radial width
that is larger than the axial width. For the contracted plasma, fitting all
parameters resulted in 7,,.. = 680, which deviates 11% from the measured
electron density, with excellent matching (|S1;| = 0.001). For 7,,.. = 680 the
resulting v, FWHM,. and FWHM, are 1.4, 2 mm and 80 mm respectively,
see also table 2. These widths deviate too much from experiment. At given
stub positions, the measured plasma width is a rather strict condition, since
the plasma shape is such that it absorbs the microwave power efficiently. As-
signing the measured width in the two plasma cases, but varying both 7,,.,
and -, also does not lead to an agreement of the electron density with mea-
sured values. This shows that, while fitting for all parameters does provide
solutions, it does not necessarily lead to a solution that results in parameters
which compare well with independent measurements.

Constraining the degrees of freedom in the fitting procedure is necessary,
because of (i) the high sensitivity of Sj; to the input parameters, and (ii)
the systematic deviations between model and experiment, as discussed in the
appendix, since all parameters except v are known from independent other
measurements.

Fitting v only, and keeping the experimental values of 7,,.. and the plasma
widths fixed, leads to reasonable impedance matching: |S5i"| = 0.20 for the
diffuse plasma, and |S5i"| = 0.25 for the contracted plasma. Figure 4 shows
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|S11| as function of 4 near the minimum for both plasma conditions. The
function is plotted for the measured 7,,,, as well as for the values based on the
uncertainty in the measurement of n, (see table 1). Since this uncertainty is
larger for the diffuse plasma, the behaviour for the different values of 7,,., is
more distinct than for the contracted case. In the diffuse plasma case, |Sy|
reaches 0.1 for the upper limit of the measured 7,,,,, which shows that better
matching is feasible within the error in the measurement. This is not the case
for the contracted plasma, for which the uncertainty range in 7,,, is smaller.
The estimation of the width of the plasma however, is perhaps not good
enough: in the contracted plasma case, the sensitivity to the width is higher,
because of the larger electron density. Error bars indicate the uncertainty
in |S11] due to an assumed 10% uncertainty in the measured 7,,,,. Although
the experimental uncertainty is higher for the diffuse plasma case, we assume
Nmax 10 take the nominal measured value. This nominal value has been set in
the model. Assuming an absolute error |[ASy;| < 0.1 around the minimum,
this uncertainty leads to a range of 1.6 < 7 < 3.2 for the diffuse plasma,
and 1.3 < v < 5.7 for the contracted plasma. In the model, |S;| depends
weakly on a spatial variation of v, so that the model is consistent with the
assumption that v is spatially constant. The conductivity o is calculated
using the ranges of 7,,., and v in equation 8. For the diffuse plasma 0.2 S/m
< 0 < 1.3 S/m, for the contracted plasma 20 S/m < o < 60 S/m. The
diffuse plasma conductivity corresponding to the upper limit of 7., is of the
order of 1 S/m, which is more reliable than for the lower limit according to
the validation with NaCl solutions (see appendix). The contracted plasma
conductivity is an order of magnitude higher, which is outside the regimes
investigated in the validation, but validation using copper indicates that the
model is still accurate to within 10% for highly conducting media.

The modelled electric field for both plasma cases, at the measured 7,,,,
and FWHMs;, and at y=2.4 and 3.4 respectively (corresponding to the min-
ima in fig. 4), are given in figures 5 and 6. In both cases the electric field
peak values have a similar order of magnitude (10* V/m), but the distri-
bution is clearly different. Because of the larger skin depth (the distance
over which the electric field strength in a material decreases by a factor of
1/e) in the diffuse case, the electric field decreases only slightly, while in the
contracted case it falls off more steeply.

The reduced electric field E/ng is calculated with E from the model and
the neutral gas density ng, which is calculated using the ideal gas law for the
experimental T, values 3500 = 500 K (diffuse plasma) and 5500 + 500 K
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Figure 4: |S11| as function of ~y for the measured values of 7,,.,., FWHM, and
FWHM,. Also |Si1| is shown for the values of 7,,,, which are the bounds of
the uncertainty in the measurement. The shaded box shows the uncertainty
in y based on a 10% uncertainty in |Sy;|. Also the uncertainty due to a 10%
uncertainty in 7,,, is shown for a few values of v. (a) Diffuse plasma. (b)
Contracted plasma.
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Figure 5: The electric field of the diffuse plasma, FWHM, = 10 mm, FWHM,,
= 26 mm, 7,.., = 13, and v = 2.4. A vertical slice through the plasma cylinder
is shown in the plane of figure 1 and perpendicular to figure 2. The direction
of y is along the full quartz tube width. The field is only slightly lower in
the center due to the relatively large skin depth.
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Figure 6: The electric field of the contracted plasma, FWHM, = 3 mm,
FWHM, = 35 mm, 7,.. = 765, and v = 3.4. A vertical slice through the
plasma cylinder is shown in the plane of figure 1 and perpendicular to figure 2.
The direction of y is along the full quartz tube width. The field is significantly
lower in the center, because of the skin effect.
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Table 3: Modelling results for measured 7,,., and width, and varying ~. The
corresponding values of |Sy;| are of the order of 0.1.

