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Abstract
With the argument that two-electrode DBD-like systems are much more operational than single-electrode systems in biomedi-
cal applications, targets sensitive to temperature and electric shock, the effects of parameters associated with the geometry 
of the grounded electrode such as its shape, size, and position it at the output of the atmospheric pressure RF plasma jet in 
two-electrode systems is investigated. By varying the position of the typical narrow ring grounded electrode on the dielectric 
tube toward the powered electrode, the ratio of the axial to radial electric field components depend on the externally applied 
potential to the plasma has been investigated and shown that the axial component of the electric field is maximized at certain 
position(s) of the grounded electrode. The analysis of the data indicates that there is an inverse relationship between the 
magnitude of the axial electric field in the plasma channel and the discharge ignition voltage, and a direct relationship with 
the plasma jet length. It is known that by increasing the width of the ground electrode until the full covering of dielectric, 
the jet length increases from the dielectric output to the neighborhood near the needle electrode, and reduces the discharge 
ignition threshold and consequently power consumption of the jet, but increasing its width to greater than the above values 
does not have a significant effect on jet output. It has also been shown that by tapering the dielectric end and fully covering 
it with its conical-shaped electrode, the output jet length increases and decreases its width.
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Introduction

The various types of atmospheric pressure plasma jets with 
different structures have been reported in which they use 
inert gases or combine inert gases with reactive gases such 
as  O2 [1, 2]. Among different structures, the DBD-like struc-
tures include a powered needle electrode associated with a 
grounded electrode (usually ring-shaped) and single-elec-
trode structures consist of a single powered needle or ring 
electrode in the absence of the grounded electrode, have 
operational benefits for working with radio-frequency (RF) 
power supplies. Figure 1 shows a schematic of these two 
structures.

As the working gas flows, such as He or Ar, through 
the dielectric cylinder, the gas is ionized in the vicinity of 
the needle electrode and a glow plasma plume exits in the 
downstream known as a plasma jet. These types of plasmas 
operate at atmospheric pressure and are classified into two 
major groups of cold and hot atmospheric pressure jets. Cold 
plasma jets have a power consumption of several tens of 
watts and formed jets temperature is usually close to room 
temperature. These types of plasma jets had numerous appli-
cations in industries including changing surface hydrophilic, 
surface activation of nanomaterials and catalysts [3–6], 
cleaning and protection of Antiquities [7]. Other uses 
include medical cleaning, dental canal disinfection, treating 
sensitive diabetic wounds, and treating cancers [8–11]. All 
of these applications are based on the fact that atmospheric 
pressure plasma jets produce a mixture of active species, 
ions, electrons, free radicals, and ultraviolet radiation, are 
transmitted by working gas flow and sheath currents, and 
delivered to the treated target surface, such as living tissues.

The groundless structures have shortcomings of generat-
ing relatively weaker discharge inside the dielectric tube and 
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providing low reactive species in plasma plume, because 
of a decreased electric field along the jet axis [12, 13]. The 
only central rod/hollow electrode in these systems is pow-
ered and the target, being processed, plays the rule of the 
ground electrode. These structures were commercialized as 
a small-scale electro-coagulation tool [14, 15]. This kind of 
systems couples plasma to the target, to some degree, and 
treats the target using thermal effects so they may damage it, 
especially the heat-sensitive tissues in medical application. 
Trough clinical trials, it has been shown that they can cause 
significantly less damage to tissues if the system’s current 
is controlled effectively [16]. We will not consider them in 
this study.

