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We present optimization of energy transfer in the waveguide-supplied metal-cylinder-based microwave plasma
module with an inner cylindrical quartz tube. The construction of microwave plasma module is based on a WR
340 waveguide standard. Presented microwave plasma module operates at atmospheric pressure and frequency
of 2.45 GHz. There is a reduced height section waveguide in microwave plasma module which provides local in-
crease of the electric �eld in the plasma region. Microwave plasma module is terminated with a movable plunger
which plays the role of the tuning element. Tuning characteristics of microwave plasma module are de�ned as the
dependence of the PR/PI on the position ls of the movable plunger, where PR and PI are the microwave power
re�ected and power incident, respectively. The powers PR and PI are measured in the input plane of microwave
plasma module. The purpose of the presented optimization is to achieve PR lower than 5% of PI in widest range
of position of movable plunger ls. We used Comsol Multiphysics software to make numerical analysis which allows
to optimize the parameters of microwave plasma module. Results of numerical analysis show that PR/PI is lower
than 0.05 in a wide range of movable plunger position ls.
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1. Introduction

Microwave plasma sources (MPSs) are used for gas and
water processing [1�3], synthesis of carbon nanotubes [4].
The MPS presented in this paper is an improved version
of the existing MPS used for hydrogen production via
conversion of hydrocarbons [5, 6]. This MPS called mi-
crowave plasma module (MPM) operates at atmospheric
pressure and frequency of 2.45 GHz.
About 70% of an electric energy delivered from

power network can be converted into microwave energy
in MPM. This paper presents optimization of this 70% of
energy which depends on parameters described in next
section. E�ciency of hydrogen production increases if
the absorbed microwave power PA in the plasma in-
creases (PA ≈ PI − PR). So, it is very important to en-
sure possible the lowest value of the re�ected power PR.
The purpose of the optimization of the presented MPM
is to achieve PR lower than 5% of PI in widest range
of movable plunger position ls. Movable plunger plays
the role of tuning element. The dependence of PR/PI

on the movable plunger position ls is called the tuning
characteristic. The tuning characteristic plays role of the
energy e�ciency indicator of MPM. To calculate opti-
mal values of main parameters of MPM we used Comsol
Multiphysics software, which uses �nite element method
(FEM).
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2. Construction of MPM

Sketch of the presented MPM is shown in Fig. 1. The
presented MPM is based on the standard WR 340 wave-
guide with an inner width a = 86.4 mm and height
b = 43.2 mm, respectively. The wavelength in this
waveguide λg for basic H10 mode is equal to 173.4 mm.
MPM operates at atmospheric pressure and frequency of
2.45 GHz. MPM is terminated with a movable plunger.
Between the plane 1 and plane 4 there is a metal ridge
of a width of w1 and height of h1 inserted into the
waveguide. This ridge forms a reduced height section
waveguide which provides local increase of the electric
�eld in the plasma region. If the width of the ridge
w1 = a the wavelength λg1 in the reduced height section
equals λg. If the width of the ridge w1 < a the wave-
length λg1 < λg. Ridge waveguides are used to extend
working frequency band of microwave devices [7]. Ridge
waveguides were used in MPSs to extend range of mov-
able plunger position for which the PR/PI is lower than
demanded level [8]. The length of the reduced section of
waveguide is equal to λg1/2.
In discharge axis (plane 3) there are two metal cylin-

ders (upper one and lower one) of the diameter of 47 mm
connected with MPM through the circular gaps in the
ridge and waveguide walls. There is a quartz discharge
tube mounted in the discharge axis, which prevents the
working gas from �owing into the waveguide. The outer
diameter and thickness of the quartz tube are 26 mm and
2 mm, respectively.
In the plane 1 an optional inductive iris with width

of d can be inserted.
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Fig. 1. Sketch of the microwave plasma module
(MPM).

Between the plane 1 and plane 2 the metal ridge forms
a tapered section which assures smooth transition from
the standard waveguide dimensions to the waveguide of
reduced height. The length of the tapered section is equal
to (λg + λg1)/4.
A working gas is introduced to MPM by 4 gas in-

lets mounted tangentially to the upper metal cylinder
(Fig. 1). This assures the swirl �ow of the working gas,
which stabilizes the plasma in the quartz discharge tube.

3. Assumption data

The purpose of the numerical analysis is to calculate
values of MPM parameters which can assure PR/PI be-
low 0.05 in widest range of normalized movable plunger
position. The parameters which were optimized are: the
height of the reduced height waveguide b1 = b−h1, width
of the ridge w1, and the width d of the iris.
We used a standard model of the plasma as in [9, 10],

where plasma region is a cylinder �lled with uniform
medium of the complex electric permittivity given by the
Lorentz formula

εp = 1− n/(1− js), (1)

where n = ne/nc and s = v/ω are the normalized elec-
tron density and collision frequency, respectively, nc =
ω2ε0m/e is the critical electron density, ne is the electron
density, v is the electron-neutral collision frequency for
momentum transfer, ω = 2πf is the angular frequency.
We assumed that s = 0.1 and n is in the range 10 to 20.