Plasma mode | Moy | FWHM, (mm) | FWHM, (mm) 5
Diffuse 13 10 26 | 1.6 <y < 2.3
Contracted 765 3 35 2<y<3

(contracted plasma). In the center of the plasma this leads to ranges of E/ng
of 80 to 180 Td for the diffuse plasma, and 10 to 60 Td for the contracted
plasma, based on 10% uncertainty in |Sy;]. An error estimate of the reduced
electric field at the center, based on the error in the gas temperature alone,
leads to 120 4+ 20 Td for the diffuse plasma and 30 4 3 Td for the contracted
plasma, which is smaller than the uncertainty in the numerical model.

As a consistency check, the modelled values of v and E/ng are compared
with calculations performed using CEA for the molar fractions of the gas
composition, and BOLSIG+ for calculating . Figure 7 shows v vs. E/ng
[18, 20-23|, and the shaded boxes show the 7- and E/ng-ranges from the
model. To investigate the effect of gas composition on v vs E/ng the ~ val-
ues for pure COy at 3500 K (diffuse) and 5500 K (contracted) have been
calculated using BOLSIG+ [18]. In both plasma cases, v is sensitive to the
thermal equilibrium composition in the model’s reduced field range. There-
fore, knowledge of the plasma gas composition at a given temperature, gives
insight to the value of ~.

Using the modelled E/ng, the calculated values of 7 for the indicated
temperature range lie well within the range of v as determined from the EM
model. The higher range of v found from the model is clearly overestimated,
especially in the contracted case. Knowing the measured Ty, and having the
E/ng from the model, the estimated 7 range can be narrowed down. From
figure 7 it can be seen that with Ti,s the range determined by the shaded
box can be reduced to the range indicated by the dashed lines. The result
is 1.6 < v < 2.3 for the diffuse plasma, and 2 < v < 3 for the contracted
plasma. So, the model is able to calculate v and E/ng quite well, and leads
to physically plausible values.

The reduced electric field throughout the plasma is clearly spatially dis-
tributed according to the electric field strength and T,,s. Figure 8 shows the
(reduced) electric field along the tube diameter through the center of the
plasma, instead of only at the center. The gas temperature profile is mea-
sured between -5 and 5 mm along the tube diameter. Gaussian fits of the
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Figure 7: Normalised collision frequency v vs. reduced electric field. These
are obtained from BOLSIG+ (molar fractions from CEA). The boxes show
the ranges of v and E/ng from the electromagnetic model. Using the mea-
sured T4, for these plasma cases, the v range is narrowed down from the
vertical range of the box to the horizontal dashed lines. Also v is shown for
pure COy at the nominal value. (a) Diffuse plasma. (b) Contracted plasma.
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radial T},s data show that the FWHMSs are 18.3 and 21.4 mm, making Tg,s
nearly flat in the plasma region. This also holds for the ny profile, and that
means that the shape of the reduced electric field directly follows the shape
of the electric field.

The direct relationship between T, and E /ng [25] provides an extra check
on the internal consistency of the methodology used in this work. Having the
ranges of v and the reduced electric field established, an estimate is made
of the electron temperature T.. Figure 9 shows BOLSIG+ calculations of
the electron temperature T, (in eV) versus the reduced electric field of the
thermal equilibrium composition. For the diffuse plasma, based on a reduced
electric field range of 80 to 180 Td, 2 eV < T, < 3 eV, and for the contracted
plasma (10 to 60 Td), 0.5 eV < T, < 1 eV. The lower value of T, in the
contracted regime is consistent with the decreasing 7, that tends towards
Tyas for increasing pressure [3]. The reported value of T, also agrees with [9].

