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ABSTRACT

ARTICLE INFO

The development of methods to generate artificial plasma continues to
be carried out for industrial purposes in machines and production
products. To overcome experimental problems in modeling
development, various methods have been carried out. One of the
methods used is to simulate the air in a microwave oven. This
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simulation will describe the electric field distribution of each mode to Keywords:
1d.ent1fy the ple.ls.ma by 1r:)troducmg theocutoff frequenq;. Ionization gas Cutoff Frequency
with a composition of 78% Nitrogen, 21% Oxygen, and 1% other gases at -

. . . Electric Field
a pressure of 1 atm. The microwave oven chamber is made of an iron Microwave

conductor in the form of a beam with dimensions 29 x 29 x 19 cm?, with
a continuous supply of 8oo W and 220 V. Power loss as a function of
frequency shows the cutoff frequency using an S-parameter graph and
electric field distribution as a function of position in each mode. The
plasma formed is in modes 20, o1, and 1 because the electric field
exceeds the breakdown voltage value to generate plasma, which is 6 x
10° V/m. The bigger the electric field, the more plasma is produced,
which is indicated in the mode positions in the microwave oven.
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1. INTRODUCTION

The abundance of plasma in nature makes researchers carry out various kinds of research to
develop it to be useful for every aspect of human life [1]. One of the efforts made is to generate
artificial plasma in the laboratory [2, 3]. The generation process can be carried out by heating the gas
in a closed space in the microwave oven so that ionization occurs [4]. lonization occurs as a result of
increasing the electric field in the microwave oven space [5, 6]. An electric field that exceeds the
breakdown voltage of 6 x 10° V/m will produce plasma [7]. The interaction of microwaves in a
microwave oven chamber is similar to the interaction of visible light on a mirror [8, 9]. Microwaves
that come will be reflected to form a standing wave [10]. In general, these interactions can be
explained through Maxwell's constitutive equations which provide a relationship between Maxwell's
equations and the medium of propagation [11, 12]. Maxwell's constitutive equations can also be used
to determine the electric transverse in a conductor medium in the form of a beam [13]. These
equations form the Helmholtz equation in the form of [14]:
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Equation (1) can be solved by using the variable separation method to get the solution,
namely:
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Equations (2) to (5) will give the electric field distribution in the space inside the microwave
oven [15]. In a microwave oven, the distribution of the electric field formed is also determined from
the transverse electric mode which can propagate based on its cutoff frequency [16-19]. The cutoff
frequency is defined as the minimum frequency required by microwaves to propagate in the
microwave oven, which is formulated as [20]:
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The focus of this research is to simulate the air in the microwave oven using the high-
frequency structured simulator (HFSS) software with a frequency of 0.915 GHz to 2.45 GHz so that it
reaches the ionization state. An analysis of the cutoff frequency is carried out to obtain the type of
mode that can propagate so that the distribution of the electric field of each mode to the microwave
oven space can be displayed. The plasma formed can be identified through the distribution of the
electric field in each mode so that it can be seen which type of mode has the most influence on plasma
formation.

2. PLASMA GENERATOR MODEL

The identified gas is air which consists of 78% nitrogen, 21% oxygen, and 1% other gases [21-
23]. At atmospheric pressure, the number of nitrogen gas molecules is 2.4 x 10 molecules obtained
through the ideal gas equation [24, 25]. The gas will be ionized using microwaves in an enclosed
space in the form of a block at a state of 1 atm. Microwaves are generated through a magnetron with a
frequency range of 1 — 30 GHz and a power of 800 W. The microwaves are then forwarded to a
waveguide with dimensions a = 2.286 cm and b = 1.016 cm to determine the frequency that can
propagate in the microwave space with an operating frequency limit of 17 GHz on the waveguide. The
frequency that resonates in the microwave oven to generate plasma ranges from 0.915 to 2.45 GHz.
This is done because only certain frequencies can interact with the plasma.

The simulation step is carried out by designing the geometry of the space in the microwave
oven in the form of a beam with dimensions (29 x 29 x 19) cm®. The space is made of iron material
which is a conductor. The direction of wave propagation in the material is set using the wave port
menu in HFSS. Then set the resonant frequency in the oven with a range of 0.915 — 2.45 GHz and a
step size of 0.01 GHz to display the distribution of the electric field in the microwave oven.

