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Original Research Abstract:

Received: Using a plasma jet at ambient temperature and atmospheric pressure, the investigation was conducted to
29 April 2025 determine the potential effects of non-thermal plasma on radish seeds. A cold atmospheric plasma jet with an
ZRS?SCd:ZOZS argon gas source was employed for this system. Six treatment dose and one control were utilized to measure
Acc;];)ltz d& the germination parameters. The impact of atmospheric pressure plasma on treated radish seed germination
14 Augus.t 2025 over several time periods was observed under a working voltage 5 kV, and an argon flow rate 2 L/min. The

germination percentage, and shoot length were all boosted at an ambient condition. The optimal germination
appears to be two minutes of operating time whereas it reduces for 2.5 and 3 minutes. Both untreated and
plasma-treated seeds were characterized using Fourier Transform Infrared Spectroscopy. Radish leaves’
chlorophyll content was measured and it is revealed that the treated seeds have more chlorophyll. Electrical
and optical techniques have been used to create and characterize the plasma jet.
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1. Introduction

Along with solid, liquid and gas, plasma is the fourth state
of matter which is composed of highly energetic positively
charged ions, electrons and neutrals [1]. During genera-
tion of plasma, the gas is allowed to pass into the system
which is ionized by electric current. The significant heat
is produced because of electrical resistivity due to which
electrons strips away from the gas molecules, forms ionized
gas stream called plasma [2]. The plasma technique can
be classified into two categories based on temperature of
plasma: Thermal plasma and non-thermal plasma [3].

The thermal plasma is produced at high pressure where
all gas particles are strongly ionized and that of plasma
has high temperature ranges 4000 K to 20000 K [4]. The
thermal plasma is widely used in material processing, coat-
ing technologies, slag metallurgy, synthesis of powders [5].
Non-thermal plasma is also known as cold atmospheric

plasma because of its low temperature. Cold atmospheric
plasma utilizes very few electrical energies and can generate
plasma at atmospheric pressure [6].

Cold atmospheric pressure plasma plays a crucial role in
medication for microorganism decontamination in indus-
trial purposes for increasing surface hydrophilicity [7, 8].
Not only this, but also, cold atmospheric pressure plasma is
widely used in technological and biomedical field [9-11].
The plasma treatment causes a surface functionality that
affect surface properties due to which wetting behavior of
the surface gets modified [12—14]. The plasma treatment
creates roughness of the surface which changes wettability
of the surface [15]. Cold atmospheric pressure plasma treat-
ment increases wettability, implicity and water absorption
[16]. Cold atmospheric pressure plasma uses for decon-
tamination of grams and vegetable seeds, [17, 18] enzyme
activity [19, 20] and yield of plants [21]. Cold atmospheric
pressure plasma causes less damage to the seeds because
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active substances penetrate into the seeds to several nanome-
ters [22, 23].

Radish (Raphanus Sativus L.) is a vegetable cultivated
in large quantities worldwide. It has a large succulent
hypocotyl [24]. Radish is cultivated in large quantities due
to its beneficial properties for humans. Radish is vegetable
of Brassicaceae family which is consumed worldwide be-
cause of its nutritional value [25, 26]. Radish is classified
into two groups according to the season i.e. spring-summer
and winter in which crops are grown [27]. It is a good
source of potassium, magnesium, calcium, manganese, cop-
per, Vitamin B¢, and Vitamin C [28]. It is found that cold
plasma significantly increased seed germination. The seed
germination was increased by plasma treatment on radish
seeds [29].

It has been shown that the effect of plasma on the surface
causes the enhancement of surface, hydrophilicity, which
promote seedling growth. The suitable processing condition
may be different for different discharge conditions, however,
the longer treatment time on seeds can damage its surface
[30].

