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Abstract

®

CrossMark

Microwave interferometry is a reliable, well established, and non-perturbing method to measure
the line-integrated electron density of a non-uniform plasma through the phase shift of a wave
that propagates the plasma medium. In this paper we combine the phase shift and the attenuation
of the wave to experimentally extract both, the line-integrated density and the electron—neutral

collision frequency of an atmospheric plasma torch. In addition, a novel method to obtain the
2D spatial plasma density profile of the torch is demonstrated by measuring the microwave
power, without any information of the phase. The receiving antenna of the interferometer is
moved perpendicularly to the axis of the torch and measures the spatial distribution of the
microwave power. The wave is scattered by the plasma and the scattering profile depends on the
plasma density profile. Direct comparison of this scattering profile with 3D full-wave
simulations provides information on the electron number density profile of the plasma torch.

Keywords: atmospheric plasma torch, line-integrated density, collision frequency,
plasma density, microwave interferometry, COMSOL Multiphysics, 3D full-wave simulations

1. Introduction

Microwave atmospheric plasma torches are widely used in
industrial applications [1]. They can be used, among others,
for fabrication of diamond nanopowder [2], carbon dioxide
(CO») conversion to carbon monoxide (CO) and oxygen (O;)
[3-6], nitrogen oxides formation [7, 8], and coal gasification
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further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

[9]. In order to fully understand and further optimize these
processes, it is important to precisely evaluate the funda-
mental plasma parameters. Among these parameters, the elec-
tron density and the electron—neutral collision frequency are
of high importance.

There are two major diagnostic categories used for exper-
imentally obtaining the plasma density: passive and active
plasma diagnostics [10]. The former is using radiation from
the plasma itself, while the latter is measuring changes in
external beams that are used to probe the plasma. Microwave
diagnostics, such as interferometry or reflectometry are typical
active diagnostics used in plasma applications [11, 12].

Langmuir probes are one of the most common passive
approaches to obtain profiles of both, the plasma density and
the electron temperature [13—16]. They have the advantage of

© 2025 The Author(s). Published by IOP Publishing Ltd
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providing accurate measurements with high spatial resolution.
However, they cannot directly measure the collision frequency
in the plasma. Moreover, in the case of a microwave plasma
at atmospheric pressure, the neutral gas temperature is high
enough to melt a typical probe [17].

Single-chord microwave interferometry on the other hand,
even though it has no spatial resolution along the beam,
can simultaneously diagnose the line-integrated density and
the collision frequency of the plasma [18]. Good agreement
of plasma density measurements performed with Langmuir
probes and microwave interferometry has been shown in [19]
and [20].

Microwave interferometry utilizes the interference between
two waves; the first beam is propagating in free space, while
the second one is used to probe the plasma and experiences
a phase shift. The phase difference between the two beams in
turn can be used to yield either the absolute density of a homo-
geneous plasma or the line-integrated density of an inhomo-
geneous plasma [21].

The collision frequency is obtained by measuring in addi-
tion the attenuation of the wave that crosses the plasma.
The two measured quantities, phase shift and attenuation, are
related to the refractive index of the plasma by the Appleton—
Hartree equation [22]. This enables the numerical calculation
of both, the line-integrated density and the collision frequency,
without needing information on the electron temperature or the
electron—neutral collision cross-section.

In this paper, microwave interferometry is applied to obtain
the line-integrated density and the electron—neutral collision
frequency of an atmospheric plasma torch based on exper-
imental results. Additionally, a 2D spatially resolved elec-
tron density profile of the torch is estimated by measuring the
spatial power profile of a wave after propagating across the
torch and comparing this result against 3D full-wave simula-
tions, which are performed with the COMSOL Multiphysics
software.

