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ABSTRACT: This paper presents a newly developed rod-electrode-type microwave plasma source (MPS), which is mainly composed of a
panel mount coaxial connector, a self-made metal adapter with an inlet and outlet of working gas, a quartz tube as a flow path of working
gas, and a metal rod-electrode. Microwave energy can be then supplied directly to the working gas from the sharp tip of the metal
rod-electrode through the panel mount coaxial connector. To verify the validity of the rod-electrode-type MPS, a reasonable microwave
power supply system is built to transmit the microwave power from a magnetron to the panel mount coaxial connector. The experiments
demonstrate that the rod-electrode-type MPS can convert by autoignition argon (Ar) into plasma at atmospheric pressure. Moreover, the
Ar plasma can be changed to dry air (Air) plasma or nitrogen (N2) plasma by gradually replacing Ar with Air or N2. The experimental
results show that the rod-electrode-type MPS is potentially an available tool for gas processing at atmospheric pressure.

1. INTRODUCTION

Microwave plasma has the advantages of high electron and
gas temperatures, and a wide operating pressure range [1].

It has been already used in many industries requiring surface
treatment and modification, ozone generation, gaseous treat-
ment, antibacterial treatment, etc. [2]. In recent years, mi-
crowave plasma is expected to be applied to gas processing
such as the decomposition of greenhouse gases (GHGs) and
the reforming of gas fuels, in terms of the reduction of GHG
emissions [3–9].
So far, microwave plasma sources (MPSs) have been

mainly developed with two microwave power supply
types: waveguide-supplied MPSs and coaxial-line-supplied
MPSs [10, 11]. Waveguide-supplied MPS has high potential
for gas processing such as the decomposition of gaseous
pollutants (mainly volatile organic compounds (VOCs)) of rel-
atively high concentration (up to 100%) in the working gas and
the reforming of methane for hydrogen production. However,
the design and structure are complex to optimally focus electric
field at the discharge region in the waveguide [12]. Moreover,
waveguide-supplied MPSs need high input microwave power
to ignite and maintain the microwave plasma at atmospheric
pressure. On the other hand, coaxial-line-supplied MPSs can
easily transmit microwave power to themselves using a coaxial
cable, but the generated plasma region is small such as a
micro-plasma [11]. As a conclusion, the coaxial-line-supplied
MPS with a larger plasma region would be useful to widely
apply microwave plasma for gas processing at atmospheric
pressure.
In this study, a rod-electrode-type MPS, which is a kind of

coaxial-line-supplied MPS, has been newly developed for gas
processing at atmospheric pressure [13, 14]. The rod-electrode-
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type MPS was mainly composed of a panel mount coaxial con-
nector, a self-made metal adapter with an inlet and outlet of
working gas, a quartz tube as a flow path of working gas, and
a metal rod-electrode. As explained in Section 2 below, the
working gas can flow around the metal rod-electrode covered
with quartz tube in the simple structure and easy assembly. The
microwave energy can be then supplied directly to the working
gas from the sharp tip of the metal rod-electrode through the
panel mount coaxial connector.
This paper first presents the newly developed rod-electrode-

type MPS and a reasonable microwave power supply system.
The microwave power supply system is built to transmit mi-
crowave power from a magnetron to the rod-electrode-type
MPS. Next, the validity of the rod-electrode-type MPS is veri-
fied in experiments. The experiments demonstrate that the rod-
electrode-typeMPS can convert by autoignition argon (Ar) into
plasma at atmospheric pressure. Moreover, the Ar plasma can
be changed to dry air (Air) plasma or nitrogen (N2) plasma
by gradually replacing Ar with Air or N2. The plasmas are
captured by a digital single-lens reflex (DSLR) camera with
a complementary metal oxide semiconductor (CMOS) image
sensor, and the emission spectra are measured by a spectrome-
ter with a charge-coupled device (CCD) image sensor. In addi-
tion, plasma shapes are investigated for the length and tip an-
gle of the rod-electrode, the flow rate of the working gas, and
the average transmission power. The experimental results show
that the rod-electrode-type MPS is potentially an available tool
for gas processing at atmospheric pressure.

