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Abstract

®

CrossMark

A method is proposed to spatially resolve discharge parameters from experimental
measurements of emission intensity and 1D numerical simulations including an O atom
collisional-radiative model. The method can be used for different plasmas and conditions.
Here, contracted microwave discharges for CO, conversion are studied at intermediate to high
pressures (100—300 mbar). Radial profiles of electron density (7.) are used as input in the
model and corrected to successfully simulate the measured Gaussian profiles of emission
intensity of the 777 nm transition (/777). As a result, radially-resolved parameters inaccessible
in experiments, such as n., power density (Pys), electron temperature (7), electric field and
reaction rates, are numerically-obtained for several conditions. n. and P, approximately
follow Gaussian profiles that are broader than that of 7777. For pressures below 150 mbar, the
difference in full width at half maximum is typically a factor 1.6. This consists in a
phenomenon of optical contraction, which is due to concave profiles of O molar fraction and

T.. The implications of the simulated profiles on the study of plasmas for CO, conversion are
discussed and it is shown that these profiles allow to explain high reactor performances at low
pressures.

Keywords: atomic oxygen kinetics, discharge spatial resolution, optical contraction, discharge
contraction, CO, conversion

(Some figures may appear in colour only in the online journal)

1. Introduction

The understanding of low-temperature plasma physics and the
optimisation of its applications is dependent on our knowl-
edge of the spatial distributions of physical parameters in dis-
charge reactors. Among those parameters, electron density
(n.), electron temperature (7), gas composition, gas temper-
ature (7), reduced electric field (E/n,), emission intensity
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4 Present address: Department of Physical Electronics at the Faculty of Sci-
ence, Masaryk University, Kotldtskd 267/2, 611 37 Brno, Czech Republic.

0963-0252/21/065022+21$33.00

and power density (P,s) are often some of the most impor-
tant. In fact, the spatial distribution of discharge parameters
has been vastly studied but is only well established for spe-
cific discharge configurations. A well known example is the
case in low pressure discharge regimes controlled by free dif-
fusion or by ambipolar diffusion, where the radial distribution
of n. in a long cylindrical discharge follows a paraboloidal
or a zero-order Bessel function of the first kind with zero at
the cylinder wall (Schottky 1924, Parker 1963, Ikegami 1968,
Durandet et al 1989, Lieberman and Lichtenberg 2005, Frid-
man and Kennedy 2004, Moisan and Pelletier 2012). However,

© 2021 IOP Publishing Ltd  Printed in the UK
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charged-particle balance in intermediate (a few to hundreds
of mbar) to high pressure discharges relies on molecular ion
recombination, and thus the Bessel profile cannot be assumed
for cylindrical discharges in those conditions.

In several numerical and experimental works on glow and
microwave (MW) discharges with atomic and molecular gases,
ne and emission intensity have been shown to have Bessel
radial profiles at low pressures and currents when the discharge
is diffuse, but significantly different, seemingly Gaussian pro-
files, at higher pressures or currents when the discharge con-
tracts (Petrov and Ferreira 1999, Martinez et al 2004, Kabouzi
et al 2007, Dyatko et al 2008, Golubovskii et al 2011, Shneider
et al 2014, Golubovskii et al 2017, Ridenti et al 2018, Zhong
et al 2019). In particular, in the work of Dyatko et al (2008)
with a 1D-radial model describing an argon glow discharge at
intermediate pressure, the ratio between the peak and the aver-
age electron densities has been calculated to change from 2.3
for a Bessel profile to 720 for a highly contracted discharge.
Then, in Carbone et al (2012), radially-resolved n. measure-
ments through Thomson scattering in an MW argon plasma at
intermediate pressure have been fitted with a Bessel function
for which the boundary radius R defined by n.(R) = 0 is a free
parameter that decreases with pressure. Furthermore, in the 1D
models in Gregorio et al (2010,2012) of argon MW microplas-
mas at atmospheric pressure, 7. contracts to a concave shape
that is neither Gaussian nor Bessel. On the contrary, in the 2D
numerical work in Baeva et al (2018) in an argon plasma torch
at atmospheric pressure, the radial profile of n. presented is
rather flat.

Radiative emission takes place naturally in reactive plas-
mas, and therefore emission intensity can be an easily accessi-
ble source of spatially-resolved information in the discharge.
Nevertheless, in contracted conditions, the n. profile can be
spatially more extended than the optical appearance of the
plasma suggests. Indeed, experimental radial distributions of
line emission have been reported to be more compressed than
that of n. (obtained from the Bremsstrahlung continuum) in
neon in Golubovskii et al (2011) and in helium in Golubovskii
et al (2020). This effect has been called optical contraction and
has been attributed in Golubovskii ef al (2011) to the influence
of electron—electron collisions on the electron energy distribu-
tion function (EEDF), which enhances electron-impact exci-
tation and ionisation reactions in the centre of the discharge.
However, in Golubovskii et al (2020), this effect seems to be
due to the low values of E/n, in the radial edges, as E/n, is
theoretically estimated to have a significantly concave distri-
bution in that work. The concave shape of E/n, is in agreement
with the experimental measurements and simulations of con-
cave profiles of T, in Kabouzi et al (2007), Gregério et al
(2010), Golubovskii et al (2011), Gregério et al (2012), Gol-
ubovskii ez al (2017), Ridenti et al (2018), Zhong et al (2019).
In fact, the simulations in Ridenti et al (2018) have shown that
T. in Thomson scattering measurements, such as those in van
Gessel et al (2012), Carbone et al (2012), has a convex radial
profile due to the Maxwellian assumption of this diagnostic,
while T. obtained from the calculated EEDF (2/3 of mean
electron energy) actually has a concave radial profile, as does
E/ ng. Conversely, the T and E / ng radial profiles obtained in

the 1D and 2D simulations in Martinez et al (2004), Jimenez-
Diaz et al (2012), Georgieva et al (2017), Baeva et al (2018)
have been reported as approximately radially homogeneous.
We can conclude that the relationships between the spatial pro-
files of different discharge parameters so far are not completely
understood and cannot be generalised.

In this work, we address the spatial distribution of discharge
parameters in MW CO, plasma reactors. These are intended to
convert greenhouse gas CO, into carbon-neutral fuels or useful
chemicals (Goede et al 2014, Guerra et al 2017, Snoeckx and
Bogaerts 2017, Vermeiren and Bogaerts 2020). Spatial distri-
butions in these discharges are particularly interesting, as the
discharge radius has been shown to have a strong correlation
with reactor performance, with the best conversion and energy
efficiencies having been obtained when the core of the dis-
charge has a radially-contracted structure (Fridman 2008, van
Rooij et al 2015, den Harder ef al 2017, Bongers et al 2017). In
particular, the relationship between the spatial distribution of
Paps and the reactor performance has been highlighted in van
den Bekerom et al (2019).

Recent studies have addressed the contraction dynamics
and the radial structure of MW discharges for CO, conver-
sion (Wolf et al 2019, Groen et al 2019, Wolf et al 2020a,
2020b, Viegas et al 2020, D’Isa et al 2020). The contraction of
a vortex-stabilised CO, MW plasma has been characterised in
Wolf ef al (2019) in relation to its dielectric properties. Then,
in Wolf ez al (2020b), two distinct contracted discharge modes
have been identified and described at pressures above 85 mbar:
a low-confinement L-mode at lower pressures and at temper-
atures between 3000 and 5000 K and a high-confinement H-
mode at higher pressures and at temperatures above 5500 K.
The works in Viegas et al (2020) and Wolf et al (2020a) have
investigated the contracted modes numerically. The distinct
changes in spatial profiles of n. and P, with discharge modes
have been shown to be important to obtain accurate descrip-
tions of the reactivity within the plasma, that determines the
spatial structure of the plasma itself (Viegas et al 2020), as well
as of the follow-up reactions of plasma products in its periph-
ery, that influence the reactor performance (Wolf er al 2020a).
Despite the importance of accurately determining these spa-
tial profiles, discharge parameters are difficult to measure with
mm resolution in CO, MW plasmas and are often based on
the spatial distribution of parameters that are easier to obtain
experimentally, such as the radiative emission intensity. As
such, the works on CO; discharge contraction so far have relied
on unverified simplifying assumptions on the spatial profiles
of discharge parameters, such as ne, Pyps and E/ng. To self-
consistently describe the relationships between these param-
eters and improve profile determination, it is very relevant to
assess the assumptions used so far.

In this work, numerical simulations are used to determine
spatially-resolved discharge parameters in a CO, MW dis-
charge from the experimentally measured intensity distribu-
tion of the 777 nm spectral line emission of atomic oxygen:
O(3p °P) — 0(3sS?) (I777). This study requires a collisional-
radiative model (CRM) of O atom kinetics. That type of
description has been developed and used in works such as
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Dagdigian et al (1988), Stancu et al (2016), Caplinger and Per-
ram (2020), Fiebrandt ez al (2020). In particular, in Fiebrandt ez
al (2020) a CRM has been developed to calculate excited state
densities of atomic oxygen in zero dimensions in low pressure
plasmas with varying Ar/O, mixtures. That work has high-
lighted the influence of radiative cascading between excited
states and of radiation self-absorption. Moreover, in Caplinger
and Perram (2020) a CRM focussed on the 777 nm/844 nm
line ratio of atomic oxygen has been developed in zero dimen-
sions to study oxygen plasmas at different pressures and with
different dissociation degrees (ratio between O and O;). The
results of that CRM have been compared with those of more
commonly-used models, such as the extended corona model.
The relevance of stepwise excitation and cascade emission has
been put forward in Caplinger and Perram (2020). Both of
these recent works have discussed the choice and use of kinetic
data in their CRMs.

This paper employs for the first time a CRM for atomic
oxygen developed in the context of reactive CO, mixtures at
intermediate to high pressures (100-300 mbar). We use it in
1D to radially resolve ne, Te, E/ny and Py in contracted MW
discharges for CO, conversion. In section 2, the experimen-
tal set-up is presented, along with the plasma conditions and
the measurements undertaken. The set of hypotheses taken in
the interpretation of experiments to relate the experimentally-
measured Gaussian profiles /777(r) to the other discharge
parameters is also explained. Then, the 1D-radial model devel-
oped in this work is explained in section 3, including the
CRM for atomic oxygen. The simulation results are presented
in section 4 for the different sets of conditions presented in
section 2. First, an n.(r) profile calculated directly from exper-
imental data is used as input in the simulations, in order to
illustrate the shortcomings of some of the hypotheses taken.
The dependence of n.(r) on I777(r), and vice-versa, is obtained
and explained from the simulations, and leads to correcting
the hypotheses considered so far and the assumptions for
ne(r). The simulations show that the corrected assumptions are
consistent with the measurements, and thus provide radially-
resolved discharge parameters. Finally, the implications of
these findings on the study of MW discharges for CO, con-
version are demonstrated and discussed, along with the possi-
bilities to apply this correction procedure to relate discharge
parameters in different plasmas.