Due to the physics of the problem, it can be seen that 
the size of the produced plasma jet may depends on the 
axial and radial components of the applied electric field. 
Based on the study of Walsh et al. [13], the existence of a 
grounded electrode causes the field to focus on the inter-
electrodes distance (gap) and electric field lines are rather 
radial. They have shown that the discharge concentration 
in the gap increases the emitted radiation intensity of the 
plasma in the inter-electrodes domain and needle electrode 

surrounding. The length of launched plasma jet from the 
end of the tube is not very high. While in the absence of the 
grounded electrode the axial component of the electric field 
increases, the discharge strength inside the tube decreases 
that cause to increase the jet length. They have argued that 
a strong electric field along the plasma plume (axis) is con-
ducive to producing longer plasma plumes and more active 
plasma chemistry. Lu et al. [17] in 2008 and Li et al. [18] 
in 2009 have reported that removing grounded electrode, 
discharge into the dielectric cylinder was weakened and the 
ionization rate of the feed gas decreased. It is noted that a 
strong discharge into the tube results in increased production 
of active species.

Given that in single-electrode systems, high probability 
of arcing and damage to temperature- and current-sensitive 
treated targets, such as cleaning and protection of antiquities 
and biomedical applications, have been reported [12], so for 
the safety of the system, two-electrode structures are preferred 
in such applications. Therefore, to achieve high density of 
active species, sufficiently long plasma jets, and also to avoid 
the damage caused by arcing and transition to the arc, stud-
ies on the geometry of the two-electrode structures should be 

Fig. 1  DBD-like double electrode jets: a rod-ring b capillary tube-ring, and single electrode jets: c rod d metal capillary tube with Pyrex tube 
surrounding e single metal capillary tube [12]
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carried out to optimize the mentioned plasma parameters. In 
this paper, maximize of the axial component of the electric 
field and consequently, the optimization of the jet length and 
width by the change of form and location of the grounded 
electrode are reported.

Theoretical aspects of the system

To simulate and calculate the electric fields in the structures 
being studied, COMSOL Multiphysics V5.4 software was 
used. The AC/DC module of this software is used to simu-
late electric, magnetic, and electromagnetic fields in static or 
slow-varying modes, to design and optimize a variety of elec-
tromagnetic devices. This module has an Electrostatic toolbar 
that can use to calculate the parameters such as electric fields, 
torques, forces, potentials, and polarizations in linear and 
nonlinear, isotropic and anisotropic electrical systems for sta-
tionary, time-dependent and frequency domain cases (Fourier 
transformed space). The simulation in this module is based on 
the solution of Maxwell’s equations and depending on the type 
of selected physics, may make some changes by COMSOL. 
Besides, depending on the chosen physics, COMSOL uses 
the electric charge conservation’s law, and the relationships 
between potentials and electric and magnetic fields, such as 
following structural relationships:

where J⃗ , � , �r , �0 and � are external current density, surface 
charge density, medium dielectric constant, free space per-
mittivity, and medium permeability, respectively. In the AC/
DC module, depending on the type of problem, one or more 
components among the various components, including elec-
tric and magnetic potential, electric and magnetic insulation, 
charge, zero current and zero field, terminal (connection to 
circuit), periodic boundary condition (for alternating sys-
tems), surface current, etc., can be applied to the simulation 
space. In addition to the mentioned boundary conditions, 
this module can also simulate infinite-dimensional systems.

The power source used in the experiments is an alternating 
sine frequency 13.54MHz power supply, but since the determi-
nation of the axial and radial components of the electric field 
around the electrode is sufficient for this study, therefore, to 
avoid unnecessary complexity, we will benefit from the Elec-
trostatic toolbar of the AC/DC module without diminishing 
the totality of the issue. This toolbar is used to calculate the 
electric field, electric displacement, and distribution of elec-
tric potentials in dielectric materials, with the distribution of 
electric charges clear. The equations examined are:

(1)D⃗ = 𝜀r𝜀0E⃗, B⃗ = 𝜇r𝜇0H⃗, J⃗ = 𝜎E⃗ + J⃗0

(2)∇ ⋅ D⃗ = 𝜌, E⃗ = −∇𝜙

COMSOL software solves the basic electrostatic and 
electromagnetic equations with boundary and space con-
ditions appropriate to problem physics, using finite ele-
ment method (FEM). The three-dimensional space is 
divided into a large number of user-definable meshes, 
each of which is considered a minor element. The equa-
tions are generalized to these components and variables 
such as potential, electric field, and electric displacement 
are calculated in all space. The geometry of the device 
is designed in 3D using graphical tools in the software 
environment. The materials used in the system are called 
from the software database and for each component of the 
design a type of material with specific physical, chemical, 
and electrical properties is defined, and after selecting the 
appropriate mesh, the equations defined for the system are 
solved under specified boundary conditions.