2. Materials and methods

Two bundles of radish were collected from the market. Each
packet contains about 200 seeds. After that, fifty radish
seeds were kept in a petri dish and was exposed to the
plasma for varying periods of time. These seeds, both
treated and untreated, were planted in a seed tray with 50
cells. One seed was planted in each cell. Every morning,
15 — 20 mL water was injected into each cell through a
syringe and the germination rate was also recorded.

2.1 Experimental setup

The Cold Atmospheric Pressure Plasma Jet was used to
plasma treat the radish seedlings. Argon gas, dielectrics,
electrodes, a voltage controller, and a high voltage power
source make up the cold atmospheric pressure plasma jet.
In place of the costly RF power supply, the high voltage
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power supply is used. The output of the power supply is 4
kV, 30 mA, and 29 kHz. 220 V is linked to this high voltage
power supply’s input. 3 mm was the internal diameter of
the copper electrode. An electrical supply was connected
to the copper electrode. The nozzle tip was 4 mm from the
ground electrode, and the spacing between two electrodes
was set at 60 mm. Fig. 1 displays the schematic diagram of
the experimental setup.

The argon gas flow rate was kept constant at 2 L/min. By
monitoring the current and voltage waveforms and ana-
lyzing them with a TEKTRONIX TDS 2002 oscilloscope
and a current and voltage probe (PINTEX HVP-28HF), re-
spectively. As a result, electrical characterization of the
discharge was completed. The voltage probe’s attenuation
ratio is 1000:1. Using an optical emission spectrometer,
the discharge was optically characterized using the stark
broadening method and the line intensity ratio method. The
HR1 High Resolution Spectrometer (ASEQ instruments)
served as the OES. The 200 — 830 nm detection range was
used. 300 gr/mm grating element, 0.176 nm resolution, and
10 micron slit width.

Using a PIKE technologies spectrometer, the ATR-FTIR
spectroscopic measurements of the seed were carried out
in the 4000 — 450 cm ™~ spectral band, with a resolution of
4 cm™!, a scan speed of 0.2, and an accessory type MIRA-
CLE.

The chlorophyll of radish leaves was measured by chloro-
phyll meter TYS-B DZEO9.

Figure 1 and Fig. 2 depict the plasma jet schematic diagram
and the seed treatment by plasma jet, respectively.

3. Result and discussion

3.1 Electrical characterization of plasma jet

The electron density in the glow phase of discharge is cal-
culated using power-balanced approach. The discharge is
dispersed across the whole region while in the glow mode.
Consequently, the power balance approach is appropriate for
estimating electron density. The energy received by plasma
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Figure 1. Schematic diagram of the plasma jet.
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Figure 2. Seed treatment by plasma jet.

from the plasma source and the energy lost by plasma com-
ponents are balanced in this manner [31-33]. The typical
voltage and current waveform over time, where several
micro-discharges occur, is depicted in Fig. 3. It turns out
that current is more variable than voltage, meaning that cur-
rent fluctuates more than voltage. Because of this, our high
voltage power supply’s capacitive load of APPJ is greater
than its inductive load. Furthermore, current variation is
caused by current leakage.

The electron density was calculated by using power balance
method.

Pdl/

=50 (H
2AVbEl ost

ne

where P,, = VI is the average power dissipation, area of
electrode (A) = 28.2 x 107% m?, Bohm velocity (V},) =

2 x 10® m/s, energy lost (Ej,y) = 50eV = 80 x 10717
J, applied voltage (V) = 7 kV, discharge current (I) =
16.5mA = 16.5 x 1073 A, the electron density was found
to be 1.28 x 107 m~3,

Lissajous figures are frequently used to determine the power
utilized when utilizing a sinusoidal bias voltage difference.
For plasma jet arrangement, the Lissajous figure often takes
the form of a parallelogram. [Bigahzoli, U. et al.] The
power lost in the cold atmospheric pressure plasma is de-
termined by using P = f [V (¢)I(¢)dt, where f is frequency.
The Lissajous figure obtained is in parallelogram shape,
which is shown in Fig. 4. From Lissajous figure and voltage
and current waveform characteristics, it is found that the
energy dissipated and power consumed in discharge per
cycle is 3.331 x 10~* J and 6.662 Watts respectively.
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Figure 3. Current voltage graph.
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Figure 4. Lissajous Figure.

