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Abstract
In this paper, the design, performance and characterization of a low temperature argon plasma jet with a Surface
Dielectric Barrier Discharge (SDBD)-like structure are presented. Based on this structure, the argon plasma
jet is generated in a SDBD-like structure with a mixed electric field. SDBD-like structure, refers to the plasma
jet generated by the surface dielectric barrier discharge. The effects of high frequency electric pulse as the
main igniter for plasma jet generation and low frequency sinusoidal electric field in order to modify the dynamic
behavior of plasma jet are investigated in this paper. The effect of these variations on the plasma jet along with
the decrease in pulse repetition frequency were recorded by Schlieren imaging method. This study revealed the
important role of decreasing the pulse repetition frequency in the mixed electric field in the SDBD-like plasma jet
structure. Increasing the cross-sectional area of the plasma colliding with the target surface is the most important
advantage of this structure for the generation of plasma jets. Also, the trend of decreasing plasma column
continuity with increasing pulse repetition frequency is another result of this study. Under these conditions, the
diameter of the cross section of the plasma jet increases to 9 mm without increasing the consumption of more
electrical power and with equal jet length. Finally, the surface hydrophilicity was measured after treatment by
plasma jet and the operation resulted in a super-hydrophilic surface.
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1. Introduction

Today, plasma science is a leader in advanced science. With
the advancement of plasma science, new instruments in this
field are being designed for various applications [1–3]. De-
vices based on dielectric barrier discharge (DBD), surface
dielectric barrier discharge (SDBD), atmospheric cold plasma
jets (ACPJ) are developing rapidly in plasma applications
[4–6].
In the last decade, using plasma jets in surface engineering
has been the subject of intense research worldwide because
of their special effects on the surface [7, 8]. Among the major
applications of plasma jets, one can name the hydrophilicity
and hydrophobicity of the surface, disinfection of surfaces,
chemical activation of surfaces, and the creation of functional
groups on the surface for specific applications. Several gases
are used as the plasma generator given the plasma jet applica-
tions [9, 10].
Argon, helium, and air are among the most critical gases
used in industry and biology to plasma generation [11, 12].
However, different conditions are needed in terms of elec-
trical power, duty cycle, and pulse repetition frequency to

provide the electrical energy required to create a plasma jet
in each gas [13–15]. Another essential component in generat-
ing plasma jets is designing a jet nozzle [16]. Applying the
power source and the mechanism of plasma generation in the
plasma reactor has a great impact on plasma generation and
increases the efficiency of plasma jet [17, 18]. As a result of
accurate design, we achieve a plasma jet with an acceptable jet
length and cross-sectional diameter. The cross-sectional area
of the plasma jet colliding with the surface is an important
parameter in surface processing [19]. Therefore, proposing
any method to amplify the plasma jet will greatly assistance
reduce the energy consumption and time required for surface
treatment [20, 21]. For this purpose, in this article, we have
used two techniques simultaneously. In the first step, a plasma
jet nozzle with a surface dielectric barrier discharge (SDBD)
design was utilized and this technique allowed us to have
plasma jet as large as the inside diameter of the reactor during
the plasma generation step. In the second stage, we used an
external electric field to control the ionic wind generated by
the SDBD, which led to the control and optimization of the
plasma jet. Finally, by treating a standard steel surface by
the generated plasma jet and varying the parameters of the
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Figure 1. The schematic of the experimental SDBD-like plasma jet set-up and measurement tools.

Figure 2. The schematics of single mirror-type schlieren
setup and the argon plasma jet which is put in controlled
condition in the front of the parabolic mirror.

Figure 3. The voltage and jet current waveforms of 50Hz
sinusoidal power supply used for the outer ring electrode.

plasma jet, we will parameterize the optimal conditions. Also,
in characterizing plasma jet, schlieren method was used to pa-
rameterize the dynamic behavior of plasma jet. This method
is an important technique in detecting and imaging variationes
fluid current density.

2. Material and methods
A schematic of the experimental setup is shown in Figure 1.
The SDBD like plasma jet consists of a quartz tube (inner
diameter 9 mm, length 10 cm) and a copper ring-ring elec-
trodes configuration. The rings have the same width and are
equal to 2 cm. The outer electrode is located 2 cm from the
end of the tube and connected to a 50 Hz sinusoidal power
supply (Figure 3). A mid-frequency pulse power supply pow-
ered the inner electrode (Figure 4). The electrical power is
transmitted to the internal electrode by a high voltage wire
through the Teflon holder. Due to high voltage, for electric
field modulation, we used a pulse modulation mechanism (an
amplitude modulation type) [22]. Argon gas flowed through
the quartz with a flow rate of 8 slm (standard liter per minute).
A Casio Exilim Ex-ZR700 digital camera records the length
of the plasma jet. The voltage and the current are measured
by a high voltage probe (TEKTRONIX P6015 1:1000) and
a Rogowski coil [23]. The electrical signals are visualized
using a TEKTRONIX TDS 2024B oscilloscope (200 MHz).
Schlieren photography was used to image the neutral gas flow
ejected from a plasma jet. (Figure 2). The components of this
setup are arranged in a single mirror configuration, described
in detail in [24]. The optical emission spectrometer (OES) was
used to detect plasma spectral. The optical fiber was placed 3
mm below the jet nozzle and 12 mm from its central axis. The
average electrical power applied to the plasma jet with follow-
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Figure 4. The voltage and jet current waveforms of pulsed
power supply used for the internal ring electrode.

ing equations, where Pave is average, P(t) is time-dependent
electrical powers, Epulse is the energy per pulse, V (t) and I(t)
are the time dependent voltage and current, respectively.