2. Experimental set-up, hypotheses and
conditions

2.1. Experimental set-up and hypotheses on plasma
parameters

The discharges studied in this work are obtained experimen-
tally in a vortex-stabilised MW reactor. This configuration
has been used in several works on plasma-driven CO, con-
version (Butylkin et al 1981, Fridman 2008, Bongers et al
2017). The set-up is presented in figure 1 and described in
more detail in Wolf et al (2019). It consists of a 2.45 GHz
MW source, a rectangular waveguide field applicator and a
three-stub tuner for impedance matching. The electromagnetic

—>m E—— injection manifold
uartz tube — :
q \
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g~ SN
g ST i
3 field applicator
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1
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1 to vacuum pump
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Figure 1. Illustration of the experimental setup, including the main
plasma reactor components. Reproduced from [Wolf ez a/ [2020b]].
© IOP Publishing Ltd. All rights reserved.

(EM) field is continuously coupled to a CO, gas flow, which
is contained in a quartz tube of inner radius Rype = 13.5 mm.
The wave electric field is directed parallel to the discharge tube
(transverse-electric (TE;p) single mode standing wave). The
plasma is stabilised in the centre of the tube by means of a
vortex flow, achieved by tangential gas injection, to prevent
plasma-induced wall damage, as in Fleisch et al (2007). The
discharge characteristics and the related performance of CO,
conversion to CO in this reactor have been studied in detail in
recent years in Wolf er al (2019, 2020b), Pietanza et al (2020),
Wolf et al (2020a), Viegas et al (2020).

In Wolf er al (2019), the intensity distribution of the 777
nm spectral line emission of atomic oxygen (O(3p °P) —
0O(@3s °S%) has been measured to have a Gaussian radial
profile I777(r) with full width at half maximum (FWHM)
A777 and characteristic width (or standard deviation) o777 =
A777/ (2/2 In(2)), that are invariant under an Abel transform:

1 7
b77(r) = I177(0) exp 552 ) (1
777

It is assumed in Wolf et al (2019) that n.(r) also follows a
Gaussian radial profile, with peak n¢y, and is proportional to
I777(r), with a proportionality parameter s, such that:

L7 ) 1<s<2. (2
AT ~_ ’ ~ s ~ .
2 (v/s07177)?

That assumption is based on the following hypotheses:

ne(r) = nep €xp (

(1) The upper state of the 777 nm emission, O(3p °P), of den-
Sity nepsp), 1s produced mostly by electron-impact exci-
tation of the atomic oxygen ground-state O(2p* 3P), of
density o2+ py with rate coefficient kex.(Te). O(3p SP)
is mostly destroyed by radiative emission with coefficient
Tr;dl and quenching by any neutral species (with gas den-
sity ng) with coefficient kq. The radiation balance is then
expressed as:

jA— 1 Moy dpyhee(Te)
777 = Trad "0@3pSP) = Trad

3
7—r;dl + nng )
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(2) 7.4 and kq are radially homogeneous, and ngkq > T
Thus:
1777 X e X0 kexc(Te), (4)

where xo = 71, 4 3p, /-

(3) E/ng and T, are radially homogeneous in the plasma
region, and so i kexe (7).

(4) xo is defined by heavy-particle thermal reactions that are
independent of rn., and by electron-impact reactions with
rates proportional to n.. It is assumed that:

L7 xny, 1<s<2. (5)

The line-integrated electron density at the axial centre
of the discharge (n.5) has been measured in Wolf et al
(2019), and thus the peak of n. and the plasma diame-
ter A,, (FWHM of the n.(r) profile) have been calculated
according to the assumption in equation (2) as function
of s:

2m(\/so777)? (6)

Ay = VsA777. (N

Using these hypotheses, in Wolf et al (2019) the radius of
the discharge column and the skin-depth of wave absorp-
tion have been found to have approximately the same
value, for 1 < s < 2. Then, in the subsequent studies
of this discharge (Groen et al 2019, Wolf et al 2020b,
Pietanza er al 2020, Wolf et al 2020a, Viegas et al 2020),
as well as in the investigation of a similar CO, MW dis-
charge (D’Isa et al 2020), the assumption in equation (2)
has been used, with additional hypotheses:

Ne) = HeA /

(5) xo is defined by thermal chemistry and the radial gradient
of gas temperature is lower than the one of n.. Hence, xg is
radially homogeneous in the plasma region, and therefore:

1 7
s=1; ne(r)y=nepexp|—z—5—1- 3
2099
(6) As the temperature, composition, E/ ng, Te and electron
collision frequency v, are considered radially homoge-
neous, the MW absorbed power density (Pys) is assumed
to have the same radial profile as n. (Wolf et al 2020b):

1 72
Pabs(r) - PabsO exp — 5 2 |- (9)
2091
where P, is obtained by dividing the total input
power by the normalised volume integral of the emission
intensity.

2.2. Experimental conditions

In this paper, we use the model described in section 3 to evalu-
ate the hypotheses listed in section 2.1 and to spatially resolve
discharge parameters. Here we describe the different sets of
experimental conditions considered as input in the model.

2.2.1. Condition A: low-confinementdischarge. Firstly, a dis-
charge in low-confinement mode, according to the definition
in Wolf et al (2020b), is studied. This is a well characterised

discharge, which is contracted but with A777 close to half the
tube diameter. It has been obtained at 110 mbar with a fixed
steady-state input power of 950 W and a flow rate of 9 slm.
The Gaussian-shaped emission intensity of the 777 nm line
(following equation (1)) has a radial FWHM A77; = 5.88 mm
and an axial FWHM Ly77 = 21.40 mm. The line-integrated
electron density n.y has been measured through 140 GHz
MW interferometry and the profile n.(r) has been assumed
according to equations (6)—(8). The relative uncertainty in the
measurement of ngy is of the order of 100% for pressures
below 110 mbar and then decreases with pressure, reaching
values of the order of 10% for pressures above 200 mbar
(Wolf et al 2019, Viegas et al 2020). This diagnostic consid-
ers the plasma as an infinite homogeneous slab, which applies
when the plasma size is large compared to the diagnostic beam
dimensions. Since this approximation collapses under the nar-
row plasma conditions considered in this work, a correction
factor is applied which accounts for the partial pass-through
of the diagnostic beam through the plasma medium. This cor-
rection has not been considered in previous works (Wolf et
al 2019, Groen et al 2019, Viegas et al 2020), which might
lead to an underestimation of 7. in those works. The partial
pass-through effect is accounted for by applying a correction
factor «v, whose calculation is further described in Mousavi et
al (2021), such that:

(10)

NeA corrected = MeA,measured X (-

The correction factor « is inversely proportional to the inter-
ferometry frequency and to A777. In the current case, & = 1.32
and the corrected nep = 9.11 x 10'® m~3. The rotational tem-
perature (taken as the same as the translational temperature
T,) and the densities of the main species in the plasma reac-
tor (CO,, CO, O, and O) are measured locally at the axial
position of the centre of the waveguide with 1 mm radial reso-
lution through spontaneous rotational Raman scattering. This
diagnostic has been used to measure temperature in van den
Bekerom et al (2019, 2020), van de Steeg et al (2020) and is
further explained in van de Steeg et al (2021). As pointed out
in our previous works assessing measurements and simulations
of the main neutral species densities (Wolf et al 2020a, Viegas
et al 2020, van de Steeg et al 2021), their value and spatial
distribution are determined mostly by thermally-driven neu-
tral chemistry and by fast transport processes. The data taken
as input in the model are presented in figure 2. On the left side
of the figure, the assumed profile n.(r) and the measured pro-
file T,(r), and on the right side, the measured molar fractions
of the main species.

2.2.2. Condition B: high-confinement discharge. The main
characteristics of the studied discharges are defined by their
confinement degree, which is largely dependent on input
power and pressure (Wolf ef al 2020b). As such, it is impor-
tant to evaluate discharge parameters also in high-confinement
mode. A flow rate of 12 slm is used, and a high-confinement
discharge is obtained at 150 mbar with an input MW power
of 860 W. T, and composition are measured through Raman
scattering, nep is measured through 140 GHz interferometry
and n.(r) is assumed through equation (8) after considering
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Figure 2. Radial profiles of experimental input parameters in condition A (950 W, 9 slm and 110 mbar). On the left, the assumed n.(r) and
the measured 7'4(7). On the right, the measured molar fractions of CO,, CO, O, and O.

lel9

6
8000 1 Ty — DNe
L5 —
v lE
<) ] | —_—
£ 6000 4=
B =
E wn
@ 13 §
S 4000 1 °
c
S 2 8
7, e
o ()
(]
& 2000 2
0 i . y : —l 0
0 2 4 6 8 10

Radial position [mm]

1.0
—— COz
08l —4 co A
w —4— 02 .
ol = /
£ 0.6 o
S i
= P——e o il
504] o, T /
[=]
= \/ e
0.2 N \\. i
R o= S
0.0 '_* : : — & .
0 2 4 6 8 10

Radial position [mm]

Figure 3. Radial profiles of experimental input parameters in condition B (860 W, 12 slm and 150 mbar). On the left, the assumed n.(r) and
the measured T'4(r). On the right, the measured molar fractions of CO,, CO, O, and O.

the correction factor «, as for condition A. The length L777 is
26.71 mm, the diameter A;77 is 2.46 mm, below half of that
of condition A, and the correction factor «v is 2.69. n.(r) and
T'(r) are represented on the left side of figure 3. The measured
composition is shown on the right side of the same figure. The
ne(r) and T (r) profiles clearly have sharper gradients than in
condition A and, as a result of the higher temperature, the CO
and O molar fractions are higher and have broader profiles than
in condition A.

2.2.3. Setof conditions C: input from flow modelling. In some
high-confinement conditions, emission from C, is present in
the plasma (although C, remains a minor constituent), which
severely cripples the Raman scattering diagnostic. Therefore,
it is relevant to study spatial profiles of discharge parameters
in cases where neutral composition is known from simulation
results, which also allows wider parameter scans. Unlike the
case in conditions A and B, in the set of conditions C we take
the radial distributions of 7'y and neutral composition from the
simulation results of the 2D model in Wolf ef al (2020a), at
the axial position of maximum temperature. In that work, the

peak gas temperature in the centre of the discharge has been
taken as input from Doppler broadening measurements of the
777 nm atomic oxygen line emission (Wolf ez al 2019). We
study 7 discharge conditions in different confinement modes
by changing only pressure. They are obtained with 1400 W
input power and 18 slm flow rate and the pressure is increased
from 108 mbar to 296 mbar. These conditions are described
in Wolf et al (2019) and in Viegas et al (2020). However, the
plasma dimensions considered here have been found as in Wolf
et al (2020a), in a slightly different way than in the previous
works. n.(r) is obtained from equation (8), with n., measured
from 168 GHz interferometry. Although neo is displayed in
Wolf et al (2019) and in Viegas et al (2020), the correction
factor « is not taken into account in the values in those works.
For the sake of brevity, the radial profiles of n., T, and compo-
sition are not represented here, but T'x(r) and the molar fraction
xo(r) are shown later in figure 13. Moreover, some of the main
plasma parameters are listed in table 1. It can be noticed from
A777 in table 1 that the confinement degree of these discharges
(except at 108 mbar) stands between the ones of conditions A
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Table 1. Experimental input parameters in the set of conditions C:
pressure, length, diameter, n. correction factor, corrected n. peak
and maximum of 7.

p(mbar) Ly (mm) Az77 (mm) o neo (108 m™3) Ty pax (K)

108 12.1 6.44 1.09 1.61 4927
121 154 477 1.25 8.24 5562
141 18.9 3.97 1.40 24.62 6082
161 225 3.68 1.47 26.75 6220
209 344 3.64 1.48 53.58 6119
249 34.6 3.50 1.53 71.30 6064
296 57.5 3.56 1.51 98.45 6007

Table 2. List of species considered in the model, along with the
internal energies of O excited states (Laher and Gilmore 1990,
Kramida et al 2020).