It has to be mentioned that, although in BOLSIG+ the superelastic col-
lisions as well as electron-electron collisions were enabled, this is still a too
simple approach. We merely used BOLSIG+ to illustrate how the v-range
can be narrowed down, and how an estimate can be made of T,. It is known
that more complete models exist, taking into account superelastic vibrational
and electronical collisions, and the influence on plasma composition, e.g. see
reference [26]. A more careful study using this approach takes into account
the influence on the EEDF, not only of CO, [27], but also CO [28], which
has a substantial molar fraction at these high temperatures. Since we have
performed our calculations assuming thermal equilibrium compositions, an
estimate has to be made of how good this assumption is, i.e. how does
thermal dissociation compete with electronically induced dissociation. The
rates of electron impact dissociation and dissociative recombination at the
temperatures and pressures in this paper are comparable to rates for thermal
dissociation, mainly due to the large cross section of dissociation of CO. Also,
the degrees of ionisation of both the diffuse (107°) and the contracted (107%)
plasma are relatively high, and therefore letting the plasma (electron) rates
compete with the thermal dissociation rates and changing the composition
[26]. Therefore the narrowing down of the y-range and the estimate of 7, can
be improved using the more complex models mentioned in [26-28]. Since the
superelastic collisions have the effect of enlarging the EEDF in the tail (and
be smoothened by electron-electron collisions) [27], the BOLSIG+ EEDFs
are possibly underestimated. The value of vy (at fixed gas temperature) how-
ever is quite insensitive to changes in the EEDF, but could be affected at
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and contracted plasmas with conditions as in figures 5 and 6 respectively.
The neutral density profile used, is based on experiment. The direction of
y is along the quartz tube diameter, where negative y is at the side of the
short. The |E|/ng is given for an ng profile from experiment and modelling.
The electric field from the model is given over the full tube diameter. (a)
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Figure 9: Electron temperature T, vs. reduced electric field. These are
obtained from BOLSIG+ (molar fractions from CEA). The boxes show the
ranges E/ny from the electromagnetic model. (a) Diffuse plasma. (b) Con-
tracted plasma.
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lower E/ng values. This could therefore affect mainly the results of the con-
tracted plasma case. Especially for lower F/ng values, this could mean that
v is underestimated. The same would hold for average electron energy, i.e.
due to underestimation of the EEDF, also the average electron energy could
be underestimated.

5 Conclusions and outlook

It has been shown that it is possible to determine the reduced electric field
E/ng of a free-standing CO, microwave plasma, using 3D electromagnetic
modelling with the principle of impedance matching. The plasma has been
described as a dielectric medium only. One of the difficulties in modelling
such a free-standing plasma is the presence of systematic errors, e.g. the
position of the dielectric, and power leakage. Another difficulty is the high
sensitivity to all input parameters, so that a procedure based on fitting all
parameters at once (i.e. 7., 7, and FWHM, ,) leads to solutions not in
agreement with independent measurements of the parameters determined.
Therefore a procedure has been performed, fitting only the normalised colli-
sion frequency v and using experimental input for the remaining parameters.
The reduced electric field of the diffuse plasma (p=100 mbar, P=800 W,
T4as=3500 £ 500 K) lies between 80 and 180 Td, for the contracted plasma
(p=250 mbar, P=1400 W, T,,.=5500 £ 500 K) it lies between 10 and 60
Td. For the diffuse plasma ~ lies between 1.6 and 2.3, and for the contracted
plasma between 2 and 3. Although there is an uncertainty in the range of ~,
the combination with the resulting reduced electric field range fits very well
in the results based on calculations made with CEA/BOLSIG+ for a CO,
microwave plasma. Moreover, it is has also been shown that, based on these
results, an estimate can be made of the electron temperature. For the diffuse
plasma T, lies between 2 and 3 eV, for the contracted plasma T lies between
0.5 and 1 eV. Using CEA/BOLSIG+ with the given cross sections, however,
leaves out the effects of superelastic vibrational en electronic collisions, so
that our results probably underestimate the values of v and T, for the lower
E/ng. Better results in narrowing down the 7 range, and estimating 7, may
be obtained by exploring the usage of more complex models, e.g. [26-28].

It is clear that the method described in this paper is not very easy to
apply, and it would therefore be both interesting and helpful to apply this
method to plasma systems that are more standard, like a surface wave dis-
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charge, see for example [29].

