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Abstract

The atmospheric pressure plasma jet works under atmospheric pressure condition, has been
developed for surface treatment and biomedical applications. The produced jet has been
characterized by electrical and optical methods. To characterize cold atmospheric argon plasma
discharge, its electron density, and electron energy (temperature) at various conditions have
been estimated by using different techniques such as power balance, stark broadening, and
intensity ratio methods respectively. Atmospheric pressure plasma jet (APPJ) has drawn much
attention all over the world due to its applications in material processing, biomedical material
processing, and thin film deposition. APPJ has been produced, using a high voltage and high
frequency power supply (0-20 kV) and an operating frequency of 20 kHz. Results showed that
the electron density was of the order of 10 cm™ and 10*° cm™ as determined by power balance,
intensity ratio, and stark broadening methods respectively while electron temperature was
estimated to be about 0.46 eV and 0.53 eV at 3 kV and 4 kV respectively by using intensity
ratio method. The energy dissipation per cycle of the discharge was also estimated by using the
Lissajous figure method. Our results confirmed that the parameter such as electron temperature
and density depend on the applied voltage, gas flow rate, and electrode distance as well.

Keywords: Atmospheric pressure plasma jet, Electron temperature, Electron density, Energy

dissipation, Electrical characterization, Optical characterization.

1. INTRODUCTION

The cold plasma discharge produced in atmospheric
pressure is also stable even at low frequency as
compared to RF sources which is much more
expensive.

The most of the previous works have used RF
power supply which is more expensive compared to
the power supply used in the present study. The
plasma jet is designed with locally available
materials and can be made treatment continuous for
a long time. We have successfully developed a
plasma device that is able to generate non-
equilibrium APPJ of low temperatures. The cost-
effective system of generating argon plasma jet at
atmospheric pressure having different applications
in materials processing and biomedical research has
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been developed [1, 2]. Plasma is an ionized gas of
charged and neutral particles which shows
collective behavior. It is an electrically conductive
gas containing charged particles. The atoms of
process gas are excited to higher energy states,
some of their electrons get ionized, producing
plasma containing electrically charged particles,
ions, and electrons. Langmuir proposed that the
electrons, ions, and neutrals in an ionized gas could
similarly be considered as corpuscular material
entrained in some kind of fluid medium and called
this fluid medium plasma [2]. However, it turned
out that unlike blood where there really is a fluid
medium carrying the corpuscular material, there
actually is no fluid medium entering the electrons,
ions, and neutrals in an ionized gas.
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Generally, plasma is the fourth state of matter after
solid, liquid, and gas. The dynamic nature of the
plume is investigated by using an intensified
camera [3, 4]. To determine plasma parameters,
atmospheric pressure cold argon plasma jet has
been characterized electrically and optically with
respect to applied voltage and frequency to
understand the dynamic behavior of discharge. The
plasma jet is generated with a capacitive coupled
dielectric barrier discharge and a working gas of
argon flowing out into the environmental air [5, 6].
The produced argon plasma jet is harmless for
humans because of its low voltage [7]. In order to
characterize the argon plasma jet, its electron
temperature and its composition have been
determined by means of optical emissions
spectroscopy [7, 8]. Therefore, the plasma
characterization techniques are important to
determine the plasma conditions [9]. In the present
experimental setup, three glass tubes are coupled
using a nylon coupler which facilitates introducing
an additional inlet for gases in the discharge regime
without any detriment to the jet formation
mechanism [10-12].

2. MATERIALS AND METHODS
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Fig. 1: (A)The experimental setup and (B) Image of the
discharge along with voltage and current probes[16]

The experimental set up to produce plasma jet is
shown in figure 1(A). The experimental set up
consists of capacitive coupled electrode system
made of copper foil of 3 mm diameter wrapped
around two ordinary glass tube of outer diameter 50
mm and inner diameter 40 mm. The copper
electrode is connected to high voltage power supply
and the glass tube is coupled with nylon coupler of
length 5 cm. The distance between two electrodes is
fixed at 50 mm and the distance between the tip of
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the nozzle and lower electrode is 30 mm. The
system consists of one additional inlet with a third
tube connected with nylon coupler horizontally in
the middle as shown in figurel (A). The third inlet
can be used to introduce additional gas into the
system. During the experiment, argon was used as a
main working gas in the experiment.