2. Theoretical background

Assuming an isotropic, unmagnetized plasma, the real and
imaginary parts of the complex refractive index for an elec-
tromagnetic wave, i = i1 — jX, can be expressed as [23]

1 wp
/J/_{2<1 2 pe2)
W=+ Ve

where wy, is the electron plasma frequency, w the microwave
frequency, and v, the electron—neutral collision frequency.
Equation (2) demonstrates the physical relation between
plasma collisionality and attenuation. If v, — O then the atten-
uation index, x, goes to zero as well. The spatio-temporal evol-
ution of the wave electric field can be written as [24]

E(z,t) = Epexp [J (wt — lgz)] , 3)

where k is the complex propagation constant, k=pB+ Jjo, with
B and « the phase and attenuation coefficients, respectively.
The phase coefficient, £, is related to the real part of the
refractive index, p, through the relation

B=n, 4)
Cc

while the attenuation coefficient, «, is linked to the attenuation
index, x, as

C
with ¢ the speed of light in vacuum. From equations (3)
and (5), the attenuation in dB of a plane electromagnetic wave
through the plasma can be obtained as [25]

2
a = 10log,, [(5) ] — 10log,, [exp (‘idwxﬂ 6)
0

where d is the length of the plasma. The wave is suffering a
phase change due to the plasma, ¢, = (w/c)ud. When com-
pared to the phase in free space, ¢ = (27/X\)d, the phase
difference is

A¢>:¢p—¢o:<“’u—2”)d, @)
C )\0
with )¢ the wavelength in free space.

Equations (6) and (7) are linking the attenuation and the
phase difference of the wave to the probing frequency, w, the
plasma length, d, and the components of the complex refract-
ive index. The p and  are functions of the plasma frequency,
wpe» and the electron—neutral collision frequency, ve,, while w
and d are fixed for a specific experimental apparatus. Since
the electron density n. is included in the plasma frequency
as wpe = \/nee?/(meeo), equations (6) and (7) are essentially
becoming functions of n. and ve,. Thus, if the attenuation and
the phase difference of a wave that is traveling through the
plasma are known, the electron density and the collision fre-
quency can be numerically calculated.

3. Experimental set-up

3.1 The atmospheric plasma torch

A schematic representation of the microwave-generated

plasma torch used in this work [26-28] is given in figure 1.
The microwaves of frequency 2.45 GHz are generated by

the magnetron (model MH3000S-211BA manufactured by
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f = 2.45 GHz

Figure 1. Schematic representation of the plasma torch with the components numbered: (1) magnetron; (2) circulator with (3) water load;
(4) three-stub tuner; (5) ignition tip; (6) coaxial resonator; (7) cylindrical resonator; (8) tangential gas inlets; (9) quartz glass tube; (10)

plasma flame.

Transmitting antenna

Receiving antenna

Figure 2. (Left) Picture of the plasma torch in operation and (right) top view of the network analyzer’s antennas mounted on the torch. The
measurements are performed at the outlet of the plasma torch, above the end of the cylindrical resonator.

Muegge) and are fed into the plasma via a rectangular wave-
guide. The magnetron provides a nominal heating power up
to 3kW. The circulator, which is connected to a water load,
protects the magnetron from reflected power from the recipi-
ent. The auto three-stub tuner is used to match the impedances
and thus, is ensuring maximum forward microwave power and
minimum reflected power. The HomTool software (version
5.0.0.4) by S-TEAM is used to measure the incoming and the
reflected power, providing the exact power that is deposited
into the plasma.

A combination of four tangential gas inlets (only two are
shown in figure 1) provides the gas into the coaxial resonator
and ensures plasma stability by a strong upward rotating flow
[29]. In this particular configuration gas flows up to 100 stand-
ard liter per minute (slm) can be achieved. The microwaves
are coupled into the coaxial resonator, creating a maximum
electric field at the top of the ignition tip where the plasma
is ignited. After the ignition, the plasma moves to the cyl-
indrical resonator where it can operate in steady state. A quartz
glass tube, with inner and outer diameter of 26 mm and 30 mm
respectively, is used to confine the plasma. The gas used for
the experiments is dry, compressed air and the gas flow is set
at 14 slm.

3.2. The microwave diagnostics

As explained in section 2, in order to obtain simultaneously
the line-integrated density and the collision frequency of the
plasma torch, both the phase shift and the wave attenuation
are needed. A vector network analyzer (MVNA-8-350 manu-
factured by AB Millimetre) is a suitable measuring system for
this task, as it can provide both quantities simultaneously. The
measurements are performed at the outlet of the plasma torch,
just above the end of the resonator and the quartz glass tube.
The antennas of the network analyzer mounted on the plasma
torch in operation are shown in figure 2.

