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Abstract 
The construction and operation of atmospheric nonthermal plasma jet, ANPJ, are presented in this 
work as well as the experimental investigations of its electrical parameters, the configuration of 
plasma jet column and its temperature. The device is energized by a low-cost Neon power supply 
of (10 kV, 30 mA, and 20 kHz) and the discharge takes place by using N2 gas with different flow 
rates from 3 to 25 L/min and input voltage of 6 kV. Diagnostic techniques such as voltage divider, 
Lissajous figure, image processing and thermometer are used. The electrical characteristics of 
discharge at different flow rates of N2 gas such as discharge voltage, current, mean power, power 
efficiency, and mean energy have been studied. The experimental results show that the maximum 
plasma jet length of 14 mm is detected at flow rate of 12 L/min. The results of plasma jet (heavy 
particles) temperature along the jet length show that jet plasma has approximately a room tem-
perature at the jet column end. The results of zero flow rate effect on the ANPJ operation show 
damage in the Teflon insulator and a corrosion in the Aluminum electrodes. 
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1. Introduction 
Atmospheric pressure plasma jets are a subject of great interest in non-thermal treatment of metal substrate and 
liquid. They do not require vacuum systems and are cost-effective. The common types of low-temperature 
plasma are direct current [1], alternating current (AC, 50 - 60 Hz) [2], audio frequency (AF, <100 kHz) [3], ra-
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dio frequency (RF, 13.56 MHz) [4], and microwave (2.45 GHz) [5]. 
Nonthermal (cold) plasmas refer to the plasmas where most of the coupled electrical energy is primarily 

channeled to the electron component of the plasma, thereby producing energetic electrons instead of heating the 
entire gas stream; while the plasma ions and neutral components remain at or near room temperature. Non- 
thermal plasmas are produced by some devices such as glow, corona, APPJ [6], DBD [7], MHCD [1], etc. Be-
cause the ions and the neutrals remain relatively cold, this characteristic provides the possibility of using cold 
plasmas for low temperature plasma chemistry and for the treatment of heat sensitive materials including poly-
mers and biological tissues. The remarkable characteristic features of cold plasma that include a strong thermo-
dynamic non-equilibrium nature, low gas temperature, presence of reactive chemical species and high selectivity 
offer a tremendous potential to utilize these cold plasma sources in a wide range of applications [8]. 

The experimental investigation of the electrical breakdown characteristics of the nitrogen ANPJ device such 
as discharge voltage, discharge current, mean power, power efficiency and mean energy as well as the configu-
ration of plasma jet and measurements of the gas temperature along the jet column are presented in this paper. 
Also the effect of zero flow rate on the ANPJ device operation is presented. 

2. Electrode System and Assembly of ANPJ Device 
The electrode system of the ANPJ [9] consists of two parallel aluminum disks separated by an insulator. The 
first electrode (cathode) has a thickness of 3 mm and a diameter of 21 mm. The second electrode (anode) has the 
same thickness but different in diameter (9 mm) in order to keep the capacitance of the electrode system small, 
shown in Figure 1, these two electrodes are separated by an insulator material. This insulator constitutes three 
Teflon disks each of 0.5 mm thickness and 21 mm in diameter fixed concentrically together by using TYB super 
adhesive glue. The three layers (two aluminum electrodes and the Teflon insulator) are concentrically stacked 
together using the same glue. The electrode system is drilled at the center to have a hole of 800 µm diameter. 
The cathode is connected to one terminal of the power supply by connecting it to a copper envelope. The anode 
is connected to the other output terminal of the power supply using isolated cable passing through an Artelone 
dielectric cylindrical jacket to isolate the cathode and the copper envelope from the anode. The electrode system 
was prepared in our lab. 