To determine the cutoff frequency and electric field, it is done by entering parameters such as
the operating frequency on the waveguide of 17 GHz, the initial frequency of the magnetron of 1 — 30
GHz, and the power supply is 800 W so that the electric field and the type of propagating mode can be
seen. Validation is carried out on the cutoff frequency by comparing the simulation data with reference
data.

3. ELECTRIC FIELD DISTRIBUTION ANALYSIS

The result of reflection on natural white color pearl in Figure 2 shows that it reflects most of
the visible color at wavelength 400 nm, 450 — 470 nm, 550 nm, 600 — 630 nm, and 665 nm which
represent all color possesses by visible spectrum, which are violet, indigo, green, yellow, orange, and
red. Therefore this result shows that all those reflective colors are then superimposed and combined to
become one bright white color.

Figure 1 shows the cutoff frequency of transverse electrical (TE) of TEy, at 6.58 GHz, TE,, at
13.19 GHz, TEy at 14.81 GHz, and TEy; at 16.22 GHz. Figure 2 is also known as an S-parameter
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graph which has a power loss function (dB) against a frequency function (GHz). In electromagnetic
waves, the power loss can be interpreted as a decrease in the intensity of the wave radiation due to
absorption and scattering. As a result, the energy to propagate will be reduced so that the range will be
reduced. In Figure 2 it can be seen that for TEyy, TEs, TEe, and TE; each requires a frequency of
6.58 GHz, 13.19 GHz, 14.81 GHz, and 16.22 GHz to suppress energy reduction due to absorption and
scattering. Based on equation 6 the cutoff frequency value is determined from the type of mode (mn)
and the waveguide dimension value. The results obtained are slightly different from those carried out
by Van Compernolle et al. (2015) [2]. The comparison of the results obtained can be seen in Table 1
below.

Table 1. Comparison of simulated cutoff frequency with reference.

m n Simulation f, (GHz)  Refernces f, (GHz)
1 0 6.58 6.56
2 0 13.19 13.12
0 1 14.81 14.76
1 1 16.22 16.15

From Table 1 it can be seen that TE;o has the lowest cutoff frequency. This is because in the
case of TEj, the value of b in the cutoff frequency equation can be ignored, so that the cutoff
frequency at TE;o can be defined as:

c

fe=5; ()
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Equation (7) can also be interpreted that TEy, has the largest cutoff wavelength compared to
other modes so that TE;q is also called the most dominant mode.
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Figure 1. Cutoff frequency graph.

In Figure 1 there are only four types of TE modes that propagate, hamely TEio, TE2, TEo1,
and TE;; because they have a cutoff frequency that does not exceed the operating frequency limit (17
GHz). Other modes that have a cutoff frequency above 17 GHz will be cutoff. In Figure 1 it only has
TE mode. TM mode in this case cannot propagate because it has a cutoff frequency that exceeds the
operating frequency.
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Figure 2. Electric field distribution on TEjq.

Figure 2 is the distribution of the TEy, electric field at a cutoff frequency of 6.58 GHz. The
wave on TE;, forms a standing wave which has three nodes and three antinodes with the direction of
propagation perpendicular to the z-axis. It can be seen that the highest electric field value is at each
antinode with a value of 5.81 x 10° VV/m. This shows that in TE;, the gas has not yet experienced
ionization because for gas ionization to occur it requires a minimum electric field of 6 x10° V/m. The
lowest electric field is in the node region with a value of 7.63 x10% VV/m. The average electric field
value at TEyq is 2.91 x 10° V/m.
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Figure 3. Electric field distribution on TEy,.

Figure 3 is the distribution of the TE, electric field at a cutoff frequency of 13.19 GHz. The
wave on TE, forms a standing wave that has three antinodes and three nodes with the direction of
propagation parallel to the z-axis. The highest electric field at TEy is in the antinode region with a
value of 6.14 x 10° VV/m. In TE,, the gas is ionized due to the electric field that exceeds the minimum
limit to ionize the gas. The ionization that occurs in this gas indicates the formation of plasma at TE.
The lowest electric field value in this mode is in the node region with a value of 1.16 x 10* V/m and
the average electric field of 3.08 x 10° V//m.
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Figure 4. Electric field distribution on TEy;.

