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ABSTRACT

The spatial–temporal discharge behavior of an AC argon plasma jet tilted at non-perpendicular incidence angles (60�, 45�, and 30�) interact-
ing with an ungrounded metal, water, and glass plate placed on the jet propagation track was studied by the fast-imaging technique. The con-
ductivity of surface and incidence angles plays an essential role in the discharge current and dynamic process of the plasma jet. The nearly
consistent time delay between subsequent breakdowns occurred four times for metal and two times for glass treatments. The mean luminous
intensity of the plasma in one discharge cycle at the discharge area between ground electrode and target surface region for the water and glass
case decreased by 39.5% and 20.5% when the incidence angle decreased from 60� to 30�, respectively. In particular, the incidence angle and
gas flow rate notably impacted the spatial extension behavior created on the glass surface but had no significant difference in discharge char-
acteristic of plasma jet with metal case. In addition, two equivalent circuit models were developed based on the simulation of the micro-
discharges and the geometry of the “plasma jet–substrate” system, respectively. These results will obtain further insight into the underlying
mechanisms of plasma-target interaction and facilitate the designing of appropriate jet for environmental and biomedical applications.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0214063

I. INTRODUCTION

Atmospheric pressure plasma jets (APPJs) have drawn consider-
able attention mainly due to their promising application for materials
processing,1–4 biomedicine,5–7 and water treatment.8–11 APPJs have
the remarkable capability to produce chemically rich plasma plumes in
the open air, which facilitates ions, electrons, photons, and reactive
species transporting to the target, thus enabling the treatment of exten-
sive and irregular surfaces.12,13 Indeed, the target can be influenced by
the electrical properties of the plasma, and vice versa it also impacts
the discharge characteristics in various ways. These intricate effects
constitute the plasma-target interaction intertwined with the electrical
properties of the target.14–16

In general, surfaces of targets typically adopt a perpendicular ori-
entation to the axis of the jet tube. Upon contact with the target sur-
face, the parameters of plasma jets could undergo a significant
perturbation. However, positioning the target at an angle relative to
the tube axis induces substantial alterations in both gas flow regime

and plasma parameters. Indeed, the incidence angle could boost the
treatment surface area covered by the plasma or boost the activity of
the plasma activated water.17 So far, several studies investigated the
interaction of APPJs with a tilted target. Nishime et al.18 utilized a
tilted plasma jet for polyethylene terephthalate polymer treatment to
increase the modified area by decreasing the angle between the jet and
substrate, thus allowing more ROS (reactive oxygen species) covered
over the substrate in a wilder area. Damany et al.19 investigated the
dynamics process of an argon plasma jet when interacting with an
ungrounded glass plate. They found that the ionization waves (IWs)
initially propagate following the trajectory of the tube axis, then deviate
toward the glass surface and finally expand on the plate. Hosseinpour
et al.20 studied the impact of incidence angle and gas flow rate of an
argon jet on the morphology of silver thin films, and an incidence
angle of 60� remarkably enhanced the grain uniformity and also modi-
fied the grains’ shape. Slikboer et al.21 and Razavizadeh et al.22 reported
that the APPJs at 45� incidences charging on Bi12SiO20 crystal surface
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and the gas flow rate are the main factor on the electric field distribu-
tion shape of the target surface discharge. The recent study by, Liu
et al.23 on the split and deviation of incident waves (IWs) demonstrates
that the tilt angle and relative permittivity of a target can influence the
position of the IW interaction with the target by altering the surface
ionization wave (SIW).

Previous studies usually explore the effect of some of these
parameters, such as plume incidence angle,20,24,25 gas flow rate,26 and
conductivity of the target27,28 on the plasma-target interaction process.
However, few studies, if any, consider the effect of the above-
mentioned parameters altogether. Moreover, several equivalent electri-
cal models have been proposed to characterize the discharge behaviors
of plasma-target systems, in which the DBD plasma is represented by
either a temporally variable resistance29,30 or a voltage-controlled cur-
rent source (VCCS) combined with a temporally variable resistance.31

It should be noted that the discharge behaviors of the APPJ interacting
on the substrates are not fully align with DBD, which only generated
plasma between the electrode regimes. A model to characterize the
whole discharge behavior from DBD stage to the jet-target interaction
stage should be developed. Therefore, systematic and comprehensive
investigations of the discharge characteristics in tilted APPJs impinging
on the different substrates need to be performed. For the optimization
of plasma jet applications, it is important to precisely manipulate over
these setup parameters that enable customizing the reactivity of the
plasma and its interaction with the target surface.32

