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Abstract: This paper presents results of experimental studies carried out with atmospheric pressure non-thermal plasma jet,
ANPJ, device energized by a low-cost Neon power supply of (10 kV, 30 mA, and 20 kHz). The discharge takes place by using
compressed Air and N2 gas separately with a flow rate from 3 to 25 L/min and charging voltage of 6 kV. All the results are
taken during a period time of 100 ps. The excitation electron temperature has been measured using the photomultiplier tube,
PMT, with two different wavelength filters of 460 and 500 nm. The plasma jet device operational time effect on the
temperature of the device components has been studied by using a thermometer. Scanning electron microscope, SEM, images
were taken to visualize the changes in the surface of Polyethylene terephthalate, PET before and after treatment with N, and
Air Plasma Jet separately, and at optimum operation condition of plasma jet device.
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1 Introduction

Atmospheric pressure plasma (APP) overcomes the
disadvantages of vacuum operation. A general recipe for
obtaining non-thermal plasmas is the reduction of the
discharge size and/or its duration, and working at low
excitation frequency [1]. The most used devices for
generating atmospheric pressure non-thermal plasmas are
atmospheric pressure plasma jet, plasma needle, plasma
pencil, miniature pulsed glow-discharge torch, one
atmosphere uniform glow-discharge plasma, resistive
barrier discharge and dielectric barrier discharge [2].

One of the attractive features of non-thermal atmospheric
pressure plasmas is the ability to achieve enhanced gas
phase chemistry without the need for elevated gas
temperatures. This attractive characteristic recently led to
their extensive use in applications that require low
temperatures, such as in material processing and in
biomedical applications [3-6].

Previous experimental results of the atmospheric pressure
non-thermal plasma jet device, under consideration, showed
that a maximum plasma jet length of 14 mm and 7 mm is
detected for N and Air respectively at flow rate of 12 L/min
[7-8].

The use of cold plasmas for materials processing has gained
acceptance in a large number of technologies, from
metallurgy to manufacturing of computer chips, and covers
a wide variety of materials, including metals,
semiconductors, and polymers. Most applications of cold

plasmas based on plasma enhanced chemical processing
focus on treating solid surfaces, film deposition,
modification of surfaces, and etching of surface layers. Cold
plasmas are also used to synthesize gases or liquids as final
products.

The purpose of our study is to investigate the electronic
excitation temperature of plasma jet, the components
temperature of plasma jet device as a function of operation
device time and study the effect of plasma jet treatment time
on the surface of PET substrate.

2 Electrode System and Assembly of ANPJ

The electrode system of the ANPJ (7-8) consists of two
parallel aluminum disks, the cathode with thickness of 3 mm
and 21 mm diameter and the anode with the same thickness
and 9 mm diameter. The two electrodes are separated by
three Teflon disks each of 0.5 mm thickness and 21 mm
diameter as an insulator. The two electrodes and the
insulator are stacked together and drilled at the center to
have a hole of 800 um diameter. The device is energized by
a low cost Neon power supply of (10 kv, 30 mA, and 20
kHz). As the gas is fed to the electrode system through the
hole, a well-defined plasma jet expands into ambient air and
elongates as a function of gas flow rate. The system operates
with nitrogen and compressed air with flow rate ranging
from 0 to 25 L/min and input voltage of 6 KV.

A photomultiplier tube (PMT) with double filters of
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wavelength 460 and 500 nm is used to measure the
electronic excitation temperature. These two filters are put
perpendicular to the jet flame at 20 mm distance from the
cathode surface. Figure 1 shows the schematic diagram of
the electrode system and the PMT with the double filters.
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Fig. 1 Arrangement of the setup used for using PMT with
double filters.

3 Experimental Results

3.1 The electronic excitation temperature

The electronic excitation temperature, KTex is calculated by
some N OES (Nitrogen optical emission spectroscopy)

lines, which can be expressed with the following equation
©)-
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Where 1 refers to 460 nm filter and 2 refers to 500 nm filter.
01 and g, are statistical weight at 460 nm and 500 nm
respectively. A is the transition probability. While E; and E;
are excitation energy of upper level for the 460 nm and 500
nm spectrum line respectively. A1 and A, are wavelength of
460 and 500 nm’s spectral lines respectively. 11 and I, are the
spectral line intensities which corresponded to each filter
used in this work

The electronic excitation temperature (KTex) can be
obtained using equation (1) as follows:

_ (E,—E;) 2)
9. AL,

Figure 2 (a, b) shows the variation of peak-to peak luminous
intensity of radiation emission from N, gas and Air plasma
jet respectively using the two filters (460 and 500 nm
wavelength) as a function of gas flow rate.