In this paper v has been found for known n.. When, on the other hand,
v is known from experiment, the method described in this paper can be used
to find n, in a similar way.
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Appendix

A Model validation

A.1 Microwave system

For validation of our approach, experiments have been performed on a set
of dielectric or conducting materials, placed in the waveguide at the position
of the quartz tube and plasma. Instead of using the microwave source and
autotuner employed in the microwave plasma system, the applicator wave-
guide is connected to a network analyser (PNA [30]). Insulating, conducting
and highly conducting materials have been chosen to investigate: teflon (rod,
conductivity ¢ &~ 1 x 107* S/m), NaCl solutions (of different concentrations,
in a glass cylinder), and copper (rod, o ~ 6 x 107 S/m) respectively. Teflon
and copper in the model are taken from the ANSYS material’s database,
the model’s properties for the glass cylinder are taken from [31]. The NaCl
solutions have conductivities of 0.01, 0.1 and 1.0 S/m. The conductivities
are based on suggested calibration solutions for the BT27i conductivity sen-
sor [32], that we also assume to be accurate. The accuracy of the solutions
is high. Deviations due to changes in the lab temperature are assumed to be
negligible.

The solutions have also been translated with respect to the tube axis: 3
mm towards the PNA sender/receiver and 3 mm towards the short. Reflec-
tion coefficients and impedances are measured for a frequency sweep from 2.0
to 3.0 GHz. No tuning is performed in these measurements, i.e. the reflection
coefficients are not minimised and measured as is. The reflection coefficient
simply takes the value resulting from reflection of the forward propagating
microwaves on the materials and short at the end of the waveguide. For
the model validation system, reflection coefficients are calculated over a fre-
quency range of 2.0 to 3.0 GHz in steps of 0.01 GHz. The focus is on 2.41
to 2.49 GHz, since the frequency of interest is 2.45 GHz. As a check, two
different boundary conditions are compared in the model of the NaCl solu-
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tion with the highest conductivity (1 S/m): (i) a radiation (or absorbing)
boundary condition [7] directly on the cylinder, and (ii) an ‘air box’ placed
around the reactor geometry of figure 1, with its faces assigned a radiation
boundary condition.

Apart from lossy dielectrics and radiation boundaries the model is as-
sumed lossless.

A.2 Results

We define the error between the measured and modelled (complex) reflection
coefficients at the microwave frequency of interest, 2.45 GHz, as ASy; =
ST — Sy, For the poorly conducting teflon its absolute value |ASy;| = 0.06,
while for the highly conducting copper |AS;;| = 0.1. The NaCl solutions
are conducting media that are electrically similar to a plasma. Figure 10
shows ASp; for the NaCl solutions. The notation AS;; is also used in this
figure for the difference in the experimental values of S7; between moving
the NaCl solutions 3 mm away (towards the PNA receiver) and towards
the short. A scan of more positions in the validation set up is not feasible,
because of the limited space between the glass cylinder and the hole in the
waveguide. The experimental uncertainty in position, however is only 1 mm,
so assuming linear behaviour, the uncertainty in position of the dielectric
medium can result in a |ASy;| of about 0.1. At 2.45 GHz, the difference in
S11 between the off-axis and on-axis positions is mainly due to the change
of phase of both the real and imaginary part. Since Re(S1;) as a function
of frequency is on the rising edge at 2.45 GHz, and Im(Sj;) is on the falling
edge, both are sensitive to the phase change. The overall behaviour of Si;
is very similar at each conductivity. The difference in |Sj;| between using
the two different boundary conditions in the model, i.e. either the air box
or the radiation boundary condition, is not higher than 0.02 (not shown in
the figure). Therefore, using either boundary condition is reliable within the
0.1 uncertainty in |Sy1|. All systematic errors therefore lead to an estimated
absolute error in Sp; of about 0.1 between model and experiment.

It is possible that a portion of the input power that is not absorbed by a
dielectric medium (such as a plasma), leaks from the reactor, e.g. via radi-
ation through small holes or due to non-perfectly conducting walls. At the
microwave input side, this leads to a somewhat lower reflected input power,
so a lower |Sii|, which may be misinterpreted as absorption by the dielec-
tric medium. The numerical model takes some of this power leakage into
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Figure 10: Error in reflection coefficient AS;; for NaCl solutions of different
conductivity. The conductivities are based on prescribed calibration solu-
tions. Two types of error are shown: the difference in |Sy;| between model
and experiment (squares), and the difference in |S1;| between two positions of
the glass cylinder in experiment only (towards the PNA receiver (triangles)
and towards the short w.r.t to the tube axis (circles)).

29



account via radiation boundary conditions, but the walls of the waveguide
in the model are regarded perfectly conducting. The power leakage due to
walls of finite conductivity is assumed to be small.

The case with the NaCl solution of 1 S/m has the smallest error, |ASy;| =
0.07, so that plasmas of a conductivity of that order are best described by
the model.
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