J. Inst. Electrostat. Jpn.

| A S A S A S A S— -

_.Paper

HrEREAEE, 34,2 (2010) 99-104

Emission Spectroscopy of Microplasma Driven by a Pulsed Power Supply™*
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Emission spectrum of the microplasma discharge in N, or air with water droplets was analyzed. Two
experimental Marx Generators were used as pulsed power supplies, with negative and positive pulse
respectively. Emission spectra for N, gas with water droplets show N, second positive band system (N, SPS),
N, first negative band system (N, FNS), H-y band system, and OH peaks. For air with water droplets emission
spectrum shows N, SPS, N, FNS and H-y band system with lower intensities comparing with microplasma
discharge in N, gas with water droplets. Emission signal of the photomultiplier, show short lifetime emission
signal for N, SPS of 337.1 nm. Vibrational temperature calculation was also carried out using the N, second

positive system (C’II - B’TI band).

1. Introduction

Microplasma can be found in many applications. In the last
years, the technology was used in applications such as NOx
removal, surface treatment and sterilization or inactivation of
bacteria. Although there is an interest for application driven
research, microplasma phenomena are not fully understood.
Emission spectroscopy is one of the methods to analyze
plasma process.'”

The high intensity electric field generated between
microplasma electrodes, charged particles, reactive ground
state species, excited species, UV photons can affect the
bacteria. Atmospheric microplasmas have been shown to
inactivate a wide spectrum of microorganism including spores,
Gram-negative bacteria, Gram positive bacteria and viruses.”
Research works showed that better results of bacteria
inactivation using non thermal plasma were obtained with H,O
addition in comparison with dry processes.” One of the
processes of bacteria inactivation using microplasma consists
in spraying water droplets containing bacteria through
microplasma electrodes. Air or nitrogen is used as carrier gas.”
The high intensity electric field generated between
microplasma electrodes, charged particles, reactive ground
state species, excited species, UV photons can affect the
bacteria. The analysis of these factors could be done by
emission spectroscopy method. The aim of this paper is to
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analyze the emission spectrum of the microplasma in air and
nitrogen containing water droplets.

2. Experimental Setup
2.1 Experimental Setup

The experimental setup is shown in Fig. 1. Emission spectra
were measured by an ICCD camera (Ryoushi-giken,
SMCP-ICCD 1024 HAM-NDS/UV), a spectrometer
(Ryoushi-giken, VIS 351) and by a photomultiplier tube
(Hamamatsu Photonics, R3896). A pulse generator (Tektronix,
AFG 3021B) was used to trigger the Marx Generator consisted
of semiconductor switches and the ICCD camera. Obtained
data were transferred to a computer.

The discharge voltage and the 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 resolution of the ICCD measurements was carried out
with FWHM 3ch. 3ch was set to 0.087 nm at narrow gratings
carried out with 2,400 grooves. Spectrometer has three mirrors
which are reflecting the light with a calculated reflectance of
90%. The measured intensity was 26% at 225 nm, 25% at 250
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Fig. 1 An experimental setup.
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Fig.2 The size distribution of water particles generated
inside the nebulizer at a gas flow rate of 5 L/min.

nm and 23% at 275 nm respectively, with narrow gratings due
to the reflectance of the mirrors and grating.

At wide grating settings with 200 grooves, the measured
intensity was 53% at 360 nm, 63% at 400 nm and 68% at 440
nm, respectively.

Compositions of gases used in experiments were N,, N, and
water droplets, air and air with water droplets. Experiments
were carried out in atmospheric pressure and the gas flow rate
was set at 5 L/min. Water droplets were added in the carrier gas
using a medical nebulizer. The water droplets sizes and
distribution is presented in Fig. 2. The diameters of the water
particles formed by the nebulizer were measured by a laser
particle counter (Kanomax, 3886). With water added to the
nebulizer, water droplets with diameters ranging from 0.5 pm
to 5 wm were generated at the applied gas flow rate of 5 L/min.

The spectrometer settings can be set at wide gratings for a
wide range of spectrum or narrow settings for measuring a
specific range with greater accuracy.

ICCD camera functional elements sensitivities such as micro
channel plate (MCP) and phosphor screen can be varied in
order to measure the spectrum for different intensities.

