IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 46, NO. 3, MAY/JUNE 2010

1125

Emission Spectroscopy of Pulsed Power
Microplasma for Atmospheric Pollution Control

Kazuo Shimizu, Member, IEEE, Tatsuya Ishii, and Marius Blajan, Member, IEEE

Abstract—Pollution of the atmosphere from various sources,
including factories and automobiles, is a serious problem world-
wide and should be controlled and reduced. Nonthermal plasma
is studied by various groups and has been applied for exhaust
gas treatment and indoor air purification. Microplasma, which is
atmospheric pressure nothermal plasma, has recently been studied
by many researchers. Although nonthermal-plasma diagnosis by
emission spectroscopy has been applied by many authors, the
mechanisms are not sufficiently understood. In this paper, the
diagnosis of the microplasma discharge in N, gas and N, /NO
gas mixture are presented. An experimental Marx generator with
MOSFET switches was used to generate pulsed output voltages of
up to —1.8 kV. Emission spectra were observed by a spectrometer
with intensified charge-coupled device camera and a photomul-
tiplier tube. The formation of radicals was confirmed by NO-v
band, N second positive band, and N ;" first negative system. Time
evolution of light emission that is measured by the photomultiplier
tube showed differences between the NO-vy band and the N
second positive band. This condition is suggested to be the result of
different light emission mechanisms; the N second positive band
is excited by direct electron impact, and the NO-+ band is excited
by collisions of N> metastables.

Index Terms—Emission spectroscopy, Marx generator, mi-
croplasma, pulsed power.

1. INTRODUCTION

ONTHERMAL plasma is used in applications of cleaning

the exhaust gases from various sources such as factories
or automobiles [1]-[7]. The term microplasma is typically used
to refer to discharges with dimensions that range from a few mi-
crometers up to a few millimeters. The voltage that is required
to ignite a discharge, i.e., the breakdown voltage, depends on
the product of pressure p and discharge gap d, which is also
known as the Paschen curve. At atmospheric pressure, the
breakdown voltage can be kept low if the discharge gap is below
1 mm.
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Fig. 1. Schematic of the microplasma electrodes (40 mm x 20 mm, hole size
2.5 mm). The pressure loss between the electrodes is very small (5 mm H2O at
a gas flow rate of 5 L/min).

The typical operating parameters of microplasmas (pressures
up to and exceeding 1 atm and discharge gaps below 1 mm)
correspond to pd values similar to those for large-volume low-
pressure plasmas but with much higher energy densities [8], [9].
The microplasma in this paper is a dielectric barrier discharge
(DBD) with a relatively narrow discharge gap of less than
100 pm. It is generated at relatively low discharge voltages,
and the reactor has small dimensions and requires only small-
size power supplies. Most of the microplasma research has
been application driven such as air treatment, NOx removal, or
sterilization [8]—[11]. Therefore, the fundamental phenomena
of microplasma, such as electron energy and generation of
radicals, are not fully understood.

The aim of this paper is to analyze the characteristics of
microplasma generated by a pulsed power supply by using
emission spectroscopy. The pulsed power supply consists of an
experimental Marx generator that uses MOSFET switches.

In addition, the ozone generation was analyzed by using
pulsed power supply and high-frequency (25 kHz) ac voltage.
The gases used in experiments were No, NO/Ny gas mixture,
and air. Emission spectroscopy analysis of microplasma was
performed with an intensified charge-coupled device (ICCD)
camera and a spectrometer, and the time evolution of mi-
croplasma discharge was observed by a photomultiplier tube.

II. GENERATION OF MICROPLASMA

Fig. 1 shows a schematic image of the electrodes used in
the experiments. The microplasma electrodes are from stainless
steel covered with dielectric materials.
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Fig. 2. (a) Schematic of an experimental Marx generator with MOSFET
switches. (b) Image of a Marx generator circuit.

The electrodes are faced together with discharge gaps of
0 pm and 50 pm, respectively. Due to the asperities of the
dielectric layer, between electrodes are very small discharge
gaps, even at 0 pm, although they are faced together without
a spacer. Thus, microplasma occurs in these small discharge
gaps and around the electrodes holes. The discharge gap is
small compared to that of other silent discharges; therefore,
nonthermal plasma occurs at about a discharge voltage of 1 kV.

III. MARX GENERATOR

The use of pulsed power in various applications such as NOx
removal or biomedical applications is advantageous because of
the low cost of equipment and insignificant heating.

Pulsed atmospheric plasma has a higher electrical efficiency
than the sinusoidal plasma due to the long-time plasma-off
period, which reduces power consumption.

The microplasma was generated by applying pulse voltage,
using a Marx generator as power supply. The experimental
circuit is presented in Fig. 2. An experimental Marx generator
generates negative pulses triggered by semiconductor switches.