Experiments setup

To investigate the effect of the geometry and position of 
the grounded electrode on the output jet, we use the system 
shown in Fig. 2a and the arrangement presented in Fig. 2b 
in both empirical studies and simulations. This structure 
consists of a powered needle electrode with outer diameter 
of 1.5 mm mounted on the axis of a Pyrex tube with an 
inner diameter and thickness of 2 mm and 1 mm, and a 
ring electrode connected to the ground around the Pyrex 
tube. RF power generator ( Basafan RFG03BF ) with a max-
imum output power of 300 W and frequency of 13.54 MHz 
is connected to needle electrode via L-type matching unit. 
The working gas in this study is argon gas with 99.999% 
purity flowing with 4 slm flow rate generally.

The electrical properties of the discharge were studied 
by measuring the voltage applied to the electrode using 
a high-voltage probe (Pintek HVP-39Pro). The results 
were recorded by a digital oscilloscope (GW Instek GDS-
2304A) with a sampling rate of 2(GS/s), and a bandwidth 
of 300 MHz and jet dimensions were measured by digital 
camera. Consumed power of plasma was calculated by a 
3.3 nF capacitor located between grounded electrode and 
earth. The stored electric charge on the capacitor, q(t) , may 
be calculated by measuring the capacitor voltage, VC(t) , 
from the following equation:

By plotting the Lissajous curve, capacitor charge in 
terms of discharge voltage ( q − V  ), the area enclosed 
in this curve gives an estimate of the average consumed 
power of the plasma:

(3)q(t) = C ⋅ VC(t)
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where Idis(t) is the current passing through the circuit con-
sists of a plasma jet. Note that it is sufficient to derive electri-
cal charge data, q(t) , from the capacitor to obtain the current 
passing through the circuit or the discharge current.

Results and discussion

To investigate the effect of the axial electric field on the 
plasma jet output generated by the two-electrode system, 
the arrangement shown in Fig. 2b is set and various experi-
ments are performed. In the first experiment by changing 
the position of the ring electrode, in the second experiment 
by changing the width of the ring, and in the third experi-
ment by changing the form of the nozzle and associated ring 
electrode, the output jet was evaluated and accordingly, the 
corresponding electric fields are extracted by the COMSOL 
software.

Effects of ring position on the plasma micro‑jet

In the first experiment, an aluminum strip with 3 mm width 
was wrapped around the tube near the Pyrex tube outlet 
introduced in the “experiments setup” section (inner, outer 
diameter, and length 2, 4, and 28 mm, respectively), and 
at a certain distance from the outlet. A solid needle with 
1.5 mm diameter and 28 mm length was chosen as the pow-
ered electrode.

Before the experiment, the potential distribution and the 
radial and axial components of the electric field in the men-
tioned structure were simulated using COMSOL software. 
As mentioned earlier, the purpose of the simulation here is 

(4)

P̄ =
1

T ∫
T

0

Vdis(t)Idis(t)dt =
1

T ∫
T

0

Vdis(t).
dq(t)

dt
dt =

1

T
S

only to achieve the ratio of the axial to radial components 
of the electric field in the system; therefore, calculations for 
electrostatic fields (DC) will not reduce the totality of the 
issue, consequently, the simulations have been performed 
using the electrostatic module in COMSOL software. 
Changing the position of the ring electrode position with 
3 mm steps from the tube outlet backward, the discharge 
ignition voltage (starting the electric discharge) is measured, 
and the electric potential and field distributions in the dis-
charge space as well as the space outside the Pyrex tube 
were calculated for the different cases presented in Figs. 3 
and 4, respectively.