2.2 Marx Generator

A Marx generator with 4 stages MOSFET switches shown
in Fig. 3a, was developed to be used as high voltage negative
polarity supply to microplasma electrodes. It has an output
voltage up to — 1.8 kV peak (negative pulse, rise time 80 ns,
pulse width 500 ns —1 ps, frequency 1-24 kHz). Trigger signal
for ICCD camera was set at 1 ps (Fig. 4).

Capacitors were charged in parallel connection at a given
voltage 7 (500 V in this case). When the MOSFET switches
were closed, capacitors were discharging in series connection
thus results an output voltage 47 (2 kV in this case).

A Marx generator with 5 stages MOSFET switches for
generating high voltage positive pulses was developed (Fig.
3b). An output voltage was up to 1.8 kV peak (positive pulse,

rise time 80 ns, pulse width 1.5 ps, frequency 1-24 kHz).
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Fig. 3 An experimental Marx Generator: (a) with
negative pulses; (b) with positive pulses.
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Fig. 4 Waveforms of discharge voltage, discharge
current and gate signal for ICCD camera: (a) negative
pulse; (b) positive pulse.

Trigger signal for ICCD camera was set at 1 ps (Fig. 4).
Figure 4 shows the typical waveforms of both negative (Fig.
4(a)) and positive (Fig. 4(b)) pulse circuit.
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Discharge current was confirmed at rising point of discharge
voltage. About -2 A was obtained at -1.4 kV for negative pulse.

Discharge current was also confirmed at rising point of
discharge voltage for positive polarity. Discharge current was
lower for the positive pulse (about 1 A at 1.4 kV). The
MOSFET used in the positive pulse Marx Generator had
longer rise time. Thus a difference occurred between discharge
current peaks for negative pulse and positive pulse respectively
at the same discharge voltage.

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 energy efficiency than
the sinusoidal plasma due to the long time plasma off period
that reduces power consumption.’” In the microplasma
processes such as NOx removal, is necessary less power to
remove the same quantity of NO from exhaust gases by using a
pulsed power supply in comparison with the case where AC
voltage is used,™” due to the reduced thermal load on electrodes

at higher currents.'”’

3. About Microplasma

Microplasma electrodes used in this study were metallic
electrodes covered with a dielectric layer (Fig. 5). Due to small
discharge gaps (0-100) um and to the assumed specific
dielectric constant of &, = 10, a high intensity electric field
(10™-10* V/m) could be obtained with relatively low
discharge voltages around 1 kV. Electrode size was 20 mm
versus 40 mm..

Electrode has holes to flow for gas treatment, which
diameter is ¥ 2 mm and its aperture ratio of 36%. Discharge
gap was set at 50 um in this study.

Emission spectra of microplasma discharge was observed
from the side part of electrodes. Thus the observed

microplasma area had 40 mm versus 50 pm.
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Fig. 5 Microplasma electrodes.
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4. Emission Spectrum of Microplasma

4.1 Microplasma by negative pulses

Emission spectrum of the microplasma discharge in N, with
water droplets showed peaks of N, second positive band
system (N, SPS) and N, first negative band system (N, FNS)
(Fig. 6).

This spectrum was obtained at discharge voltage —1.4 kV,
rise time of 80 ns, pulse width of 500 ns, and discharge
frequency of 1 kHz.

N, SPS (337.1, 357.7, 375.5, 380.5 nm) was observed due to
the electron collision (Table 1). N, FNS peak was also
observed at 427.8 nm as shown in Fig. 6.

Emission spectrum of the microplasma discharge in air with
water droplets, showed peaks of N, SPS and N, FNS.
Intensities of peaks were lower than those measured for
nitrogen, due to the quenching effect of O, These
elementary processes described the radiation kinetics for the
second positive band system of nitrogen, wavelength 337.1 nm,
at atmospheric pressure:"

Excitation of nitrogen molecules in the ground state by direct
electron impact:

e+ Ny(X'Z o= No(Cmp)ygt e (AE=11eV) 0
Spontaneous radiation of formed excited state of nitrogen:
NoC’m)vo = No(B'mp)g+hv  (1,,=401s) ()
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Fig. 6 Emission spectrum of microplasma discharge in N,
with water droplets and air with water droplets for negative
pulses.

Table 1 List of detected systems and peaks for the
microplasma in N, gas and air with water droplets at wide
gratings settings of the spectrometer.

