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Abstract

These days, atmospheric pressure plasma jet technology is regarded as one of the most practical
instruments in a number of domains, such as agriculture, plasma medicine, and surface
modification. A quartz glass tube with an internal diameter of 3 mm and an exterior diameter
of 5 mm is used to create the plasma jet. The electrodes are 8 cm apart and have a width
of 1.0 cm. They are composed of aluminum foil which wraps the glass tubes. As a working
gas, argon is utilized. The power supply has a frequency of 27 kHz and a voltage of 20 kV.
Electron density and electron temperature have been established in order to describe plasma.
The stark broadening method and power balance are used to determine the electron density.
The line intensity ratio method is used to determine the electron temperature. It is revealed
that applied voltage and gas flow rate affect both electron density and temperature.
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1 Introduction ticles created inside plasma gather energy and be-

come reactive. A cloud containing an equal number
The discharges between two electrode plates in rare ©f negatively, positively, and neutrally charged par-
ticles makes up the quasi-neutral condition known
as plasma. Because plasma behaves collectively, the
motion of charged particles within it affects the mo-

gases at low pressure are the most widely used ar-
tificial plasma production method. Because of the

research done on plasma discharges throughout the

years, scientists today consider this medium to have tion of other particles; as a result, the charged par-
unique and very advantageous properties. lons, ticle will not exhibit single-particle motion. The
electrons, excited atoms, photons, and other par- collective behavior is due to the coulomb forces cre-
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ated by the interaction of negative charges. Due to
this property, plasma will show collective electro-
magnetic objects. The collective behavior property
is an important factor which distinguishes plasma
from solid, liquid and gas [1,2]

A new area of agriculture called "seed treat-
ment with plasma technology" holds the potential
for raising crop productivity, germination rates and
seed quality [3]. The non-equilibrium atmospheric
pressure plasma produced using different configura-
tions has collected keen interest in agriculture due
to its potential to enhance seedling growth and ger-
mination rate in various crops [4]. The first known
case of plasma application on plant seeds was in a
US patent wherein soybean seeds were treated with
CAPP made from air, oxygen, and nitrogen gases,
resulting in improved germination and growth [5].
Several studies have demonstrated that applying at-
mospheric pressure plasma to various seeds can im-
prove germination and seedling growth [6].

For plasma production, locally available mate-
rial like quartz glass tube, Aluminum foil etc. are
used.

We have created a cost-effective gadget that can
produce a low-temperature, non-equilibrium atmo-
spheric pressure plasma jet. The development of
the economically viable plasma jet system has sev-
eral uses in material processing and medicinal re-
search [7,8]. The working gas is argon, and the
plasma jet is produced in a quartz glass tube [9,10]
We can touch such a plasma jet with our bare hands
because it poses no threat to human health [11].
Techniques for plasma characterization can be used
to ascertain the condition of the plasma [12, 13]
Plasma is described by its electron density [14] This
technique creates a plasma jet in a quartz glass tube
of different sizes. The capillary tube is wrapped in
aluminum foil to create the electrodes, which are
1.0 cm diameter. The separations between the elec-
trodes are 4cm and 8cm [15-17]

In this work, such generated plasma is treated
on Swiss chard seeds for different durations and
its impact on such seeds for the germination and
seedling growth. Not only this but also, evolution
of germination is noted for the variation of gas flow
rate.

2 Materials and Methods

The Swiss chard seeds were purchased locally at
the market in Kathmandu. After being exposed to
plasma, the Swiss Chard was maintained in a petri
dish. After that, both treated and untreated seeds
were planted in a seed tray with soil. Each tray
carries fifty cells.