As it is known, the ring electrode moves away from the 
tube outlet and approaches the central electrode, the elec-
tric potential is concentrated in the inter-electrodes space 
and a significant potential drop occurs in downstream. The 
electric strength of argon gas is about 560 V mm−1, that 
is if the local electric field intensity reaches this level, the 
argon atoms become ionized and electric discharge ignites. 
This discharge begins at the tip of the needle electrode as 
corona discharge and develops rapidly. The seed electrons 
create near the needle electrode in which there is a strong 
electric field and it can drive the plasma bullet propaga-
tion [19]. These seed electrons are placed next to needle 
electrode and stabilized the plasma channel. So, maybe we 
can say to create a plasma bullet, the rapid growth of seed 
electrons density in the high field region near the needle 
electrode is essential. Figure 4 shows points with an electric 
field greater than or equal to 560 V mm−1 in dark color, indi-
cating the active ionization region. Specific conductivity of 
the discharge channel is taken 7 × 105 Sm−1 [20]. As the ring 
electrode moves away from the tube outlet, the electric field 
is concentrated at the lateral surface of the needle electrode 
and the electric field distribution becomes more radial. The 
maximum electric field is located at the tip of the needle 
(z = 11 mm), the magnitude of which is in each case above 

Fig. 2  The plasma jet structure studied (a), Schematic of the experimental setup (b)
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the images, and decreases rapidly as the needle electrode 
moves away. Being the maximum field position at one point 
in all cases is in contrast to the results reported by Liu et al. 
in which the ANSOFT Maxwell 3D simulation software is 
used to simulate the DC field around a single electrode. The 
axial component of the electric field at the tip of the powered 
needle electrode by the ring electrode distance from the tip 
of the powered electrode is shown in Fig. 5.

We can see that the axial component of the electric field 
decreases by about 8 times during 1.25 mm at the tip of 

the needle electrode. The amount of this field component 
also increased with moving the ring off the end of the tube 
as shown in Fig. 6. The maximum electric field applied 
to the working gas atoms in the needle tip determines the 
point of the electric breakdown of the gas and its atoms 
ionization, which can eventually lead to an electron ava-
lanche and cause to electric discharge. The discharge igni-
tion voltages are measured for different positions of the 
ring electrode and with the maximum electric fields in the 

Fig. 3  Distribution of DC electrical potentials in space for different positions of the ring electrode under an applied voltage 600 V. The dashed 
line rectangle on the left of images is the needle electrode and the images have axial symmetry

Fig. 4  Distribution of DC electrical field in discharge channel for different positions of the ring electrode under an applied voltage 600 V. The 
maximum field value is also stated above the images
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z-direction are shown by the solid line and the dash line 
curves in Fig. 6, respectively.

As can be seen from this figure, the maximum electric 
field is increased by removing the ring from the tube out-
let and approaching the needle electrode, and after passing 
through the tip of the needle electrode, it is slightly reduced 
and almost saturated. By increasing the axial component of 
the electric field at the tip of the needle, the voltage required 
for electric discharge creation and jet generation decreases, 
and at a minimum of 7.5 mm which corresponds to the point 
of contact between the ring and the tip of the needle elec-
trode, the minimum voltage ( 442Vrms ) requires to ignite the 
plasma jet.

The length and width of the created plasma jet in terms of 
the distance of the ring from the tube outlet at applied power 

35 W in Fig. 7, and an example of the waveform of discharge 
voltage and current is shown in Fig. 8.

As the ring electrode approaches the needle electrode, 
the intensity of the electric field in the inter-electrode space 
increases and consequently, the maximum field at the tip of 
the needle also increases. However, as shown in Fig. 4, as 
the field is increased in the inter-electrode space, the field 
develops at the lateral surface of the needle electrode and a 
saturated field is observed at the needle tip, as seen in Fig. 6. 
An optimum point for the ring electrode position does not 
appear, but as shown in Fig. 7, when the ring is closer to the 
tube outlet, the length of the plasma jet is longer, although 
the discharge ignition threshold voltage is higher in this case. 
So, there has to be a balance between these two factors.