2. EXPERIMENT

2.1. Rod-Electrode-Type MPS
Figure 1 shows the structure diagram and photograph of a de-
veloped rod-electrode-type MPS, which consists mainly of rea-
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FIGURE 1. Structure diagram and photograph of developed rod-electrode-type MPS. (a) Structure diagram. (b) Photograph.

sonable parts and materials such as a panel mount coaxial con-
nector, a metal rod-electrode, a self-made metal adapter, and
a quartz tube. The sizes of the parts and materials are shown
in millimeters (mm) in Fig. 1(a). The basic structure and con-
struction can refer to the previous literature [13].
The rod-electrode-type MPS can transmit the microwave

power from a coaxial line rather than a waveguide, so it can
be installed in a suitable location for actual applications. Fur-
ther, two or more rod-electrode-type MPSs can be connected
in parallel using a coaxial distributor from a microwave power
supply system.

2.2. Experimental Setup and Method

Figure 2 shows the schematic diagram of the experimental sys-
tem. Ar, N2, and Air were supplied to the rod-electrode-type
MPS from each of the industrial gas cylinders. The flow rates
were controlled using mass flow controllers (HORIBA, Ltd.,
SEC-N100 corresponding to each gas).
The microwave power supply system was built using a vari-

able transformer, a microwave oven transformer (MOT), a full
wave voltage doubler circuit, a magnetron, and a waveguide-
to-coaxial adapter [13, 14]. The magnetron and MOT were for
commercial microwave ovens with a power source of a voltage
of 100V and a frequency of 50Hz. The magnetron had a power
rating of 1,000W with an operation frequency of 2.45GHz.
The MOT was a transformer for its magnetron. The full wave
voltage doubler circuit was then build using two high-voltage
(HV) capacitors, two HV diodes, and a resistance [13]. As
a side note, in order to generate plasma stably using a mag-
netron, a full wave voltage doubler circuit was more effective
than the half wave voltage doubler circuit used widely in com-

mercial microwave ovens, because full wave voltage doubler
circuit could generate twice the frequency of the power source.
The variable transformer controlled the output power from the
magnetron. The waveguide-to-coaxial adapter was reported in
detail in the previous literature [13]. The forward and reflec-
tion powers at the input port of the rod-electrode-type MPS
were calculated using the correction function by the manufac-
ture from the forward and reflection voltages of the digital os-
cilloscope. The transmission power to the rod-electrode-type
MPS was calculated by subtracting the reflection power from
the forward power. Incidentally, since the rod-electrode-type
MPS can be connected to the waveguide-to-coaxial adapter us-
ing a coaxial cable, it can also be installed in a suitable location
away from the microwave power supply system.
The experiments were conducted in a darkroom to observe

the emission of light by plasmas. The plasma was captured
by a DSLR camera, and the emission spectrum of the plasma
was measured by a spectrometer with an optical fiber. The
DSLR camera and spectrometer, including their setup parame-
ters, were reported in detail in the previous literature [13]. The
optical fiber head was then set at a 10mm upper distance and
30mm horizontal distance from the sharp tip of the metal rod-
electrode.

3. RESULTS AND DISCUSSION

3.1. Initial Experiments
Noble gases such as Ar are well known to be easily converted
into plasma. So, in the initial experiments, only Ar was fed
into the rod-electrode-type MPS at atmospheric pressure. In
Fig. 2, when the output power of the magnetron is increased by
the variable transformer, the Ar was confirmed to be converted
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FIGURE 2. Schematic diagram of experimental system.

(a) (b) (c)

FIGURE 3. Experimental results of Ar plasma at flow rate of 2.5 L/min and average transmission power of approximately 2.1W. (a) Capture image.
(b) Forward, reflection, and transmission power waveforms at input port of rod-electrode-type MPS. (c) Emission spectrum.

into plasma by autoignition from the sharp tip of the metal rod-
electrode. Additionally, Ar plasma could be generated at the
flow rates of 0.5–10 L/min and metal rod-electrode lengths of
approximately 20–50mm. The output power of the magnetron
after generating the Ar plasma could be reduced to some extent
while maintaining the Ar plasma.
On the other hand, rod-electrode-type MPS was difficult to

convert by autoignition N2 and Air into plasma at atmospheric
pressure. However, N2 and Air plasmas could be changed from
Ar plasma, by gradually replacing Ar with N2 and Air, respec-
tively. Specifically, Ar was first converted into plasma in the
rod-electrode-type MPS. Next, N2 or Air was fed into the Ar
plasma, and Ar/N2 or Ar/Air plasma was generated with the
mixed gas of Ar and N2 or Air. Finally, Ar was interrupted
into the Ar/N2 or Ar/Air plasma, and only N2 or Air could be
converted into plasma in the rod-electrode-type MPS.

