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In this study, atmospheric pressure plasma jet was generated by a high-
frequency, high-voltage source modulated by a neon sign transformer.
Neon transformers are compact, cost-effective, and have ability to
generate high-frequency output voltage, which makes them particularly
effective for generating argon-based plasma jets. The main focus is on
evaluating the effects of continuous voltage modulation by the neon
sign transformer on the electrical characteristics of atmospheric
pressure plasma jets in Ar gas. It is found that alterations in the
modulated voltage also alternate plasma intensity. Changes in voltage
amplitude in each modulation cycle of the neon sign transformer leads
to significant changes in the electrical characteristics of the plasma jets.
Furthermore, an increase in voltage amplitude not only enhances
plasma intensity but also corresponds to a nearly linear increase in
power consumption and dissipation within the treated targets. By
examining these parameters, the study seeks to provide insights into
optimizing plasma generation for energy-efficient and high-
performance applications in fields such as biomedical treatments,
agriculture, and food safety.
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Plasma ap suit khi quyén
Plasma lanh

Méy bién ap neon

Phong dién man chin dién moi
Phong dién cao ap

Trong nghién ctru nay, tia plasma ap suat khi quyén da duogc tao ra boi
béi may bién 4p Neon. May bién ap Neon ¢6 kich thuéc nhé gon, chi
phi thap va c6 thé tao ra dién ap cao, tan sb cao nham van hanh hiéu qua
hé thdng tia plasma trong méi truong khi Argon. Muyc tiéu chinh cua
nghién ciru 12 tao ra tia plasma boi ngudn dién c6 chi phi hop 1y dé van
hanh, dong thoi danh gid anh huong cua viée thay ddi bién do dién ap
lién tyc bdi may bién ap Neon ddi vai cac ddc tinh dién cia tia plasma
trong khi Ar. Két qua thi nghiém cho thay su thay doi trong bién do
dién ép ¢ mdi chu ky diéu bién cua ngudn dién din dén nhiing thay ddi
dang ké trong dic tinh dién hoc cuia cac tia plasma. Hon nira, Sy ting
bién d¢ dién ap khong chi lam tang cuong d6 plasma ma con tuong ung
lam tang gan nhu tuyén tinh cac gia tri dién ning tiéu thu cua hé thong
va su tiéu hao nang lugng trén muc ti€u dugc xu ly. Cac két gua nghién
clru cung cap thong tin chi tiét vé kha ning t6i wu héa qué trinh tao ra
tia plasma véi hiéu suat cao tng dung trong cac linh vuc nhu diéu trj y
sinh, néng nghiép va an toan thuc pham.
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1. Introduction

Atmospheric pressure plasma jet (APPJ) is non-thermal plasma that operates at atmospheric
pressure conditions, where electron temperature is much higher than heavy particle temperature.
They contain a variety of reactive species, such as reactive oxygen and nitrogen species (RONS).
These devices are widely valued for their application in sensitive areas such as biomedical
treatments, agriculture, and food safety without causing thermal damage [1], [2]. APPJs are
extensively employed in biomedical applications, including sterilization, wound healing, and
cancer therapy, owing to their ability to deliver RONS that exhibit antimicrobial and cytotoxic
effects [2]. Moreover, APPJs have shown exceptional potential to promote seed germination and
early seedling development by modulating biochemical and physiological responses in plants [3],
[4]. In food safety, APPJs have been utilized to inactivate pathogens while preserving the
nutritional quality of food [5].

APPJs configuration typically utilize coaxial dielectric barrier discharge (DBD)
configurations, where dielectric layers are placed between electrodes to prevent arcing and ensure
stable plasma formation. In most studies, Argon, a noble gas, which offers lower breakdown
voltage and enhanced discharge stability, widely used as a working gas for plasma generation [6]
— [8]. APPJs based on DBD systems exhibit distinct electrical behaviors depending on the
working gas, electrode configuration, and power source. Emerging studies have emphasized the
influence of electrical parameters, such as pulse duration, frequency, and voltage amplitude, on
plasma characteristics. The properties of the dielectric material and the different power supply
methods will affect the stability and energy efficiency of DBD-driven plasma jet [9] — [13].

Neon sign transformers are devices widely used in lighting systems for neon signs and are
high-voltage devices designed to drive gas discharges. They operate by converting industrial
sinusoidal alternating current main voltage into high voltage with high frequency, sufficient to
ionize working gases. Neon transformers are compact, cost-effective, and have high-frequency
output voltage, which makes them particularly effective for generating argon-based APPJs [14].
A standard output voltage waveform of a neon sign transformer (NST) characterized by its high-
frequency, high-voltage sinusoidal oscillations. The waveform appears to have a modulated
envelope that the voltage amplitude increases to a peak before decreasing, which repeats
cyclically and is composed of multi-sinusoidal waveforms [13].