As the ring electrode moves away from the tube outlet, 
the jet length and width decrease (Fig. 7). This decrease is 

Fig. 5  The axial component 
of the electric field along the 
axis of the needle electrode 
(from needle tip in z = 11mm ) 
for different positions of 
the ring electrode (the ring 
distance from the tube outlet 
is 0, 3, 6, 7.5, 9 and 12mm , 
respectively) under the operat-
ing voltage of 600 V

Fig. 6  Discharge ignition voltage (dash line) and maximum electric 
field on the jet axis (solid line) in terms of ring electrode positions

Fig. 7  The length (dash line) and width (solid line) of the plasma jet 
launched from Pyrex tube outlet at 35 W in different ring positions
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due to the weakening of the electric field in the tube out-
let. In fact, by transferring the ring electrode to the needle 
electrode, the intensity of the electric field is concentrated 
in inter-electrodes space, and the field intensity in the jet 
launching region decreases. In fact, with this transferring, 
the radial component of the field gradually becomes stronger 
and the axial component is weakened. Thus, although the 
radial component strengthens, resulting in earlier ignition 
discharge at lower voltages, due to the weakening of the 
axial component of the field, it is expected that the produced 
plasma jet length will be reduced, which is shown in Fig. 7. 
It is therefore found that for longer jet lengths, the ring elec-
trode should be as close as possible to the tube outlet. On 
the other hand, approaching the ring to the needle electrode 

also results in lower voltages for discharge ignition, so the 
proximity of the two electrodes to each other is also impor-
tant in the design of these jets.

Before the discharge created, both the voltage and current 
waveforms are sinusoidal, and due to the capacitive load 
of the system, the current has a phase difference of about 
90 degrees concerning the voltage, and the Lissajous curve 
discussed above also appears oval. As the discharge occurred 
and the plasma generated, as shown in Fig. 8, distortions 
appear on the current waveform and the Lissajous curve gets 
out of its elliptical shape (Fig. 9).

For the optimum position of the 3 mm ring electrode 
(7.5 mm from the tube outlet, where the needle tip is located 
exactly in the middle of the ring electrode), with feed gas 
flow rate of 4 slm by applying voltage changes between the 
two electrodes, the jet length and width, as well as the Lis-
sajous curve, which is a measure of the average consumed 
power of the plasma, have been measured. In Fig. 9, a sam-
ple of the Lissajous curves for two effective voltages of 300 
and 385 V (30 and 50 W applied power) and the produced 
jet shapes are shown.

It is clear that as the voltage increases; the area inside 
the curve also increases, indicating an increase in the aver-
age consumed power of the plasma jet. In these conditions, 
the argon gas flow rate is 4 slm, and the operating voltage 
amplitudes are 420 V and 540 V by 30 W and 50 W applied 
power. The calculated power consumed by this method (Lis-
sajous enclosed area) is 4.57 W and 5.85 W, respectively. 
The length and width of the generated jet under different 
voltages are shown in Fig. 10.

As the applied voltage increases, the resulting electric 
field increases and in addition to increasing the power con-
sumption of the plasma jet, the stability and uniformity 

Fig. 8  The waveform of discharge voltage (dash line) and current 
(solid line) when the ring electrode is located at the tube outlet (0 mm 
from the tube outlet) and applied power of 35  W with a voltage of 
345Vrms

Fig. 9  The q − V  Lissajous curve for two effective voltages of 300 and 385 V with feed gas flow rate of 4 slm and image of the jet launched from 
tube outlet in each case
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of the formed plasma are also increased. The voltage can 
be increased to the extent that the operating regime of the 
plasma jet does not change (breakdown in a dielectric bar-
rier and transition to electric arc). By changing the operating 
regime and switching to the arc mode, the plasma tempera-
ture rises rapidly and also destroys the powered electrode 
[21]. Increasing the voltage increases the plasma jet length 
and decreases the plasma width after the initial increase.