When the metal oxide semiconductor field-effect transistor
(MOSFET) switches are opened, the capacitors linked in paral-
lel connection are charged at a given voltage V.

By turning on the MOSFET switches, the capacitors dis-
charge in a series connection, and the voltage is the input
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Fig. 3. Experimental setup for observing emission from microplasma
electrodes.

voltage V' multiplied by the number of capacitors from the
circuit.

The experimental circuit consists of four capacitors. The
charge voltage V' was set to 500 V, and a tail resistor Rout =
2 k€2 was used to generate a pulse frequency of 4 kHz.

IV. EXPERIMENTAL SETUP

The experimental setup is presented in Fig. 3. The emis-
sion spectrum from the microplasma reactor was measured by
an ICCD camera (Ryoushi-giken, SMCP-ICCD 1024 HAM-
NDS/UV), a spectrometer (Ryoushi-giken, VIS 351), and a
photomultiplier tube (Hamamatsu, R 3896). A pulse generator
(Tektronix, AFG 3021B) was used to trigger the experimental
Marx generator and the ICCD camera. Emission spectra were
visualized and recorded through software on the computer that
is linked to the ICCD camera.

Emission spectroscopy experiments were performed with
microplasma electrodes with a size of 40 mm x 20 mm and
an aperture ratio of 36%. The aperture ratio represents the per-
centage of holes area from the total area of electrode. Electrodes
were placed inside a box through which the gas was flowed. The
discharge gap between the electrodes was set to 50 pum, with a
dielectric spacer. The plasma luminescence was detected from
the side part of the electrodes through a quartz window. Thus,
the observed microplasma area is 40 mm x 50 pm.

Ozone and NOx generation was confirmed with different
microplasma electrodes with a diameter of 45 mm and an
aperture ratio of 8.7%.

The discharge gap between the electrodes was set to 0 pm.
Ozone concentrations were measured with an ozone monitor
(Ebara Jitsugyo, EG-2001B). NOx concentrations were mea-
sured by using a NOx monitor (Shimadzu, NOA-7000A).

The discharge voltage and its corresponding discharge
current were measured by a high-voltage probe (Tektronix,
P6015), an ac current transformer (Tektronix, P6021), and a
digital oscilloscope (Tektronix, TDS 2014B).

The composition of the discharge gas in the experiments was
pure nitrogen and NO 1000 ppm, Ny balance for the emission
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Fig. 4. Example of discharge voltage, its corresponding discharge current, and
gate pulse for the ICCD camera (250 ns/div).
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Fig. 5. Characteristics of peaks values of discharge voltages versus peaks
values of discharge current of an experimental Marx generator.

spectroscopy experiments, and air for the generation of ozone.
The gas flow rate was set at 2 L/min.

Fig. 4 shows the waveforms of discharge voltage, discharge
current, and gate pulse for the [CCD camera. The ICCD camera
was turned on 1 us, which started when the gate signal voltage
was input.

V. CHARACTERISTICS OF MICROPLASMA

Fig. 5 shows the characteristics of peak values of discharge
voltage versus peak values of discharge current of an experi-
mental Marx generator for various frequencies from 4 kHz to
24 kHz. The measured discharge current also has a capacitive
component. Discharge currents increase with the increase in
discharge voltages for all the frequencies. A discharge current
does not depend on frequency.

It was observed that almost the same discharge currents
are obtained with the same discharge voltages at different
frequencies.

Each value of the discharge currents was measured for the in-
dividual pulse and represents the peak value. Thus, for the same
discharge voltage, the value of the discharge current is the same,
regardless of the frequency value. The points on the character-
istics represent the average value of five measurements.

The microplasma onset voltage is considered to be the dis-
charge voltage that corresponds to the beginning of emission
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Fig. 6. Characteristics of discharge voltage versus discharge power of an
experimental Marx generator.
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Fig. 7. Characteristics of ozone generation versus discharge voltage.

measured by the ICCD camera. Very small peaks that corre-
spond to the N» second positive system band were observed,
which started with the discharge voltage of —1.2 kV.

Fig. 6 shows the characteristics of discharge voltages ver-
sus discharge power of an experimental Marx generator. The
discharge power was calculated from the measured energy
represented by the area of the respective discharge voltage mul-
tiplied by the discharge current. The discharge power increased
with the increase in frequency. The highest discharge power of
3.5 W was obtained at 16 kHz.

VI. OZONE AND NOx GENERATION BY MARX GENERATOR

Fig. 7 shows the characteristics of ozone generation by using
an experimental Marx generator. The air flow rate was set to
5 L/min. Ozone generation was observed when the discharge
voltage was higher than —1.2 kV. Characteristics of ozone
generation increase as the frequency goes up. The Marx gen-
erator in our experiments has limitations of functioning at high
frequencies as the voltage increases. Thus, the maximum ozone
generation value was 51 ppm at 8 kHz.