At first, without any expensive machining, the desired sizes of aluminum electrodes were cut using a suitable 
punch tool. After cutting, the electrodes were polished using 3 to 4 steps of rubbing sandpapers and cleaned by 
using acetone to get rid of deposits on the electrode surfaces. Afterwards, the electrodes and the dielectrics were 
stacked on each other using the adhesive glue. The smaller (inner) electrode, the anode, is exposed to the oper-
ating gas flowing through the Artelone cylindrical dielectric jacket. The operating gas reaches the outer elec-
trode (cathode) through the 800 µm hole and gets out to the environment. 
 

 

Plasma jet Out 

Cathode 

Insulator 

Gas inlet 

Anode 3 mm 

3 mm 

21 mm 

1.5 mm 

9 mm 

 
Figure 1. Schematic diagram of electrode system of the ANPJ device. 
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By blowing a gas through the electrode system hole, a well-defined plasma jet expands into ambient air. The 
jet typically has a diameter of 800 µm, and elongates axially as a function of gas flow rate. The ANPJ can be 
operated with a variety of gases. The results reported in this work are obtained with nitrogen as operating gas. 
The ANPJ is assembled by mounting the electrode system described in the previous section inside a copper 
envelope (2) as shown in Figure 2. 

This copper envelope is used for supporting and connects the cathode to the power supply terminal (7), and it 
isolated from the anode (8) using a hollow cylindrical Artelone insulating jacket. This insulating jacket has an 
inner diameter of 10 mm and outer diameter of 20 mm. The 10 mm hole inside the insulating jacket is used for 
gas feeding and electrical connection of the anode using a wire. This insulating jacket is fixed to the copper 
envelope using male/female bolts as shown in Figure 2 (6). This bolt is used to ensure good contact between the 
cathode and the copper envelope in case of changing electrodes or insulator thickness. A gas jacket made of 
copper is fixed at the end of the Artelone insulating jacket by a male/female bolts, for gas feeding. This gas 
jacket is connected through a rubber hose to the gas reservoir via a dual-stage gas regulator. 

Figure 3 shows a schematic diagram of the ANPJ electric circuit. A low-cost commercially available Neon 
power supply is utilized in the ANPJ to generate the plasma jet in order to cut the overall cost of the device by 
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Figure 2. Construction drawing of ANPJ device. 
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Figure 3. The electric circuit of the ANPJ device. 

 
replacing the expensive RF power supply representing the major cost. This power supply has an output of 10 kV, 
30 mA and 20 kHz which gives an output in the range of very low frequency of RF. This power supply is com-
mercially used for Neon lighting and Neon signs. It has an overload, open circuit, earth leakage and short circuit 
protections. 

The input of this power supply is connected to 220/250 V, 12A Variac (voltage regulator) to control its input 
voltage. The output terminals of the power supply are connected to the cathode and anode terminals of the ANPJ 
via a 2 mm single copper isolated cable. The power supply and the electrode system are connected in series with 
a 25 Ω and a 5 nF capacitor. The 25 Ω resistor is used to protect the electric circuit from high short-circuit cur-
rent and to measure the discharge current passing through the circuit by measuring the voltage across this resis-
tor. The 5 nF capacitor is used to measure the capacitor voltage (via 21:1 resistor divider voltage probe) which is 
required for V-Q Lissajous figure analysis. The discharge voltage across the anode and the cathode is measured 
via 1000:1 resistor-divider voltage probe. The three voltages signals (discharge voltage, voltage across 25 Ω and 
voltage across the 5 nF capacitor) are acquired to a TDS 2014 Tektronix digital oscilloscope via 50 Ω coaxial 
cable and BNC connectors. A digital multimeter (or a simple potentiometer) is connected to the output of the 
1000:1 voltage probe to monitor the discharge voltage across the ANPJ electrodes. 

The Nitrogen gas is fed by a 7 m3 cylinder with pressure of 200 bar through a regulator, which can fed the gas 
with flow rate ranging from 0 to 25 L/min. The diagnostic tools arrangement used in this work are shown in 
Figure 4. The ANPJ device can be hand held, and the plasma can be touched by human bodies without any 
harm as shown in Figure 5. 