CO,, CO, 0,, 0(2p**P), C
e,07,CO;J,CO*,0f, 0", C*
02p*'D) (1.97 eV), 02p*'S) (4.19 V)
0(3s°S% (9.15 eV), 0(3s 3S%) (9.52 eV)
O@3p °P) (10.74 eV), O(3p *P) (10.99 eV)
0(3d 3D (12.08 eV), O(3d *D?) (12.09 eV)

Main neutral species
Charged species
Metastable states

Radiative states

and B. Furthermore, that s also the case for T’y nmax and, as such,
the degree and extension of dissociation in these plasmas are
also in between those of condition A (figure 2) and those of
condition B (figure 3).

3. Numerical model

3.1. 1D-radial plasma fluid model

Resolving discharge parameters in space requires at least a
one-dimensional (1D) description of the CO, conversion MW
plasma. In this work, we have developed and used an in-house
1D-radial fluid model addressing the plasma at the core axial
position, i.e. the position of the centre of the waveguide. The
species in table 2 are considered.

The model consists in solving for every species k the steady-
state mass balance equations of the form:

1 d d Fou Fin
V-Ty = (—er— [w]) + ( L *")

T ordr dr L L

— (;SM — ZL,»,k> :

where r is the radial coordinate, y, is the mass fraction of
species k and p is the total mass density of the mixture
(p = mie = >, yiP). Tk, D, ni and my are, respectively,
the flux of mass density, the mass diffusion coefficient, the
number density and the particle mass of species k. S;; and
L; are, respectively, the chemistry source and loss terms asso-
ciated to reactions j and i acting on species k. The reactor
under study is characterized by vortex-stabilization, a recircu-
lation zone, turbulent transport and, therefore, complex flow
patterns. As such, the local transport is largely unknown and

Y

in this model, motivated by the work in Wolf et al (2020a), we
describe it as being mostly determined by laminar and turbu-
lent mass diffusion. The model therefore consists mostly of a
reaction—diffusion description. An axial convective transport
term is included as in Wolf et al (2020a), Viegas et al (2020),

. r Tix
in the form of ( oLk — Zpk

taken from the emission intensity as L = Ly77, I'ipx is the flux
of CO; entering the plasma length, and I, 4 is the flux of every
product exiting the plasma. These fluxes are calculated from
the conservation of mass flow rate as:

) , where L is the plasma length
Z

Liz(r) = myn(ryv,(r) (12)
m
v (r) = (A (13)

where v,(r) is the axial convective velocity at position r, 71 is
the input mass flow rate of CO, at room-temperature and at
reactor pressure and A is the tube cross section A = 7 (13.5
mm)’.

As the electric field associated to the MW propagation in
transverse-electric mode in the experiments is not axisym-
metric, this model does not include the simulation of electric
field through Maxwell’s equations. Instead, an electron den-
sity profile ne n(r) (considering equation (2) dependent on s)
is assumed and E /n, at each position r is self-consistently cal-
culated by iterating this parameter until the electron density
ne(r) matches n.n(r). ne(r) is obtained from the ion densi-
ties through a quasi-neutrality assumption. As such, only the
electric field magnitude is considered, and not its direction,
which leads us to neglecting electric drift and charge separa-
tion. The convergence criteria of the simulation are twofold.
One criterion consists in matching n.(r) with nen(7) within
1%, for every position where neN(r) > 7 X 10" m—3. We
should notice that this tolerance is lower than the experimen-
tal uncertainty. For positions with lower electron density, ne(r)
is not required to match ne n(r) and the reduced electric field
E /ng is assumed to be 1 Td, taken as a minimum value in
the simulations. The other convergence criterion consists in
imposing a solver tolerance for residuals of mass fractions of
1076, The model takes quantities from experiments presented
in section 2 as input: p, L;77, flow rate, nen(r) (where nep
and A7 are included), T,(r) and radially-resolved composi-
tion. Concerning T, (r) and composition, a linear interpolation
is taken in between measured points. For » > 10 mm, where
measurements are not available, the values at » = 10 mm are
assumed. The influence of experimental uncertainties associ-
ated to quantities used as input in the model, such as n, and
T,, in plasma chemistry simulation results has been put for-
ward in Viegas et al (2020). As the electron density is obtained
from quasi-neutrality, the simulations solve equation (11) for
a total of 15 species: C, O~, COS, CO*, O, OF, C* and
the metastable and radiative excited states of atomic oxygen.
The mass fraction of ground-state O(2p* 3P) is obtained from
subtracting the mass fractions of the O excited states O(i) to
the input one of O as Youpipy = YO ~ >~ .yo(- The measured
molar fractions of CO,, CO, O, and O are given as input to
the model and allow to calculate p(r) according to the ideal
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gas law. Then, the mass fractions of these species are slightly
adjusted during the simulations in order to preserve the ideal
gas law. The reactions corresponding to the chemistry source
terms Sy ; are described in section 3.2.

As radial transport in the reactor under study is largely
unknown, we describe it for the 15 species in the same way
as in Wolf et al (2020a), where simulation results have found
good experimental agreement. Radial transport is described in
this model through laminar and turbulent Fickian mass diffu-
sion, with the diffusion coefficient of each species k defined as
the sum of a laminar coefficient Dy ; and an effective turbulent
coefficient Dr:

Dy(r) = Dri(r) + Dr(r). (14)
The turbulent diffusion coefficient is taken from Wolf et al
(2020a), where it is defined independently of the mixture as:

s)

with constant turbulent Schmidt number Sct = 0.71 (Yimer
et al 2002), and turbulent viscosity v1(r). The same formu-
lation has been adopted in Synek ef al (2015). In Wolf et al
(2020a), in agreement with computational fluid dynamics sim-
ulations of the vortex flow including a plasma heat source, it
is stated that the radial variation in v1(r) can be approximated
by a quadratic function of r:

2
Vr(r) = Vepea - (1 = RZ—) : (16)

tube

Then, the value on the axis vtpeac has been found in Wolf
et al (2020a) for several conditions of pressure and flow and
for an input power of 1 kW, as the value that best allows to
retrieve the experimental peak of T, obtained from Doppler
broadening measurements of the 777 nm atomic oxygen line
emission (Wolf et al 2019). An improvement is made with
respect to the case in Wolf et al (2020a), as the laminar dif-
fusion coefficient in this work is obtained for each species k
through a mixture-averaged multicomponent approach, as in
Hirschfelder and Curtiss (1949), Giovangigli (1990), Synek et
al (2015):

1 _
Dii(r) = 2%

X
I#k Dy

A7)

where x; is the molar fraction of species [ and Dy is the
binary diffusion coefficient of the (I, k) pair of species. The
binary diffusion coefficients have been computed for all neu-
tral-neutral, ion—neutral and electron—neutral interactions
from Chapman-Enskog theory (Capitelli et al 2013), using
the collision integrals in Laricchiuta et al (2009). In the con-
ditions of this work, in the plasma core region, for ions and
neutrals, Dy, and Dr are of the same order of magnitude,
around 1072 m? s~ .

The MW absorbed power density Pys(r) is calculated as
an output through the steady-state electron energy balance
equation (Alves et al 2018):

Pe Pine Pvrowt
Pas(r) = (n%r) + ) + ;*‘m) ny(rne(r)
g g g
ne(n)e(r)va(r)
L

d

5 d
+ = (—gDe(r)a[nea)e(r)]), (18)

dr

where Pej, Pinel and Pygown are the components of power lost
by electrons through elastic, conservative inelastic and non-
conservative inelastic collisions, respectively, calculated from
the solver for electron kinetics and dependent on E/n, and
gas mixture. € is the mean electron energy also calculated
from the electron kinetics solver and D, is the electron dif-
fusion coefficient, calculated from equations (14)—(17). We
should notice that the formulation used for the diffusive term
in equation (18) is an approximation based on the assumption
of a Maxwellian electron velocity distribution function and an
energy-independent momentum-transfer collision frequency
(Alves et al 2018). However, in the studied conditions, the
transport terms (mostly diffusive) in equation (18) have a
weight of the order of only 2% on the calculation of P,
that is mostly defined by the collisional electron losses. Hence,
formulating the transport terms differently would have a neg-
ligible effect on Pps(7).

The electron kinetics solver is the Monte Carlo flux (MCF)
code developed and described in Vialetto er al (2019, 2020),
based on the method introduced in Schaefer and Hui (1990).
It is used in this model to calculate the power loss terms and
the electron mean energy in equation (18) and the electron-
impact rate coefficients that take part in the source term
calculations. The MCF code can simulate electrons in any arbi-
trary gas mixture, including any population of excited states
for atoms/molecules. Moreover, it is consistent with the cross
sections set for electron impact used in this work. The impor-
tance of these considerations for the calculation of rate coeffi-
cients has been demonstrated in Viegas et al (2020), Vialetto et
al (2020). The MCEF solution is coupled to the 1D-radial model
in a similar way as it was coupled to the zero-dimensional
model in Viegas et al (2020). In 11 equally-spaced positions
in the domain, the MCF solution is obtained for 21 values of
reduced electric field linearly spaced between 1 and 200 Td.
Then, the solution is interpolated in space. As such, the calcu-
lated electron parameters are functions of the local E/n, and
of position. The electron kinetics calculations take as input
parameters the gas pressure and the frequency of the field,
as well as the local gas temperature and composition, consis-
tently with the plasma model and the experimental conditions
reported in section 2. The vibrational states of molecules are
taken into account in electron collisions by assuming that they
are populated according to a Boltzmann distribution at 7', as in
Viegas et al (2020). The importance of considering these pop-
ulations for electron kinetics in CO, has been demonstrated
for example in Grofulovic et al (2016), Vialetto et al (2020),
Silva et al (2020). The MCF solutions are first obtained for
the input molar fractions of the main species CO,, CO, O,
and O. Then, after the plasma simulation converges, the MCF
solutions are updated and the plasma simulation is run again.
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Table 3. List of atomic oxygen reactions: electron-impact excitation, deexcitation, ionisation and
dissociation; electron—ion recombination; and radiative emission taking self-absorption into
account. O(i) and O(j) represent any state of atomic oxygen listed in table 2, except when a note
is added. The units of rate coefficients for radiative emission are s~!, and for two-body reactions
arecm’ s~ E/ ng is the reduced electric field; r is the radial position, corresponding to a local
gas mixture and temperature; and 7 is the electron temperature in eV.*?