Figure 2 (a) illustrates that for N, gas with 460 nm

wavelength filter, the peak-to-peak intensity of luminous
radiation increases from 60 to 265 a.u. with increasing of the
Nzgas flow rate from 3 to 15 L/min, afterwards it decreases
from 265 to 115 a.u. with increasing of the N, gas flow rate
from 15 to 25 L/min. While with 500 nm wavelength filter,
it increases from 76 to 258 a.u. with increasing of the N.gas
flow rate from 3 to 12 L/min, and it decreases from 258 to
107 a.u. with increasing of the N.gas flow rate from 12 to
25 L/min.

Figure 2 (b) illustrates that for Air plasma jet with 460 nm
wavelength filter, the peak-to-peak intensity of luminous
radiation increases from 8.1 to 16.9 a.u. with increasing the
Air flow rate from3 to 12 L/min, afterwards it decreases
from 16.9 to 8.5 a.u. with increasing the Air gas flow rate
from 12 to 25 L/min, while with 500 nm wavelength filter,
it increases from 7.6 to 15.7 a.u. with increasing of the Air
flow rate from 3 to 15 L/min, and it decreases from 15.7 to
9.0 a.u. with increasing of Air gas flow rate from 15 to 25
L/min.
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Fig. 2 The peak-to peak intensity (Ipp) of luminous radiation
emission from N> gas (a) and Air (b) plasma jet versus flow
rates for two filters.

Using the spectra atomic data obtained from the National
Institute of Standards and Technology, NIST, Atomic
spectra database (on-line resources)[10], the parameters (A,
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0, E) in equation 2 are listed in table 1.

Table 1: spectra atomic parameters of filters with
wavelengths of 460 nm and 500 nm respectively [10]
Parameter 460 nm 500 nm
A (1) 2.22 *107 1.04 *108
Ok 5 7
Ex(eV) 21.159914 23.131852

By substituting the parameters listed in table (1) in equation
2, then the electronic excitation temperature is obtained as a
function of N2 gas and Air flow rates and it plotted as shown
in figure 3 (a, b) respectively.
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Fig. 3 (a,b): The estimated electronic excitation temperature
versus N gas (a) and Air (b) at different flow rates.

For N gas, figure 3 (a), linear fitting, clears that, KT ey is
decreased with increasing of N gas flow rate. Also a linear
fitting clears that the rate of change of KTey with the flow
rate, f, is:

dKT. |=-0.012407, and
df

KTexc is changed in the range from 0.8828 to 1.156 eV i.e.,
10240 to 13410 °K.

For Air, figure 3 (b) clears that, a linear fitting is represented
by the following equation;
KT, = -7.5406 x10* f + 1

The rate of change of KTex with Air flow rate, dKTex/df
equals to -7.5406x10%, figure 3 (b) clears that, KTexc is
changed from 0.9977 t0 0.9811 eV i.e., 11577 to 11385 °K.
Also, figure 3 (a, b) illustrate that, KTexc is decreased with
increasing of the Air and N flow rates respectively (from 3
to 25 L/min).

The above results demonstrate that, the changing of N2 gas

flow rate has more effect on KTex data than the compressed

Air.

3.2 Effect of operation-time on
components temperature

device

In order to know that the device needs a cooling system or
not, the plasma jet device operational time effect on the
temperature of the device components such as cathode,
envelope and Mylar substrate (with dimensions of
(30x10x0.3 mm) needs to be treated has been studied. The
temperature of these components is measured by using
thermocouple thermometer.
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Fig. 4 Cathode, envelope and substrate temperatures of N,
Plasma Jet at 12 L/min flow rate as a function of the
operation time.

Figure 4 and 5 describe the variation of the cathode,
envelope and Mylar substrate temperature with the
operation time of N, gas and Air plasma jet device
respectively and at flow rate of 12 L/min. In our case, the
original temperature of cathode, envelope and Mylar
substrate i.e. at t = 0 equal 32.5 °C for N gas and 29 °C for
Air (a room temperature during the experimental work
time).