In this work, a tilted AC driven argon jet propagates in surround-
ing air and encounters ungrounded targets including a conductive sub-
strate (metal piece), a high-resistance conductor (de-ionized water),
and a dielectric substrate (glass plate). The effect of non-perpendicular
incidence angles (60�, 45�, and 30�) on the spatial–temporal discharge
behavior of the plasma is described using a fast-imaging technique.
The results will obtain further insight into the underlying mechanisms
of plasma-target interaction and serve as a useful reference to inform
environmental and biomedical applications.

II. EXPERIMENTAL SETUP

The schematic setup of the plasma jet device used in this work is
shown in Fig. 1(a). A high-voltage (H.V.) electrode made of a stainless
steel needle was inserted into a 10-cm-long quartz tube. The inner and

outer diameter of the nozzle is 4 and 6mm, respectively. The radius of
the curvature at the electrode tip is almost 1.5mm. A ring electrode
made of copper tape with a width of 1mm and thickness of 100lm was
wrapped outside the quartz tube and used as a grounded electrode,
which was 2mm away from the nozzle end. The distance between the
tip of the needle and the ground electrode is about 3mm. Argon
(99.999%) is used as a working gas with gas flow rate at 2 or 1L/min.
The gas flow velocity at the plasma source is estimated as 1.3 and 2.6 m/
s to achieve laminar conditions.33 Three kinds of target substrates were
treated with different plasma jet incidence angles of 60�, 45�, and 30�

(with respect to the x-axis): (1) a piece of metal plate made of stainless
steel with thickness of 2mm; (2) deionized water with depth of 2mm,
electrical conductivity of 2� 10�4 sm�1 and permittivity of 90; and (3)
a piece of dry, flat glass plate also with thickness of 2mm, electrical con-
ductivity of 10�13 sm�1 and relative permittivity of 4.7. The distance D
between the tip of the needle and the surface of substrates was fixed at
15mm. A schematic drawing of the treatment is presented in Fig. 1(b).
For convenience, the plasma plume with an incidence angle of 60�, 45�,
and 30� operation will further be referred to as the 60-degree, 45-degree,
and 30-degree substrate treatment, respectively.

The plasma jet was powered by an AC high-voltage source (Vp-p:
0–20 kV), created from a sinusoidal waveform signal by a signal gener-
ator (AFG1062, Tektronix) and an audio power amplifier (CDi
DriveCore 2j600, Crown). The frequency and the peak-to-peak value
of sinusoidal high voltage were fixed at 5 kHz and 6.0 kV, respectively.
The electrical characteristics of the plasma jet were recorded by an
oscilloscope (MDO34, Tektronix) and detected by a high-voltage
probe (P6015A, Tektronix) for the applied voltage and a Rogowski coil
(Model 6585, Pearson Electronics) for the current, respectively. The
plasma images were recorded with a digital single-lens reflex camera
(Nikon D5600, AS-F Micro NIKKOR 40mm). The dynamic images
were taken by an ICCD camera (DH334T, Andor. Exposure time: 0.1
s, width: 0.2 ls, increment: 0.2 ls).

III. RESULTS AND DISCUSSION
A. Discharge images

Figure 2 shows visible images under incidence angles of 60�, 45�,
and 30� interacting with metal, water, and glass plate at an applied

FIG. 1. (a) Schematic setup of the plasma jet and (b) arrangement of the plasma plume with different incidence angles of 60�, 45�, and 30�. The distance between the needle
tip and substrate is fixed as D.
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voltage of 6 kV. The discharge can be categorized into three distinct
regions, as indicated by the dashed lines in Fig. 2, as follows:

(1) Filament discharge between the high-voltage electrode (H. V.
electrode) and the ground electrode (referred to as H-G region);

(2) Plasma extending from the ground electrode to the target
(referred to as G-T region); and

(3) Plasma jet interacting with the target surface.