2.1 Plasma generation and its characteris-
tics

The experimental set up to produce plasma jet is
shown in Fig.1 which consists of electrode system
made of aluminum foil of 1.0 cm wide, wrapped
around a quartz glass tube. The upper electrode
is connected to high voltage power supply while
the lower electrode is grounded. The distance be-
tween two electrode is 8 cm. The flow rate of argon
is maintained at 2 and 3 litre/min and voltage is
maintained at 6-9 kV. Frequency is maintained at
27 kHz. The current and voltage probe are used
for electrical characterization. The voltage across
discharge is measured using a 1000 x voltage probe
PINTEK HVP-40 and an oscilloscope (Tektronix
TBS 1052B). A 100 €2 resistor is connected in series
with the ground (Tektronix TPP0051, 10 X volt-
age probe) electrode to measure the discharge cur-
rent. Optical emission of discharge is observed by
HRI1- high-resolution spectrometer (ASEQ Instru-
ment) in which the optical fiber cable is placed 10.0
mm below the lowest point of the electrode.
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(b) Real Picture of Plasma Jet

Figure 1
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3 Results and Discussion

3.1 Electrical Characterization of APPJ
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Figure 2: Current-Voltage Graph
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Figure 2 (a) and Fig. (b) show the discharge volt-
age with respect to time and 2(b) shows the dis-
charge current with respect to time of APPJ, with
electrode gap of 8 cm, applied voltage 8 kV and
an operating frequency of 27kHz at atmospheric
pressure condition. The electron density is deter-
mined by using power balance method expressed in
eqn.(1) [18]

The glow mode discharge is homogeneously
spread over the whole electrode area, so the plasma
density can be estimated from a power balance
method (described by Lieberman and Lichtenberg,
1994, chapter 3.5; energy lost per electron-ion pair
created — Page 81 and chapter 10.2 electronegative
plasma equilibrium — Page 304). The energy lost
by the system per electron-ion pair can be written
as:

Elost = Vp + Ee + Ee (1)

where V,, is the plasma potential (K.E. gained
by an ion falling through the wall sheath of ~5kTe).
E. is the K.E. of electrons lost to the wall (~2kTe).
FE., represents the collisional energy lost per
electron-ion pair created (taking into account the
ionization potential, the excitation energy lost per
photon in radiation and elastic collision costs in-
cluded).

FEi,st depends on Te which is expected to be be-
tween 10 and 20 eV [19] and under these conditions
Ej,s: can be reasonably approximated to 50 eV for
argon [20].

The total power absorbed by a capacitively cou-
pled plasma can be written as

Pabs = 2Aene%Elost (2>

where 2A.n.V} represents the total current by
ion charge over the area 2A of two electrodes
(A=78.5 cm?), V; is Bohm velocity (which equals
the ion sound speed, in our condition, 2x10° cm/s).

P(LU

_—— 3
2 AVbElost ( )

Ne =

Where P,, is the total power, A is the area of
electrode, V4 is the bohm velocity and Ej,g; is the
energy lost per cycle.

Ve =2x 1072 m/s

Elpst = 80x 10719 J

A =116x107% m?

V = 5.66 kV, 6.36 kV

I=15.84 mA, 15.70 mA

The electron density was found to be 2.41 x
102'm~2 and 2.69 x 10>'m~3. This shows that the
electron density increases with the increase in ap-
plied voltage.

3.2 Optical Characterization of APPJ:
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Figure 3: Spectrum of discharge

The typical optical characterization of the discharge
as shown in Fig. 3 was carried out by using the
line intensity ratio method. In this method, two
for Ar I and two for Ar II were chosen from spec-
tral lines obtained from atmospheric glow discharge.
The electron temperature is determined by using
the formula [21,22].

)

where, R is the ratio of the intensity of two lines,
I is the intensity of spectral line, A;; is the transi-
tion probability, g; is the statistical weight of upper
level, A is the wavelength of spectral line, E; is the
energy of upper level, Kp is Boltzmann Constant,
and T is electron temperature. The values of A;;,
gi, and E; are obtained from National Institute of
Standards and Technology (NIST) Atomic Spectra
Database and values of A and I are obtained from
the observation.

L Ajiagade

By — E;
R=t_ 2 .22
I, Ajpgioh (

KgT,

Table 1 represents the wavelength and their cor-
responding intensities obtained from observed data,
The corresponding transition probability, statistical
weight and energy are taken from NIST database
[23,24]

Substituting these values in eqn. (2).
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Table 1: Parameters of Arl and ArIT lines (taken from NIST database).