A probing microwave frequency of f, = 140GHz is chosen
to ensure that cut-off effects do not play a role. The microwave
is emitted from the transmitting antenna (left), it crosses the
plasma perpendicularly with respect to the torch axis and is
detected by the receiving antenna (right). For both antennas,
rectangular WR28 waveguides are used with cross-section of
7.112mm and 3.556 mm. As it can be seen in figure 2 (left),
absorbing materials are installed around the antennas to reduce
beam reflections. The reference wave is provided by the net-
work analyzer and thus a reference beam is not needed. The
network analyzer is measuring both, the phase difference and
the wave attenuation caused by the plasma.
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Figure 3. Typical beam power profiles. The gas flow is set at 14 slm
for both cases and the heating power at 0.905 kW for the example
including plasma.

Even though the line-integrated density and the collision
frequency can be extracted with this set-up, it is not possible to
obtain information on the electron density profile. This can be
achieved by measuring the spatial profile of the output power
of the wave that crosses the plasma.

In order to measure the power profile, the receiving antenna
of the network analyzer is mounted on a stepping motor, which
operates with submillimeter precision. It is then moved in one
dimension, perpendicularly to the plasma torch, as illustrated
by the red arrow in figure 2 (right). A typical beam power pro-
file of a wave that has crossed the plasma, as well as a power
profile in the absence of the plasma for reference, is shown in
figure 3.

The microwave beam is clearly perturbed by the presence of
the plasma, as it appears to be scattered. The shape of the scat-
tering profile depends on the electron density profile as will be
shown in section 6.

4. COMSOL Multiphysics software

The line-integrated density and the collision frequency of
the plasma torch can be obtained from experimental data
and they are presented in section 5. However, in order to
obtain the 2D density profile, additional full-wave simulations
are required. Simulations are carried out with the COMSOL
Multiphysics software, utilizing the Radio-Frequency (RF)
module [30].

COMSOL uses the Finite Element Method (FEM) to
approximately solve the wave equation,

WweE(

qu;I(VxE)—k3<er—J">E=o, )

where i, is the relative permeability, E the electric field vec-
tor, € the relative permittivity, o the electrical conductivity,
w the probing angular frequency and ¢, the permittivity in
free space. The plasma profile is defined through the ¢, and
will be explained in detail in section 4.2. In order to accur-
ately simulate the plasma torch, a custom 3D model has been
developed for this work. Several research papers utilizing the
electromagnetic modules of COMSOL have been published

20 mm

20
mm 10

20 5

rd
Yagax

Figure 4. The geometry of the 3D COMSOL model. The
transmitting antenna (left side), an air chamber and the plasma (half
circle in the center of the domain) are included in the model. The
boundaries are set to PML, while the xz-plane aty = 0 is a
symmetry plane.

[31-35]. Nevertheless, a benchmark of the particular model
used in this report was carried out. If the reader is interested in
the validation of the model, please refer to the appendix.

4.1. The geometry of the model

The first step is to create the geometry of the model. A picture
of the geometry is shown in figure 4.

As mentioned in section 3.1, the four tangential gas inlets
provide a stable and horizontally symmetric plasma. This
means that the system can be considered as mirror symmetric,
ergo only half the geometry needs to be included, as presented
in figure 4. This is a crucial step for the model development
as it effectively halves the overall number of elements, saving
thus significant computational time and memory. The mirror
symmetry of the problem can also be justified from the two
almost identical peaks of the experimental result, which is the
red curve in figure 3.

As can be seen in figure 4, the transmitting antenna, an
air chamber and the plasma column are simulated. The sur-
rounding layers are the boundaries of the system, which are
set to perfectly matched layers (PMLs). The PMLs ensure that
the fields are absorbed at the boundaries of the model and no
reflected fields are returning into the domain of interest. The
xz-plane at y = 0 is a symmetry plane, which allows the mir-
roring of the solution once the simulation is completed. The
top PML in figure 4 is intentionally hidden, in order to allow
the plasma column to be visible.

The next step is to define a suitable mesh for the model. As
demonstrated in [31], when using the RF module of COMSOL
with a grid consisting of five elements per wavelength the
errors are less than 5%. With a probing frequency of fy =
140GHz, the corresponding (vacuum) wavelength is Ao =
2.141mm. An adaptive mesh is selected in COMSOL, which
scales between \g/4 and A¢/6, ensuring extra fine meshing
in the areas of interest, and less fine meshing for the far-field
calculations. A typical mesh of this model consists of approx-
imately 1.95 x 10° elements.
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A full 3D simulation with parallel computing on Intel(R)
Xeon(R) CPU E5-2690 v2 @ 3.00 GHz (using 20 threads)
requires roughly 2 h to be completed. The system that is used
for the calculations has a maximum of 128 GB RAM, while
the model is using approximately 50% of those.