The total weight of the device, including power supply, is less than 1 kg and the overall cost of the device is 
about 300$. 

3. Experimental Results 
3.1. Jet Column configuration of ANPJ 
Different images are taken for the ANPJ column to estimate the length of the jet column and its shape at differ-
ent flow rates of N2 gas. Figure 6(a) shows the images of the ANPJ operated with Nitrogen gas for different 
flow rates from 3 to 25 L/min and fixed input voltage of 6 kV. 

These images are captured using a digital camera. The experimental results illustrated that, the length of the 
plasma jet column is increased and extended with increasing the N2 flow rate, up to 12 L/min. From N2 flow rate 
of 12 L/min until flow rate of 15 L/min, the jet flame is more comparable. After that, the jet becomes shorter in 
length and less luminous until flow rate of 25 L/min. Figure 6(b) observed that the jet column length has max-
imum length (closes to 14 mm) at N2 flow rate of 12 L/min. 

3.2. Electrical Breakdown Parameters of ANPJ 
The electrical breakdown discharge characteristics such as discharge voltage (Vd), discharge current (i), mean 
consumed power (P), mean energy and efficiency of ANPJ device will be described in details for Nitrogen gas at  
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Figure 4. Experimental arrangement and the diagnostic techniques of ANPJ device. 
 

  
Figure 5. Photograph of N2 ANPJ in contact with human hand. 

 
different flow rates in the range from 3 to 25 L/min. Also, an oscilloscope (Tektronix, TDS 2014) was used to 
detect the discharge voltage and current signals. The electrical breakdown begins to ignite at input voltage of 6 
kV and at least 3 L/min N2 gas flow rate. 

The power consumed by the discharge process is calculated by two methods; firstly by multiplying the dis-
charge voltage with the discharge current (traditional method) and secondly by using Lissajous figure which will 
be described later. The mean consumed power (traditional method) is obtained using the following equation [10]: 

( ) ( )1 ddP i t V t t
T

= ∫                                      (1) 

where T is the period time of the discharge voltage (=50 µsec). The mean energy (J) is obtained by multiplying 
the mean consumed power by the period time or by calculating the area under curve of the obtained power as a 
function of time. The discharge voltage, the discharge current and the consumed power signals are shown in 
Figure 7 at 12 L/min N2 flow rate. 
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Figure 6. (a) Photographs of N2 plasma jet at different flow rates; (b) Variation of jet length of the N2 
plasma jet with N2 gas flow rates at 6 kV input voltage. 

 

 
Figure 7. The discharge voltage, discharge current and consumed power with N2 gas flow rate of 12 
L/min. 
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Figure 7 clears that, the discharge voltage and discharge current have sinusoidal waveforms with frequency 
of 20 kHz which equals to the power supply output frequency and the discharge current leads the discharge vol-
tage by an angle of 86. 

Figure 8 shows the relation between discharge voltage, discharge current, mean consumed power and the 
flow rate of N2 gas. It can be seen from this figure that, the discharge voltage is increased from 1 to 3.4 kV with 
increasing of the N2 gas flow rate from 3 to 12 L/min, afterwards, it decreased from 3.4 to 1.8 kV with increas-
ing of the N2 gas flow rate from 12 to 25 L/min. 

Also the discharge current as shown in figure 8 is increased from 12.6 to 28 mA with increasing of the N2 gas 
flow rate from 3 to 12 L/min, afterwards, it decreased from 28 to 16 mA with increasing of the N2 gas flow rate 
from 12 to 25 L/min. Using equation 1 to calculate the mean consumed power and its result shown in Figure 8, 
and it cleared that, the mean consumed power is increased from 3.83 to 30.37 W with increasing of the N2 gas 
flow rate from 3 to 12 L/min, afterwards, it decreased from 30.37 to 9.87 W with increasing of the N2 gas flow 
rate from 12 to 25 L/min. 