LinesWavelength (nm)Transition probability (S™!)Statistical WeightEnergy (eV)Intensity (au) 2 L/minIntensity (au) 3 L/min

ArT ), = 696.806
ArT A, = 763.7776
ArTl A,y = 316.33
ArIT Ay, = 380.472

Apg = 6.4 x 10°
Aps = 2.45 x 107
Agy = 1.8 x 108
Ay = 1.5 x 108

g =3 E,=13327 I, = 1203.687
g =5 E,=13171 I, = 2203.754
9o =4 E,=23893 I =996.709
gu =6 B, =22514 I, =2415.21

The ratio of intensities is obtained as:

Ry 1.223
— = 0.256 3
o e (o) 5)
Ry . .
B = 1.325 for 2 litre per minute (6)
2
Ry . .
— = 2.113 for 3 litre per minute (7)
Ry
‘ Te=0.764eV| ¢ [Te=059ev
O 0s 0s we 10 1z s 715 O oi s s 10 12 14 s
Te (eV) Te (eV)
(a) (b)

Figure 4: Graph of Intensity Ratio of corresponding
wavelength as the function of electron temperature.
(a) 21/min (b) 3 1/min

The electron temperature was found to be 0.76
eV and 0.59 eV for 2 litres /min and 3 litres /min
respectively. This shows that electron temperature
decreases as gas flow rate increases. The faster gas
flow rate increases collision due to which electron
loses energy more rapidly, and hence electron tem-
perature decreases.

3.3 Stark Broadening Method

The stark broadening method is used to determine
the electron density with the help of emission spec-
tra of the discharge. The argon line of 696.54 nm
was chosen. By using eqn. (4), the electron den-
sity can be calculated by full width half maximum
(FWHM)

Te Te

1016 1016
3. ,—1/3 Ne
[1 R ]“’ [1016}

Where Alggrr is the full width half maxima
FWHM, w is the electron impact parameter, « is
the ion broadening parameter, n. is the electron

}1/4

AXstark = 2w { } + 3.5 [

(8)

density (cm™3), T. is the electron temperature.
Both w and « are tabulated for different temper-
ature. The first part of equation (2) represents the
broadening due to electron contribution, while the
second part represents the ion broadening. Since
the ionic contribution to the broadening is usually
very small, it can be neglected and the following
simplified formula for determining the electron den-
sity results [14, 25]

Ne
Adstark = 2w {W} 9)
Adgrark = 2 x 107 1102/3 (10)
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Figure 5: Electron density of plasma jet (a) 2 1/min
(8 kV) (b) 2 1/min (9 kV) (c) 3 1/min (8 kV)

3.4 Effect of applied voltage and gas flow
rate

The stark broadening of the line of 696 nm and its
Lorentzian fit is shown in Fig. 4. When gas flow
rate was 2 1/min at voltage 8 kV, Adgzqrx = 1.65053
and n, = 2.37 x 1022 m—3. For gas flow rate of 2
1/min at voltage 9 kV, the value of AXgqk is 2.0899
nm and electron density is 3.37 x 10?2 m~3. When
the gas flow rate was 3 1/min and voltage was 8
kV, Adgiare = 1.66796 and n, = 2.405 x 1022 m~3.
The result shows that increased gas flow rate causes

I; = 2596.531
1> = 3800.631
I3 =1116.082
14 = 2988.318
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more collisions, due to which rate of ionization in-
creases and hence electron density increases. Also,
increasing applied voltage strengthens the electric
field. So, electrons accelerate due to which colli-
sions increase and hence increase electron density.

3.5 Germination of Swiss Chard

2_-Liter 2 min

2 Liter 1 min 2 Liter 3 min

(b)

3 Liter 2min 3 Liter 3 min

()

Figure 6: Germination Rate for untreated and
treated seeds (a) Untreated (b) 2 L/min Treated
for 1 minute, 2 minute and 3 minute (¢) 3 L/min
for 1 minute, 2 minute and 3 minute

3 Liter 1 min

The seed germination, germination rate, mean ger-
mination time and germination index of the radish
seeds were calculated.