In region I, very bright filaments developed from the H. V. elec-
trode to the ground electrode among three kinds of target cases. In
region II, similar bright filaments are observed in metallic target case
in Figs. 2(a)–2(c) and water target case in Figs. 2(d)–2(f). No obvious
reduction in the diameter of the discharge channel in open air was
observed due to the short and small diameter jet used in the experi-
ment.34 However, the plasma jet became diffuse and appeared as an
“ellipse” shape in the glass case in Figs. 2(g)–2(i). The diameter of the

discharge between the G-T region in the glass case [Fig. 2(g)] was
larger compared to the copper and liquid case [Figs. 2(a) and 2(d)]. In
region III, the plasma jet spread over the surface was more concen-
trated on the copper surface due to the infinite relative permittivity
that excludes the electric field.35

B. Electrical characteristic

Figure 3 shows the typical waveforms of voltage and discharge
current measured with the APPJ impinging on different substrates.
Numbers 1–7 marked within the circle will be further indicated with
the start points of dynamic process. According to Fig. 3(a), with the
metal substrate case, four discharge pulses are clearly observed in the
current waveform: two at the positive period and other two at the neg-
ative period, one of which was a negative directed current. The maxi-
mum and the second highest peak values of current (1 and 2) are 34

FIG. 2. Discharge images under plasma jet incidence angles of 60� (a)–(c), 45� (d)–(f), and 30� (g)–(i) interacting with metal, water, and glass plate (exposure time 0.2 s, ISO
800, f/4).
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and 20mA, respectively. To clearly observe the discharge current
pulse, it appears in a pulsed discharge mode with a full width at half
maximum (FWHM) of approximately 30 ns. For the de-ionized water
substrate, the four discharge pulses were similarly observed in one
period, but each peak value of current was lower than that of the metal
case except for current pulse 4, which is the same value as current pulse
2. The maximum and the minimum peak values of current were cur-
rent pulse 3 (33mA) and current pulse 5 (10mA), respectively. For
glass substrates, only two distinct discharge pulses were observed dur-
ing the positive period (6 and 7), whose peak values were 20 and 6mA,
respectively. When the gas flow rate was reduced from 2 to 1L/min,
the peak current values and discharge times for both metal and glass
cases almost remained the same conditions, but the discharge times
were not fixed and each peak value of the pulse current decreased for
the case of water substrates.

According to Figs. 3(a), 3(c), and 3(d), when the plasma jet inci-
dence angle changed from 60� to 45�, then 30�, two distinct discharge
pulses were still observed during the positive period, and discharge
time did not change for the glass treatment. The peak value of current
No. 6 remained the same, but the peak value of the current No. 7 was
decreased. For metal treatment, there was no significant difference in
the peak value and position of the pulse current. For water treatment,
the discharge times were random and each peak value of pulses current

was reduced. Specially, the number of discharge pulses decreased from
four to three times when the plasma plume incidence angle changed
from 45� to 30�.

It turned out that the interaction of the APPJ with various substrates
reveals specific modes that correlate with the emergence of distinct cur-
rent pulses. The nearly consistent time delay between subsequent break-
downs can be attributed to the reduction of the volume charge in the
channel left by the preceding ionization wave which occurs due to diffu-
sion or volume recombination.36 Based on the voltage and current wave-
forms shown in Fig. 3, the input power was estimated to be less than 1W
to avoid the occurrence of arc discharge in our case.

C. Dynamic process

Figures 4–7 illustrate the dynamic process of plasma jet propaga-
tion using spatio-temporally resolved ICCD images. The numbers in
the scale bar (0–32 000) represent the relative intensity of the color bar,
which is proportional to the relative luminous intensity of the plasma.
Numbers 1–7 marked with red, blue, and green colors in the circle at
the upper-right corner correspond with that of current pulses in Fig. 3
for metal, water, and glass treatment, respectively. The time at the
bottom-right corner represents the trigger time of ICCD to start
images collection.

FIG. 3. Discharge current and voltage waveforms. The current waveforms were marked red, blue, and green line corresponding with metal, water, and glass treatment configu-
rations, respectively.
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1. The effect of gas flow rate

In Fig. 4, the dynamic process images of plasma jet in 60-degree
metal, water, and glass treatment at gas flow rate of 2 L/min were taken
at different pulse currents. The time-resolved images were captured at
the maximum current (current pulse 1) in positive period (started at
14.2 ls) for the 60-degree metal treatment, which performed the con-
tinued light emission in the whole channel at the beginning, then the
luminous intensity between the grounded electrode and metal plate
gradually decreased but the emission between the high-voltage elec-
trode and grounded electrode still maintained. When dynamic images
are taken at the current in the negative period (current pulse 2), the
emission is mainly focused on the H-G region area.