4.2. The plasma profile

The Drude model is used to simulate the plasma profile as a
material in COMSOL. The relative permittivity is adjusted in
order to include the plasma profile. According to the Drude
model, the relative permittivity of the plasma is [36]

2
(.L)pe

W(W—jVen) '

e=1- ®

The remaining geometry is filled with air with €, = 1. The
electron density, 7, is included in the plasma frequency wpe.
Equation (9) includes damping effects through the electron—
neutral collision frequency term, ve,. A 2D higher-order
Gaussian profile has been selected for the electron density, as
it is a generic profile and can capture the profile of the plasma
torch:

(x—xp)
202

2 2\ P
+(y—y0)> . (10)

2
20),

ne(x,y) =Aexp | — (

withA = Z—e the peak density, normalized to the cut-off density
ne = wregme/e* ~ 2.1 x 10°°m=3 for the probing frequency
fo =140GHz. As can be seen in equation (10), there is no
variation along the z-direction, which means that the plasma is
assumed to be homogeneous along the vertical direction (dir-
ection z in figure 4). It should be noted that this assumption
holds for the area of interest, which is the first 10 to 15 mm
above the resonator, where the measurements are performed
[37].

The plasma profile is therefore controlled by three
parameters included in equation (10):

e A: the peak electron number density, normalized to the
cut-off density for the probing frequency fy = 140 GHz.

® 0, = 0, = 0: the standard deviation that controls the width
of the Gaussian ‘bell’.

e [3: the exponent, which controls the shape of the distribution.

Figure 5 shows an example of the wave electric field of a 3D
simulation. The beam scattering can be seen in the direction of
propagation (x), as well as on the yz-plane. In this example, the
peak density has been set to a value that is close to the cut-off
density for illustration purposes (A = n./n. = 0.9).

5. Line-integrated density and collision-frequency

The line-integrated density and the collision frequency of the
plasma torch can be obtained through equations (6) and (7), as
explained in section 2. A typical measurement from the net-
work analyzer is presented in figure 6. Generally, the experi-
ments are performed as follows:

Yolox

Figure 5. The wave electric field of a 3D COMSOL simulation.

The wave can be clearly seen scattered by the plasma. The peak

density of the plasma is set to a high value (A = ne/n. = 0.9) for
illustration purposes.

m
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Figure 6. Typical measurement of the network analyzer. The phase
difference caused by the plasma is plotted in blue and the
microwave beam power in red.

e Step 1: The measurement with the network analyzer is star-
ted without the presence of the plasma, which corresponds
roughly to the first 45 s of figure 6.

e Step 2: The plasma is ignited, as it can be seen in figure 6
around ¢ = 50s where both the phase and the microwave
power are abruptly changing.

e Step 3: The plasma is turned off and both phase and
microwave power are returning to their initial values.

The quantities are then averaged in each stage and the attenu-
ation, «, and the phase difference, A¢, are calculated to be
used in equations (6) and (7) respectively. This process is
repeated for several values of heating power from the magnet-
ron, in order to investigate how the density and the collision
frequency are scaling with respect to the heating power. The
results are plotted in figure 7.

Figure 7 (left) contains the line-integrated and the peak
density of the plasma torch. For these calculations, the plasma
profile is approximated as a Gaussian function. As expec-
ted, the electron density is increasing with increasing heat-
ing power from the magnetron, corresponding to the increased
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Figure 7. (Left) Line-integrated and maximum density and (right) electron—neutral collision frequency of the plasma torch as a function of

the heating power. Note that zero has been suppressed in both figures.

degree of ionization. Qualitatively, this behavior of the elec-
tron density was also observed in [26], where a calculation of
the electron density through Saha’s equation was carried out.

As shown in figure 7 (left), the line-integrated dens-
ity scales linearly with heating power between 7n, = 2.46 X
10" m~3 and 7. = 4.95 x 10 m—3, while the peak density
scales between n¢ max = 4.88 X 10" m~3 and e max = 1.05 X
10 m~3. It is worth noting that these values of electron dens-
ity are well above the cut-off density for the microwaves
used for igniting and heating the plasma, which is n. ~ 7.4 X
10'*m—3 for f = 2.45GHz.