Figure 4 clears that, the temperature of the cathode,
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envelope and substrate is increased with increasing of the
operation time of N2 gas plasma jet with approximately 6.7-
7.5 °C after 30 min to reach approximately 39.2-40 °C.
Figure 5 shows that the components temperature is
increased with increasing of the operation time of Air
plasma jet with approximately 7.2-9.8 °C after 30 min to
reach approximately 36.2-38.8 °C.

Figures 4 and 5 illustrate that a cooling system is not
required to cool down the plasma jet device components.
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Fig. 5 Cathode, envelope and substrate temperatures of Air
Plasma Jet at 12 L/min flow rate as a function of the
operation time

3.3 Study of PET surface morphology using SEM
before and after treatment with N> and Air
plasma jet

Scanning electron microscope, SEM, images were taken to
visualize the changes in the surface of samples. The SEM
images provided a qualitative type of analysis by visualizing
the change in the surface of the polymer sample [11].
Surface morphologies of untreated and different treated
times of PET polymer surfaces were evaluated by SEM at a
magnification of 370X and the operation at electron energy
of 5 kV. Also the surface plot of SEM images was detected
by using surface plot tool in Image J software. PET samples
in our study have dimensions of 30x15 mm with thickness
of 19 um and it is fixed at an axial distance of 5.5 mm from
the cathode surface. Figure 6 (a) shows the SEM image of
untreated PET polymer surface while figure 6 (b) shows the
surface plot of this SEM image.

Figures 7 and 8 show the surface plot of the SEM image
after 2.5 min, 5 min, 7.5 min, 10 min and 15 min for N, and
Air plasma jet at a flow rate of 12 L/min treatment of PET
polymer surfaces respectively.

As shown in figure 6 and 7, the surfaces are relatively
smooth with some contaminants especially in figure 6 b, 7 ¢
and e. Moreover, these surface plots of SEM images reveal
significant differences between before and after plasma

treatment, indicating that there was roughness occurred to
the PET polymer surface after N, plasma jet treatment. This
roughness layer of the PET surface is observed after 2.5 and
7.5 min treatment while approximately removal of this
roughness layer on the PET surface is observed after 5 and
10 min treatment of N2 plasma jet while there is less surface
roughness after 15 min treatment time.
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Fig. 6 (a) SEM image (b) the surface plot for untreated
PET polymer surface.

The surface plot shown in figures 6 and 8 reveal a significant
difference between the un-treated and treated samples,
indicating that there was roughness occurred to the PET
polymer surface after Air plasma treatment especially after
5, 7.5, 10 and 15 min. Finally, it can be seen that, for N»
plasma jet treatment, a roughness layer is detected after 2.5,
7.5 min while, for Air plasma jet, a roughness surface layer
is detected after 5 and 10 min. A removal of this roughness
layer is detected after 5, 10 and 15 min treatment time in the
case of N2 plasma jet while a less removal of roughness is
detected after 7.5 and 15 min treatment time in the case of
Air plasma jet.
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Fig. 7: Surface plot of SEM images of PET surface before treatment and after 2.5, 5, 7.5, 10 and 15 min N plasma jet
treatment.

Results of linear fitting distribution of electronic excitation
temperature, KTexe. With N2 and compressed Air flow rates
confirmed that, KTe for N2 is greater than that for
compressed Air, and for both of them KTey is decreased
with increasing of flow rate. At N flow rate of 12 L/min,
KTexc = 1.044 eV= 12110 °K while for Air plasma jet it is
0.9909 eV=11500 °K.

From the measurements of the effect of the operational time
of the device component’s temperature, it can be concluded
that no external cooling required for both N2 and Air plasma

(f) After 15 min

jet device.

Detection of the surface roughness of the treated PET
polymer sample with N> and compressed Air at different
treatment times cleared that, the surface roughness is
detected clearly for most treatment time under consideration
(t=5, 7.5, 10 and 15 min) for compressed Air, while for N
gas it detected approximately at t = 2.5 and 7.5 min. These
results may be attributed to electronic excitation temperature
data for N, gas and compressed Air.
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Fig. 8: Surface plot of SEM images of PET surface before treatment and after 2.5, 5, 7.5, 10 and 15 min
Air plasma jet treatment.
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