For water treatment, only single filament can be observed
between the G-T region in series No. 3, and the intensity at the area
between the H-G region is higher than that of G-T region. For the
position of negative direction in series No. 5, the emission was started
from the high-voltage electrode, then propagated to the nozzle end,
and finally disappeared. In addition, the emission following the tube
axis merely at the area between the H-G region was observed in series
No. 4, whose intensity is similar to that in the metal case in series No.
2 and glass case in series No. 6. Specially, the plasma emission taken at
the current pulse 7 showed that the streamer initially propagates along
the tube axis from the high-voltage electrode to the nozzle end, and
subsequently deviated their primary trajectory toward the glass surface.

Then, a surface discharge spatially extended on the glass plate while a
plasma was maintained separately within the quartz tube. The plasma
jet spreads over a dielectric substrate but does not do that on the metal-
lic substrate case due to the surface dielectric barrier discharge (SDBD)
induced by the stray capacitance between a dielectric substrate and
ground.37 Then, the SDBD over glass substrate happens by the forma-
tion of the tangential electric field on the surface. Guaitella and Sobota
also indicated that the glass surface induced the elongation of the
APPJs due to the enhanced electric field at the IW front and the supply
of pre-deposited charges on the target surface.38 In addition, experi-
ments have demonstrated that the discharge in argon is generated in
filamentary mode.39 The propagation of so-called plasma bullets along
the DBD plasma jet, which took a much shorter exposure time (nano-
seconds), was not observed in our findings due to the difference in
exposure time.40,41

Figure 5 shows the dynamic process images of plasma jet in 60-
degree metal, water, and glass treatment at gas flow rate of 1 L/min.
When the gas flow decreased from 2 to 1 L/min, there was no signifi-
cant difference in the plasma emission images for the metal treatment
in series Nos. 1 and 2, water treatment in series No. 4 and glass treat-
ment in series No. 6. This means the gas flow did not change the dis-
charge between the H-G region, which corresponds with the same
peak value of the discharge current.32 However, the surface discharge
in series No. 7 became less than the case of gas flow rate at 1 L/min for
the glass treatment case. This phenomenon suggests that the change in

FIG. 4. Time-resolved images of the plasma jet at an incidence angle of 60-degree with metal, water, and glass treatment at gas flow rate of 2 L/min.
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gas flow rate can significantly alter the spatial extension of the plasma
formed on the glass surface.19 For water treatment, the emission den-
sity of single filament between the G-T region in series No. 3 and the
intensity at the area between the high-voltage electrode and nozzle end
were decreased, but the emission density in the area between the H-G
region seems not to change in series No. 4.

2. The effect of incidence angles

Figures 6 and 7 show the dynamic process images of plasma jet in
45- and 30-degree metal, water, and glass treatment at gas flow rate of
2 L/min. With regard to the metal treatment, the continuous light
emission emerged in the whole channel at the beginning, then the part
of emission between the G-T region gradually decreased, and the emis-
sion between the high-voltage electrode and grounded electrode was
still maintained in series No. 1. This result indicates that the incidence
angle of plasma jet and gas flow will not change the discharge behavior
of plasma jet impinging on metal plate. As for the discharge area at
H-G region, the dynamic process is almost in the same condition as
the metal treatment in series No. 2, water treatment in series No. 4,
and glass treatment in series No. 6.

For water treatment in Figs. 6 and 7, the discharge would not
only propagate from the H-G region but also reach the liquid surface
with a single filament in series No. 3. Similarly, the emission propa-
gated from the high-voltage electrode to the nozzle end and finally

disappeared in series No. 5. These discharge behaviors were similar
than that of 60-degree treatment case, but the emission density was
lower than that case. For glass treatment, the extension of the plasma
that develops on the surface gradually disappears when the incidence
angle is decreased from 45� to 30�. This is because the incidence angle
affects the gas flow distribution and the electric attraction that the tar-
get inflicts on the discharge.32