However, collisions allow the microwave to penetrate and
effectively heat the plasma, which makes the collision fre-
quency a key parameter. The characteristic length over which
the electromagnetic wave penetrates into the plasma and
deposits energy is known as the skin depth. As described
in [38], electron—neutral collisions significantly influence the
skin depth by modifying the plasma’s effective conductivity
and dielectric response, thereby impacting the field penetra-
tion and heating profile.

The electron—neutral collision frequency is plotted in
figure 7 (right). In contrast to the electron density, the colli-
sion frequency is decreasing with increasing heating power up
to ~ 1.3kW and then it stays constant. The electron—neutral
collision frequency is given by [39]

D

Ven = Ng <Ueavth> )

where n, is the neutral particle density, vy, the thermal velocity
of the electrons (the neutral thermal velocity can be neglected
as it is significantly lower than the electron velocity), and o,
the electron—neutral collision cross section. As mentioned in
section 3.1, the gas used in the experiments is dry, compressed
air, which consists of ~78% nitrogen. Therefore, the electron-
nitrogen molecule cross section is used.

The 2.45 GHz microwave is heating the light electrons, res-
ulting only in a slight increase of the electron temperature,
between 0.46eV and 0.49eV when the heating power is var-
ied between 0.73 kW and 2.35 kW [26]. For this energy range
the electron-nitrogen cross section, o¢,, of equation (11) can
be considered constant [40].

The neutral particles in the plasma are heated through
collisions with the lighter electrons. The slightly increas-
ing electron temperature leads to moderately increased elec-
tron thermal velocity (v, Té/ 2). Consequently, the neutral
particle temperature is slightly increased as well.

Higher neutral temperature results, however, in lower neut-
ral particle density, according to Dalton’s law:

P (12)

assuming that n,>>n =n. (M, ~2x10%m™> >n. ~
102 m—3 inside the resonator [26]) so that the ion and elec-
tron densities can be neglected and the gas pressure is con-
stant and equal to the surrounding atmospheric pressure. This
is in agreement with figure 7 (left), which demonstrates the
increasing electron density and indicates the increased degree
of ionization.

According to equation (11), the collision frequency scales
as Vep < 1, and Ve, o< 4/Tg, so the neutral particle density is
believed to be the driving term for the decreasing branch of
figure 7 (right), between ~ 0.9 kW and ~ 1.25kW.

The collision frequency, however, stays constant for higher
heating power. This is probably due to the fact that the colli-
sion frequency is strongly related to the heating efficiency of
the plasma. The absorbed power, P4, by the electrons per unit
volume can be expressed as [41]

Ven/w

Py e
1+ (Ven/w)*

= — €W
E?

ne

13)

where E is the electric field intensity. Figure 8 plots the
absorbed power as a function of the ratio v, /w for different
electron density values n, /n..

It can be seen that the absorbed power is always peak-
ing in the ve, /w = 1 region, regardless of the density. Higher
heating power means that more power is deposited into the
plasma. As the power is increasing, the collision frequency is
decreasing, until it reaches the optimum value of ve,/w = 1.
As the collision frequency remains constant at v, ~ 7 GHz
and the microwave frequency is 2.45 GHz, the ratio is approx-
imately ve,/w & 3, which is close to the optimum value of
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Figure 8. Power absorption as a function of the ven /w for different
ratios of ne/nc. The absorbed power has a maximum at ven /w = 1
for every density ratio.

1 and provides a possible explanation of the observed trend
in figure 7 (right) for heating power between ~1.3kW and
~1.65kW.

The higher than the optimum ve,/w = 1 observation can
be attributed to mainly two reasons. Firstly, inelastic collisions
play a significant role in the energy transfer process, thus lead-
ing to an enhanced collision frequency needed to achieve the
best absorption.

Moreover, the calculations presented in figure 7 (right)
represent the collision frequency as a line-averaged quantity.
Since the electron density is not uniform, the collision fre-
quency is also not uniform. The major power deposition takes
place near the plasma edge, where the collision frequency is
expected to be lower than the center and most probably closer
to the ideal v, /w = 1.