P(t) =V (t)× I(t) (1)

Epulse =
∫ T

0
P(t)dt (2)

Pave =
Epulse

T
(3)

Ptotal = Pave(6KHz)+Pave(50Hz) (4)

The total power consumption of two power supplies is shown
by Ptotal . The total electrical power is assumed to be constant
(25 watts) in all measurements and treatments. The power
in the pulsed power supply is controlled by changing the
duty cycle, and it is controlled by a current control resistor in
the sinusoidal power supply. The plasma jet was irradiated
onto the SUS304 stainless steel substrate (12×14 mm2). The
distance between the substrate and nuzzle is two centimeters.
All treatments were performed on the surface in such a way
that the potential of the substrate was floating. The surface
was treated for 10 seconds by a plasma jet perpendicular to
its center. The wettability of the substrate is quantified by
water contact angle measurement. A static contact angle was
measured using a sessile drop method.

3. Results and discussion
By applying a mixed electric field to a plasma jet nozzle, am-
plitude modulation(AM) in the applied electric field occurs at

Figure 5. The voltage and jet current waveforms when both
power supplies are applied simultaneously (Amplitude-
Modulated power supply).

the site of electric discharge formation. As shown in the Fig-
ure 5, a high-frequency pulse is swept over a low-frequency
voltage, forming a superwave. Examining the behavior of
the plasma jet in the new structure (SDBD-like plasma jet),
the formation of a plasma ring in a large diameter nozzle
can be clearly seen. This behavior can be seen in schlieren
images(Figure 7) in general conditions. Now, by varying
the frequency of the igniter pulse, we will examine how the
plasma jet column is formed. The result of these changes is
reported in Figure 6. At first glance, you can see the increase
in the diameter of the plasma jet and the increase in the length
of the plasma jet. This amplification in the plasma jet is due to
the effects of the S-DBD like structure as well as the effects of
the bias voltage. At this stage, with a decreasing trend in the
frequency of the pulse power supply, it was observed that by
decreasing the frequency of repetition of the pulses in equal
electrical power, we will have a more stable plasma jet at low
frequency. In general, we obtained an acceptable plasma jet by
using a SDBD-like plasma jet structure and also by applying

Figure 6. The length of APPJ for the 8 lit/min argon flow
rate where the SDBD-like plasma jet structure is powered by
repetitive high-voltage microsecond pulses ((a):25 kHz,
(b):22 kHz, (c):20 kHz, (d):18 kHz, (e):16 kHz, (f):14 kHz,
(g):12 kHz, (h):10 kHz. (i):8 kHz, (j):6 kHz) with low
frequency sinusoidal bias.
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Figure 7. Schlieren images of argon plasma jet in according to the corresponding conditions of Figure 6 ((aa): Conditions
without plasma).

external electric field bias [25]. In our opinion, the reason for
the poor output of high frequency plasma jets may be because
the total electrical power is divided between the total energy of
the plasma bullets over a period of time and the observations
showed that by decreasing the pulse repetition frequency, the
plasma jet column becomes stronger [26]. This can be due to
a decrease in the number of plasma bullets due to a decrease
in frequency, followed by an increase in the energy of each
plasma bullet and ultimately the strengthening of the plasma
jet column [27]. Three modes were selected for surface hy-
drophilicity testing. Surface hydrophilicity variations are a
good technique for investigating surface energy variations due
to the physical and chemical effects of plasma jets on the sur-
face. Figure 8 clearly shows that at a frequency of 6 kHz the
plasma exerts energy on the surface, which reduces the contact
angle of the water drop from 79 o to 7 o. The optical emission
spectroscopy results in Figure 9 also confirm the mentioned

results. Spectral lines of oxygen, nitrogen, argon as well as
hydroxyl radicals were observed in this spectroscopy. The
intensity of these spectral lines has increased with decreasing
frequency and also the surface hydrophilicity has increased
significantly in these conditions.

4. Conclusion
The purpose of this study was to investigate the effect of
pulse repetition frequency variations in a plasma jet similar
to an S-DBD that is simultaneously amplified by an external
sinusoidal electric field. In this paper, the dynamic behavior
of plasma jets under the effects of varying the pulse repetition
frequency with sinusoidal external bias is investigated. A
single mirror-type Schlieren imaging structure was used to
visualize the plasma jet flow. The advantages of mixed electric
field in varying the behavior of plasma jets from laminar to
turbulent and generating more homogeneous plasma jet at the
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Figure 8. Contact angle of water drop on SUS (according to
the corresponding conditions of Figure 6 (a):16 kHz, (b):12
kHz, (c):6 kHz).

Figure 9. The OES of plasma jets at 1 cm away from the jet
tube in according to the corresponding conditions of Fig 8.

output as well as increasing trend in plasma jet stability with
decreasing the pulse repetition frequency are shown. These
studies showed that the use of SDBD-like plasma jet structure
as well as decreasing the frequency of plasma igniter pulse has
an important and complementary role in surface hydrophilicity
in the surface treatment process. As a final result, by using
this structure, we were able to achieve a super-hydrophilic
surface with equal electrical power (25 watt).
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