3.2. Ar Plasma
Figure 3 shows experimental results of the Ar plasma at the
flow rate of 2.5 L/min. Figs. 3(a), (b), and (c) show the capture
image, corrected forward, reflection, and transmission power

waveforms at the input port of the rod-electrode-type MPS, and
the emission spectrum, respectively. The rod-electrode-type
MPS had then the metal rod-electrode length of approximately
36mm from the top surface of the panel mount coaxial connec-
tor in Fig. 1(a).
In Fig. 3(a), the dashed and solid lines show the outlines of

the quartz tube and self-made metal adapter, respectively. The
red point indicates the location of the sharp tip of the metal
rod-electrode. From Fig. 3(a), the Ar plasma like streamer dis-
charge can be confirmed to generate from the sharp tip of the
metal rod-electrode. In fact, it appeared to fluctuate, and might
be caused by the gas characteristics of Ar. The extension of the
Ar plasma above the sharp tip of the metal rod-electrode will
be the effect of the gas flow in the upward direction.
In Fig. 3(b), the forward, reflection, and transmission power

waveforms will be mainly affected by the electrical character-
istics of the Ar plasma and experimental system. Here, electri-
cal characteristics of the Ar plasma indicate the degree of ion-
ization or the characteristic impedance in the Air plasma. The
maximum transmission power was then about 30–40W with
the frequency of 100Hz, which was generated by the full wave
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FIGURE 4. Experimental results of N2 plasma at flow rate of 1.0 L/min and average transmission power of approximately 133.3W. (a) Capture image.
(b) Emission spectrum.

voltage doubler circuit in the experimental system. The aver-
age transmission power and efficiencywere then approximately
2.1W and 60.0%, respectively.
In Fig. 3(c), some peaks were observed by the Ar plasma.

The large and small emission peaks in the wavelength ranges
of approximately 695–800 nm and 410–520 nm result from Ar
neutral lines (Ar I) and Ar ion lines (Ar II), respectively [15–
18]. Namely, the Ar in the rod-electrode-type MPS could be
converted into plasma at atmospheric pressure. Besides, the
emission peaks in the wavelength range of approximately 280–
370 nm may be caused by the second positive system of nitro-
genmolecule (N2-SPS). The emission peaks at the wavelengths
of 309 nm and 777 nmmay be caused by hydroxyl radical (OH)
and atomic oxygen (O), respectively. These emission peaks of
the N2-SPS, OH, and O in the Ar plasma will result from the
impurities in the industrial Ar gas cylinder [16, 17]. By the way,
the emission spectrum does not correspond to the capture image
in Fig. 4(a), because the general DSLR camera with a CMOS
image sensor has a high spectral sensitivity in wavelengths of
approximately 400–700 nm.
In this subsection, the rod-electrode-type MPS showed to be

convertible Ar into plasma by autoignition at atmospheric pres-
sure.

3.3. N2 Plasma
Figure 4 shows experimental results of the N2 plasma at the
flow rate of 1.0 L/min and the average transmission power of
approximately 133.3W, which was generated by using the rod-
electrode-type MPS with the metal rod-electrode length of ap-
proximately 40mm. The average transmission efficiency was
then 68.7%. Figs. 4(a) and (b) show the capture image and
emission spectrum, respectively.
In Fig. 4(a), the N2 plasma like a flame or candle can be con-

firmed to generate from the sharp tip of the metal rod-electrode
in the quartz tube. In fact, it appeared very stable. The visible
shape was apparently different from that of the Ar plasma, and
the N2 plasma seemed to operate as the diffuse discharge due
to gas characteristics of the N2.
The average transmission power was larger than that of the

Ar plasma, in order to maintain the N2 plasma. The average

transmission efficiency was higher that of the Ar plasma and
will be affected by the degree of ionization or the characteristic
impedance in the N2 plasma.
In Fig. 4(b), two large emission peaks in the wavelength

range of approximately 370–450 nm result from the first nega-
tive system of nitrogen molecular ion (N+