To quantitatively analyze the behavior of the plasma jet in varying
angles and varying conductivities, Fig. 8 shows the mean light intensity
in one discharge cycle at various current pulses. No essential differ-
ences in emission intensity were observed at the H-G region for metal
case at current pulse 2, water case at current pulse 4, and glass case at
current pulse 6. This is due to the fixed gap distance at the H-G region.
In Fig. 8(a), the maximum luminous intensity was observed in the
metal case at H-G region and G-T region, whose values were 3199.82
and 2798.46, respectively. They did not change with the increase in the
incidence angles. In Figs. 8(b) and 8(c), the emission intensity of water
case at H-G region increases by 17.1% from 762.43 to 892.29, at G-T
region increases by 22.8% from 214.32 to 263.54 with increasing inci-
dence angle from 30� to 45�. A similar trend was also observed in the
glass case, the emission intensity at H-G region and G-T region was
higher than the water case, while the change rate of the emission inten-
sity was lower than that. The emission intensity of glass case at H-G
region increases by 5.4% from 1045.79 to 1102.57, at G-T region
increases by 13.6% from 518.43 to 588.92 with the increase in

FIG. 5. Time-resolved images of the plasma jet at an incidence angle of 60-degree with metal, water, and glass treatment at gas flow rate of 1 L/min.
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incidence angles. With the further increase in incidence angles from
45� to 60�, the emission intensity of water case at H-G region increases
by 14.9%, at G-T region increases by 34.5%, while that of glass case at
H-G region increases by 13.9%, at G-T region increases by 10.7%,
respectively. Therefore, the incidence angle has much impact on the
water case than the glass case, which indicates that the angle of the
APPJ with respect to the surface could be used as a control mechanism
to activate a liquid.17

D. Equivalent circuit

1. Equivalent circuit model

The equivalent circuit model was applied to analyze the electrical
behavior of the plasma discharge, which is shown in Fig. 9. The capaci-
tor Cd is the equivalent capacitance of the quartz tube while Cs denotes
the stray capacitance between the H.V. electrode and the grounded
electrode. The capacitors Cg and Cp stand for the equivalent capacitan-
ces of the discharge gap and the plasma plume in ambient air,
respectively.

According to the dynamic images in Figs. 4–7, the equivalent
model corresponds to both discharge regions: glow-like DBD and
plasma jet interacting with substrates. As the applied voltage is enough
to induce breakdown between the H.V. inner electrode and grounded
outer electrode, the discharge mode could be characterized as a glow-

like DBD. In this scenario, the discharge region within the whole
quartz tube stands for the discharge gap observed in a plane-plate
DBD setup, which is similar to the DBD description in other
works.42,43 Therefore, the equivalent electric model representing the
DBD plasma within the quartz tube could be illustrated as an RC cir-
cuit of variable value Rg (t) and Cg (t), as shown in Fig. 9(a). A voltage-
controlled current source (VCCS) is employed to represent the
discharge current of DBD in the gas gap, whose characteristic is
determined by the applied voltage.44,45 From Figs. 3–7, the peak dis-
charge current and its corresponding to the luminous intensity of
plasma between the H.V. electrode and grounded electrode (DBD
mode) show almost the same value, which is not related to the sub-
strates treated by plasma jet.

Figure 9(b) shows the plasma transits from the grounded elec-
trode and then extends beyond the quartz tube to generate a plasma jet
that interacts with the substrates. Within the quartz tube, the discharge
occurring in the inter-electrode gap between the H.V. electrode and
grounded electrode remains a DBD mode, whose equivalent electrical
circuit model is the same as that in Fig. 8(a). It should be noted that
the Cg, the equivalent capacitance of gap capacity (i.e., the capacity of
plasma in the gap), is determined by its charge qg (concentrated mainly
in the near-wall charge layers): Cg¼ qg/Vg. However, the charge qg is
determined not by the applied voltage Vg at a given time, as in the case
of a conventional capacitor, but by the state of the plasma in the gap,

FIG. 6. Time-resolved images of the plasma jet at an incidence angle of 45� with metal, water, and glass treatment at gas flow rate of 2 L/min.
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which is determined by some preceding time interval. Therefore, it
cannot be assumed that Cg is a constant. The propagation of plasma
jet in surrounding air outside the quartz tube modifies the value of rel-
ative permittivity of the air, therefore altering its equivalent resis-
tance.46 Correspondingly, the electrical model of plasma plume in the
quartz tube outlet can be defined by a variable capacitor Cp (t) in series
with a variable resistance Rp (t). Since Cp (t) is determined by its charge

qp (the part of charge in plasma plume): Cp¼ qp/Vp, which is related
to the length of the plasma plume in ambient air, it is also different
from the case of a conventional capacitor. With the plume extending
further in air with increasing applied voltage, Cp (t) decreases and
Rp (t) increases.