Species (system) Transition Peak Position
(nm)
N ;337.1;357.7,
5 seﬁond ClI-BII 315;337.1;,357.7;
positive 375.5; 380.5; 400.0
N," first negative BY, X%, 4278
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Fig. 7 Waveforms of discharge voltage, discharge
current and emission signal of microplasma (N, SPS 337.1
nm) in N, with water droplets for negative pulses.
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Fig. 8 Emission spectrum of microplasma generated by
negative pulse in N, gas and in N, gas with water droplets
for negative pulses.

Figure 7 shows waveform of discharge voltage, discharge
current and emission signal of photomultiplier corresponding
to N, SPS wavelength of 337.1 nm..

The lifetime of photomultiplier signal of N, SPS was about
40 ns as shown in Fig. 7 and according with reaction (2).

The gratings of spectrometer were set at narrow settings in
order to achieve a higher sensitivity of the MCP settings of
ICCD camera on a distinct range of wavelengths.

In Fig. 8 is presented the emission spectrum of microplasma
discharge in N, and in N, with water droplets. The spectrum
for the N, gas containing water droplets showed the presence
of the OH wavelengths at 306.4, 307.8 and 308.9 nm. An
interference optical filter was used for measurements. The filter
has the center wavelength at 309.5 nm with a peak
transmission of 16.52%, and FWHM coordinates of 304.315
nm and 314.676 nm respectively.

Electron impact dissociation of H,O leads to the production
of H and OH radicals: '¥
e+H,0—-e+H+OH 3

Air which used as carrier gas with water droplets, leads to

S
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Fig. 9 Emission spectrum of microplasma discharge in air
and in air with water droplets for negative pulses.
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Fig. 10 Emission spectrum of microplasma discharge
in N, or air with water droplets for negative pulses.

the generation of active species and ozone by microplasma: 11
e+02—>eFO(3P)+O(1D) (4)

The excited state O('D) O, dissociated H,O to generate OH:”
O('D)+H,0 —» 2 OH ©6)

The emission spectrum for air and air containing water
droplets are presented in Fig. 9. With oxygen in the carrier gas,
any peaks of OH were not observed due to the quenching

effect of oxygen atom and ozone:'>'?
OH+0—0,+H ™
OH+O3—)H02+02 (8)

Emission spectrum of microplasma in N, or air with water
droplets for 425 nm to 450 nm range is presented in Fig. 10.
The peak of the hydrogen Balmer line H-y is shown at 434.1
nm.'*"” An interference optical filter was used for
measurements. The filter has the center wavelength at 432.22
nm with a peak transmission of 55.32%, and FWHM
coordinates of 432.747 and 441.7 nm respectively.

Hydrogen radicals react with oxidative species to generate
OH or HO, radicals:

H+0 — OH ©)
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Table 2 List of detected systems and peaks for the
microplasma in N, gas and air with water droplets at narrow
gratings settings of the spectrometer.

Species (system) Transition Peak Position (nm)
.. 315;337.1; 357.7,375.5;
N, second positive CII-B’II 380.5; 400
N, first negative BE, —XZ,' 4278
B ; . 16,17)
OH (3064 — A AZ XA 306.4;307.8; 308.9
system)
H-y ) 43411017
14000 - —— N2 with H20
Air with H20
12000 A
~ 10000
=
&
z 8000 -
E 6000
4000 1
2000
0 -

280 300 320 340 360 380 400 420 440
‘Wavelength (nm)

Fig. 11  Emission spectrum of microplasma discharge in
N, gas and in N, gas with water droplets for positive pulses.

H+OH— H,0 (10)
H+0,— HO, (1)

Thus the peaks of hydrogen could not be detected with
oxygen.

The list of detected system and peaks for microplasma in N,
gas and air with water droplets at narrow gratings settings of
the spectrometer is showed in Table 2.

4.2 Microplasma by positive pulses

Emission spectrum of the microplasma discharge in N, with
water droplets show peaks of N, second positive band system
(N, SPS) and N, first negative band system (N, FNS) (Fig. 11).

This spectrum was obtained at discharge voltage 1.4 kV, rise
time of 80 ns, pulse width of 1.5 us, and discharge frequency
of 1 kHz.

The emission spectrum is similar in shape with spectrum
obtained at negative pulses.

The peaks of OH for the microplasma discharge at positive
pulses in N, gas with water droplets are presented in Fig. 12.
An interference optical filter was used to observe the weak
signal.