This study aims to explore the characteristics of Ar-APPJs driven by a NST. The modulation in
amplitude of output voltage waveforms plays a pivotal role in controlling the properties of the
plasma. Therefore, the research on the impact of voltage amplitude modulation on plasma
characteristics within the output voltage envelope of a neon transformer reveals the progression of
plasma development under various amplitude modulations. The investigation focuses on key
relationships between applied voltage, discharge current, total power consumption, and power
dissipation on target surfaces. By examining these parameters, the research seeks to provide
insights into optimizing plasma generation for energy-efficient and high-performance applications.

2. Experimental setup

The experimental setup for APPJ is illustrated in Figure 1, showing (a) the schematic diagram
of the setup, (b) the structure of electrodes and reactor, and (c) the wiring diagram. The
experimental condition is shown in Table 1. The reactor is a quartz tube with dimensions of 6.5
mm inner diameter, 8.8 mm outer diameter, 110 mm length, and 2 mm wall thickness. A high
voltage electrode is a copper wire positioned in the center of the discharge tube. The grounded
electrode is a spiral wire located at the outer surface of the tube. A primary power supply
generates a standard AC-50 Hz voltage (Vi,) fed to the NST, which converts it into high voltage
(Vou) With a rated value of 9 kV and a frequency of 17 kHz. The high voltage from the
transformer is measured using a high-voltage probe (Tektronix P6015A 75 Mhz). The circuit
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current is measured via a shunt resistor (BPC10100J 102 10 W). The plasma jet is formed at the
nozzle with Ar gas supplied from the upper of the tube as the working gas. Argon gas is
introduced into the discharge tube by adjusting the flow rate at 1sIm. At the exit of the reactor, a
copper plate measuring 40 x 40 mm is positioned to direct the plasma, the plasma jet is emitted
from the jet source and directed onto a copper plate. The copper plate in the setup serves as the
target for the plasma jet. The accumulated charge on the copper plate is measured using a
monitor capacitor (C,,) with capacitance of 1.3 nF. The voltage and current through the capacitor
can be monitored using a high voltage probe (Tektronix P6015A 75 Mhz) and a current probe
(CT- pearson 2877- 200 Mhz) connecting to the oscilloscopes. This setup facilitates the
acquisition of Lissajous Figures, enabling the analysis of electrical parameters, such as plasma
voltage and charge transfer characteristics. The voltage and current waveforms are observed and
recorded by digital oscilloscopes (Tektronix MD0O3022- 200 MHz-2.5G S/s and Tektronix TBS
1102B-EDU-100 MHz- 2.5G SI/s).
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Figure 1. Experimental setup: (a) schematic diagram, (b) reactor structure, (c) wiring diagram
Table 1. Experimental conditions with high frequency Neon sign transformer

CT 200- 300 MHz

Primary power supply 0+ 230V, 50Hz
Neon transformer 0+9 kV, 17 kHz
Working gas Argon

Gas flow rate 1slm
Pressure Atmospheric pressure
Sample rate 2.5 GSals
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Figure 2. The output waveforms of NST with V., = 8 kV, 17.46 kHz:
(a) Waveform overview, (b) Enlargement waveform

3. Experimental results and discussion

In the experimental NST exhibited maximum voltage amplitudes of 9 kV at frequencies of
17.46 kHz with a standard output voltage waveform shown in Figure 2. The waveform appears to
have a modulated envelope showing that the voltage amplitude increases to a peak with V,,, = 8
kV before decreasing to V,, = 0 kV, which repeats cyclically and being composed of multi-
sinusoidal waveforms. Figure 3 presents the experimental results, which include the source
voltage, discharge current, current through the measuring capacitor, and the voltage across the
monitor capacitor. In this experimental condition, in each applied voltage envelope, the discharge
just occurred when the voltage modulation applied to the high voltage electrode of the reactor
started to reach an amplitude of V,,, = 4 kV or higher. Therefore, Figure 3 shows the discharge
progress from 4 to 8 kV of the applied voltage peak. The discharge phenomenon occurs at the
rising and falling edges corresponding to each half-cycle of the source voltage. Discharges
mainly occur just before the voltage reaches its maximum value during the rising and falling
edges of the supply voltage. Charges from the plasma jet accumulate on the oriented copper plate
and are measured by the monitor capacitor (C,, = 1.3 nF). The current through the capacitor is
related to the accumulated charges on the copper plate and voltage dropped on the capacitor is
induced, exhibiting a waveform similar to that of the source voltage. As the applied voltage
amplitude increases, the system observes a rise in both the number of discharge pulses and the
peak value of the discharge currents. There is a clear enhancement in the intensity and frequency
of current discharge spikes, with more pronounced and frequent spikes. A discharge current with
a peak value of 54 mA was observed in the case of V., = 4 kV, then increased to a peak nearly
300 mA in the case of V,, = 8 kV. At higher voltage levels, discharge currents are generated
more frequently, and the discharge duration is extended. As a result, the capacitor captures a
larger current than at lower voltage levels due to the accumulation of charges from the increased
plasma current peaks (I). The trend in electrical properties, including the highest current pulse
and the number of discharges at each voltage level, is illustrated in Figure 4. It demonstrates a
quasi-linear relationship with changes in voltage amplitude. This indicates that the plasma
intensity varies in accordance with the changes in voltage amplitude during one modulation cycle
of the source voltage.