If we consider the voltage-to-current (peak-to-peak) 
ratio of the plasma as a measure of the real resistance of the 
system, according to Fig. 11, as the voltage increases that 
increases the jet length, the resistance of the plasma medium 
decreases, which may reflect the increase in ionization in the 
plasma. The plasma efficiency, which is the ratio of average 
consumed power to applied power, decreases with increas-
ing voltage.

The feed gas flows inside the Pyrex tube at low flow rates 
under the laminar regime and at higher flow rates under tur-
bulent regime [22]. The scale used to distinguish between 
these two modes is the Reynolds number, which is defined 
as follows:

where u , DH and � are, respectively, the mean speed of the 
fluid (m s−1), the hydraulic diameter of the pipe (m) and 
kinematic viscosity of the fluid (m s−1) which is dependent 
on the pressure and temperature. In laminar flow, streams 
move in parallel layers (lamina) that present a steady mac-
roscopic mixing without intersection between each other, 
but in the turbulent flow that occurs in flow rates beyond a 
certain critical value, the fluid motion is irregular and tur-
bulent [23]. According to Jin’s 2013 studies [24], the plasma 
jet lengths of He, Ne, and Ar inside the Pyrex tube increase 
with increasing Reynolds number from zero to about 2000 
under the laminar state regime; however, as the Reynolds 
number increases to values above 2000, the fluid is tran-
sitioning from a laminar regime to a turbulent regime and 
the jet length begins to decrease. In the transition stage that 
extends up to about Reynolds number 4000, the fluid flow 
is unstable and the fluid turbulence is on the verge of emer-
gence that in Reynolds numbers beyond this we will have 
only the turbulent regime. Figure 12 shows the dependence 
of the length and width of the produced plasma jet on the 
feed gas flow rate. We can see that the launched jet length 
has a maximum at 4 slm, which at flow rates below that, the 
direct relationship between the jet length and the gas flow 
rate, and states that the gas flow is laminar. At flow rates 
exceeding this value, the jet length decreases and enters the 

(5)Re =
uDH

�

Fig. 10  Length (dash line) and width (solid line) of the produced jet 
in term of different applied powers in gas flow rate of 4 slm

Fig. 11  Real resistance scale (dash line) and the plasma efficiency 
(solid line) at different applied powers

Fig. 12  Length (dash line) and width (solid line) of the plasma jet 
in tube outlet with applying 40  W (voltage of 350Vrms ) in different 
argon gas flow rates
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laminar-to-turbulent transition phase. Also, the maximum jet 
width is in the position of reducing its length.

Changing the ring width to the complete tube 
covering

It is shown in Fig. 7 that the ring should be as close as 
possible to the tube outlet; on the other hand, as the ring 
approached the tip of the needle electrode, the field inten-
sity at the tip of the needle was amplified and the ignition 
voltage decreased. Therefore, at this stage of the experi-
ments, we increase the width of the ring electrode starting 
at the tube outlet to fully cover the surface of the tube. In 

each case, we measure the applied power and voltage to 
the discharge ignition and the output jet length at 35 W 
(Fig. 13). The distribution of the electric field and the 
extent of the active ionization zone in the discharge chan-
nel are shown in Fig. 14.

In Fig. 13a, as in Fig. 6, increasing the thickness of the 
ring electrode from the tube outlet to the contact point 
of the ring with and needle electrodes, cause to increase 
the maximum electric field and saturate after reaching 
the needle tip position. The discharge ignition voltage 
reversely depends on the axial field intensity. The jet 
length launched from the tube is in good agreement with 
the maximum axial electric field.