The seed germination was calculated by using:

Germination percentage =

Number of Germinated Seeds (11)

1
00 x Total Number of Seeds

The germination percentage of untreated swiss
chard was found to be 62%. However, the germi-
nation percentage of the treated seeds at gas flow

rate 2 L /min was found to 78%, 90%, 92% for 1
minute, 2 minutes and 3 minutes respectively. Sim-
ilarly, when the gas flow rate was 3 L/min, the ger-
mination percentage was found to be 80%, 92% and
94% respectively.

The germination index (GI) was found by using:

_ Number of seeds germinated on 1st count
B day of the 1st count
number of germinated seeds on final count

GI

day of final count
(12)

It was found to be 4.81 for untreated seeds, and
6.14, 6.99, 7.38 for 2 litre 1 min, 2 litre 2 min and
2 litre 3 min treated seeds. The germination in-
dex was found to be 7.56, 7.96, 8.41 for 3 litre 1
min, 3 litre 2 min and 3 litre 3 min treated seeds
respectively.

Germination Rate (%)

Untreated 2 litre 1 min 2litre 2min 2 litre 3min 3 litre 1 min 3litre 2 min 3 litre 3 min

Treated Time

Figure 7: Germination Index for Untreated and
Treated Seeds

The germination index (GI) is a frequently used
metric to assess how quickly and consistently seeds
germinate. In contrast to simply counting the num-
ber of seeds that germinated, it provides a more un-
derstandable indicator of seed vigor by combining
germination speed and germination percentage. A
higher GI indicates more rapid and consistent ger-
mination.
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Germination Index (GI)

Untreated 2 litre 1 min 2 litre 2 min 2 litre 3 min 3 litre 1 min 3 litre 2 min 3 litre 3 min
Treated Time

Figure 8: Germination Index for Untreated and
Treated Seeds

The mean germination time (MGT) was deter-
mined by using:

~ Y(nxd)
MGT_T

where, n = number of seeds germinated on each
day

d = Number of days from the beginning of the
test

N = Total number of seeds germinated at the
end of the test

It was found to be 8.27 for untreated seed, and
7.65, 7.41 and 7.06 at gas flow rate of 2 litres, for
1 minute, 2 minutes and 3 minutes respectively.
Mean Germination Time was found to be 6.87, 6.43
and 5.85 at gas flow rate of 3 litres, for 1 minute, 2
minute and 3 minutes respectively.

(13)

9

Mean Germination Time (MGT)
N w £ [$,] [} ~ [e<]

Untreated  2litre 1 min  2litre 2 min  2litre 3min  3litre 1min 3 lire 2min 3 litre 3 min

Treated Time

Figure 9: Mean Germination Time for Untreated
and Treated Seeds

The mean germination time indicates how
quickly the seeds germinate on average.

4 Conclusion

Cold Atmospheric Pressure Plasma Jet has been
produced and characterized by electrical and opti-
cal methods. Electron density by electrical method

was found to be 2.41 x 102!m~3 and 2.69 x 10?!m—3
for applied voltage 8 kV and 9 kV respectively. Sim-
ilarly, by optical method, when gas flow rate was 2
1/min at voltage 8 kV, electron density was found
to be 2.37 x 10?2 m—3.

For gas flow rate of 2 1/min at voltage 9 kV,
electron density is 3.37 x 10?2 m~=3. When the gas
flow rate was 3 1/min and voltage was 8 kV, elec-
tron density was 2.40 x 10?2 m~3. The electron
temperature was found to be 0.76 eV and 0.59 eV
when gas flow rate was 2 L and 3 L respectively.
Because the stronger electric field accelerates elec-
trons more forcefully and leads to more frequent
ionizing collisions that produce more free electrons,
the electron density in plasma rises with applied
voltage. Additionally, a higher gas flow rate leads
to more collisions, which raises ionization and, con-
sequently, electron density. Additionally, a higher
gas flow rate induces more collisions, which trans-
fers more energy from electrons to neutral particles
and lowers the temperature of the electrons. The
germination parameters like germination rate, ger-
mination index of treated seed was found to be in-
creased, and mean germination time was found to
be decreased. Therefore, the germination parame-
ter rises as a result of the drop in electron tempera-
ture and the increase in electron density. The result
seems in agreement with the previous work.
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