2 ) [19]. Some emis-
sion peaks in the wavelength range of approximately 280–
370 nm result from the N2-SPS. The small emission peaks in
the wavelength range of approximately 500–800 nm are caused
by the first positive system of nitrogen molecule (N2-FPS).
Namely, the N2 could be converted into plasma in the rod-
electrode-type MPS at atmospheric pressure.
Here, the length of the metal rod-electrode was investigated

in the N2 plasma. Fig. 5 shows the capture images of the
N2 plasma using the rod-electrode-type MPS with the metal
rod-electrode lengths of approximately 30, 40, and 50mm at
the flow rate of 1.0 L/min and the average forward power of
roughly 205W. The visible shape of the N2 plasma was re-
duced with increasing the metal rod-electrode length. The av-
erage transmission power decreased from 168.7W with the
metal rod-electrode length of approximately 30mm to 121.8W
with the metal rod-electrode length of approximately 50mm.
Namely, the average reflection power increased with increasing

FIGURE 5. Capture images of N2 plasma using rod-electrode-typeMPS
with metal rod-electrode lengths of approximately 30, 40, and 50mm
at flow rate of 1.0 L/min and average forward power of roughly 205W.
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FIGURE 6. Experimental results of Air plasma at flow rate of 1.0 L/min and average transmission power of approximately 58.9W. (a) Capture image.
(b) Emission spectrum.

the metal rod-electrode length. The average transmission effi-
ciency decreased then from 82.4% with the metal rod-electrode
length of approximately 30mm to 55.8% with the metal rod-
electrode length of approximately 50mm. Ultimately, the re-
duction in the visible shape of the N2 plasma was caused by the
decrease in the average transmission power with increasing the
metal rod-electrode length. The metal rod-electrode length in
the rod-electrode-type MPS was confirmed to have a large ef-
fect on the average transmission efficiency to the rod-electrode-
type MPS.
Besides, the tip angle of the metal rod-electrode in the rod-

electrode-type MPS was investigated in the N2 plasma. The N2

plasma was generated using the rod-electrode-type MPS with
the metal rod-electrode length of approximately 40mm and the
tip angles about 28, 44, 51, 67, and 90 degrees. The tip angle of
the metal rod-electrode was then confirmed to have little effect
on the visible shape of the N2 plasma and average transmission
efficiency, although the experimental results were not shown
here.
In this subsection, the rod-electrode-type MPS showed to be

able to stably convert N2 into plasma by autoignition at atmo-
spheric pressure. Additionally, the length of the metal rod-
electrode in the rod-electrode-type MPS had a large effect on
the average transmission efficiency to the rod-electrode-type
MPS, whereas the tip angle of the metal rod-electrode had little
effect on the average transmission efficiency.

3.4. Air Plasma

Figure 6 shows the experimental results of the Air plasma at the
flow rate of 1.0 L/min and the average transmission power of
approximately 58.9W, which was generated by using the rod-
electrode-type MPS with the metal rod-electrode length of ap-
proximately 42mm. The average transmission efficiency was
then 59.6%. Figs. 6(a) and (b) show the capture image and
emission spectrum, respectively.
In Fig. 6(a), the Ar plasma like a small flame or candle can

be confirmed to generate from the sharp tip of the metal rod-
electrode in the quartz tube. In fact, it appeared very stable,
similar to N2 plasma. The visible shape was also apparently

different from that of Ar plasma, and Air plasma seemed to op-
erate as the diffuse discharge due to gas characteristics of the
Air. In addition, the sharp tip of the metal rod-electrode was
red-hot, which may be caused by the oxidation reaction of the
sharp tip surface of the metal rod-electrode.
The average transmission power was larger than that of Ar

plasma and smaller than that of N2 plasma, in order to maintain
the Air plasma. The average transmission efficiency was com-
parable to that of Ar plasma and lower than that of N2 plasma. It
will be affected by the degree of ionization or the characteristic
impedance in the Air plasma.
In Fig. 6(b), the large emission peaks in the wavelength

ranges of approximately 200–280 nm result from the gamma
band system of nitric oxide molecule (NOγ). Besides, some
small emission peaks in the wavelength ranges of approxi-
mately 280–370 nm, 370–450 nm, and 500–800 nm result from
the N2-SPS, N+

2 , and N2-FPS, respectively. The emission peak
at the wavelength of 777 nm will be caused by O. These emis-
sion peaks of the NOγ, N2-SPS, N+