Fig. 13  The discharge ignition voltage (a) and the length (b) of the jet launched from the tube outlet compared with the maximum axial electric 
field (solid line) for the different thicknesses of the grounded ring electrode

Fig. 14  Distribution of the electric field intensity in the discharge channel
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Grounded electrode shape

It was largely found that increasing the length of the 
grounded electrode and completely covering the outer 
surface of the Pyrex tube is very effective to increase the 
axial electric field as well as to trap the electric field lines 
in order not to get out of the tube. Therefore, in this step, 
we consider the three distinct structures shown in Fig. 15 
to study the effects of the grounded electrode shape on the 
launched plasma jet and the systems’ output measure under 
identical operating conditions. The system of Fig. 15a has 
considered being in the best position of the ring electrode, 
is reconsidered to show the reproducibility of the previous 
results, and to compare its results with the conical-ended 
system.

In previous experiments, when the grounded electrode 
covers the entire dielectric surface, during the discharge 
ignition occurring at high power, due to high heat genera-
tion, the dielectric Pyrex was shocked through ignition it 
lost its character. In these structures, refractory Teflon 
(PTFE) dielectric has been used instead of glass in order 
to avoid the electric breakdown in the Pyrex tube and its 
destruction; because the Teflon dielectric coefficient, elec-
tric strength, specific bulk, resistivity, and insulation loss 
coefficient are �r = 2.1 , < 60 kV mm−1 , > 1015Ω cm , and 
2 × 10−4, respectively, whereas for Pyrex glass these num-
bers are �r ≥ 5 , 14 kV mm−1, 4 × 106 Ω cm and 4 × 10−2, 
respectively [25]. This means that Teflon’s stability to the 
arcing is much higher than that of Pyrex, and its reliability 
is higher. The Teflon dielectric in all three structures with 
inner and outer diameters of 3 mm and 5 mm and length of 
27 mm was turned from Teflon rod. In the third structure, 
the Teflon dielectric bottom is turned in form of a cone with 
vertex angle of 25° and had a 2 mm output aperture. The 
grounded electrodes in these structures are aluminum, and 
are, respectively, (a) a ring in 3 mm width and 0.2 m thick-
ness in the best position based on previous measurements; 
(b) a cylinder in 0.2 mm thickness that fully covers the sur-
face of the dielectric tube, and (c) a cylinder in 1 mm thick-
ness with conical-ended shape that is in full contact with the 
Teflon dielectric.

The characteristic curves (I–V) of these structures are 
shown in Fig. 16. The discharge current in these structures 
is extracted from the electric charge transmitted through a 
mica capacitor with 3.3 nF capacitance, which its electri-
cal capacity is chosen to be large enough compared to the 
system’s electrical capacity in silent mode (about 1.6 nF 
measured by RLC-meter model: KDK KC–605 made by: 
Kokuyo Electronic Co. LTD.) [26]. It can be seen that the 
amplitude of the breakdown voltage and the current passing 
through the circuit in the breakdown phase for these three 
structures are as follows: 930 V and 79.2 mA for the ring 
system, 860 V and 82.4 mA for the cylindrical system, and 
870 V and 79.2 mA for the conical-end system.

The output of the simulation software for these three 
structures is shown in Fig. 17. As shown in the images, the 
maximum amount of electric field at the tip of the needle 
electrode is also directly related to the maximum field and 
the discharge ignition voltage (Fig. 16). The field intensities 
in the conical-ended and cylindrical structures are approxi-
mately equal and there is a considerable difference between 
them and the ring structure.

The power, ignition voltage, and discharge currents in 
these three systems for argon feed gas with volume flow rate 
5 slm are given in Table 1. By examining the data in Table 1 
and Fig. 18, which show the Lissajous curve of these three 

Fig. 15  Three distinct structures of the grounded electrode: a ring, b cylinder, c conical ended

Fig. 16  The characteristic curve for the three structures shown in 
Fig. 15
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structures, it can be seen that the power required for the dis-
charge ignition in the cone-shaped system is less than that 
of the other structures.