The temporary power p(t) can be calculated by Equation (1) while energy (E) provided for the
system in each cycle can be calculated by Equation (2). In these equations, v(t) and i(t) are
voltage and current curves obtained by data acquisition system shown in Figure 3. The p(t)
curves are shown in Figure 5 and energies (E) consumed in each cycle are areas bounded by the
p(t) curves.
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Figure 3. Electrical characteristics of plasma jet within peak-to-peak voltage amplitude (V,.,) modulation
progress: (&) Vo, = 4 kV, (b) Vpp = 5KV, (C) Vpp = 6 KV, (d) Vpp = 7KV, (€) Vpp = 8 kV
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Figure 4. Effect of peak-to-peak voltage amplitude on (a) discharge pulse density
(counted when discharge current I > 10 mA), and (b) maximum current discharge peak value
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Figure 5. Power and energy consumption during discharge cycles within peak-to-peak voltage amplitude
(Vp-p) modulation progress: (a) V., = 4 KV, (b) Vop = 5KV, (C) Vo, = 6 KV, (d) Vpp = 7KV, (€) Vpp = 8 KV

The Lissajous diagram is a valuable tool to calculate the active power dissipated during
discharge cycles, the method involves determining the area enclosed by the hysteresis loop in the
charge-voltage (Q-V) diagram [14]. This relationship can be obtained by placing a capacitor (C,) in
series in the discharge circuit and plotting the voltage drop (v.,) across or charges variation (Q,,) on
the capacitor against the voltage applied to the high voltage electrode (v,). In a dielectric barrier
discharge (DBD) system, the charge on the dielectric changes in response to variations in the
applied voltage throughout the AC cycle, creating a loop. The area (S) encompassed by the Q-V
hysteresis loop is directly related to the energy dissipated during each cycle of the AC voltage as
Equations. (3-5). The average active power dissipated during plasma discharge can be calculated
using Equation (6). Lissajous diagram and energies (Ey) dissipated on treatment target of copper
plate in each cycle are shown in Figure 6.

Q, (1) =C,v, () )
v, (1)
=, %o @
P(t) = v, (©)i(t) =v, (1) -C, dvdt(" ©
dv, (t)

i
Ele!va(t)-C dt_—j C, v, _—[]jde =15 @orE;=S ()

one
cycle

where T and f are period and frequency of power supply, respectively.

The power and energy provided by the NST during each cycle increase as the voltage
amplitude increases, demonstrating the plasma enhancement effect that results from increasing
voltage amplitude in a modulated envelope of the power supply voltage (Figure 7a). The plasma
enhancement is also evidenced by the increased energy dissipation on the target treatment of the
oriented copper plate (Figure 7b), reflecting how the elevated voltage amplitude in the power
supply's modulated envelope intensifies the effects on the oriented copper plate. Increasing the
voltage amplitude supplied to the APPJ could enhance the efficiency of processes such as
material treatment or chemical synthesis, where more active plasma facilitates better interaction
with materials. However, the enhancement also suggests higher instability, which could pose
challenges in controlling the plasma characteristics for precise treatment.

dt
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4. Conclusion

In conclusion, this study has successfully demonstrated the generation of APPJ using a high-
frequency, high-voltage source modulated by an NST. Systematic examination reveal that
continuous voltage modulation from the NST significantly influences the electrical characteristics
of APPJ in Ar gas. Specifically, variations in the modulated voltage directly affects the plasma
intensity and stability, resulting in notable changes in the electrical behavior of the jet throughout
each voltage cycle used to ignite the jet. Furthermore, an increase in voltage amplitude not only
enhances plasma intensity but also leads to a nearly linear increase in power consumption and
power dissipation on the treatment targets. It is important to note that within the voltage envelope
of the NST, plasma only occurs when the peak-to-peak voltage (V,,) exceeds 4 kV, and its
intensity increases until it reaches the maximum value of V,.,. Consequently, there are periods
when plasma does not occur and periods where plasma activity is very intense. This characteristic
should be considered for specific applications, especially those requiring precise control over
plasma properties such as in material treatment or chemical synthesis. In addition, these findings
underscore the important role of voltage modulation in optimizing plasma jet performance for
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various application scenarios, highlighting the need for careful control and understanding of the
electrical parameters that affect plasma behavior. In addition, future research using variable
frequency setups canoffer deeper insights into how frequency impacts the optimization of plasma
processes. Optical emission spectroscopy should be investigated, incorporating practical
experiments to evaluate the effectiveness of plasma applications, such as sterilization or surface
treatment, thereby improving applications in plasma technology.
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