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ABSTRACT

The cold plasma has been produced, using high voltage and line frequency
(0-20kV,50 Hz) at atmospheric pressure. In this paper, the generation and
characterization of plasma produced with argon gas in dielectric barrier discharge
(DBD) reactor system is reported. The characterization of produced plasma has
been done by electric and optical means using different techniques like current
density method, power balance method, Boltzmann plot method, Stark broadening,
line intensity ratio method and Saha-Boltzmann relation. Result reveled that
electron density was of the order of 10" ¢m™, 102 em™, 10" em™, and 10 cm™
as determined by current density method, power balance method, Saha-Boltzmann
relation and stark broadening approach respectively while excitation temperature
of electron was estimated to be about 0.92 eV and 0.79 eV as determined by
Boltzmann plot method and intensity ratio method respectively. The discharge
power and energy consumed per cycle are determined using the Lissajous figure
approach. The proper characterization of cold atmospheric pressure plasma (CAPP)
is essential for seed treatment, polymer treatment, and water treatment.

Keywords: Stark Broadening approach, cold atmospheric pressure plasma, power
balanced method, optical characterization, current density method, boltzmann plot
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INTRODUCTION

Non-thermal cold atmospheric pressure plasmas or CAPPs, are
used in industry, medicine, agriculture, and biology (Tanaka ef al., 2011;
Ikehara et al., 2013; Walsh et al., 2008). CAPP is created in free space
at atmospheric pressure, without the use of a vacuum apparatus. This is
because it operates in a non-equilibrium state. In this state, the electrons
in the plasma are highly energetic, but the overall gas temperature remains
relatively low. This is achieved by applying an electric field that selectively
energizes the electrons without transferring significant energy to the heavier
ions and neutral particles. A CAPP generating process produces chemical
effects rather than physical ones and does not cause thermal damage to the
object. Since the CAPP system eliminates the need for a vacuum vessel,
it make plasma processing easier. This opens up a wide range of plasma
applications, where temperature, ion and electron densities, and plasma
current control are critical to processing efficiency and safety. CAPP is
produced using a noble gas or regular air, a single or double dielectric,
and a metal electrode by using a high-voltage alternating current (AC) or
direct current (DC) at ambient pressure (Lu et al., 2014; Lu et al., 2016).
The properties of CAPP, which were produced with argon and helium, have
been documented by various researchers (Lu et al., 2021; Wu et al., 2013).
The operating parameters of plasma affect its electron density, temperature,
and current; but the CAPP typically has an electron temperature of a few
electron volts (Akatsuka et al., 2009; Van Gessel ef al., 2012) and the
electron density is in the range of 10" —10" ¢m™ (Yambe et al., 2022;
Kogelschatz, 2003).

Over the past 20 years, plasma that operates at atmospheric pressure
has drawn more interest. Many research efforts focused on Dielectric
Barrier Discharge (DBD) in the air at ambient pressure (Massines et al.,
2003; Sherman et al., 2005). These days, these physical phenomena are
widely recognized, and multiple studies have helped to understand and
provide an explanation for the micro-discharge mechanism (Massines et
al., 2005; Lee et al., 2005). Plasma technology is a highly adaptable and
essential tool for material processing and product manufacturing across a
variety of industries. Though often behind the scenes, it is both resource-
efficient and transformative. Plasma processing is indispensable in fields
like aerospace, automotive, biomedical, textiles, optics, polymers, and
paper. The unique ability of non-thermal plasmas to interact with delicate
materials and products has broadened its research and applications to areas
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such as liquid treatment, organic tissues, and wound care, giving rise to
plasma medicine.

In contrast to radiofrequency sources, which are far more costly,
the cold plasma discharge generated at atmospheric pressure is also stable,
even at low frequencies (Adamovich et al., 2017). The majority of earlier
research has employed radiofrequency power supplies, which are costlier
than the power supply utilized in this investigation. The plasma produced
in DBD reactor can be used to treat continuously for an extended period of
time and DBD is designed using materials that are readily available locally.
An economical method for producing cold atmospheric pressure argon
plasma with several uses in seed treatment and biomedical research has
been created (Baniya et al., 2020; Wagner et al., 2003). To innovate plasma
sources and applications, as well as to control and enhance technologies, it
is essential to understand fundamental processes and acquire quantitative
knowledge of key plasma parameters, including electron density, species
intensity, electron excitation temperature, Debye length, and others. In
our work, a plasma device that can produce atmospheric plasma at low
temperatures has been successfully constructed and some characters of
discharge produced with argon gas at atmospheric pressure with 50 Hz line
frequency were examined. This study is also focused on determination of
plasma parameters like power consumption, electron density and electron
excitation temperature by different approaches in a DBD reactor.