Nbr Reaction Rate coefficient References
01 e+ 0() < e+ 0()) K(E /ng, 1) [1,2,3]
02 e+0®()—e+ 0t k(E/ng,r) [1]
03 e+ CO, »e+CO+0@2p*!S) K(E /ng,r) [4]
04 e+ CO—=e+C+0@2p*'s) K(E /ng, 1) [4]
05 e+ 0, — e+ 0@2p* *P) 4 0()? K(E /ng,r) [2,4-8]
06 e+ 0 —0@p* *P) + 0(2p* °P) 517 x 1072 x 7! [9, 10]
o7 e+ 05 —0@p**P)+0@2p* 'D) 1.51 x 1078 x 1707 [9, 11]
R1 O (3p °P) — O(3s °S°) (777 nm) T [12-14]
R2 O(@3p *P) — O(3s 3S°) (845 nm) T [12-14]
R3 0(3d °D% — O(3p >P) (926 nm) Tond3 [12—14]
R4 0(3d *D% — O3p *P) (1128 nm) T [12-14]
R5 0(3d °D%) — O (2p* 3P) (102 nm) Toads [12-14]
R6 0(3s 3s”) — 0 (2p* 3P) (130 nm) Tond6 [12-14]

2References: [1] = Laher and Gilmore (1990); [2] = Alves et al (2016); [3] = Barklem (2007); [4] =
McConkey et al (2008); [5] = Erdman and Zipf (1987); [6] = Lawrence (1970); [7] = Itikawa (2009); [8] =
Kanik ef al (2003); [9] = AnnuSova er al (2018); [10] = Kossyi et al (1992); [11] = Eliasson and Kogelschatz

(1986); [12] = NIST database, Kramida et al (2020); [13] = Fiebrandt et al (2020); [14] = Mewe (1967).
"Notes on the states considered: a—O(2p* 'D), O(2p* 'S), O(3s 3S?), O(3s 3S?), O(3p °P) and O(3p *P).

The update takes into account the calculated densities of C
and of the atomic oxygen excited states, that have influence
on the EEDF through both superelastic and stepwise inelas-
tic collisions. As the densities of these species are much lower
than those of the main species (whose fractions are fixed) and
have only a minor effect on the EEDF, the MCF solutions are
updated only once. In this way, electron kinetics is coupled
self-consistently with plasma simulations.

The equations in this model are solved with a finite vol-
ume discretisation in a uniform grid, where diffusive mass
fluxes are discretised using a central difference scheme. These
are solved using the tridiagonal matrix algorithm for matrix
inversion. Homogeneous Neumann boundary conditions for
the radial diffusive fluxes are taken at » = 0 and at the tube
wall. In this work the 13.5 mm radial domain is divided into 41
cells of 0.33 mm size each. The numerical solution is obtained
in a single central processing unit with a calculation time rang-
ing typically between 1 and 7 days. One simulation has been
performed with 81 cells of 0.17 mm size each and has pro-
duced a relative difference in results up to 5% and an increase
in calculation time of a factor 5.5, with respect to the same case
with 41 cells. The calculation time is mostly due to the MCF
calculations taking approximately 11 h (1 h per position) and
to the very high number of iterations required to fulfil the con-
vergence criteria, which is usually between 2 million and 20
million. On the one hand, the high number of iterations is jus-
tified by the use of a small under-relaxation factor of 103,
necessary for the resolution of the very stiff non-linear system
of equations imposed by the complex chemistry in plasmas
(Patankar 1980). On the other hand, we should notice that it
is very computationally expensive to simultaneously match n,
with n 1y in the whole domain, but it is of fundamental impor-

tance for the current study of spatial resolution of discharge
parameters.

3.2. O atom collisional-radiative model in CO, conversion
plasma

In this section, the reaction scheme used in the model is pre-
sented. The reactions considered in Viegas et al (2020) are
adopted in this work. These include reactions for neutral ther-
mal chemistry based on the GRI-MECH 3.0 database (Smith
et al 2018) and for charged particle kinetics based on the reac-
tion schemes of Koelman er al (2017), Kozak and Bogaerts
(2014). Charged particle kinetics includes electron-impact
ionisation, attachment and dissociation, electron—ion recom-
bination, ion transfers, detachment, ion—ion recombination
and associative ionisation. The rate coefficients and electron-
impact cross sections considered for those reactions are
adopted from Viegas et al (2020), Vialetto et al (2020). Elec-
tron—electron collisions are not considered, as they are not
expected to affect rate coefficients in the conditions of interest
beyond an increase of 5%. As in Viegas et al (2020), molecules
are vibrationally populated according to a Boltzmann distribu-
tion at T, for which concerns electron kinetics, in agreement
with the temperature measurements in van den Bekerom er al
(2020), van de Steeg et al (2020). Nevertheless, their excited
states, as those of C, are not considered for chemical calcu-
lations. We thus assume that the radiative emission of O in
this plasma is independent of those states and is mostly due to
processes affecting exclusively O states. As such, a CRM for
atomic oxygen and the excited states listed in table 2 is added in
this work, inspired on the recent works of Caplinger and Per-
ram (2020) and of Fiebrandt et al (2020). As in Viegas et al
(2020), no wall reactions are considered, since the contracted
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Table 4. List of atomic oxygen quenching reactions. O(7) and O(j) represent any state of atomic
oxygen listed in table 2 and M represents any neutral species, except when a note is added. The units

of rate coefficients are cm?

s7!. T, is the gas temperature in Kb

Nbr Reaction Rate coefficient References
Ql O@p*P) +M — O(3p°P) + M 6x 1071 [15, 16]
Q2 0(3d3D% +M — 0(3d°D% + M 6x 1071 [15, 16]
Q3 0@2p* 'D) + M" — O(2p* 3P) + MP® 2.60 x 107" x exp®/Te 410712 [15, 17]
Q4 0@2p* 'D) + 0 — 0(2p* *°P) + O 8 x 10712 [15, 17]
Qs 0@p* 'D) +C — 0(2p* ’P) + C 2.30 x 10! [15, 17]
Q6 0(2p* 'S) + MP — O(2p* °P) + MP 4 x 107" x exp(—865/T,) [15, 17]
Q7  0O(2p*'S)+ 0 — 0@2p* 'D) + 0(2p* 'D) 5 x 107! x exp(—301/T,) [15, 17]
Q8 0@2p* 'S) +C — 02p**P) + C 10-12 [15,17]
Q9 0(i)° + 0, — 0(2p* 3P) + 0, 2.20 x 10710 [15, 18]
Q10 0(i)¢ + CO, — O(2p* 3P) + CO, 5.30 x 10710 [15, 18]
Qll O(i)°* + CO — 0(2p* 3P) + CO 8.30 x 10! [15, 18]
QI2 0(i)° + 0 = 0(2p* *°P) + O 2.20 x 10710 [15, 18]
Q13 0(i)* + C — 0(2p* *P) + C 3.50 x 10! [15, 18]
Ql4 0@ + M — 0Q2p* *P) + M® 10.80 x 10710 [15, 16]
Ql5 o) + M — 0(2p* 3P) + M® 9.30 x 10710 [15, 19]
Q16 0(i)2 + C — 0(2p* *P) + C 5.90 x 1010 [15, 19]

*References: [15] = Caplinger and Perram (2020); [16] = Dagdigian et al (1988); [17] = Gordiets et al (1995);

[18] = Mori et al (1992); [19] = Niemi et al (2001).

Notes on the species or states considered: b—CO,, CO and O,; c—O(3s °S®) and O(3s *S”); d—O(3p °P) and
0(3d °D’); e—CO,, CO, O, and O; f—O(3p *P) and O(3d *D?); g—O(@3p °P), O(3p *P), O(3d D) and O(3d

SDO)'

MW plasma has no direct interaction with the reactor walls.
Together with the reaction scheme in Viegas et al (2020), a
total of 225 reactions is considered in our model. The reac-
tions of the CRM are listed in tables 3 and 4 and have been
defined according to the following considerations:

e The cross sections for excitation and ionisation of ground-
state atomic oxygen by electron impact have been
retrieved from Laher and Gilmore (1990), where a crit-
ical review of experimental and theoretical work on this
subject has been presented. Superelastic cross sections are
calculated with the formula of Klein—Rosseland (Capitelli
et al 2015), by considering micro-reversibility. The elec-
tron kinetics solver considers separate transitions between
the ground-state and all the non-Rydberg states and all
the Rydberg states with a O (*S%) core, which is con-
sistent with the set in Alves ef al (2016) where all these
Rydberg states are lumped together. Rydberg states with
O1t(*D% and OT(?P%) cores are taken into account as
lumped states, as in Alves ef al (2016). The double ionisa-
tion cross section presented in Laher and Gilmore (1990)
is not considered, due to its very high threshold of around
50eV.

e The CRM considers that O(3d *D°) electron-impact exci-
tation includes the excitation to O(4s °S%), O(4p °P) and
0(4d °DY), as a way to account for radiative cascading
of all quintuplet states above O(3p °P), as in Fiebrandt
et al (2020). This approach assumes that the upper states
relax via radiative processes. The same is done for O(3d
DY), including states O(4s 3S°), O(4p *P) and O(4d D).
The relevance of cascade emission has been put forward
by both Fiebrandt et al (2020) and Caplinger and Perram
(2020).

e Electron-impact collisions with excited states, shown to

be relevant in Caplinger and Perram (2020), are also con-
sidered. The elastic cross sections are considered as being
the same as for the ground-state, taken from Alves er al
(2016). The following stepwise excitation collision cross
sections have been retrieved from Barklem (2007), as
in Caplinger and Perram (2020), Fiebrandt et al (2020):
0@2p* 'D) — 0(2p* 'S), O(3s 38%), O(3p 3P); O(2p* 'S)
— 0@3p *P); 035 35%) — O(3s 3S?), O(3p °P), O(3p P);
0(3s 3S% — 0O3p P), O(3p *P); O3p °P) — O(3p *P).
They have been calculated in Barklem (2007) through a
38-state R-matrix calculation. In the cases where litera-
ture sources did not include data tables, cross sections
have been digitised from figures. The remaining stepwise
excitation and ionisation cross sections are taken as the
same as those for electron impact with the ground-state
of O from Laher and Gilmore (1990). The same approach
to cascade emission is used for stepwise excitation as for
ground-state excitation.

Electron-impact dissociation of CO, and CO (reactions
03-04), using the cross sections in the review of
McConkey et al (2008), produce the O(2p* !S) state.
The electron-impact cross sections for dissociation of O,
into O(2p* *P) + O(2p* 3P) and O(2p* 3P) + O(2p* 'D)
(reaction OS5), which are the most populated states of
atomic oxygen, are taken from Alves et al (2016). Then,
for the production of O(2p* 'S), O(3p P) and O(3p
3P) (05), the dissociative cross sections in McConkey et
al (2008) are considered. Finally, we take into account
electron-impact dissociation of O, into the metastables
0(3s°S") and O(3s 3S°) using the emission cross sections
from Itikawa (2009), Kanik et al (2003). This choice of
cross sections is the same as in Fiebrandt et al (2020) and
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in Stancu et al (2016) and is similar to the one in Caplinger
and Perram (2020). While in Fiebrandt er al (2020) a
Maxwellian EEDF is assumed to obtain expressions for
rate coefficients, in this model we calculate all electron-
impact rate coefficients from the EEDF calculated through
the MCF method.

No kinetic data has been found in literature for
production of excited states of O from dissociative elec-
tron—ion recombination. The exceptions are the reac-
tions listed in AnnuSova et al (2018) and included in
table 3 as 06-07 for OF recombination. We should
notice that this is the dominant ion in the studied plasma
(Viegas et al 2020).