The flow rate for argon gas is 1-2 Itr/min and the
voltage and the frequency were maintained at 3-4
kV and 20 kHz respectively. The figure 1(B) shows
the image of plasma jet along with current and
voltage probes for electrical characterization.
Figurel(B) shows the electrical characterization of
the discharge which was done by measuring the
current and voltage wave-forms, were analyzed in
TEKTRONIX TDS2002 oscilloscope by using
current probe and voltage probe (PINTEX HVP-
28HF) respectively. The attenuation ratio of the
voltage probe is 1000:1. Similarly, Optical
characterization of the discharge were done by
using Line intensity ratio and Stark broadening

methods with the help of optical emission
spectrometer (USB 2000+, Ocean Optics).
Materials used for the electrical and optical

characterization of atmospheric pressure plasma jet
are shown in figure 2.
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Fig. 2: Materials used during the experiment for
electrical and optical characterization of APPJ

3. RESULTS AND DISCUSSION

Temperature determination of atmospheric
pressure plasma jet (APPJ)

Figure 3 shows the temperature of plasma jet with
time at discharge voltage 4 kV. It was linear up to
60 seconds then after almost remains constant from
90-180 seconds as shown in figure 3. Atmospheric
pressure plasmas have pressure approximately
matches with surrounding atmosphere. This plasma
is also called normal plasma. The plasma jet was
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Fig. 3: Temperature measurement of APPJ at 4 kV and
an operating frequency of 20 kHz

designed with locally available materials to make
treatment  continuous and cost  effective.
Temperature of plasma jet was directly measured as
working condition using thermometer is about 24.5°
C at working voltage 4 kV and an operating
frequency of 20 kHz. So that the produced plasma
discharge sustained at low temperature is called
cold atmospheric pressure plasma jet and widely
used in biomedical applications [1].

Electrical characterization of APPJ

The total power absorbed by a capacitive coupled
atmospheric pressure plasma jet can be written as
P, =2Any,E,, where, 2An.v, E,_, represents

lost lost
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the total power of the discharge over the area 2A
of the two electrodes, n being the electron density,

Eiost being the energy lost per cycle, and v, being
the Bohm velocity. The electron density is

estimated using the power balance method
expressed in the equation (1).
P
Ny = = 1)
2AVbEIost

This equation can be used to determine the electron
density in the glow mode of the discharge [13, 14].

Figure 4 (A) shows the discharge voltage with
respect to time and 4(B) shows the discharge
current with respect to time of APPJ generated in
argon with electrode gap of 50 mm, applied voltage
4 kV and an operating frequency of 20 kHz at
atmospheric pressure condition.

Using the values of applied voltage and average
discharge current, the electron density is
determined using the equation (1). Using the value

of Bohm velocity Vi, = 2x10°m/ s[14], energy

lost 80x10™ J, electrodes area 4096 x 10° m2

applied voltage 4 kV and discharge current about
20 mA, the electron density (n. ) was found to be
3.5% 10", The power (P=VI) consumed per cycle

was about 80 watt [14-16].
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Fig. 4: (A) Voltage and (B) current waveforms as the function of treatment time at an applied voltage 4 kV and an
operating frequency of 20 kHz (flow rate of argon (Q)=2 Itr/min)

Determination of energy dissipation during each
cycle of discharge

Electrical characterization of atmospheric pressure
plasma jet is carried out by connecting a voltage
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probe across the electrodes and current probe is
connected along with suitable resistor of resistance
10 kQ. Energy dissipated is one of the parameter
of produced atmospheric argon plasma jet. The
energy produced depends on applied voltage, area
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of the electrodes and volume of gas flow rate and
determined energy using lissajous figure as shown
in figure 5. The area covered by lissajous figure
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Fig. 5: Lissajous figure: plot of graph between charge
and voltage (4 kV)

gives the total energy of the discharge in each
cycle[13, 15]. Figure 5 shows the Lissajous figure
plotted between the data of charge and applied
voltage used to determine the total energy of cold
plasma discharge in each cycle. Total area enclosed
by lissajous figure is estimated about 3.6x10™ m?.
We have, total energy of the discharge per cycle is