6. 2D plasma density profile

In section 3.2 the moving receiving antenna was introduced
and a typical example of a beam scattering profile was plotted
in figure 3. Similarly to the line-integrated density and the col-
lision frequency measurements, the profile of the plasma torch
is investigated with respect to the heating power from the mag-
netron. The first step is to measure the spatial distribution of
the wave power for different heating powers. The step size of
the radial scan is 0.15 mm. The results are plotted in figure 9.
All curves are normalized to the reference case, which is the
one that does not include the plasma.

A clear trend is observed in figure 9. Higher heating power
leads to lower total detected power measured from the receiv-
ing antenna of the network analyzer. Statistical errors are
estimated to be less than 1% in each case and hence error bars
are not included in figure 9°.

As demonstrated by the red arrow in figure 2 (right), the
receiving antenna is moving in one dimension, perpendicu-
larly to the torch axis. In addition to the scattering, which is
clearly visible in figure 9, the beam experiences a broaden-
ing along the vertical direction (along the plasma column),

3 The statistical errors are estimated as the element-wise mean value of the
residuals between three consecutive measurements.
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Figure 9. Scattered beam power profiles for different heating
powers. The power profile in the absence of the plasma (blue) is
plotted as well for reference.

Figure 10. yz-plane of the 3D COMSOL model. The wave power is
monitored across the whole yz-plane. The illustrated yz-plane is
located exactly at the receiving antenna X-position.

which is not captured by the receiving antenna due to the
aforementioned one-dimensional movement. This broadening
can be confirmed from the 3D simulations by monitoring the
wave power across the whole yz-plane, which is indicated in
figure 10.

The model is run twice, once without the plasma and once
with the plasma, respectively. The surface integral of the wave
power of the yz-plane is then calculated for each case. A typ-
ical plasma profile was used for this simulation with the fol-
lowing parameters: n./n. = 0.3, o, = 0, = 2.5, 3 =0.25. The
surface integrals can be calculated directly in COMSOL and
are presented here in arbitrary units (AU):

e Without plasma = 9.3611 AU.
e With plasma = 9.1180 AU.

It is shown that the surface integral is reduced only by 2.5%,
which demonstrates that almost the whole microwave power
is deposited in the yz-plane. The 2.5% drop could be explained
as outgoing power towards the PMLs of the model. As the
wave frequency, fo = 140GHz, is well above the plasma fre-
quency, microwave power is not expected to be deposited in
the plasma.
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However, a line integration of the same case results in 20%
drop of microwave power. The line integration is performed
along the z =0 of the yz-plane, which corresponds to the cen-
ter of the receiving antenna in the experimental apparatus.
The difference between the surface and line integration of the
microwave power provides an explanation for the observed
trend in figure 9.

The next step is to perform an extensive variation of the
density profile parameters of equation (10) and then compare
the simulation results against the beam scattering profiles of
figure 9. In order to achieve experimental relevance, the fol-
lowing range is selected:

o n./n.=02-0.5
©e0,=0,=2-75
e 5=0.1-0.6.

The 1D beam scattering profile is calculated in the simulation
domain and each of these simulation results is interpolated and
compared against all of the experimental results. The coeffi-
cient of determination, RZ, is chosen for the comparison:

2

Z?:1 (Yi - f/i)
S (-1t

where Y; represents the experimental result, 171 the simulation
result and Y the mean value of the experimental result. The
simulation result that returns the closest to R?> =1 is selected
as the closest to the real profile and then the plasma parameters
are slightly adjusted in order to increase the R” score further.

Figure 11 summarizes the results of this comparison. On
the left side of the figure, the beam scattering profiles are plot-
ted. Each plot corresponds to a different heating power from
the magnetron, starting from 0.905kW and up to 1.268 kW.
The beam profile in the absence of the plasma is plotted
in every subfigure for reference. The residuals, ¥; — f/i, are
plotted below each beam scattering profile comparison (only
for the results including plasma). On the right side of each
subfigure, the plasma density profile used in the simula-
tion causing the corresponding scattering profile is displayed.
The blue filled circles of the plasma profiles’ curves reflect
COMSOL’s grid.

A very good agreement is observed for the first three cases,
which correspond to 0.905 kW, 1.026 kW, and 1.147 kW. The
simulation results are following closely the experimental ones,
as can be seen from the beam scattering profiles and the
residuals, which are almost zero across the whole axis. The
achieved R? scores are 0.974, 0.962, and 0.950, respectively.
For the last case, 1.268 kW, the simulation result is following
the experimental result very well in shape, but it is slightly
higher in absolute value across the axis. The R? score for this
case is 0.875.