EXPERIMENTAL DETAILS
DBD Device Designation and Fabrication

The structure of the DBD reactor used in the experiment is as
shown in Figure 1. It is made up of two solid copper cylinders that are
60 mm in diameter and 9 mm thick, serving as the electrodes. A dielectric
barrier is a circular quartz plate with a radius of 45 mm and a thickness of
1 mm. Using the principle of screw gauze, the discharge width between the
electrodes that provide the discharge volume can be adjusted. Electrodes,
with the exception of the discharge area, are covered with Teflon to reduce
localized heating and power loss resulting from edge effects and insufficient
contact between the dielectric plates and electrodes. The lower and upper
electrodes are attached to the upper and lower walls of a cuboidal wooden
box that measures 300 mm by 100 mm by 120 mm and has polycarbonate
glass sides on it. The distance between the electrodes can be adjusted by
using nut bolts of a suitable size. Polycarbonate glass sides are used to
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view the micro discharges that the reactor produces. Two holes of proper
dimensions are made on polycarbonate glass for gas flow and to observe
discharge. The two electrodes are kept at a horizontal plane using a spirit
level.

Figure 1
Structure of dielectric barrier discharge reactor

Spirit level

Teflon
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/ Nut-bolt

Polycarbonate glass

Experimental Setup

The schematic diagram of DBD parallel plane geometry used in
the experiment is depicted in Figure 2. The two electrodes are subjected
to 50 Hz AC power from the step-up transformer's output, and a 20 MQ
ballast resistor is connected in series with the top electrode, connected to
high voltage, to limit the rate of flow of charge during the discharge. The
discharge current was also estimated by feeding a voltage probe across a
shunt resistor with a resistance of 10 KQ. When measuring the voltage
across electrodes, an upper electrode is linked to a 1000:1 high voltage
probe (PINTEX HVP-28HF), and the lower electrode is earthed. To view
the waveforms of the total discharge current and the applied voltage, a two-
channel Tektronix TDS 2002, 60 MHz digital oscilloscope is employed.
The electric characterization of discharge was done by using the Lissajous
figure approach, current density method, and power balance method. The
image of atmospheric pressure argon plasma produced in our own designed
and fabricated DBD reactor system is shown in Figure 3. During the whole
experiment, the rate of flow of argon gas in the DBD chamber is maintained



TRIBHUVAN UNIVERSITY JOURNAL, VOL. 39, NO. 2, DECEMBER 2024 5]

at 1 litre/minute. Figure 4 gives information about the discharge current
and the voltage waveform at an input peak voltage of 6.6 kV. Optical
characterization of the cold plasma was done by using the Boltzmann plot
method, Line intensity ratio method, Saha-Boltzmann relation and Stark
broadening approaches with the help of optical emission spectrometer
(OES) (USB 2000+, Ocean Optics). The angle of acceptance and numerical
aperture of the optical fiber used to collect light for the optical emission
spectrometer (OES) are 28° and 0.465 respectively. The resolution of the
spectrometer is 0.1nm.

Figure 2

Schematic diagram of parallel plate DBD (1. Optical emission spectrometer
2. Digital oscilloscope, 3. High voltage probe 4. Ballast resistor 5. Optical
fiber 6. Upper electrode 7. Plasma discharge 8. Step up transformer 9.
Shunt resistor 10. Lower electrode, 11. Dielectric barrier, 12. Ground, 13.
Oscilloscope probe 14. Computer)

1
v
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Data Analysis and Statistical Measure

The waveforms of the discharge current and voltage and optical
spectra emitted by CAPP are noted at a discharge width of 2 mm at an
alternating peak voltage of 6.6 kV. A convex lens is used to converge
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spectra emitted by plasma so that a huge amount of radiation enters the
optical fiber of OES. For optimal results, all data are collected thrice, with
average values obtained for each distinct thickness and input sinusoidal
voltage. The software Origin 2024b is used to analyze the data. The Bolsig+
software is used to find the mobility of electrons. Software called Minitab is
employed in the statistical analysis.