Figure 4 is the distribution of the TEy, electric field at a cutoff frequency of 14.81 GHz. The
wave on TEy; forms a standing wave which has two antinodes and two nodes with the direction of
propagation parallel to the z-axis direction. The highest electric field is in the antinode region with a
value of 7.18 x 10° V/m. In TE,,, the gas also undergoes an ionization process because the electric
field exceeds the minimum electric field limit to ionize the gas. This ionization process indicates the
formation of plasma in the region that has an electric field value that exceeds the minimum limit,
especially in the antinode region. The lowest electric field is in the node region with a value of 2.88 x
10" V/m and the average electric field at TEO1 is 3.62 x 10° V/m.
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Figure 5. Electric field distribution on TEy;.

Figure 5 is the distribution of the TEy; electric field at a cutoff frequency of 16.22 GHz. The
wave on TEy; forms a standing wave which has three antinodes and three nodes with the direction of
propagation parallel to the z-axis direction. Same as the previous three modes, the highest electric field
is in the antinode region with a value of 7.23 x 10° V/m and the lowest electric field is in the node
region with a value of 2.4 x 10* VV/ m. The electric field in TE;; has the largest value compared to the
previous three modes. In this mode the gas also undergoes ionization which indicates the formation of
plasma in the area around the antinode. Because it has a higher electric field value than the other three
modes, more plasma is formed than the other modes. The average electric field at TEy; is 3.63 x 108
Vim.
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Figure 6. The standing wave pattern formed by TE .

Figure 6 is a standing wave pattern formed at TE,,. The xz plane shows a pattern forming
three peaks (antinodes) with a periodic distance of 9.6 cm from each peak. because of its periodic
nature, the notation of the distance between the peaks in the xz plane can be written as 0 cm, 9.6 cm,
19.2 cm, and 28.8 cm. No plasma is formed at any of these peaks because the electric field is not

sufficient to ionize the gas. No pattern is formed in the yz plane because the standing wave propagates
perpendicular to the z-axis direction.

Figure 7. The standing wave pattern formed by TE,,.

Figure 7 is a standing wave pattern formed by TE,q in the Xy, xz and yz planes. The standing
wave pattern in the xy plane is transverse along the x axis. No standing wave pattern is formed in the
xz plane. The standing wave formed in the yz plane has three peaks with a periodic distance between
the peaks of 9.3cm. In Figure 3 it can be seen that the peak area is ionized which indicates the
formation of plasma in that area. The position of the plasma in the peak region along the z-axis can be
estimated to be at a distance of 0 cm, 9.6 cm, and 19.2 cm.

Figure 8. The standing wave pattern formed by TE;.

Figure 8 is a standing wave pattern formed by TEg, in the xy, xz and yz planes. The pattern
formed in the xy plane appears to be plasma forming at the bottom and top of the plane. The standing
wave pattern formed in the xz plane has two perfect peaks and one-half peak with a periodic distance
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between peaks of 9.6 cm. Based on Figure 4 the area around the peak undergoes an ionization process
to form plasma. The plasma producing area is at a distance of 0 cm, 9.6 cm, and 19.2 cm. The standing
wave pattern in the yz plane does not have enough energy to generate plasma.

Figure 9. The standing wave pattern formed by TE;.

Figure 9 is a standing wave pattern formed by TEj; in the xy, Xz and yz planes. The standing
wave pattern formed in the xy plane with the plasma produced on the right and left of the plane. The
standing wave pattern formed in the xz plane does not have enough energy to generate plasma. The
standing wave pattern formed in the yz plane. The pattern has two perfect peaks and a half peak with a
periodic distance between the peaks of 9.6 cm. TEy; experienced the highest ionization so that a lot of
plasma was produced in the peak region. The position of the plasma formed at the crest of the wave in
the yz plane is at a distance of 0 cm, 9.6 cm, and 19.2 cm.

4. CONCLUSION

Based on the results and discussions carried out, the conclusions obtained are that in this study
it was found that only TE waves with modes 10, 20, 01, and 11 can only propagate in the microwave
room. The cutoff frequencies for each mode are 6.58 GHz, 13.19 GHz, 14.81 GHz, and 16.22 GHz.
The simulation carried out produces a wave propagation profile of the TE. In modes 10 and 01 the
resulting standing wave pattern has a direction of propagation that is perpendicular to the z-axis. While
in modes 20 and 11 the standing wave pattern propagates parallel to the z-axis direction. The highest
electric fields obtained from modes 10, 20, 01, and 11 are respectively 5.81 x 10° V/m, 6.14 x 10°
V/m, 7.17 x 10° V/m, and 7.23 x 10° VV/m. The plasma formed is in modes 20, 01, and 11.
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