3.2 Optical characterization

Optical emission spectroscopy is extensively utilized for low
temperature plasma diagnostics [34]. This approach is non-
intrusively adaptable and comparably affordable. Electron
density and temperature may be calculated using the line
intensity ratio technique. The intensity of each spectral line
is determined by the number density of gas species in the
higher state, and each spectral line corresponds to an optical
transition between two quantum states of an atom. The
temperature and density of electrons determine the number
density.

3.2.1 Line intensity ratio method

The species present in the spectra is given in Table 1. These
species are identified according to National Institutes of
Standard and Technology (NIST) atomic database. Four
suitable lines (two for Ar I, and two for Ar II) are chosen
from the spectra and the electron temperature 7, is deter-
mined using the line intensity ratio method by using the
formula [35]

A

&:EZ(@ 8y A @)(&)(L)
Ry % A" &g lpq Ay’ 8x Ay )
v expl Er =B = EutEuy
P KT,

where 7, is the electron temperature, / the spectral line
intensity, and R the ratio of two lines’ intensities. The transi-

tion probability is represented as A;;, i — j, g; is the higher
level’s statistical weight, A is the radiation’s wavelength, E;
is the upper level’s energy, and k is the Boltzmann constant.
The observation provides the values of A and I, while the
National Institutes of Standards and Technology (NIST)
database provides the values of A;;, g;, and E;.

R,

0.972
=3.6 x 10 2exp|
Ry KT,

] 3)

A typical optical emission spectra of atmospheric pressure
argon plasma jet generated at 7 kV with frequency 27 kHz
is shown as in Fig. 5. It infers the presence of different
species in the plasm jet. A few Ar I and Ar II lines with
their corresponding values are given in Table 1. This data is
taken from NIST Database.

Figure 6 shows the variation of intensity ratio with elec-
tron temperature. From this graph, it was found that the
electron temperature was 0.365 eV. The average kinetic en-
ergy of electrons in a system is referred to as the electron
temperature, which is a measurement of the thermal energy
of electrons at a specific temperature. The average kinetic
energy per electron is expressed in electron volts by this
number.

3.2.2 Stark broadening method

Understanding the physical and chemical processes of
plasma requires knowledge of the electron temperature and
density. Electron density is measured using the Spectral

Table 1. Intensity and wavelength of Ar I and Ar II lines at 7 kV.

Wavelength

Transition probability  Statistical

Intensity (au)

Lines (nm) ) weight ~ nersy (V) at 7kV
ArT Ay, =696.80 A, =6.4x 10° gp=3 E,=13327 I =3252.48
Arl Ay =75070 Ay =4.5x107 =1 E =13479 L =161137
Arll A, =338.08 Ay =19x108 ge=4  E; =23.630 I;=7422
ArTl Ap =381.69 Ay, =1.7x107 gu=4 E,=2281 I,=2134
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Figure 5. Optical emission spectrum of the discharge at 7 kV with frequency 27 kHz.

Line Profile Method, Laser Thompson Scattering, and the
Langmuir probe. However, Laser Thompson Scattering is
a sophisticated technique, and Langmuir probes work well
with low pressure plasma. The spectral line profile approach
works well because of its straightforward equipment and
non-instructive features.

In plasma, the electron density exceeds 10'3 cm™3. Thus,
the stark impact is significant, and as a result, stark broad-
ening is employed in plasma diagnostic application. Sharp
broadening results from atoms’ coulomb interactions with
charged particles in plasma. Neutral broadening’s full width
at half maximum (FWHM) AAg.c (nm) depends on electron
temperature 7, (K) and electron density n, (cm™3).