In general, it can be noticed that, the maximum value of discharge voltage, discharge current and mean power 
is detected at N2 gas flow rate of 12 L/min. 

Repeat the estimation of the mean consumed power by using the second method which includes Lissajous 
figure [11]-[13] (or V-Q plot). This method is used because of its advantage to avoid the phase error between 
voltage and current measurements. 

The horizontal axis of Lissajous figure as shown in Figure 9 for 12 L/min N2 gas flow rate represents the 
discharge voltage across the plasma electrodes, while the vertical axis in that figure stands for the electric 
charges. 

Lissajous figure needs the data of the discharge voltage; Vd, and charge on the 5 nF capacitor; Q, which is 
connected in series between the power supply and the discharge electrodes (as shown in Figure 3) and known as 
V-Q plot. The charge on the capacitor is obtained using the following equation: 

( ) ( )cQ t CV t=                                     (2) 

( ) ( ) ( )1 d d ;
d
VcVc t i t t i t C

C t
= =∫                              (3) 

 

 
Figure 8. The discharge voltage, discharge current and consumed power (traditional method) versus 
different N2 gas flow rates. 
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Figure 9. Lissajous figure for the ANPJ device at N2 gas flow rates of 12 L/min and at 6 kV input 
voltage. 

 
Substituting Equations (2) and (3) on Equation (1) results that: 

( )1 ddP V t Q
T

= ∫                                    (4) 

Then, the area of the Lissajous figure corresponds to the power dissipated by a plasma device during each in-
dividual AC period is detected. In different words, the mean power consumed is determined using V-Q Lissaj-
ous figure by multiplying the area of the Lissajous curve by the frequency applied on the system [12]. 

From Figure 9, the area of this figure is calculated and multiplied it with the frequency (20 kHz) to detect the 
mean power consumed at the N2 gas flow rate under consideration. 

Figure 10 illustrates that the mean power consumed which is obtained using Lissajous figure is increased 
from 3.96 to 29.75 W with increasing of the flow rate from 3 L/min until 12 L/min correspondingly. After that, 
this mean consumed power is decreased from 29.75 to 9.72 W with increasing of the flow rate after 12 L/min 
until 25 L/min. The power efficiency of the plasma jet device can be obtained by dividing the mean consumed 
power by the input power (which equals to 48 W for our device). Figure 10 illustrates that, the power efficiency 
is increased from 8.25% to 61.98% with increasing of the flow rate from 3 L/min until 12 L/min corresponding-
ly. After that, it is decreased from 61.98% to 20.25% with increasing of the flow rate after 12 L/min until 25 
L/min of N2 gas. The mean energy per voltage period of the discharge is also increased from 0.19 to 1.29 mJ 
with increasing the N2 gas flow rate from 3 to 12 L/min. Then, the mean energy is decreased from 1.29 to 0.49 
mJ with increasing the N2 gas flow rate from 12 to 25 L/min. 

Also, it can be seen from this figure that the full width at half maximum (FWHM) of mean energy is detected 
during the flow rate range of 8 - 19 L/min. The mean consumed power value using the traditional method and 
that obtained from Lissajous figure are nearly equal with a difference up to ±4% for the flow rate range from 3 
to 25 L/min. From the above results, it can be seen that, the operation at flow rate of 12 L/min for N2 gas gives 
the maximum value of the mean consumed power, mean energy and power efficiency in the range of flow rate 
from 3 to 25 L/min. 