R_L/1, :[A—j[g—J[Lj[iJ(g—
I:QZ |3/ |4 As gr /’i’pq A<y gx
Here, in equation (2), R is the ratio of the

intensity of two lines, | is the intensity of the

spectral line, Aji is the transition probability of the
transition 1 — ], g, is the statistical weight of

the upper level, A is the wavelength of the line
radiation, E; is the energy of the upper level, K,
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Fig. 6: Spectra of the discharge at frequency 20 kHz and
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equal to the total area enclosed by lissajous figure.
Hence, the total energy dissipated during each
cycle of discharge is 3.6 x 10™J.

Optical characterization of APPJ

The optical emission spectra of APPJ in the range
of 200-1100 nm is shown in figures 6 and 7. The
resolution 0.1 nm of optical emission spectrometer
(USB 2000+ from Ocean Optics) has been used to
characterize plasma species present in the
discharge. The most intensive OH line found at 309
nm and 282.6 nm shows line of least intensity
indicating emission of UV radiation. The prominent
argon lines are found in the wavelength range from
696 nm to 850 nm which indicates the different
transition of argon lines. The peaks in the region
330 nm to 350 nm shows the transition of nitrogen.

The optical characterization of the discharge was
carried out by using the line intensity ratio method. In
this method four suitable lines (two for Ar I and two
for Ar Il) were chosen from spectral lines obtain from
atmospheric pressure glow discharge(APGD). The
working formula used to calculate the electron
temperature is as follows [17, 18]:

E,—E —E, +E,
P~ KT
B e

is Boltzmann constant and T, is the electron

Xy

temperature. The values of A and | are obtained
from the observation, and the values of Aji . 0

and E; are obtained from the National Institute of

Standards and Technology (NIST) Atomic Spectra
Database [19].
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Fig. 7: Spectra of the discharge at frequency 20 kHz and
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an applied voltage of 3 kV in argon environmment( flow

rate = 2 Itr/min)
Table 1: Intensity and wavelength of Ar I and Ar 1l lines at 3 kV and 4 kV

an applied voltage of 4 kV in argon environmment (flow

rate = 2 Itr/min)

Lines | Wavelength Transition Statistical | Energy (eV) Intensity(au) | Intensity(au)
(nm) probability weight at 3 kv at4 kv
(%
6 — - — —
Ar | 696.54 qu: 6.39%10 gp— 5 Ep— 11.564 1,=14103.43 1,=16778
7 — - — —
Ar | 749.87 A = 4.02x10 9= 3 Er— 11.636 1,=8317.32 1,=8954.44
rs
7 — — — —
Arll | 314.82 A =520x10 9= 6 EX— 19.249 I3 =5720.66 I3 =6211.09
Xy
6 — — — —
Arll | 379.81 A = 1.05x10 g = 8 Eu— 16.797 1, =8227.50 I, =8201.75
uv

Table 1 shows the particular wavelengths and their
corresponding values of different parameters. On
substituting these values obtained from the National
Institute of Standards and Technology (NIST)
Atomic Spectra Database [19] in equation (2), the
ratio of the intensities is expressed as in
equation(3).

[ Te=0.46 eV at 3 kV
Te=0.53 eV at 4 kV

2.524

R 1.14x1072 exp

2 e

1 1 1 1
0.3 0.6 0.9 1.2 15
Te (eV)

At different values of electron temperature, the
values of ratio of intensities of the corresponding
wavelength were determined. When graph plotted
between the data of intensities ratio and
corresponding electron temperature, the nature is as
shown in figure 8.

The ratio of intensity of these four particular

wavelengths (%) was 2.4 at 3 kV and 1.17 at 4

no=2f ][ A | L] 9 (Zﬂm—ekT‘*jAexp s el
) I, LA JUA L9 h? KT, @)

Stark Broadening Method

The emission spectra of the discharge were further
used to measure electron density (ng) using Stark
broadening method. In this method the argon line of
696.54 nm was chosen. By finding the value of
Akstark USINg FWHM and substituting in equation (5)

Fig. 8: Graph of intensities ratio of corresponding
wavelength as the function of electron temperature

kV. Hence, from the graph, the electron
temperature (T,) was found to be 0.46 eV and 0.53
eV at 3 kV and 4 kV respectively.