The filter has the center wavelength at 309.5 nm with a peak
transmission of 16.52%, and FWHM coordinates of 304.315
and 314.676 nm respectively. The results were similar to that of
negative pulse. Production of H and OH radicals by
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Fig. 12 Emission spectrum of microplasma generated by
positive pulse in N, gas and in N, gas with water droplets
for positive pulses.
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Fig. 13 Emission spectrum of microplasma discharge in N,
gas or in air with water droplets, and without water droplets
for positive pulses.

electron impact dissociation of water, according with reaction
(3), did not occur without water droplets. Thus OH peaks were
not observed.

H are generated by microplasma discharge in N, gas and air
with water droplets according to relation (3). Emission
spectrum of hydrogen Balmer line H-y is shown at 434.1 nm
(Fig. 13), using the interference optical filter with
characteristics described for the emission spectrum presented
in Fig. 10. It shows the peak of H-y at 434.1 nm only for N, gas
with water droplets and air with water droplets.

The data showed in Figs. 8 and 12 were measured with the
same sensitivity of ICCD camera (micro channel plate (MCP)
and phosphor screen) and also emission spectrum presented in
Figs. 10 and 13 respectively. The peak intensities for the OH
wavelengths and H-y band system are lower for positive pulses.
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That could be explained by the lower value of peak discharge
current for the positive pulse of 0.9 A (Fig. 4(b)), comparing
with the peak value of discharge current for negative of —2 A
(Fig. 4(a)) at the same discharge voltage. Rise time of negative
discharge pulse voltage is about 3 times faster than that of
positive discharge pulse voltage (about 67 ns for negative pulse,
about 210 ns for positive pulse). Difference of rise time
depends on the MOSFET used in each circuit. It could make
the difference of discharge current peak, even at the same
discharge voltage.

4.3 Estimation of vibrational temperature for

microplasma

The spectral bands of the 0-0 transitions of the second
positive system of N, (A=337.1 nm) and the first negative
system of N, (A=391.5 nm) could be used for calculating the
reduced electric field strength E/N, where E is intensity of
electric field and N the concentration of neutral particles, as a
function of their intensities ratio Ig(A=391.5 nm)/I(A=337.1
nm).

The reduced electric field strength in air with water droplets
has the value around 500 Td (Ig/Ic= 0.12) (1 Td =1 x 1077
Vem?) for negative pulses (Fig. 6) and around 310 Td (Ig/Ic=
0.04) for positive pulses (Fig. 11) according with Ref. 18).

The vibrational temperature Tvib was evaluated using the N,
second positive system (C’IT - B*IT band). We used the ratio
0-2 and 1-3 bands (A = 380.5 and 375.5 nm) to calculate the
temperature according to the following formula:

In (Tp2A13/113A02) = E13-Eg»/Tvib (12)
where Io,, 113, Ao, A1z, Egn and E;; are the intensities, the
transition probabilities, and the energy levels for the 02 and
1-3 bands respectively. The parameters for the calculation
were obtained from reference.'” According to equation (12) we
have obtained for the emission spectra of the microplasma
discharge in N, gas with water droplets using a positive pulse
power supply (Fig. 11) a value of vibrational temperature Tvib
=1450K.

5. Conclusions

Diagnostics of microplasma are carried out by using a Marx
generator, an ICCD camera and a photomultiplier. Estimation
of vibrational temperature was also carried out to investigate
the characteristics of microplasma. The experiments and
calculation data conclude shown bellow:
1) Analysis of emission spectrum shows N, SPS, N, FNS,
OH 3064 — A system and H-y band system for the
microplasma discharge in N, gas with water droplets.
2) Emission spectrum of air with water droplets show N, SPS,
N, FNS, and H-y band system with lower intensities
comparing with emission spectrum of microplasma discharge

HERERRE W34 & 2 5 (2010)

in N, with water droplets due to the quenching effect of oxygen
atom and ozone.

3) Lifetime of emission signal measured by a photomultiplier
tube corresponding to wavelength 337.1 nm of N, SPS was
about 40 ns.

4) Emission spectrum intensities of microplasma generated
with positive pulses are lower than the emission spectrum
intensities generated with negative pulses. That could be
explained by the lower discharge current generated at positive
pulses at the same discharge voltage.

5) The calculated value of vibrational temperature of
microplasma was Tvib = 1,450 K.

The factors which contributes to the inactivation processes of
bacteria by using microplasma are known to be high intensity
electric fields, radicals and UV light. Emission spectroscopy
method proved the existence of OH, H radicals and UV light
and could be helpful to understand the processes of bacteria

inactivation.
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