3.3. Gas Temperature Measurements 
The gas (heavy particles) temperature of the N2 plasma jet liberated from the plasma jet device under consideration 
is measured by using dual probe type K thermocouple thermometer model BK PRECISION 710. This temperature 
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is found to be in the range of 30˚C - 55˚C along the jet length (0 - 14 mm). Temperature is measured at different 
distances from the micro discharge channel in-between the two electrodes to 14 mm far away from the cathode 
surface at N2 gas flow rate of 12 L/min. as shown in Figure 11. From this figure, it can be seen that the temper-
ature in-between the electrodes is about 270˚C at −1 mm from the cathode surface (at the insulator between the 
anode and cathode) and consequently it decreased to 80˚C at the cathode surface. Then it reached to 55˚C at 2 
mm from the cathode surface. The temperature continues to decrease until it reached to 30˚C (303˚K) at 14 mm 
distance from the cathode surface i.e., at the end of jet column. Also, this figure verified that, from distance of 6 
mm until 14 mm, the jet’s temperature becomes close to the room temperature and it has nearly constant value 
along this distance. This temperature is suitable for polymer and biomedical applications [14]. 

 

 
Figure 10. The mean power, power efficiency and mean energy versus the different N2 gas flow rates. 

 

 
Figure 11. The gas temperature versus the different axial distances of N2 plasma jet at 12 L/min flow 
rate. 
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3.4. Zero Flow Rate Operation 
Operation of atmospheric pressure plasma jet device under conditions of charging voltage of 6 kV and with no 
any gas flow inside it has some problems. The problem occurs in the Teflon insulator; the insulator’s hole be-
comes larger in diameter due to the erosion process which obtained due to high temperature where the zero gas 
flow rate has no cooling effect [15]. Figure 12 and Figure 13 show photographs of plasma jet insulator and 
electrodes respectively. 

The insulator hole becomes larger and larger until no plasma occurs and its erosion area measures 15.91 mm2 
with a ratio to the total area (346.36 mm2) of 4.6%. This erosion area is increased to approximately 32 times of 
its original area (0.5 mm2) after 1 min operation as shown in Figure 12. The erosion area on the cathode surface 
measures 9.36 mm2 with a ratio to the total area (346.36 mm2) of 2.7% while the erosion area on the anode sur-
face i.e., the anode hole, becomes larger and larger until no plasma occurs and its erosion area measures 1.963 
mm2 with a ratio to the total area (63.62 mm2) of 3.1% as shown in Figure 13. 
 

 

Insulator surface area is 346.36 mm2 Erosion area is 15.91 mm2 
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operation (original design) 
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operation without gas flow 
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flow 
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Figure 12. Photograph of the Teflon insulator before operation and after 1 min operation without gas 
flow. 
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Figure 13. Photograph of the Electrodes before operation and after 1 min operation without gas flow. 
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4. Conclusions 
ANPJ device has been designed, fabricated and constructed in our lab [9] to operate it in future as a tool for po-
lymer applications. 

Experimental results of the plasma jet column length and electrical characteristics of ANPJ are taken at dif-
ferent flow rates of Nitrogen gas in the range from 3 to 25 L/min and input voltage of 6 kV. These results 
showed that, the maximum length (14 mm) of the jet column is achieved at 12 L/min N2 gas flow rate. The ex-
perimental electrical parameters observation of ANPJ at different flow rates of Nitrogen gas such as discharge 
voltage, current, mean power, power efficiency, and mean energy seem to indicate that the maximum value of 
them is detected at flow rate of 12 L/min which equals to 3.4 kV, 28 mA, 29.75 W, 62%, 1.52 mJ per voltage 
period respectively. It can be concluded that, a N2 gas flow rate of 12 L/min is the optimum condition to operate 
the ANPJ device under consideration. 

Results of plasma jet column temperature at optimum condition of N2 gas flow rate (12 L/min) and along its 
length (0 - 14 mm) conclude that, the plasma jet temperature has approximately a room temperature (30˚C) at 
the end of jet column. This result confirms that, the device under consideration is suitable in future for polymer 
and biomedical applications. 

Results of zero flow rate operation of ANPJ device show that the Teflon insulator has been damaged. Also 
erosion in the electrode (anode and cathode) material has been obtained. So the operation under zero flow rate is 
avoided due to the high temperature produced within the discharge gap. 
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