43

When the plasma jet is used to treat three kinds of substrates,
they can be integrated as parallel connection of resistance R (t) and

FIG. 7. Time-resolved images of the plasma jet at an incidence angle of 45-degree with metal, water, and glass treatment at gas flow rate of 2 L/min.

FIG. 8. Mean value of light intensity in one discharge cycle at various current pulses as a function of incidence angles. The abbreviations included in the FIG are as follows:
HG (high-voltage electrode–ground electrode region) and GT (ground electrode–target region).
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capacitance C (t) with the assistance of switches indicating whether the
branch is on or off. The metal substrates could be treated as a fixed
resistance R with S1 on and S2 off (only resistor branch on). The glass
plate could be treated as a fixed capacitance C with S1 off and S2 on
(only capacitor branch on). For water treatment, it can be interpreted
as the parallel connection of a variable capacitor Ct (t) and a variable
resistor Rt (t) with both S1 and S2 on (both resistor and capacitor
branches on).

2. Equivalent circuit diagrams

The equivalent electrical diagrams reveal the dynamic electrical
behaviors of the plasma jet at two stages, i.e., DBD mode and plasma
jet treatment mode, which are shown in Figs. 10(a) and 10(b), respec-
tively. In Fig. 10, Re, Ce, and Le are represented as the inner impedance
of excitation source and circuit wire. The applied voltage from the
power source, voltage across the gas gap, voltage across dielectric bar-
rier (quartz tube), and plasma jet voltage are simulated as Va (t), Vg (t),
Vd (t), and Vt (t) in the electric circuit model. The series of current

ia (t), ig (t), id (t), iCCS (t), and iS (t) represent different parts of current
as total external circuit current, discharge current in the gas gap, dis-
placement current in the dielectric barrier (quartz tube), plasma jet
current, and the displacement current through CS, respectively.
According to Kirchhoff’s theorem, the discharge characteristics can be
calculated from Fig. 10(b),31

iaðtÞ ¼ idðtÞ ¼ Cd
dVdðtÞ
dt

; (1)

igðtÞ ¼ iaðtÞ � iVCCSðtÞ ¼ Cg
dVgðtÞ
dt

þ Vg
dCg

dt
; (2)

VaðtÞ ¼ VgðtÞ þ VdðtÞ: (3)

From Eqs. (1)–(3), iVCCS can be deduced as follows:

iVCCSðtÞ ¼ 1þ Cg

Cd

� �
iaðtÞ � Cg

dVgðtÞ
dt

þ Vg
dCg

dt
: (4)

By integrating Eq. (1), the dielectric voltage Vd (t) is obtained as

FIG. 9. Equivalent electrical models of the discharge (a) during DBD and (b) during jet discharge interact with substrates.
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VaðtÞ ¼ 1
Cd

ðt
0
iaðsÞdsþ Vgð0Þ: (5)

The gap voltage Vg can be obtained by substituting (5) into (3), thus
giving

VaðtÞ ¼ VaðtÞ � 1
Cd

ðt
0
iaðsÞds� Vgð0Þ: (6)

In Eqs. (5) and (6), Vd (0) corresponds to the memory voltage
that is a consequence of the charge accumulated in the previous time
interval, which is related to the applied voltage Va (t). In Eqs. (4) and
(6), iVCCS is not only governed by the external measurable parameters
ia (t) and Va (t) but also related to the time-resolved capacitor Cg (t).

Considering the plasma jet with different incidence angles
impinging on metal, water, and glass substrates, decreasing the inci-
dence angle between jet and target generally results in a wider surface
area covered by the plasma, thus accordingly changing the composi-
tion of equivalent resistor and capacitor in the circuit. For metal treat-
ment, although the surface area was increased when the incidence
angle was decreased from 60� to 30�, the equivalent resistor will not
change due to the conductive characteristic of metal plate. Therefore,
the peak discharge current and its corresponding to the luminous
intensity of plasma would remain the same conditions. For glass treat-
ment, a wider surface area will increase the value equivalent capacitor
Ct (t), thus increasing the impedance of the circuit. Therefore, the peak
discharge current and its corresponding to the luminous intensity of
plasma would decrease, which are in line with the results of the dis-
charge currents and dynamic process. For the water treatment, the par-
allel connection of a capacity Ct (t) and a resistance Rt (t) will change
with the treatment time, which accounts for the random discharge
during the period. With the increase in treatment time, Ct (t) decreases
and Rt (t) increases, so the peak discharge current and its correspond-
ing to the luminous intensity of plasma would decrease.47