Fig. 8 shows the comparison of ozone generation between
an experimental Marx generator and a neon transformer. The
frequency of the neon transformer was set to 25 kHz. When
the frequency of the discharge voltage was low, an increase in
ozone concentration was observed almost linearly. Generation
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Fig. 8. Characteristics of ozone generation versus discharge power. An ac
neon transformer (25 kHz) was used to compare the efficiency of generating
ozone.
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Fig.9. Characteristics of NOx generation versus discharge power. An ac neon
transformer (25 kHz) was used to compare the generation of NOx.

of ozone has peaks at certain discharge power and is influenced
by the size of the microplasma electrode, gas flow rate, and
other factors.

The maximum ozone concentration was about 50 ppm for the
experimental Marx generator, and for the AC power source, it
was less than 20 ppm.

The power measurements for the neon transformer were
realized by using the Lissajous figure method. For the pulse
power supply, the product between the discharge voltage and
the corresponding discharge current was integrated in time
by using an oscilloscope. To obtain the discharge power, the
measured energy was divided by time.

Based on this result, a Marx generator has higher efficiency
for generating ozone. When the ac voltage is applied for dis-
charge, the capacitive current flow results in the loss of energy.

Fig. 9 shows the characteristics of NOx generation versus
discharge voltage by a Marx generator and a neon transformer.

NOx generation was observed at 700 V when the neon
transformer was used and at 1.25 kV for the Marx generator.
NOx generations of 10 ppm for the neon transformer and 5 ppm
for the Marx generator were obtained at 1.1 kV and at 1.7 kV,
16 kHz, respectively.

Lower values of NOx generation were measured for the
pulsed power supply due to the higher electron density in the
pulsed microplasma compared with the sinusoidally excited
one, which indirectly enhances the gas ionization rate and
promotes the reduction reaction of NO to Ns.
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Fig. 10. Emission spectrum of pure nitrogen (with Vp = —1.76 kV, Ip =
—4.6 A, a frequency of 1 kHz, and a trigger pulse of 1 us).

TABLE 1
LIST OF DETECTED PEAKS BY EMISSION SPECTROMETRY
Species . Peak Position
Transition
(system) (nm)
N, second 3 3 296; 315; 337; 358;
positive CT=BTI 376; 381; 400
+
No first | pay o xoy 391; 428
negative

VII. EMISSION SPECTROSCOPY IN NITROGEN

Fig. 10 shows the emission spectra of microplasma in ni-
trogen gas. The Ny second positive band and the Nj first
negative band appeared in these spectra ([12]; see Table I).
The experiments were performed at —1.6 kV (with a negative
pulse, a rise time of 80 ns, and a width of 530 ns) and a
corresponding discharge current of —4.6 A. The ICCD trigger
pulse was set to 1 us. A negative pulsed voltage was used to
generate microplasma.

The camera’s shutter opening period of 1 us must be syn-
chronized with the microplasma on the period generated by ap-
plying a pulse voltage of 530 ns width. This way, the measured
emission spectrum was the result of a single pulse.

The Ny second positive band peak of 337.1 nm originated in
the following electron collisions [12]:

e+ Ny (X'SF) =N (C* ] ) +e (1

u

N, | C? H —N, [ B? H + hv (second positive).

u g

@

Electron collisions energy at the second positive band is at
least 11 eV (see Table II) [13], [14]. Therefore, these electrons
have energy levels of more than 11 eV in the microplasma.

Fig. 11 shows the time evolution of the N5 second positive
band. Emission appeared at the rising and falling parts of
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TABLE 1II
RATE CONSTANT OF N2 SECOND POSITIVE BAND [13]
Reaction Rate constant
e+ Ny(X'Eg") — NH(CIT,) + e
Eg=11 eV FEEN)
No(C*IM,) — Ny(BI1y) + hv 3x107s7! [14]

Fig. 11. Waveforms of discharge voltage, discharge current, and emission
signal of the microplasma (N2 second positive band, 337.1 nm).
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Fig. 12.  Emission spectrum of the NO/N2 mixture (with Vp = —1.76 kV,
Ip = —4.6 A, afrequency of 1 kHz, and a trigger pulse of 1 us).

the discharge voltage. The emission time was about 50 ns.
Emission of the Ny second positive band was observed by
electron collisions. In addition, the N5 (C) lifetime is estimated
to be about 37 ns [15].

The presence of N first negative system band (B?2} —
X2Eg) in the spectra, with peaks at 391.5 nm and 428 nm,
indicate high-electron temperatures and a high level of nonequi-
librium [16].