For these plasma parameters presented above (s and n)
the calculated tuning characteristics of MPM were in
good agreement with experimental results [10]. Basing on
our experimental observations we assumed that plasma
cylinder height and plasma radius are equal to 64 mm
and 10 mm, respectively. The plasma cylinder is local-
ized just under the upper wall of the ridge and penetrates
the waveguide and metal cylinder through circular gaps
on discharge axis towards the working gas outlet. It is
assumed that all metal boundaries are perfect electric

conductors. Microwave power of 4 kW is delivered to the
input plane 1 by WR 340 standard waveguide. It was
assumed that the electric permittivity of the quartz tube
εr = 3.8.
Comsol Multiphysics software allows to calculate the

input re�ection coe�cient of MPM. The value of the
PR/PI coe�cient for movable plunger position ls can be
calculated using formula [11]:

PR

PI
= f

(
ls
λg

)
= |Γin|2 . (2)

The calculation of PR/PI (ls) for every single mov-
able plunger position ls is very time-consuming work.
We used less time-consuming method proposed in [12],
where MPS was treated as two port network terminated
with a short circuited transmission line of the length ls.
The two-port can be represented by its scattering ma-
trix, which can be calculated by Comsol Multiphysics
software.

4. Results of numerical analysis
In this section we present tuning characteristics

of MPM. Figure 2 presents a comparison of the calcu-
lated tuning characteristics of MPM before and after op-
timization. The calculated characteristics for normalized
electron density n assumed in the range of 16�16.5 are
in good agreement with the experimental result without
ridge and without iris. In the experiment, the gas mix-
ture of CH4 and CO2 was introduced via inlets shown in
Fig. 1. The �ow rate of each working gas was 50 l/min,
and the input microwave power was 4 kW.

Fig. 2. Tuning characteristics of MPM, before (b1 = b,
without iris) and after optimization (b1 = 0.3b, w1 =
0.8a, with iris of width d = 0.625a and d = 0.7a).

Figure 3 presents the tuning characteristics of MPM
as the function of two variables: the normalized movable
plunger position (ls/λg) and normalized electron den-
sity n.
The tuning characteristic can have values in range of 0

to 1, but in Fig. 3 and Fig. 4 we present the results in the
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Fig. 3. Calculated tuning characteristics of MPM for
di�erent values of height of the reduced section wave-
guide b1. (a) b1 = b, w1 = a, without iris, (b) b1 = 0.9b,
w1 = a, without iris, (c) b1 = 0.6b, w1 = a, without
iris, (d) b1 = 0.4b, w1 = a, without iris, (e) b1 = 0.3b,
w1 = a, without iris, (f) b1 = 0.25b, w1 = a, without
iris.

range of 0 to 0.25 in order to focus on most wanted val-
ues of PR/PI . The tuning characteristics of MPM were
calculated for several values of height of reduced section
b1 (b, 0.9b, 0.8b, 0.7b, 0.6b, 0.5b, 0.4b, 0.3b, 0.25b), several
values of ridge width w1 (w1 = a, w1 = 0.8a, w1 = 0.6a),
and several values of iris width d (d = a, d = 0.7a,
d = 0.625a). In this paper we present the tuning charac-
teristics for selected cases of construction of MPM. We
assumed those plasma parameters for which results of the
numerical analysis were similar to the experiment at the
beginning of optimization. The results of the numerical
analysis show that PR/PI is below 0.05 in wide range of
movable plunger position ls for b1 = 0.3b, w1 = 0.8a, and
with iris width d = 0.625a (Fig. 4c).

5. Conclusions

The tuning characteristics of the presented MPM de-
pend not only on plasma parameters but also on di-
mensions of MPM. We examined how the height of the
reduced-height section b1, width of the ridge w1, and
width of the iris d in�uence on the tuning characteris-
tics of the investigated MPM.
The numerical investigation presented in this paper

shows that application of a ridge waveguide with a width
w1 = 0.8a, height and inductive iris of a width d = 0.625a
can improve power e�ciency of MPM because the value
PR/PI can be lowered below 0.05 in the wide range of
the movable plunger positions.

Fig. 4. Calculated tuning characteristics of MPM for
b1 = 0.3b and di�erent values of width of the ridge w1

and width of iris d. (a) w1 = 0.6a, without iris, (b) w1 =
0.8a, without iris, (c) w1 = 0.8a, with iris, d = 0.625a,
(d) w1 = 0.8a, with iris, d = 0.7a.
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