2
Mk = 2 x 107173 4)

The stark profile is described by the sum of these two asym-
metrical Lorentzian Spectral Line profile because of plasma
ions impact broadening [35]. The electron density was also
calculated using Stark Broadening Method [36, 37].

The argon line at 696.85 nm was selected for this. Fig. 7

displays the Lorentzian fit of the data. The electron density
is connected to the full width at half maximum (FWHM) of
stark broadening A,k by equation (3).

The valve of Algk is 2.34 nm and electron density were
found to be 3.99 x 10'® cm—3.

3.3 FTIR analysis of radish

A sample’s chemical makeup and one of its functional
groups can be inferred from the FTIR spectrum. A FTIR
spectrum’s transmittance shows how much light was ab-
sorbed at each frequency. A collection of atoms in a
molecule having unique chemical characteristics is called a
functional group. A high transmission at a certain frequency
indicates that the sample has few bonds to absorb that color
light. The functional groups in a sample can be located and
measured using the transmittance spectrum.

Equal-sized seeds were collected for FTIR. Fig. 8 displays
the FTIR of the treated and untreated seeds. In relation to
wavenumber transmittance, the seeds’ transmittance rises.
It was found that as the wavenumber grows, so does the
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Figure 6. R; /R, as function of electron temperature.
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Figure 7. Spectrum of the discharge at 5 kV with frequency 27 kHz.

transmittance. Table 1 displays the functional group identifi-
cation. The transmittance was seen to change with treatment
time. The rate rises for 2.5 and 3 minutes but falls after 30
seconds, 1 minute, 1.5 minutes, and 2 minutes. A drop
in transmittance at a certain wavelength indicates a rise in
the functional group’s concentration, whereas an increase
in transmittance indicates a decrease in the concentration
at that wavenumber. This study suggests that the plasma
treatment affects functional group of seeds which might
change growth and development.

From Table 2, at (2914-2925), the transmittance rises for 2.5
and 3 minutes and falls for 30 seconds, 1 minute, 1.5 minute,

and 2 minutes treated seeds. It indicates that the concentra-
tion of the C-H functional group rises in seeds treated for
30 seconds, 1 minute, 1.5 minutes, and 2 minutes, and falls
in seeds treated for 2.5 minutes and 3 minutes.

Transmittance in treated seeds reduces for 30 seconds, 1
minute, 1.5 minute, and 2 minutes compared to untreated
seeds at 1745-1746, but rises for 2.5 and 3 minutes. It
shows that the C=0 group rises in treated seeds for up to
two minutes, but then falls for two and three minutes [38].
The transmittance of treated seeds drops during 30 seconds,
1 minute, 1.5 minutes, and 2 minutes at (1463-1466), al-
though it drops for 2.5 minutes and 3 minutes. It shows

o riend
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R TS

25 Wirasies
8 Msaes
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Figure 8. FTIR of radish.

2251-7227[https://doi.org/10.57647/j.jtap.2025.1904.37]


https://doi.org/10.57647/j.jtap.2025.1904.37

Thakur et al.

JTAP19 (2025) -192537 7/11

Table 2. Wavenumber and transmittance of radish.

Absorption peak Functional Transmittance %
wavenumber cm™')  gOUP  Upgreaed 30sec Imin  1.Smin 2min  2.5min 3 min
2914 - 2925 C-H 70 58 59 64 55 72 90
1745 - 1746 C=0 68 60 58.5 57 55 69 89
1463 - 1466 C-H 81 76 75 75 74 82 95

that treated seeds had higher concentrations of C-H bending.
between 30 seconds, 1 minute, 1.5 minutes, and 2 minutes,
it stays about the same in treated seeds; however, between
2.5 and 3 minutes, C-H bending diminishes in treated seeds.

3.4 Germination

Radish (Raphanus Sativus)

The untreated and treated radish seeds were sowed. The
number of germinations were counted every day, After 20
days, area of leaf, chlorophyll content, and shoot length
were measured.

The radish seeds’ germination rate, mean germination time
and germination index were all assessed [39]. Figure 9
shows a typical glimpse of germination of radish seeds at
different treatment time with and without plasma discharge.