The Einstein coefficients for spontaneous emission are
taken from the NIST database (Kramida er al 2020). Only
transitions with Einstein coefficient above 10° s~! have
been selected (R1-R6 in table 3). The remaining transi-
tions in the NIST database have Einstein coefficient below
10* s~! and thus have been neglected. In fact, the emis-
sion intensities of the transitions with wavelengths 777
nm, 845 nm and 926 nm (R1-R3) are measured in the
experiments in the CO, MW plasma reactor. The mea-
surements are not sensitive to the wavelengths of reactions
R4-R6, but the importance of these transitions cannot be
excluded.

The influence of self-absorption on transitions R1-R6 is
considered as in Fiebrandt e al (2020), where it has been
shown to be important. Radiation emitted from a higher
level p to a lower level &, of multiplet component /, can
be reabsorbed by the lower state to repopulate the higher
state. This process limits the number of photons effec-
tively travelling through the plasma. In this work we take
it into account by adding a local correction called escape
factor v, ,(r), depending on the number density of the
lower level at each position r, such that every coefficient
Tradpi(r) in table 3 is defined as:

7—r;dlpk(r) = ZAPk,I’ypk,l(r) ig:p’l B (19)
1 7 gp,[

where A ; is the Einstein coefficient of each transition
from state p to state k, of multiplet component /, found
in NIST; v, is the associated escape factor and g,
is the statistical weight of the upper state in the corre-
sponding transition. To calculate 7, ;, we use the same
approach as in Fiebrandt et al (2020), an approximated
empirical formula determined by Mewe (Mewe 1967). In
Mewe (1967), the formula assumes homogeneous density
profiles of both the upper and the lower state. Then, in
Sushkov et al (2013), it has been shown that the approx-
imation is valid with any spatial profile of the states den-
sities, as long as the upper and lower states have similar
spatial profiles. It has also been estimated that in the worst
case scenario, this empirical formula is approximately a
factor of 2—3 off to the correct escape factor. In this work,
this method is used due to its simplicity, and, as we use this
approximationin the 1D model, we take the local densities

at each position r, such that:

2 — exp(—10 ks (r) A7)

r) = 20
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kpei, Apky and Py, are the absorption coefficient, the
wavelength and the spectral line profile of the associated
transition. P ; has been taken as in Fiebrandt et al (2017),
assuming Doppler broadening as the dominant line broad-
ening mechanism. A;77 is the measured FWHM of the
777 nm emission, here taken as an approximate thickness
of the plasma in the radial direction, over which photons
are absorbed. mg is the mass of atomic oxygen, kg is
the Boltzmann constant and ny; is the number density of
species k in the multiplet component /, estimated from the
statistical weights g; ;.

Numerical simulations in the conditions studied in this
work show that, using the described approach, the effec-
tive escape factors can go down to 0.5 in the case of
transitions R1-R2 in the centre of the discharge. The
escape factors increase radially to approximately 1 on the
edges. For transitions R3—R4, with radiative lower state,
the escape factor is always close to 1. For the cases of tran-
sitions R5—R6, where the lower state is the ground-state,
the emission is decreased by about 90% (escape factor
of ~0.1). The approach used in Santos et al (2014) has
also been tested, yielding no self-absorption for R1-R4
and complete self-absorption for R5—R6. It has been dis-
carded, since it is only valid for high levels of radiation
trapping.

For the quenching rate coefficients, we use those com-
piled in Caplinger and Perram (2020). We should notice
that many rate coefficients are not reported in literature
and many are measured at 300 K only and thus have no
temperature dependence. The quenching rate coefficient
for excitation transfer Q1 (table 4) is taken from Dagdi-
gian et al (1988), where it has been measured with O,
as collision partner from the ratio of the 777 nm and 845
nm emission intensities. The important role of this reac-
tion has been put forward in Caplinger and Perram (2020).
As this rate coefficient hasn’t been found in literature for
the other collision partners (CO,, CO, O and C), we have
taken the same rate coefficient for all collision partners.
In Morillo-Candas et al (2019), the quenching rate coef-
ficient of reaction O(3p °P) + M — O(2p**P) + M, has
been measured in low pressure DC glow discharges in O,
and in CO; from the analysis of the temporal decay of
fluorescence signals. It has been found to have very sim-
ilar values in the different mixtures, which reinforces our
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assumption of assuming the same rate coefficient for dif-
ferent collision partners. Moreover, we have assumed the
same rate coefficient for reactions Q1 and Q2, due to the
similarity of the states involved.

For the quenching reactions of O(2p* 'D) and O(2p* !S)
(Q3-Q8), the rate coefficients used in the model of Gordi-
ets et al (1995) are taken. The coefficients for collision
partners CO and CO, are considered as being the same as
for O,, according to the same reasoning followed for Q1.
When C is the collision partner, the rate coefficients for N
or N, quenchers is taken. We should notice that C has a
low molar fraction in the current study, when compared to
the other neutrals.

The quenching rate coefficients of the higher metastable
0(3s °S%) (Q9-Q13) are taken from Mori et al (1992),
where they have been measured for O,, CO, CO, and
N, quenchers from absorption decay curves. For O and
C quenchers, the coefficients from O, and N, are consid-
ered, respectively. Furthermore, we assume the rate coef-
ficients for the remaining metastable (3s 3S°) to be equal
to those for O(3s °S?), as in Caplinger and Perram (2020).
Finally, for the quenching of the radiative states
(Q14-Q16), the quenching coefficients with O, are con-
sidered, measured for O(3p 5P) in Dagdigian et al (1988)
and for O(3p *P) in Niemi et al (2001). As for the other
quenching reactions, we assume the same rate coefficient
for O, quencher and for CO,, CO and O quenchers. For
C quencher, the coefficient with N, quencher measured in
Niemi et al (2001) is taken for all radiative states.

A simple sensitivity analysis study has been performed
on the quenching rate coefficients. Simulations have been
run while replacing a few quenching coefficients by the
corresponding ones from different sets (Dagdigian et al
1988, Pietanza et al 2020, Fiebrandt er al 2020). It has
been verified that this leads to no relevant difference
in the simulation results in this work, which suggests
that an eventual temperature dependence of these coef-
ficients would not affect the conclusions obtained in this
work.

4. Results

In this section, we apply the model previously described to the
different plasma conditions A, B and C explained in section
2.2. Firstly, the initial assumptions of n.(r) are used. The rela-
tionship between n.(r) and I777(r) is obtained from simulation
results and used to correct the input profile of n.(r) consis-
tently with the measured Gaussian profile of /777(r). This pro-
cess is explained in detail for the low-confinement discharge
of condition A, for which several spatially-resolved discharge
parameters are provided from the simulation results. Then, the
same procedure is applied to the high-confinement discharge
of condition B and to the wider parameter range of set C. In the
case of set C, it is shown that the findings from this study have
a direct impact on the flow simulations that provide input 7',
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Figure 4. Radial profiles of the simulated emission rates
corresponding to the radiative transitions of wavelength 777, 845
and 926 nm, for condition A (950 W, 9 slm and 100 mbar). A
Gaussian curve with the measured A777 is also presented.

and composition, and hence the flow model and the procedure
to correct spatial profiles of discharge parameters are interde-
pendent. Overall, this study allows both to quantify the impact
of parameter changes in the relationships between discharge
parameters, and to generalise certain conclusions about the
spatial resolution of those parameters and its potential impacts
on the study of plasmas for CO, conversion.

4.1. Condition A: low-confinement discharge

4.1.1. Using initial assumptions. We start by using the plasma
model to study the low-confinement discharge of condition A,
described in section 2.2. The assumption that n.(r) follows
the same Gaussian profile as the measured 7777(r) (equation
(8)) is taken as a starting point for the model input. Figure 4
depicts the emission rates of the three transitions identified in
experiments (R1-R3 in table 3), obtained as simulation results,
which have the same FWHM as the corresponding emission
intensities. A Gaussian profile with the same peak as the sim-
ulated 777 nm emission rate and with the measured FWHM,
A777 = 5.88 mm, is added, for comparison with the simulation
results.

The results in figure 4 show that the numerically-obtained
emission rates have seemingly Gaussian radial profiles, as in
the experiments. Moreover, the ratios between the three emis-
sion rates agree qualitatively with experimental measurements.
However, it is visible that the simulated emission rate of the
777 nm transition has a narrower radial profile than the mea-
sured emission intensity. This result suggests that the initial
assumption on input n.(r) (linearly proportional to I777(r)) is
incorrect. Indeed, the input taken from equation (8) assumes
that . and 1777 are linearly proportional. In figure 5, the depen-
dence of the three considered emission rates on 7. is presented.
The simulation results have been fitted in order to derive the
proportionality parameter s from equation (5), and we found
the best fits to result from polynomial functions of second
order. The fits are included in figure 5. According to these
fits, the emission rates of the 777, 845 and 926 nm transitions,
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Figure 5. Emission rates corresponding to the radiative transitions
of wavelength 777, 845 and 926 nm, as function of n., for condition
A (950 W, 9 slm and 110 mbar). Simulation results and polynomial
fits.

3

respectively, R777, Rg4s and Royg, are given in m~ s! by:

Ry7(ne) = =2259 (s™') x ne (m™)

+1.731 x 1075 m® s x n2 (m™%) (24)
Rgas(ne) = —1308 (s~') x ne (m™)

+2.161 x 1075 m® s7h) x n2 (m™%) (25)
Roze(ne) = —516.5 (s™") x ne (m™)

+3.076 x 1071 (m® s71) x n2 (m™®). (26)

Figure 5 shows that the polynomial functions provide good
fits to the simulation results. Furthermore, it is demonstrated
that the dependence of the emission rates on #. is not linear,
but rather closer to quadratic, and thus the assumption taken
on the profile of n.(r) should be corrected. This dependence
will be explained in the next paragraphs, after correcting the
input profile of n.(r).

4.1.2. Corrections to assumptions. The assumption on ne(r)
that is taken as input in the model can be corrected based on the
fits shown previously. Indeed, as we have described R777(n.)
as a polynomial of second order, 7. can also be described as a
polynomial of second order of R%?, with fitting parameters ¢
and ¢,, of the form:

Ne =1 X R+ ¢2 x Ry, 27
By assuming R777(r) to follow a Gaussian profile of FWHM
A777 and characteristic width o777 (equation (1)), and then line-
integrating equation (27) considering the measured 7n.5, we
obtain:

nen = ¢1 X R HOWAmo77 + €2 X Ry (027077, (28)

R777(0) can be directly obtained from this equation. Then,
equation (27) yields a new profile for n.(r), that consists of a
superposition of two Gaussian curves of different FWHM and

that stems directly from the simulation results using the previ-
ous assumption for n.(r). We should notice that n¢, of the new
profile is different than the one firstly assumed, but the mea-
sured line-integral n.p is conserved. In the case of condition A
using the initial assumption for n.(r), the simulation results
yield ¢; =3.097 x 10’ m~3/2 s'/2 and ¢, = —1.861 x 1073
s. Using these values, a new profile of n.(r) is used as input
for the simulations. Then, as the second iteration of simulation
results does not yet provide an agreement of the R777(r) profile
with experiments within 5%, this procedure is repeated until
that condition is satisfied. For the case of condition A, 3 sim-
ulations were required to find a satisfying R777(r) profile. The
succeeding n.(r) and R777(r) profiles are presented in figure 6.