2 , N2-FPS, and O are also
observed by Air plasma in the literature [19, 20]. On the other
hand, the emission peaks at the wavelengths of 295 and 309 nm
will be caused by OH. The OH may result from the hydrogen
(H2) and hydrogen oxide (H2O) as impurities in the industrial
Air gas cylinder. The noteworthy points were that N2 and oxy-
gen molecules (O2) in the Air could be ionized and dissociated
by the Air plasma. In particular, the presence of emissions from
NOγ implied the production of nitric oxide molecules (NO). In
addition, an ozone (O3) odor was present in the exhaust gas
after the Air plasma.
Here, the flow rate and average transmission power were in-

vestigated in the Air plasma. Figs. 7(a) and (b) show the cap-
ture images of the Air plasma at flow rates of 0.5, 1.0, 1.5, and
2.0 L/min and the average forward power of roughly 127W, and
at the flow rate of 1.0 L/min, respectively and the average trans-
mission powers of approximately 58.9, 76.8, 95.0, and 110.4W.
In Fig. 7(a), the width of the Air plasma decreased with in-

creasing the flow rate, whereas the length of the Air plasma was
not significantly affected by the change in the flow rate. The
increase in the flow rate leads to the increase in the flow ve-
locity in the upward direction in the quartz tube. The increase
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FIGURE 7. Capture images of Air plasma. (a) At flow rates of 0.5, 1.0, 1.5, and 2.0 L/min and average forward power of roughly 127W. (b) At flow
rate of 1.0 L/min and average transmission powers of approximately 58.9, 76.8, 95.0, and 110.4W.

in the flow velocity decreases the microwave energy per unit
time supplied to the Air and extends the Air plasm in the up-
ward direction. The average transmission power increased then
slightly with increasing the flow rate. Accordingly, the average
transmission efficiency also increased slightly from 56.3% at
the flow rate of 0.5 L/min to 58.3% at the flow rate of 2.0 L/min.
The average transmission efficiency will be affected by the de-
gree of ionization or the characteristic impedance in the Air
plasma.
In Fig. 7(b), the width and length of the Air plasma extended

with increasing the average transmission power. The exten-
sion of the Air plasma will be caused by the increase in the mi-
crowave energy per unit time supplied to the Air flowing in the
quartz tube. The average transmission efficiency increased then
slightly from 59.6% at the average transmission power of ap-
proximately 58.9W to 63.0% at the average transmission power
of approximately 110.4W. The increase in the average trans-
mission power leads to the extension of the Air plasma. On
the other hand, the increase in the average transmission power
should to be careful to increase the red-hot zone on the sharp
tip of the metal rod-electrode.
In this subsection, the rod-electrode-type MPS showed to be

able to stably convert Air into plasma at atmospheric pressure.
In the emission spectrum, the presence of the emissions from
NOγ implied the production of NO. Moreover, an ozone (O3)
odor was present in the exhaust gas after the Air plasma. Thus,

the rod-electrode-type MPS could be potentially an available
tool for gas processing at atmospheric pressure. Additionally,
the visible shape and average transmission efficiency of the
Air plasma were slightly affected by the flow rate and aver-
age transmission power, and will be caused by the degree of
ionization or the characteristic impedance in the Air plasma.

4. CONCLUSION
This paper has presented a newly developed rod-electrode-type
MPS and microwave power supply system. The rod-electrode-
type MPS showed to be simple in structure and easy to assem-
ble. It can be installed in a suitable location for actual appli-
cations, by connecting to the microwave power supply system
using a coaxial cable.
In the experiments, the rod-electrode-type MPS could be

converted by autoignition Ar into the plasma by increasing the
average transmission power. Moreover, Ar plasma could be
changed to N2 plasma or Air plasma by gradually replacing Ar
with N2 or Air. The type of gas affected the plasma shape, the
average transmission efficiency, and thus the degree of ioniza-
tion or the characteristic impedance in the plasma. In particular,
the experimental results of the Air plasma implied the produc-
tion of NO and O3. Consequently, the rod-electrode-type MPS
was demonstrated to be potentially an available tool for gas pro-
cessing at atmospheric pressure.
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In addition, the length of the metal rod-electrode had a
large effect on the plasma shape, the average transmission ef-
ficiency, and thus the degree of ionization or the characteristic
impedance in the plasma. In contrast, the tip angle of the metal
rod-electrode had little effect on them. Besides, the flow rate
of the working gas and average transmission power to the rod-
electrode-type MPS had a small effect on them. In order to
effectively apply the rod-electrode-type MPS to gas processing
at atmospheric pressure, the improvement of the rod-electrode
MPS will be necessary for increasing the plasma region in the
flow path of the working gas and the average transmission ef-
ficiency to the rod-electrode-type MPS. In the near future, the
improved rod-electrode-type MPS will be applied to gas pro-
cessing such as the decomposition of GHGs and the reforming
of gas fuels, in terms of the reduction of GHG emissions.
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