Similarly to figure 7 (left), the peak electron density is
increasing for increased heating power in figure 11. However,
additional information is obtained from the latter graph. The
width of the plasma, which is linked to the parameter o, is

RP=1- (14)

increasing as well with respect to the heating power. The shape
of the distribution, controlled by the parameter 3, is similar
in all cases as it peaks in the central region and is decreas-
ing towards the edges. Table 1 contains the exact parameters
of equation (10) that were used in the 3D simulations and
returned the highest R”> scores when compared against the
experimental results. The achieved R? score for each case is
also included in table 1.

A steep change in parameters o and [ is observed when
going from 1.026 kW to 1.147kW. These two parameters are
correlated, since they are both controlling the spreading of
the electron density distribution. While ¢ is increasing, 3 is
decreasing. This antiparallel change leads to a very similar
spreading, as it can be observed in the plasma profiles plot-
ted in figure 11 (right, second and third profiles).

The centrally peaked plasma profile above the cylindrical
resonator is in good agreement with the results from [26],
where a spatially resolved electron density profile was
obtained through Saha’s equation.

7. Conclusions

Electron density and collision frequency measurements of an
atmospheric plasma torch were performed with microwave
diagnostics. By using a network analyzer for interferometry
measurements, the line-integrated density and the electron—
neutral collision frequency were numerically calculated from
the measured wave attenuation and phase difference. The line-
integrated and the maximum density were found to constantly
increase for increased heating power, which is explained from
the increased degree of ionization. On the other hand, the
collision frequency was observed to decrease at first, until it
reached a constant value, which corresponds to ve,/w = 3,
with w the angular frequency of the magnetron. This value
is close to the optimum value of ve,/w =1 for effective
microwave heating.

A novel method has been developed and successfully
demonstrated, to the best of our knowledge, for the first time
to obtain the spatial electron density distribution from single-
chord interferometry. To this end, the spatial power profile
of the probing microwave beam, after traversing through the
plasma, is measured by moving the receiving antenna of the
network analyzer. This novel method allows to obtain the spa-
tial plasma density profile by measuring only the microwave
power and not the phase, removing thus the necessity of using
a radiometer.

The measurements were performed above the cylindrical
resonator and were compared against 3D full-wave simula-
tions. Through this comparison the density profile was determ-
ined as centrally peaked profile. The peak density of the pro-
file, as well as the width, are increasing with increased heating
power.

Even though the applied technique of the movable receiver
provides information on the density profile with a single
measurement, it is only possible when there is available
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Figure 11. 3D full-wave simulation against experimental results. The beam scattering profiles are plotted on the left side for different
heating powers. Below each scattering profile comparison, the residuals are plotted as well. On the right side the plasma profile that caused
the scattering profile shown on the left side is plotted.

Table 1. Parameters used in equation (10) for creating the profiles of figure 11 (right) and the R* score.

Input power (kW) fe /Nc o (mm) B8 R?

0.905 0.32 2.32 0.21 0.974
1.026 0.36 2.95 0.21 0.962
1.147 0.41 5.87 0.17 0.950
1.268 0.46 5.99 0.15 0.875
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space for moving a receiving antenna and steady state experi-
mental conditions. A possible improvement of this technique
would be a 1D probe array which measures the scattered
power of the wave instantaneously, without the need of a
moving receiver. This would allow then a real-time meas-
urement of the electron density profile, while operating the
device.
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Appendix. Validation of COMSOL model

2.5
—— Analytical solution
20l * COMSOL
1.5
(=]
=
~
1.0
0.5
D'%.D 0.2 0.4 0.6 0.8 1.0
(Wpelw)?

Figure 12. COMSOL benchmarking against cold plasma theory.
The blue line is the analytical solution of equation (15). The
COMSOL results are plotted with red crosses.

In order to ensure that the simulation is physically cor-
rect and there are no artificial effects influencing the results, a
benchmarking was performed. For the purposes of the bench-
marking, the plasma column was removed and the whole box
was filled with plasma. The wavelength inside the plasma
was calculated in COMSOL for different electron plasma
densities.

Figure 12 demonstrates an excellent agreement between the
3D COMSOL model and the analytical solution of the dis-
persion relation for the transverse wave that propagates in an
unmagnetized plasma:
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