As we can notice from figure 6, the applied correction pro-
cedure results in a broadening of the input n.(r) and of the
output R777(r), until the emission rate approximately matches
a Gaussian curve with FWHM of A777, the one measured for
emission intensity. This procedure is proven to successfully
reproduce the measured radial profile of R;77. As such, this
model can radially resolve discharge parameters. In fact, the
ne(r) profile that matches the measured output can be approx-
imately described as a Gaussian profile with FWHM = 9.93
mm, i.e. with an FWHM value 1.69 times higher than the one
of R777. Consequently, as nep is conserved in equation (6), the
peak np is lower than initially assumed, by approximately the
same factor of 1.69. Following equation (2), the proportion-
ality parameter s is calculated as 1.69> ~ 2.85, close to the
stated upper limit of 2. The fact that n.(r) follows a seemingly
Gaussian profile agrees with previous studies of contracted dis-
charges at intermediate to high pressures in Petrov and Ferreira
(1999), Martinez et al (2004), Kabouzi et al (2007), Dyatko et
al (2008), Golubovskii et al (2011), Shneider et al (2014), Gol-
ubovskii ef al (2017), Ridenti et al (2018), Zhong et al (2019).
Furthermore, we find n. to have a broader radial profile than
the emission intensity, which consists in the phenomenon of
optical contraction reported in Golubovskii ef al (2011, 2020).
It is also visible in figure 6 that, besides the Gaussian fit, n.(r)
can also be fitted by a Bessel function or by a paraboloidal
function (not shown), in agreement with the radially-resolved
ne Thomson scattering measurements in the argon MW dis-
charge in Carbone et al (2012). However, unlike the Gaussian
fit, these functions become negative well before reaching the
walls, which is not compatible with the presence of diffusive
transport. As such, we deem it more fit to describe the radial
profiles of n. as Gaussian functions.

4.1.3. Kinetics of O emission intensity. To understand the pro-
portionality parameter s around 2.85, the main reaction rates
of production and destruction of the upper state of the 777
nm transition, O(3p >P), are presented in figure 7, from the
simulation results of iteration 3.

Figure 7 shows that the main production reactions of
OQ3p °P) are electron-impact reactions, firstly through elec-
tron impact with the ground-state of atomic oxygen, and then
through collisions with the higher metastables O(3s 3S°) and
0O(3s38Y). This result highlights the relevance of stepwise exci-
tation put forward in Caplinger and Perram (2020) and shown
for O(3p 3P) in Fiebrandt et al (2020). Quenching from upper
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Figure 7. Radial profiles of the main rates of source and loss of the
upper radiative state of the 777 nm transition, O(3p °P), for
condition A (950 W, 9 slm and 110 mbar). Production rates in solid
lines and loss rates in dashed lines. Simulation results from
iteration 3.

states (reaction QI in table 4) and emission from upper states
(R3, not shown in figure 7) also populate O(3p >P), although
this last reaction contributes to less than 5% of production.
Therefore, cascade emission populating the upper states also
influences the production of O(3p P), as highlighted in both
Fiebrandt et al (2020) and Caplinger and Perram (2020). Other
production mechanisms of O(3p >P) that have been considered
in the simulations, such as dissociative excitation and other
electron-impact reactions, appear to play a negligible role. As
far as losses are concerned, the main mechanisms are quench-
ing and radiative emission. Radiation self-absorption has arole
in these simulations, confirming the importance attributed to
it in Fiebrandt er al (2020). Indeed, the emission coefficient
7.4 of the 777 nm transition in condition A is a function of
r. T4 is 3.38 x 107 s™! at r = 0 and increases to its natu-
ral value of 3.69 x 107 s~! for » > 5 mm. Other loss pro-
cesses of O(3p P) included in the model, through transport
(convective and diffusive) and electron impact, are shown to
have a lesser role for O(3p °P) balance. Overall, we can say that

hypothesis 1 in section 2.1 on the 777 nm radiation balance is
approximately verified, as it correctly estimates the importance
of direct electron-impact excitation, quenching and emission
from O(3p P), but neglects the secondary role of stepwise
excitation and of the states above O(3p P).

Hypothesis 2 is also approximately verified, although Tr;dl is
not radially homogeneous. Indeed, quenching is the main loss
process (ngkg > Tr;dl) and kq is approximately radially homo-
geneous. Thus, if we consider an effective electron-impact
excitation coefficient k(7 ) including stepwise excitation, we
can write:

I777 O Ty e X0 kege(Te). (29)
In the plasma, as we approach the centre, n. increases and
7.4 slightly decreases. Then, in figure 8, we evaluate the
radial dependence of T, (2/3 of the electron mean energy),
of E/ ng and of the electric field magnitude E, as well as the
dependence of the electron-impact excitation coefficient on 7.
The impact of stepwise excitation is highlighted by depicting
both the ground-state electron-impact excitation coefficient to
OQ@p 5P), kexe, and the effective coefficient including also
excitation from the higher metastables, k.

The simulation results in figure 8 indicate that 7. and E/n,
in the CO, MW discharge have concave shapes as in the studies
of contracted discharges in Kabouzi e al (2007), Gregorio et al
(2010), Golubovskii et al (2011), Gregorio et al (2012), Gol-
ubovskii ef al (2017), Ridenti et al (2018), Zhong et al (2019),
Golubovskii et al (2020), due to the self-reinforcing cycle
between heating and electron-driven collisionality. However,
here the electric field magnitude presents a rather flat profile in
the whole plasma region up to r = 10 mm. We should notice
that for higher radial positions, where n.(r) < 7 x 10'® m—3
and no electron-impact ionisation takes place, the simulation
result of E/ ng is assumed to have a minimum value of 1 Td,
which also affects the calculation of T, and E. Conversely, in
the 3D EM simulation results in Groen et al (2019), address-
ing a low-confinement discharge in the same MW reactor and
assuming equation (8) as input profile, E/n, and E have rather
flat profiles only in the first 4 mm near the axis, and then a
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Figure 8. On the left, radial profiles of T, E/n, and E. On the right, electron-impact excitation coefficients of O(3p >P), as function of 7.
kexc 18 the coefficient corresponding to excitation from ground-state only. ks is an effective coefficient, corresponding to excitation from
ground-state O(2p* *P), O(3s *S%) and O(3s 3S°). Simulation results from iteration 3.

convex shape radially outwards. Moreover, the values of E/n,
and E reported in that work are close to twice as much as those
shown here. These discrepancies and the importance of the cur-
rent study for the results in Groen et al (2019) are discussed in
section 4.4.

Figure 8 also shows that, as E/n, increases towards the axis
where 7. is also higher, the electron-impact excitation coeffi-
cients increase almost linearly with 7. The increase of kex. and
kesr 1s expected in the context of contracted discharges where
gas heating and electron-driven collisionality reinforce each
other and where the electron-impact ionisation coefficient also
needs to increase to maintain a higher n. (Viegas et al 2020).
This relationship means that the main production channels of
O(3p °P) cannot be considered radially homogeneous, which
invalidates hypothesis 3 in section 2.1. It also shows that the
concave shape of both E/n, and n, is the main reason for the
optical contraction phenomenon observed in this work, which
is in agreement with the analysis reported in Golubovskii et al
(2020) concerning helium glow discharges.

The last element to analyse in equation (29) is the molar
fraction of atomic oxygen xo, that has been measured and
shown to have a concave profile in figure 2. If we consider a
plasma region of 5.1 mm radius where n, is halved (figure 6),
xo drops radially in the same region also by approximately
a factor 2 (figure 2). Indeed, n. and xp have rather similar
radial profiles. As assumed in hypothesis 4, xg is defined by
thermal chemistry and charged particle kinetics, in addition
to a contribution of transport which remains largely unknown
in this reactor. Hence, the large radial variations of T, jus-
tify the approximately linear correlation between 7. and xo.
This assessment allows to explain, from equation (29), why
the proportionality parameter s between /777 and n, is found
to be close to 2.85. As the radial position approaches the cen-
tre and 7, increases, although 7._ slightly decreases, xo and
kegr increase proportionally to ne, justifying a proportionality
parameter between 2 and 3. We should notice that this conclu-
sion holds despite the experimental uncertainty in input param-
eters, as the proportionality between emission intensity and 7,

le9

=
=]

—— Paps
—e— Gaussian fit, FWHM = 9.34 mm

o
o

o
o

o
S

o
N

Absorbed power density [W m~3]

290900,
y ¥

10 12

o
o

4 6 8
Radial position [mm]

o
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(950 W, 9 slm and 110 mbar) and Gaussian fit. Simulation results
from iteration 3.

is mostly dependent on the shape of radial profiles, which is
independent of the absolute value of n. and of the relatively
low experimental uncertainties in 7, and composition.

4.1.4. Power density profile. ~Another very important param-
eter for MW discharge characterisation that is affected by the
optical contraction, due to its proximity to r, is the absorbed
power density, Pays. In figure 9 we assess the radial profile of
Paps(r), calculated according to equation (18).

Figure 9 shows that Pgs(r) can also be approximated
as a Gaussian curve for condition A, with an FWHM
Ap, = 9.34 mm, very close to the one of n.. Indeed, we
find an FWHM 1.59 times higher than A7 and thus a pro-
portionality I777 o< Pb., s, =~ 2.5. Following equation (18),
and considering that the electron transport terms have a
weight of only 2% on the calculation of Pg,s, we can write

Pups(r) =~ (’;—:(r) + () + Pg;:’—gw‘h(r)) ng(rne(r). We should

notice that the collisional electron losses increase with E/n,
and thus also with n, but n, is inversely correlated with 7.
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Figure 10. Radial profiles of the 777 nm transition emission rate
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for condition B (860 W, 12 slm and 150 mbar). The simulation
results after correction procedure and the Gaussian curves with
measured FWHM A77; and fitted FWHM A, are presented.

These relationships justify a similar but lower proportionality
parameter between /777 and Pqys than between I777 and n. for
condition A. The results in this section show that it is relevant
to correct the assumptions on the proportionality between /777,
ne and P,,s. Moreover, it is demonstrated that we can success-
fully resolve discharge parameters from /777 and the proposed
procedure, for the case of a low-confinement discharge.

4.2. Condition B: high-confinement discharge

The confinement degree of the CO, MW discharge depends
strongly on input power and pressure (Wolf et al 2020b). In
this section, we evaluate whether the conclusions taken from
the study of condition A can be extended to conditions of high-
confinement discharges. Starting from the input profile of n.(r)
described in section 2.2, the same correction procedure used
for condition A is applied to condition B. After one correc-
tion, the R777(r) and n.(r) profiles represented in figure 10 are
obtained. Two Gaussian curves are added to the figure: one
with the simulated peak of R777 and the measured FWHM A777,
and one as a fit to the n.(r) profile.