Energetic electrons initiate dissociations and ionizations that
are essential for gas cleaning and can recommend microplasma
as a solution for atmospheric pollution control applications.
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TABLE III
LIST OF DETECTED PEAKS BY EMISSION SPECTROMETRY
Species . Peak Position
Transition
(system) (nm)
N, second 3 3 296; 315; 337.7; 357.7;
positive Cl—B1I 375.5: 380.5; 400
+
Ny fist | pog v 2y + 42738
negative e
2v+_ 2 226.9;237.0; 247.9;
NO-yband | A"2 =Xl 259.6; 271.5; 285.0
TABLE IV
RATE CONSTANT OF NO-v BAND
Reaction Rate constant
Ny(A) + NO(X) (6.5-7.8)x 110'11
— Np(X) + NO(A) em’s
NO(A) — NO(X) + 5x10° 571 [18]
hv(NO-y band)

o> i

UL B -50°‘I_> ..........

: c ™o ise0ms
> T

Fig. 13. Waveforms of discharge voltage, discharge current, and emission
signal of the microplasma (the NO-v band).

VIII. EMISSION SPECTROSCOPY IN NO/Ny MIXTURE

Fig. 12 shows an example of an emission spectra in NO/Na
mixture. The NO-v band, the N5 second positive band, and the
N;r first negative band were detected (see Table III) [14]. The
experiments were performed at —1.6 kV (with a negative pulse,
arise time of 80 ns, and a width of 530 ns) and a corresponding
discharge current of —4.6 A. The ICCD trigger pulse was set
to 1 us.

The NO-v band originated in the following collisions of the
N> metastable state (see Table IV) [17], [18]:

Excitation

N, (AS]) + NO (X2 H) — No(X2%,) + NO(A2YT).
3

Radiative transition

NO(A2*) — NO (X2 H) +h(NO — 4y band).  (4)

Fig. 13 shows the time evolution of the NO-v band. Emission
appeared when the discharge voltage rises and falls. The emis-
sion time was observed about 2 us. Because of this phenom-
enon, the NO-y band causes collisions of the Ny metastable
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Fig. 14. Measured and simulated optical emission spectra of the nitrogen
second positive band system.

TABLE V
ESTIMATED TEMPERATURES OF MICROPLASMA IN PURE NITROGEN AT
ATMOSPHERIC PRESSURE

Temperature Value (k)
Electron temperature 8200
Rotational temperature 360
Vibrational temperature 3100

state. The Ny metastable state lifetime is relatively long, with
1.9 s [15]. The presence of the metastable state No(A®YF) can
be proven by the measurement of the lifetime emission signal
of the NO-+v band.

IX. GAS TEMPERATURE OF MICROPLASMA

Plasma temperature was estimated from the measured emis-
sion spectra [19]. Comparison between the calculated curve
and the measured value are shown in Fig. 14. By comparing
the measured spectrum to the simulated spectrum of the ni-
trogen second positive band system, it is possible to estimate
the rotational and vibrational temperatures. Experiments are
carried out under atmospheric pressure; therefore, the rotational
temperature can be close to the actual gas temperature.

Table V shows the calculated temperatures of the mi-
croplasma. The estimated rotational temperature and the vibra-
tional temperature of the microplasma show specific values for
nonthermal plasma [20].

X. CONCLUSION

The analysis of emission spectra of the microplasma in
NO/N; mixture has been performed, and the following findings
have been observed:

1) Ozone generation by Marx generator was 51 ppm at
8 kHz. The Marx generator was more efficient than the
neon transformer from the point of the discharge power.
Generated NOx values were lower when the Marx Gen-
erator was used. The maximal values of 10 ppm for the
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neon transformer and 5 ppm for the Marx generator were
obtained at 1.1 kV and 1.7 kV, 16 kHz, respectively.

2) A negative pulse was applied to microplasma electrode.
Emission spectra from the generated microplasma were
obtained by an ICCD camera and a spectrometer. Ny
second positive band peaks (337.1 nm, 315 nm, 357.7 nm,
and 375.5 nm) and NO-vy band peaks (247.9 nm and
257.6 nm) were observed. In addition, the N3 first nega-
tive band peak was confirmed at 427.8 nm.

3) The Ny second positive band appeared after 50 ns. The N
second positive band is the result of electron collisions.
NO-~ band peaks appeared after 2 us. The NO-v band
originated following the collisions of the N metastable
state.

4) By comparing the measured spectrum to the simulated
spectrum of the nitrogen second positive band sys-
tem, it is possible to estimate the rotational and vibra-
tional temperatures. The estimated rotational temperature
(360 K) and the vibrational temperature (3100 K) show
that the microplasma is a nonthermal plasma.
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