3.4.1 Germination rate
The germination rate of seeds is the number of seeds that
germinate over a specific number of days. The germination
rate was found by using:

100(ny +no+---+n;)

Germination Rate (G.R.) = N

®)

where n; is the total number of seeds germination on first
day, n5 is the total number of seeds germinated on 2" day,
n; is the total number of seeds germinated on the i day,
and N is the total number of seeds sown.

Figure 10 shows the germination rates for untreated, 30-
second, 1-minute, 1.5-minute, 2-minute, 2.5-minute, and
3-minute treated seeds were 74%, 90%, 84%, 88%, 92%,
64%, and 54%, respectively. The viability of a population
of seeds is estimated by seed germination.

This result reveals that the rate of germination of seeds
increases for 30 second, 1 minute, 1.5 minute, and 2 minutes
respectively, but decreases for 2.5 minutes and 3 minutes
plasma treatment.

3.4.2 Mean germination time

The mean germination time shows how quickly the seeds
germinate on average. The mean germination time was
found by using the formula:

b d
Mean Germination Time (MGT) = w

~ mdytmdy+ -+ nid;

(0)
where ny,ny,--- ,n; stands for number of seeds germinated
on first day, second day and ith day, d;,d», - - ,d; denotes

first day, second day and i day respectively, and N denotes
the total number of seeds germinated on test day. It was
found to be 8.43, 8.17, 8.11, 6.90, 6.67, 7.62, 6.88 for Un-
treated, 30 second, 1 minute, 1.5 minutes, 2 minutes, 2.5
minutes and 3 minutes treated seeds respectively.

The outcome indicates that the mean germination time de-
creases for 30 second, 1 minute, 1.5 minute and 2 minute
plasma treated seed but increases for 2.5 minutes and then
decreases for 3 minutes treated seeds.

3.4.3 Germination index (GI)

The most often used metric to assess the rate and consis-
tency of seed germination is the germination index (GI).
It provides a more understandable indicator of seed vigor
than just counting the number of seeds that germinated by
combining germination speed and germination percentage.
Faster and more consistent germination is measured by a
higher GI. The following formula was used to get the ger-
mination index (GI):

G(I) Gy Gy G
G.L — =44+ = 7
ZD(I) o o, T D (7
where G1,Gs,- - -, G; are the total number of germinations

on first day, second day and on ith day, and D1,D;,- - -
indicate the 1% day, 2" day and i day respectively.
For untreated, 30 second, 1 minute, 1.5 minutes, 2 minutes,
2.5 minutes, and 3 minutes treated seeds, the corresponding
values were 4.87, 5.45, 6.46, 6.66, 7.53, 4.53, and 4.13 as
shown in Fig. 11.

Figure 12 refers that the germination index for plasma
treated seeds upto 2 minutes and after then it decreases
up to 3 minutes.

As a result, it was discovered that treated seedlings had
higher germination parameters after two minutes of plasma
treatment. The germination characteristics are reduced by
higher plasma dosages for 2.5 and 3 minutes.

7Di

3.4.4 Effect of NTP on plant shoot length

The bar graph showing in Fig. 13 quantitatively represents
the effect of non-thermal plasma treatment duration on plant
shoot length. Length measurements, presented with stan-
dard error bars, indicate a progressive enhancement in shoot
elongation from the untreated condition up to 2 minutes of
plasma exposure. Specifically, there is a noticeable increase
in shoot length from approximately 17.2 cm (untreated) to
a peak near 18 cm at the 2-minutes treatment, suggesting
that plasma-induced reactive species may stimulate cellular
division and elongation processes within the plant meris-
tematic tissue during this period. However, beyond this
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Figure 9. Germination of radish seed.
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Figure 11. Mean germination time of radish.

optimal threshold, a decline is observed at 2.5 and 3 min-
utes, where shoot length decreases to values below those of
the control. This reduction implies that prolonged exposure
likely leads to oxidative stress or disruption of hormonal
signaling pathways, thereby inhibiting growth. The error
bars, although small, confirm the reproducibility of the data
across replicates. Overall, the graph supports the hypothe-
sis that plasma treatment exerts a biphasic effect on plant
growth, with short-term exposure promoting and long-term
exposure suppressing shoot elongation.