Similarly to condition A, figure 10 shows that an approxi-
mately Gaussian Ry77 radial profile is obtained with the exper-
imental A777 as FWHM, in the high-confinement condition
B. Indeed, the correction procedure we developed is suc-
cessful in reproducing the experimental profiles for different
conditions of power, pressure and confinement degree. The
radial profile of n. is obtained as a Gaussian curve of FWHM
Ay, > A777, which confirms the phenomenon of optical con-
traction. The ratio A, /A777 for condition B is 1.32 and the
proportionality parameter s between n. and I777 (I777 o< nl)
is 1.74, lower than the corresponding values for condition A
(1.69 and 2.85, respectively). The relationship between n, and
1777 1s also described by equation (29) in condition B, as the
main reaction mechanisms for the balance of O(3p °P) are
the same as for condition A. However, we should notice that
stepwise excitation to O(3p *P) has a more important role in
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Figure 11. Radial profile of simulated absorbed power density for
condition B (860 W, 12 slm and 150 mbar) and Gaussian fit.

high-confinement conditions. Following equation (29), the dif-
ference in s between conditions A and B is justified by the
different behaviour of 7| and of xo between these discharges.
In fact, the electron-impact excitation coefficient to O(3p P)
is approximately linearly proportional to . in both conditions
A and B. T, and E/n, are concave and E is approximately
flat within the plasma in both contracted modes. In the case
of condition B, T, and E/n, have maxima of 2.4 eV and 110
Td, and E ~ 140 V cm™! for r < 3 mm, higher values than
for condition A. Contrarily to the low-confinement discharge,
these values should not be compared to those found for a
high-confinement discharge in Groen et al (2019) since signif-
icantly higher pressure and lower temperature are considered
in that work. The lower proportionality parameter s in the high-
confinement condition is justified mostly by the more homo-
geneous xg profile revealed in the measurements presented in
figure 3. xo is close to 0.4 for r < 3 mm and decreases to 0.2
at r = 5 mm, while n, decreases by two orders of magnitude
along the same distance. Moreover, the emission coefficient
T.ad €volves inversely to ne, as it falls linearly from its original
value of 3.69 x 107 s~ forr > 4mmto2 x 10’ s~ ' atr =0,
due to the higher self-absorption in high-confinement condi-
tions. Finally, the simulated power density is also fitted to a
Gaussian curve, as shown in figure 11.

Figure 11 shows that the Gaussian curve describing Ps(7)
for condition B has Ap, = 2.66 mm, very close to A777.
Indeed, we find Ap, /A777 = 1.08 and thus s, = 1.16, very
close to the initial assumption of s, = 1 (hypothesis 6 in
section 2.1). Furthermore, figure 9 shows a dip in the simulated
Pys(7) in the axis of the discharge. As noted in the study of
condition A, following the electron energy equation (equation
(18)), collisional electron losses increase with E/n, and thus
also with ne, but n, is inversely correlated with n.. The sharp
gradients of T, and n, in high-confinement conditions help
explain both the dip in Py and Ap, << A,,.

The conclusions from the study of condition A on the most
relevant factors to take into account to relate /777 and n. are
kept when changing power, pressure and confinement degree
in condition B. However, it is shown here that the proportion-
ality between 1777, ne and Py is not the same in every plasma,
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as ne, Ty and xo have significantly different profiles accord-
ing to the confinement degree. Hence, different plasma con-
ditions require dedicated analysis in order to spatially resolve
discharge parameters.

4.3. Set of conditions C: interdependence with flow
modelling

In the set of conditions C, described in section 2.2, the input
of T, and composition used to resolve discharge parameters is
obtained from flow simulations of the model described in Wolf
et al (2020a). The observed confinement degree in these condi-
tions generally stands between the one of the low-confinement
discharge of condition A and that of the high-confinement dis-
charge of condition B. The values and extension of T, and
dissociation degree are also in between those of the two previ-
ously studied conditions. As such, by applying the same cor-
rection procedure as in the previous sections, we expect to
obtain, for the set of conditions C, spatial profiles and pro-
portionality parameters s and s, in between those found for
conditions A and B. Indeed, the Gaussian radial profiles of
R777 with experimentally-measured A;77 have been obtained
for this set of conditions with 3 or 4 iterations of the assumed
n.(r) profiles. As aresult, corrected profiles of n.(r) and Pps(7)
have been retrieved. While n.(r) is well described by a single
Gaussian curve, P, (r) for the set of conditions C slightly devi-
ates from this shape, due to the dip at the axis that has been
discussed for condition B, and whose depth increases with
pressure. Still, the profiles P,,s(7) have been fitted to Gaussian
functions with FWHM Ap, . In figure 12, A777, A, and Ap,,
are compared as function of pressure, and the ratios between
these quantities are represented for the set of conditions C.
Figure 12 shows that A,, and Ap,  are, as A;77, approxi-
mately independent of pressure for pressures above 150 mbar,
confirming the conclusion from Wolf et a/ (2019) that A,,, is
independent of pressure in H-mode conditions. Both A, and
Ap,, are higher than As77, as the discharge is in every case
broader than initially assumed. For the set of conditions C,
A,../A777 varies between 1.45 and 1.73 and Ap,, /A777 stands
between 1.42 and 1.58. We should notice that the correc-
tion procedure leads to a decrease of ney relative to the ini-
tial assumption in the same proportion as the increase in A,
Papso also decreases with the correction procedure, but in a
different proportion with respect to Ap, , since it is a simu-
lation result and no line-integrated conservation is imposed as
in the case of n.. In fact, P,,g decreases by a factor between
1.6 (for 296 mbar) and 4.7 (for 108 mbar). The values of the
ratios A,,, /A777 and Ap,, / A777 are very close to those found in
the case of the low-confinement discharge in condition A as,
following equation (29), xo and k¢ are approximately linearly
proportional to 7., and 7,4 is convex in the plasma region.
We should notice that the xo(r) profile is a direct input from
2D flow simulations in the set of conditions C. In turn, the
flow model takes the n.(r) and Pys(r) profiles as input. This
has been done firstly using the assumptions from equations (8)
and (9),i.ei.e. Ap, = A,, = Ay77. In this work, the n¢(r) and
Pys(7r) profiles are corrected for the 7 cases of the set of con-
ditions C, using the ratios found here. Indeed, these profiles
are taken with approximately 1.6 times higher radial and axial

FWHM, and used as input in the model described in Wolf et
al (2020a). As n, is conserved line-integrated and P,y is con-
served volume integrated, their peaks are, respectively, around
1.6 and 4 times lower. Different simulation results are obtained
with these inputs, with respect to the initial ones using the
assumptions from equation (8) and (9). To show the resulting
difference, the initial and corrected radial profiles of 7, and
Xo at the axial position of highest T, are represented in figure
13 for 121 mbar and 296 mbar. Besides the importance of xg
and T, for the study of spatial profiles of discharge parameters,
we have seen in figures 2 and 3 that 7, and x¢ are correlated
with the production of CO, the dissociation product that these
reactors are aimed at producing.

In the flow model in Wolf et al (2020a), the peak gas tem-
perature is set to the one measured in Doppler broadening mea-
surements (Wolf er al 2019). As such, the broader profile of
Paps leads to the same peak temperature but a slightly broader
high-temperature profile, as shown in figure 13. Although
apparently small, this broadening increases thermally-driven
dissociation in the plasma and hence produces higher and more
extended profiles of O and CO molar fractions, as shown on
the right side of the same figure. This effect is reinforced
by the broadening of the n.(r) profile driving electron-impact
dissociation reactions.

The changes in temperature and composition have an influ-
ence on the study of spatial profiles undergone in the current
work, and the two models (flow and plasma) are therefore
interdependent. The plasma simulations are run for the cor-
rected cases of the set of conditions C to verify the consistency
of our results. For p < 150 mbar, the dependence between /777,
ne and Py is very similar with or without this correction, as
the corrected x¢ has higher values but a similar radial profile as
in the initial assumption. However, for highly-contracted con-
ditions with p > 150 mbar, the correction leads to a more flat
profile of xo(r), similar to the one presented in figure 3, and
therefore to a dependence between the studied parameters that
is closer to that of condition B. As such, in those cases the
interdependence between the inputs of the two models is not
fully consistent. We can only conclude that the values of the
ratios A,,/A777 and Ap, /A777 stand between those of con-
dition B, respectively 1.32 and 1.08, and those of figure 12,
both close to 1.6. Although allowing for the study of a wider
parameter range, the interdependence between the two mod-
els presents some limitations with respect to using the plasma
model with experimentally measured input. Those limitations
can be overcome through the development of a self-consistent
model simulating flow, temperature, composition and plasma
parameters.

Gathering the results of conditions A, B and C, we
can say that the proportionality between n., Py and 1777
can be described as I777 ocnf, 1.82 <5< 2.94 and [777
PP, 1.22 <5, < 2.50. The disparity between these propor-
tionality parameters shows that the spatial resolution of dis-
charge parameters from emission intensity is rather complex
and dependent on particular conditions. As such, spatially-
resolved measurements and simulations are two essential and
complementary tools to accurately describe the spatial profiles
of discharge parameters in contracted plasmas. Moreover, we
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Figure 13. Radial profiles of flow model results, using the initial assumptions on n(r) and Pyps(r) (Ap, = A, = A777), and the corrected
ne(r) and Pgps(7) profiles with Apabs ~ Ay, ~ 1.6 x A777. Gas temperature is represented on the left and O molar fraction on the right.

should notice that, despite the complexity, A,, and Ap, are
around 1.6 times higher than A;77 for p < 150 mbar and the
values of the proportionality parameters s and s, are close to
2.5. Hence, these values can be assumed for MW CO, con-
tracted plasmas that are not fully contracted, i.e. whose con-
traction regime is not H-mode according to the characterisation
in Wolf et al (2020b). Based on this modelling study, our eval-
uation of the hypotheses listed in section 2.1 is summarised in
table 5.

4.4. Discussion on implications of the correction of radial
profiles of plasma parameters

The contracted MW discharges for CO, conversion have been
studied in detail in the experimental works in Wolf et al (2019)
and Wolf er al (2020b). In Wolf er al (2019), the electron
density in the MW CO, conversion discharge has been mea-
sured line-integrated, and its peak 7.y has been taken from n.
(equation (6)) assuming s = 1, i.e. that A,, = A777. This mea-
surement, along with that of T, in the plasma core through
Doppler broadening, has revealed an ionisation degree in the
core (nep/ng) of the order of 107 in L-mode conditions

and rising to 10~* in H-mode. Moreover, it has been estab-
lished in Wolf et al (2019) that the plasma radius A, /2 is of
the same order of the skin-depth of MW absorption and that
neo/Ngo is approximately inversely proportional to the square
of the plasma diameter: ney/ngy o< A,; 2. These assertions char-
acterise discharge contracted modes and have been completed
by the study in Wolf et al (2020b), where the mechanism
of thermo-chemical instability has been proposed to explain
the relationship between mode transition and 7's. The present
study further supplements this body of work, finding that, for
the conditions of relevance, A,,, ~ 1.6 x A777 and thus that ¢
has been previously overestimated by approximately a factor
1.6. This finding allows to correct the calculations from pre-
vious works and should be considered in studies of discharge
contraction, a phenomenon that depends on electron-impact
ionisation and recombination rates. However, the correction
does not affect the conclusions from Wolf et al (2019) and
Wolf et al (2020b) concerning mode transition and ionisation
degree.

The study of these contracted discharges has been com-
plemented by the numerical investigations in Groen et al
(2019) and Viegas et al (2020). As mentioned previously, in
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Table 5. Summary of the hypotheses listed in section 2.1 and of the results of the
numerical and experimental verifications performed in this work.