Similarly, from both the cases, the electron density
were calculated by using equation (4).

Substituting these parameters obtained from the
National Institute of Standards and Technology
(NIST) Atomic Spectra Database [19] in equation
(4), the electron density was found to be 1.82 x
10%cm™3 and 2.11x 10'%cm™3at 3 kV and 4 kV
respectively.
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we obtained values of n, for different plasma
conditions. The dependence of n, on different
plasma conditions was determined as fellows [16,
20, 21]. The electron density is calculated by full
width half maximum (FWHM) according to the
relation represented by equation (5).

_ —11,, 2/3
Mgy =2x207 022 (5)
Effect of applied Voltage
X 3kV, Exp.
+ 4kV, Exp
—— 3KV, Fitted
—— 4kV, Fitted
AL=1.514nm
6000 (- n,=2.082x10""cm™
=
8
o
‘? AL=1.495nm
& n =2.0328x10"°cm”
€ 3000} °

696
Wavelength (nm)

Fig. 9: Comparison of electron density of plasma jet at
working voltage 3 kV and 4 kV (argon flow rate 2 Itr/min
and an operating frequency of 20 kHz).

Figure 9 shows the stark broadening of the line at
696.54 nm gives a reasonable approximation of the
electron density of the discharge. Lorentzian fit of
the data for the line is shown in figure 9. Spectral
line analysis is a good method for determining
electron density. The electron density is related to
FWHM according to the relation represented by
equation (3). The value of Algark IS 1.49 nm and the
corresponding electron density is 2.032x 10 cm
when the applied voltage was 3 kV. Similarly,
Alsiarc 1S 1.51 nm and the corresponding electron
density is 2.08x10"® cm™ when the applied voltage
was 4 kV. It is seen from the result that the electron
density is proportional to the applied voltage.

Effect of gas flow rate

Figure 10 shows the stark broadening of the line at
696 nm gives a reasonable approximation of the
electron density of the discharge. Lorenzian fit of
the data for the line is shown in figure 10. Spectral
line analysis is a good method for determining
electron density. The electron density is related to
FWHM according to the relation represented by
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equation (3). The value of Algaw IS 1.448 nm and
the corresponding electron density is 1.948x 10"
cm * when the argon gas flow rate was 1 ltr/min.
Similarly, Aksar 1S 1.508 nm and the corresponding
electron density is 2.07x10"® cm™ when the gas
flow rate was 2 ltr/min. It is seen from the result
that the electron density is proportional to the flow
rate of gas [20, 21].

9000 f +  Altr/min
2ltr/min
—— 1ltr/min, Fitted
AR=A.508h 2ltr/min, Fitted
n =2.07x10"°cm™
6000 "
i A2=1.448nm
> n =1.948x10"°cm™
‘@
=
o)
€ 3000
S S KK X kX
0Og 1 1 1

696
Wavelength (nm)

Fig. 10: Comparison of electron density of plasma jet of
process gas (argon flow) 1 Itr/min and 2 Itr/min (at 4 kV
and an operating frequency of 20 kHz)

4. CONCLUSION

The cost-effective system of generating plasma jet
at atmospheric pressure with potential applications
in material processing has been developed. The
temperature of plasma jet was to be measured about
24.5° C at 4 kV so that the discharge is termed as
cold plasma. Atmospheric pressure argon plasma
jet has been produced and estimated plasma
parameters by optical and electrical methods.
Electron density (ne) and electron temperature (T,)
were found to be of the order of 10** cm®and 10"
cm™ [16] using power balance, intensity ratio and
stark broadening methods and 0.46 eV and 0.53 eV
[10] at applied voltage 3 kV and 4 kV respectively
using intensity ratio method. Energy dissipated
each cycle of discharge was found to be 3.6 x10™J,
using the Lissajous figures method. It was found
that electron temperature increases when applied
voltage increased. It has been seen from the results
that electron density was proportional to applied
voltage and gas flow rate as well.
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