Figure 3 Figure 4

Image of discharge Photograph of voltage and
current waveform

NS

RESULTS AND DISCUSSION
Electrical Characterization of CAPP

Determination of energy and power consumption per cycle

The discharge current signal has some filaments superimposed on
it, even though the applied voltage and discharge current are sinusoidal
signals. Filaments in the current waveform are present in both cycles.
There are no filaments at low discharge current amplitudes. Figure 5, which
shows the applied voltage and discharge current at atmospheric pressure,
demonstrates the connection between each current filament on the dielectric
barrier material and a sequence of micro discharges (Kostov et al., 2009).
One interpretation of Figure 5 would be that both circular electrodes released
a number of micro discharges for each cycle of applied voltage. The power
lost in the CAPP is calculated by using formula p = 7|y (¢)1(1)dr where, f'is
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line frequency. Figure 6 shows the parallelogram shaped Lissajous figure
obtained at a peak voltage 6.6 £V for a discharge width of 2 mm. From the
Lissajous figure approach and voltage and current waveform characteristics,
it is found that the energy dissipated and power consumed in discharge per
cycle is 1.67 x 10J and 0.160 watt.

Figure 5 Figure 6
The voltage and current waveform — Q-V plot at peak volt 6.6 kV
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Determination of the density of electron by current density method:

The electron density n_ in discharge is found by using the equation:
Current density j¢

con

=nueE . Here, E is the electric field intensity between
in air gap which is obtained by dividing discharge voltage by discharge
width. Hence, Electric field intensity in discharge region is found to be

o = 3'123 =15.65kVem™ =1.565x10*Vem™ . The reduced electric field

X .
in Townsend is found to be 58 7d. The electron mobility is found using

Bolsig+ software by taking e-e collision and its value is found to be
250cm*V'S!. The average value of current is 15.8mA and the effective area
of the discharge channel is found by multiplying an average number of
filaments with area of a filament. The average radius of a single filament is
taken as 100 ym (San Wong et al., 2016). The number of the current peak
is determined using origin soft-ware at a threshold height of 5% and the
direct counting method. The average number of filaments at a peak voltage
of 6.6 kV for a discharge width of 2 mm is found to be 229. Hence current
density is found to be 0.1154cm . Using the above equation, the density
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of the electron is found to be 1.184 x10" c¢m~ which agrees with the report
given by Yambe et al., 2022.

Determination of the density of electron by power balance method:

The average power consumed by a capacitive coupled CAPP can be
written as P =24 nv,E, - Where n being the density of electrons, £, , being
the loss of energy per cycle, 4, being the effective area of the discharge
channel and v, being the Bohm velocity. From the Lissajous figure shown
in Figure 6, the average power consumed at a peak voltage of 6.6 kV for
discharge width of 2 mm is 1.60 W. The Bohm velocity is v, =2x10°ms™ and
energy lost per cycle is E,, =80x107"J (Falahat et al., 2018). The effective
area of discharge channel is found to be7.19x102¢m?. Substituting all these
values in the above mentioned equation, The electron density is found to
be 6.95x102cm > which agrees with the result given by Yambe et al., 2022.

Optical Characterization of CAPP:

Determination of excitation temperature of electron by Boltzmann plot
method

The spectra of the discharge captured from OES are depicted in
Figure 7. These spectra have different species. For the Boltzmann plot
method (Ciucci et al., 1999; Griem et al., 2005), we have used Ar I lines
to estimate the excitation temperature of electrons in discharge. The
observed four prominent argon lines 434.5 nm, 696.5 nm, 706.8 nm, and
772.3nm are used to determine the excitation temperature of electron 7. In
a local thermodynamic equilibrium (LTE) approximation, the line intensity
associated with the transition between two levels and of an atomic species
can be written as follows:

—E,

I Nhe g, A4, eﬁ [1]
uI,) 4

Where , = wavelength of transition, 2 = Planck’s constant, ¢
= speed of light in vacuum, E, = energy of K" level (Upper level), K, =
Boltzmann constant, 4,, = transitional probability, g, = statistical weight
factor of upper level, N = the total number density of the species and U(T)
= the partition function for the species emitted at the excitation temperature
of electron T'. With the help of logarithmic function, equation (1) reduces to
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This is the Boltzmann equation in the form of straight line with

slope intercept form. Therefore, the excitation temperature of electron can
be estimated from the slope of Boltzmann plot as shown in Figure 8. The
values of intensities / of these spectral lines are obtained from spectra take
form OES. The values of £, g,, and 4,, for the selected lines are taken
from the NIST atomic spectra database (Kramida et a/.,2018) and are listed
in Table 1. The slope of the linear fit of the experimental data gives the
value —1.086(e¥)!. Consequently, the excitation temperature of electron is
0.92 eV (Approx.10635 K) at peak voltage 6.6 kV'.

Figure 7
Spectra of discharge at 50 Hz
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Figure 8

Boltzmann plot fit to estimate excitation temperature of electron at
peak voltage 6.6kV .
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Table 1

The spectroscopic data of the observed Ar I lines for estimation of the
excitation temperature of electron

Lines Wavelength (nm) Intensity = Transitional Statistical Energy
(a.u) probability (s')  weight (eV)
Arl 434.5168 681.422 400000 5 13.327
ArT  696.5431 12765.013 6400000 3 14.848
Arl  706.8736 1536.444 2500000 6 13.153
Arl 7723761 11998.931 5200000 3 14.680

Determination of excitation temperature of electron by line intensity ratio
method:

The spectral emission of CAPP in the region of 200-1100 nm is
depicted in Figure 7. Argon lines exhibit distinct transitions, as seen by their
presence in the wavelength range spanning from 696 nm to 850 nm. The
transition of nitrogen is indicated by the peaks in the range of 330 —350 nm.
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The sensitivity of this Boltzmann plot method depends on the ratio between
K, T, and the values of energy at higher transition. The energy distribution
at the top levels of Ar II was insufficient when compared with x,7, and
the findings were unrealistic when applied to the Ar II lines observed in
the CAPP. Comparing the line intensities between various argon ionization
degrees is required to achieve a higher level of accuracy. Therefore, we
used the line intensity ratio approach to do an optical characterization of
the discharge. Four lines were selected from the spectrum obtained from the
CAPP as suitable for Ar I and Ar II. As mentioned in (Sarani et al., 2010;
Yambe et al., 2016), the following working formula is utilized to get the
electron temperature:

ﬁzll/lz _| A || &n (}W]E“luv}[gu](’%]exp{_Em_Eﬁ_EﬂLEM} [3]
R, 13/ 1 qu g, A N A )\ &0 )\ A K,T,

In equation (3), R = the ratio of the intensities of two lines, / = the
intensities of spectral lines, A= the transitional probability of the transition

i— j, g = the statistical weight of the upper level, A = the wavelength of line
radiation, £ = the energy of upper level, K, = the Boltzmann costant and T
= excitation temperature of an electron. We obtained the values of A and /
from observations and the values of A, g and E, from the NIST atomic
spectra database (Kramida et al.,2018).

Table 2

Wavelength and intensity of Ar I and Ar I line at 6.6 kV .
Lines Wavelength  Intensity Transitional Statistical Energy

(nm) (a.u) probability (s) weight (eV)

Arl  696.543 11850.674  6.4x 10° 3 13.327
Arl  794.817 5172.608  1.86x 107 3 13.282
Arll  322.597 4564.233  2.1x 10° 4 23.103
ArIl  375.048 4012450  1.0x 10° 4 19.762

Table 2 gives the specific wavelength and the proper values of
different parameters from the NIST atomic database (Kramida et al., 2018).
On substituting these values equation (3) can be expressed as

R 5 41x10” exp[?{so} 4]

2 bre

R
When the graph is plotted betweenR—1 of equation (4) against

2
different temperatures of electron in the range 0 to 2 eV, figure 9 is obtained.
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The ratio of intensities of these specific wavelengths /i /I, was2.01 at 6.6
13 /14
kV. Hence from the Figure 9, the excitation temperature of electron is found

to be about 0.79 eV (approx..9133K).