3. Model comparison with other works

Figure 11 shows another approach for the equivalent electrical
circuits of the “plasma jet—substrate” system is to separate between
the “core,” the “effluent” plasma and the “substrate,” which is offered
in the literature.29,30 The “core” can be interpreted as a DBD ignited
between the high-voltage electrode and the grounded electrode. After
the core ignition, a second discharge channel is formed, generating the
visible plasma referred to as the “effluent,” which then impacts the sub-
strate plate at a floating potential.48 Each discharge can be represented
by the series connection of a resistance (R1, R2) and a capacity (C1, C2).
Cair suggests that the “effluent” is coupled via the ambient air toward
any mass close by, which is challenging to determine. The three kinds
of substrates can be integrated as parallel connection of resistor and
capacitor C with the assistance of switches, which is the same as that in
Fig. 10.

It is important to note that both the equivalent circuits could give a
general insight into the plasma source based on different emphasis. In
general, DBD is characterized by large number of filaments (termed
micro-discharges). The electrical equivalence models in Fig. 10 mainly
focus on the simulation of the micro-discharges in the gas gap, repre-
sented by a CCS, an equivalent resistance Rg (t), and a non-linear variable
capacitance Cg (t). The model with a CCS follows the multitude and
attenuation of the micro-discharges according to the slope of the applied
voltage, and it can present the dynamic state in the gap.31 On the other
hand, the electrical equivalence model in Fig. 11 is more simplified than
that in Fig. 10, which is based on the geometry of the “plasma jet—sub-
strate” system by separating between three electrodes, i.e., the “core,” the
“effluent” plasma and the “substrate.”With a surface as a third electrode,
the impact on the electrical circuit starts to act only after a certain voltage
is reached to bridge the additional gap [e.g., Ct (t)].

The equivalent electrical models depicted in Figs. 10 and 11 are
generic, flexible, and easy-to-implement tools as they could effectively
analyze the electrical characteristic such as current and power to

FIG. 10. Equivalent circuit diagrams of the discharge (a) during DBD, (b) during jet discharge with target.
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investigate the distribution of the energy deposition into DBD plasma
region and in plasma jet itself. The values of CS can be measured with
plasma off operation. To characterize the specific results of the varying
plasma impedance at different discharge stages, the values of other
important electric components [Cg(t), Rg(t), Cp(t), and Rp(t)] can be
defined by solving fluid balance equations for all species of charged
and neutral particles and the electron temperature, supplemented by
the Poisson equation for finding a self-consistent electric field, which
could be further investigated.

However, these equivalent electrical models could not predict the
non-linear behavior in plasma due to complex interactions between
charged particles, neutral particles, and electromagnetic fields; spatial
variations on properties such as electron density, temperature, and
electric field as equivalent circuit models usually represent averaged
properties; particle interactions like plasma-generated reactive species
transported to the substrate often simplified or not included in equiva-
lent circuits. In addition, higher energy deposition in plasma jet would
benefit a good repetition of DBD working regime from one period to
another. To perform plasma-generated reactive species research, it is
better to work at higher velocity that could avoid fast mixing of the
blowing out argon flow with the electronegative ambient air.

IV. CONCLUSION

The effect of non-perpendicular incidence angles (60�, 45�, and
30�) and gas flow rate on discharge behavior and discharge current of
an AC argon plasma jet interacting with an ungrounded metal, water,
and glass plate was investigated. The peak value of discharge current at
only the H-G region (DBD stage) was almost the same 20mA. The
mean luminous intensity at the G-T region for water and glass surfaces
decreased by 39.5% and 20.5% when the incidence angle decreased
from 60� to 30�, respectively. However, the incidence angle and the
gas flow rate had no significant difference in discharge characteristics
of plasma jet for the metal case. The equivalent circuit analysis shows
two discharge regions: glow-like DBD and jet interacting with sub-
strates, representing parallel connection of resistance and capacitance
with switches on/off. Thus, the decrease in incidence angle has a

negative impact on the titled plasma jet for water and glass treatment
due to the modification of equivalent impedance.
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