The average power consumption of the plasma using a 
capacitor located in the ground electrode circuit and using 
the charge–voltage (q–V) Lissajous curve shown in Fig. 18 
and Eqs. (3) and (4) is measured, and with the produced jet 
dimensions measured under the same conditions (gas flow 
rate 5 slm, applied voltage 360Vrms , and operating frequency 
13.56MHz ) are presented in Table 2. From these data, it 
can be deduced that the cone-ended system can be preferred 
over others.

Along with maximum of the electric field intensity in 
Fig. 17 and the discharge ignition voltage in Fig. 16, the 
plasma jet length measurement also shows that the conical-
ended and cylindrical structures have the maximum field, 
ignition voltage, and approximately the same jet length; 
however, the jet length in the conical-ended structure is 
more than the cylindrical structure, which may be due to 
the narrowing of the ionizing gas outlet and the change 
in local flow rate at that point. From these data, it can be 
deduced that the conical-ended system can be preferred over 
others and should therefore be considered in the design of 
plasma jets.

Conclusions

For reasons such as the weakening of discharge due to the 
reduced ionization rate of the feed gas, the reduction of 
active species production and also to prevent damage to the 
treated targets stated in the introduction of the this paper, to 
work in RF mode, the two-electrode systems called DBD-
like structures are preferred. Given the differences in the 
various structures employed by different authors, it was 
expected that there would be a relationship between the com-
ponents of the electric field (axial and radial) governing the 
discharge and the produced jet. The results of the COMSOL 
simulations and practical measurements show that there is 
an inverse relationship between the axial electric field in 
the plasma channel and the plasma ignition voltage. Also, 
the stronger the axial components of the electric field occur 
the faster the electric discharge and consequently plasma jet 
produces sooner. Besides, with the increase in this compo-
nent of the field, the length of the formed plasma jet is also 
longer. Approaching the grounded electrode to the needle 
electrode reduces the inter-electrode space and confines the 
field lines to a smaller space and increases the electric field 
intensity near the needle electrode. It was shown that the 
electric field develops at the lateral surface of the needle 
electrode and its axial component less develops than the 
radial component. However, the development of the radial 

Fig. 17  Distribution of the electric field in the electrode space in the 
three structures shown in Fig. 15

Table 1  The ignition and post-
ignition voltages and currents 
for the three structures shown 
in Fig. 15

Structures Discharge ignition 
power (W)

Voltage amplitude (V) 
before/after discharge

Current amplitude 
(mA) before/after 
discharge

Needle-ring 116 930/890 79.2/99
Needle-cylinder 99 860/780 82.4/98
Cone-ended cylinder 98 870/775 79.2/92

Fig. 18  Lissajous curve for the structures shown in Fig. 15
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components and the concentration of field lines between 
the electrodes facilitate the discharge ignition, although it 
reduces the plasma jet length. This decrease in the length 
is due to the weakening of the electric field in the tube 
outlet. At the contact point of the ring electrode with the 
needle electrode tip, the lowest voltage is required for the 
discharge ignition. This is also true when the width of the 
ground electrode is increased. It was shown that the shape 
of the grounded electrode is also effective in the plasma 
jet output and a structure with conical-ended shape has the 
longest produced jet.
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Table 2  The outlet jet 
dimensions, discharge current 
and average consumed plasma 
power

Structures Jet length (mm) Jet width (mm) Average consumed 
power (W)

Current 
amplitude 
(mA)

Needle-ring 3.75 1.83 7.93 56.10
Needle-cylinder 7.38 2.11 7.48 95.70
Cone-ended cylinder 7.69 1.82 6.72 75.90


	The effects of grounded electrode geometry on RF-driven cold atmospheric pressure plasma micro-jet
	Abstract
	Introduction
	Theoretical aspects of the system
	Experiments setup
	Results and discussion
	Effects of ring position on the plasma micro-jet
	Changing the ring width to the complete tube covering
	Grounded electrode shape

	Conclusions
	References