Nbr Hypothesis Verification
1 I - 1 "e"o(2p4 3P)kexc(Te) A . 1 1d
777 2 Tead Tty pproximately vali
2 I777 X ne X0 kexc(Te) I777 o Tr;dl Ne X0 keff(Te)
3 E/ ng and key radially homogeneous E/ ng concave and kexe X e
4 I xn, 1 <s<2 I777 ocnf, 1.82 <5 <294, s ~2.5
5 Xo radially homogeneous Measured xo concave or homogeneous
6 1777 O Mg O Py I3 < PP, 1.22 < sp < 2.50, 5 ~ 2.5

Groen et al (2019) a 3D EM model has simulated the spatial
distributions of electric field in these plasmas, given an input
profile of n.. The assumption of s = 1 has been used to deter-
mine that profile in both the radial and axial directions. For
the case of a low-confinement discharge at 100 mbar with a
maximum temperature around 4000 K, a n.(r) profile with sim-
ilar FWHM as the corrected A, in condition A in this work
(~ 10 mm) but 6 times lower peak, has been considered in
Groen et al (2019). The resulting radial profiles of E and
E/ ng are rather flat for < 4 mm, with values almost twice as
much as those reported for condition A in this work (figure 8),
and have a convex shape radially outwards. Conversely,
in this work, E/n; has a concave radial profile and E is
approximately flat up to » = 10 mm. We should notice that
different assumptions have been taken on the Ty and n. pro-
files and that the method to simulate the electric field is sig-
nificantly different. While in the plasma reaction—diffusion
model of this work E/ny(r) is found by matching the input
ne(r), in Groen et al (2019) E has been found in the whole
domain for a given n. profile by matching the impedance of
the plasma with that of the incoming MW field. The model
in Groen et al (2019) finds E by solving Maxwell’s equations
and by assuming power deposition through Ohmic heating and
a homogeneous electron-neutral collision frequency. The find-
ing from this work that A,,, ~ 1.6 x A777 means that the profile
of n. should be even broader than that used in Groen et al
(2019). The adoption of a broader profile of 7. in the model of
Groen et al (2019) would arguably lead to a broader profile
of E, i.e. a profile of E rather flat along a region larger than
4 mm radius. Furthermore, with higher values of r., it is pre-
dicted that lower values of E would be required to maximise
the power transfer to the plasma. Finally, for radial positions
beyond the plasma, the different ways of calculating the elec-
tric field in the different models determine that E(r) increases
with 7 in Groen et al (2019) and decreases with r in this work,
which should not be directly compared. Taking these features
into account, the profiles of E(r) and E/ny(r) simulated with
the models in Groen et al (2019) and in this work are expected
to be coherent with each other.

The numerical study in Viegas et al (2020) using a
zero-dimensional model has also taken ngy as input under
the assumption of s = 1, mostly in the plasma conditions
described in this work as set of conditions C. However,
the model in Viegas et al (2020) has not directly used any
assumption on A, . We should notice that the correction asso-
ciated to the interferometry measurements described in section

2.2 would lead most of the ny values used in Viegas et al
(2020) (those in hybrid regime and in H-mode) to increase by
a factor of approximately 1.5. We have also seen in figure 12
that .o should be divided by about 1.6, due to the phenomenon
of optical contraction. As a result, the two corrections would
lead the input values of neo used in Viegas et al (2020) to stay
approximately the same. As such, no significant changes are
expected in the simulation results and in the conclusions in
that paper. Indeed, despite the different models, the values of
peak power density simulated in that work are very similar
to the corrected P,y obtained for the set of conditions C in
this work, since the biggest contribution to the calculation of
Papso 1s the local collisional term in equation (18). However, in
Viegas et al (2020), the simulated Pqpso has been compared to
the experimentally-estimated one (see figure 3 in Viegas et al
(2020)). Experimentally, P,y in the centre of the plasma has
been obtained, as described in Wolf et al (2020b), by normal-
isation of the power density profile to the total power input.
This profile has been assumed the same as the one of emission
intensity. If, by following the results of this work, 1.6 times
higher diameter and length were assumed for the Gaussian pro-
file of Pays, we could expect Py to be 1.6 ~ 4 times lower.
This is a very important difference that appears as the result of
the current study. Concerning the comparison of numerical and
experimental P, in figure 3 of Viegas ef al (2020), this cor-
rection would explain the discrepancies observed and would
lead to a significantly better agreement for pressures below
200 mbar, which increases our confidence in the validity of
that model.

The two-dimensional model in Wolf et al (2020a), that
predicts reactor performances and the mechanisms to obtain
them, is also dependent on the spatial profiles of n. and
Py, as explained in the previous section. As shown in figure
13, the broadening of these profiles leads to a broader high-
temperature profile and increased dissociation in the plasma
region. However, a more extended temperature profile also
leads to slower cooling downstream and thus a broader recom-
bination region. The result of these two effects is higher
conversion and energy efficiencies of the simulated reactor at
pressures below 140 mbar but lower performances at higher
pressures. The broadening of the P, profile in the flow model
and the decrease of its peak also has an influence on the peak of
the turbulent viscosity (V1 peax in equation (16)), that is adjusted
to match the peak gas temperature with the one measured in
Doppler broadening measurements (Wolf et al 2019). Indeed,
lower vrpeq is obtained, which leads to less gas mixing in
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Figure 14. Energy efficiencies as function of pressure, simulated
with the flow model in Wolf ez al (2020a), using the initial
assumptions on 7¢(r) and Pyps(r) (Ap, = A, = A777), and the
corrected ne(r) and Pyp(r) profiles with Ap =~ A, ~ 1.6 X Ag77.
Results obtained for the set of conditions C.

the simulated domain. However, the broadening of the high-
temperature profile allows for dissociation further from the
plasma core and thus the negative effect for dissociation of
lower gas mixing becomes negligible. The energy efficiencies
simulated with the flow model before and after the correction
of the spatial profiles are compared in figure 14 for the 7 cases
of the set of conditions C. The increase of these efficiencies
at lower pressures improves the agreement of the flow simula-
tions with experimental measurements (figure 6 in Wolf et al
(2020a)), as the broader spatial profiles of Py,s and T, explain
the high experimental conversions at low pressure. It is shown
that the accurate determination of spatial profiles of discharge
parameters should be taken into account when analysing reac-
tor performances. However, for pressures above 140 mbar, the
agreement between the flow simulations and the measurements
does not improve with the correction. This reinforces the state-
ment in Wolf et al (2020a) according to which the energy
efficiency at higher pressures depends on the recombination
of CO downstream from the plasma, and thus on the neutral
chemistry for temperatures below 2000 K.

Although in this section we have focussed on the implica-
tions of spatially-resolved plasma parameters for the study of
MW contracted discharges for CO, conversion, we expect the
methods proposed in this work to be relevant for research on
other discharges. Firstly, because we have shown that the phe-
nomenon of optical contraction is present not only in atomic
plasmas (Golubovskii et al 2011, 2020), but also in a molecular
gas like CO,. More generally, we can say that, as spatially-
resolved parameters are often difficult to measure, spontaneous
optical emission, a natural phenomenon in non-equilibrium
plasmas, can provide valuable insight into the spatial distri-
bution of key plasma parameters when interpreted using spa-
tially resolved CRMs. This is particularly the case in plasma
sources where the spatial distribution of optical emission is
clearly measurable, such as in steady-state DC, RF and MW
discharges in cylindrical containers with radii of a few mm or
a few cm. Another requirement for the application of the pro-
posed approach is the previous knowledge of line-averaged or

volume-averaged values of electron density or electric field or
power density, allowing to take assumptions on their spatial
profiles and then correcting them. Other experimental mea-
surements are not required for the application of the methods
proposed, although they may be useful as additional model
inputs to guarantee that simulations and experiments assess the
same conditions. Following the approach we have employed
in this work allows to find spatial profiles of different plasma
parameters that are important for both understanding and
application of discharges.

5. Conclusions

In the present study, a method has been presented to obtain
spatially-resolved discharge parameters from emission inten-
sity measurements. Contracted MW discharges for CO, con-
version at intermediate to high pressures (100-300 mbar)
have been addressed, where spatial distributions of the Abel-
inverted intensity of the 777 nm line emission (O(3p °P) —
0(3s °SY)), I777, have been measured. Previous experimental
studies on these discharges have relied on unverified assump-
tions on the spatial profiles of discharge parameters, such
as electron density (n.), power density (P,ps) and reduced
electric field (E/n,). These profiles have been based on the
Gaussian spatial distribution of I777. In this paper, a 1D-radial
reaction—diffusion plasma model, including a CRM of atomic
oxygen, has been developed and used to resolve discharge
parameters in space, by matching the measured /777 profiles.
It is the first time that such a model has been developed
in the context of reactive CO, mixtures and used in differ-
ent conditions of low-confinement and high-confinement dis-
charges. The simulations have allowed us to verify that the
experimentally-assumed profile of n. is not fully consistent
with the measurements of the FWHM of 7777. Then, they
have been used to derive more accurate spatial profiles of 7.,
P and E/ng, that have been shown to be consistent with
the measurements of /777. Therefore, we have proposed to
use this model to obtain accurate radially-resolved discharge
parameters from simulations using experimental input.

The numerically-obtained radial profiles of n. at inter-
mediate to high pressures follow a Gaussian curve with a
lower peak than initially assumed and a higher FWHM than
the experimentally-observed /777. This phenomenon has been
called optical contraction when first reported for atomic plas-
mas, and has been observed here for the first time in CO,
MW discharges. According to the simulation results, the opti-
cal contraction is mostly justified by a concave profile of E/n,,
resulting from the self-reinforcing cycle of electron-driven col-
lisionality and gas heating in contracted discharges. This leads
to an approximately linear relationship between n. and the
electron-impact excitation coefficient of O(3p P), the upper
state of the 777 nm transition. The optical contraction is also
promoted by the concave radial profile of the molar fraction
of atomic oxygen in the CO, conversion plasma, measured
through Raman scattering, that in low-confinement conditions
is almost linearly proportional to n.. The numerically-obtained
radial profile of P, is close to the one of n.. The relationships
between Py, 1. and 1777 have been shown to be complex and
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dependent on particular conditions. However, we can generally
say that for pressures below 150 mbar the FWHM of Py, and
n. are around 1.6 times higher than that of 7777. That implies
that the peaks of n, and P, are, respectively, around 1.6 and
1.6% ~ 4 times lower than previously considered.

Finally, the implications of the proposed corrections to the
spatial profiles of discharge parameters on the study of con-
tracted MW discharges for CO, conversion have been demon-
strated and discussed. The corrections have an impact on our
perception of the discharge diameter and of the electric field
and power density distributions in the plasma, as well as on
our understanding of the main mechanisms determining reac-
tor performances. Indeed, the broader profile of P, than ini-
tially supposed explains the high conversion rates measured
for pressures below 140 mbar. Moreover, we have proposed
that the procedure developed in this work to determine spa-
tial profiles of discharge parameters can be easily used for the
study of plasmas with different configurations and different
gases. It has been demonstrated that by combining spatially-
resolved numerical simulations with experimental measure-
ments, including measurements of radiative emission intensity,
other plasma parameters, such as 7., P and E/ng, can be
retrieved with spatial resolution and replace commonly-used
assumptions.
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