3.4.5 Effect of NTP on leaf area of seedling

The bar graph showing in Fig. 14 displays the leaf area
(in mm?) of Left Leaf, Right Leaf, and 1% True Leaf at
various plasma treatment duration ranging from untreated to
3 minutes. Initially, leaf area increases with treatment time,
reaching a peak at 1.5 to 2 minutes for all three leaf types,
indicating that plasma exposure up to this point promotes
leaf growth. The 1% True Leaf generally exhibits the largest
area compared to the other leaves throughout the treatments.
However, beyond 2 minutes of exposure, a sharp decline in
leaf area is observed, especially notable at 3 minutes where
the Right Leaf shows a drastic reduction. This suggests that
while moderate plasma treatment enhances leaf expansion,
extended exposure may have detrimental effects on leaf

JTAP19 (2025) -192537 9/11

development.

3.4.6 Measurement of change in chlorophyll content

Chlorophyll contents are key indicators of plant health and
physiological status. Chlorophyll exists in various forms,
with chlorophyll @ and chlorophyll b being the most com-
mon types found in photosynthetic plants and green algae.
These pigments are primarily responsible for the green col-
oration of plants, and their concentration significantly influ-
ences the plant’s chemical composition. As such, pigment
content is often used in statistical analyses to assess plant
physiology and biochemical characteristics.

In this study, we analyzed the changes in chlorophyll content
in plant extracts in relation to different duration of plasma
treatment. The bar graph in Fig. 15 illustrates the chloro-
phyll content (measured in SPAD units) in three types of
plant leaves-Left Leaf, Right Leaf, and 1% True Leaf-across
different plasma treatment duration ranging from untreated
to 3 minutes. Overall, the 1% True Leaf consistently shows
the highest chlorophyll content across all treatment times,
with a peak around 2 minutes. Both Left and Right Leaves
exhibit a gradual increase in chlorophyll content up to 2
minutes of treatment, after which there is a noticeable de-
cline, particularly in the 2.5 and 3-minute treatments. This
trend suggests that short plasma exposure (up to 2 minutes)
enhances chlorophyll accumulation, especially in the 1%

Germination Index

1.8minutes 2minvtes 28minutes 3 minvtes
Treated Time

Untrested 30 seconds 1 minute

Figure 12. Germination index of radish.

Length

10
Untreated 30sec 1 Min

1.5Min 2 Min
Treated Time

25Min 3 Min

Figure 13. Shoot length of radish as function of treated time.
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Figure 15. Chlorophyll content in plant with treated time.

True Leaf, while prolonged exposure beyond this threshold
negatively impacts chlorophyll levels.

4. Conclusion

A low-cost plasma generation system using locally accessi-
ble materials has been created. Both electrical and optical
techniques have been used to characterize the plasma jet. By
using the stark broadening technique and power balance, the
electron density was determined to be around 1.28 x 10'7
m~3 and 3.99 x 10'® cm™3, respectively. Using the line
intensity ratio approach, the electron temperature was deter-
mined to be 0.365 eV. Plasma treatment increased the radish
seed’s germination parameters, leaf area, and shoot length.
Additionally, treated seeds have higher levels of chlorophyll.
When applied to radish seedlings, the plasma therapy ap-
pears to be beneficial for up to two minutes. The rate of
germination, shoot length, leaf area, and chlorophyll were
all observed to decrease when plasma was applied to seeds
for 2.5 and 3 minutes. According to FTIR research, trans-
mittance rises throughout the 2.5 and 3-minute treatment
periods and falls during the first two minutes.
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