Figure 9
Graph of intensities ratio of corresponding wavelength Vs K T,

——T,=0.79 eV at peak voltage 6.6 kV|

04 06 08 10 12 14 16 18 20
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Determination of density of electron by the Saha-Boltzmann relation

This part now computes the electron density n, using the average
electron excitation temperature 7. =0.79¢p obtained from line intensity
method in filamentary modes. By necessity, partial local thermal equilibrium
(PLTE) must exist in order to use the Saha equation (Balcon ef al., 2007).
For the filamentary mode, one can assume PLTE between the top levels
of each transition, assuming that the main processes in the discharge are
radiative recombination and collisional ionizations. In the direction of
observation, it is also crucial to consider that the source is optically thin.
The Saha equation can be expressed as:

e 5] o
I )\ )4 )\ g, h K,T,
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Where /. = intensity of Ar II (375.048 nm) lines transition (4p-3d)
and / = intensity of Ar I (794.817 nm) lines transition 4p — 4s. A, A and
g are the wavelength, transitional probabilities (Einstein coefficient) and
statistical weight (upper level) of the corresponding transition respectively.
All the values of quantities present in right hand side of above equation are
present in Table 1. The ionization potential of argon £, is 15.760eV. From
these values, equation (5) gives the density of electron as 1.28 x 10! cm™
which agrees with the result given by Wu et al., 2016.

Determination of Density of Electron by Stark Broadening Approach

According to Gigosos et al. (1996), the Stark broadening of the Ar
spectral line determines the electron density of CAPP in the filamentary
mode. Along with Stark broadening, other factors that contribute to the
broadening of the Ar spectral line profile include Doppler broadening,
van der Waals broadening, and instrumental broadening. It is usually easy
to disregard both the resonance and natural broadening in high-density
plasmas. Consequently, the Ar spectral line profile is often broadened as
a result of these components' combined influence. Though the variation in
electron temperature can be disregarded for atmospheric pressure plasma
in argon, the Stark broadening is theoretically dependent on both electron
temperature and density (Dong et al., 2005). As a result, only the filamentary
mode was utilized as a density diagnostic using the Stark broadening
method. Here, each broadening mechanism operates independently of the
others. The combined line profile is the convolution product of the line
patterns of each mechanism. The Lorentzian nature of the Stark broadening
is established. The Lorentzian fit of the argon line 696.5 nm at a peak
voltage of 6.6 £V is shown in Figure 10. The value of the full width of
half maximum (FWHM) of spectral line 696.5 nm at a peak voltage of 6.6
kV is 2.06 A'. The electron density for the filamentary mode is determined
using the equation A7 —2x10™" ,é, and the electron density is found to be
3.3x10"°cm > . This value is consistent with the outcome of Stark broadening

on an argon line (Dong et al., 2005).
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Figure 10
Lorenzian fit of Ar 696.5 nm line in filamentary mode
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CONCLUSION

The experimental findings reported in this study demonstrate
that non-thermal plasma can be produced by dielectric barrier reactor
at atmospheric pressure with a line frequency of 50 Hz. Because of the
small gap size and the rapid fluctuation of plasma properties, identifying
the plasma at atmospheric pressure is frequently difficult. We have
demonstrated, however, that optical emission spectroscopy may provide a
reliable estimate of both the electron temperature and density. The electron
density obtained by the current density method, Saha - Botzman relation,
and Power balance method agrees well with the order of 10" cm™ while
electron density obtained from Stark broadening is of the order of 10'°cm ™ .
The excitation temperature of electron as determined by the Boltzmann plot
and line intensity ratio method are 0.92¢} and 0.79¢)” at a peak voltage of
6.6 kV which satisfies the temperature of cold plasma. The characteristics of
this discharge at atmospheric pressure were similar to those of the traditional
capacitive radiofrequency discharge at lower pressure. Without the need
for a chamber, the discharge operates at atmospheric pressure, making it
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suitable for quick on-line surface treatment of polymers, seed treatment,
and water treatment without causing vacuum compatibility issues.
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