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Abstract

In order to produce cold plasma at atmospheric pressure, a multi-channel RF, of
(1, 2, 3, and 4 MHz) frequencies, plasma jet system is developed using argon as the
working gas. This system consists of two parts, a multi-channel power supply (of a
power of 100 W) and a plasma jet. A strong electric field is created that ionizes and
excites argon ions. The |-V characteristics of the system and the electron
temperature and density for different powers (20, 50, 70, and 80 W), gas flow rates
(10, 20, 30, and 40 sccm) (standard centimeter cubic per minute) at different
frequencies (1, 2, 3, and 4 MHz) are studied, using the optical emission
spectroscopy method. This system can be used in medical applications and material
treatment with high efficiency.

Keywords Multi-Channel Radio frequency (RF), power supply, plasma jet, Optical
emission spectroscopy (OES), Argon gas (Ar).
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1. Introduction

Plasma makes up more than 99% of the observable universe. Plasma can be seen in
various night sky phenomena, e.g. the twinkling of stars, nebulas, auroras, and our Sun [1].
Plasma is often categorized, according to its temperature, into two categories: cold and hot
[2]. Plasma sources that operate at atmospheric pressure and mild gas temperatures under
non-equilibrium conditions are known as non-equilibrium plasma jet devices. They are also
known as non-thermal, low-temperature, or cold plasma jets or torches [3]. As a result of
extensive research efforts in recent decades, atmospheric pressure plasma jets now stand out
as the most promising discharge possibilities for biological treatment operated close to room
temperature and run at a moderate voltage with a modest current [4]. They are used for
surface treatment of a variety of materials [5] and to cleanse mold on the surface of food [6]
[7]. The atmospheric pressure plasma jet system enables the construction of tiny and
affordable plasma sources since it does not need a vacuum chamber [8]. There are many
different methods to generate and obtain plasma experimentally, including microwave
discharge and radio frequency (RF) discharge [9], dielectric barrier discharge (DBD) [10],
and direct current (DC) discharge [11] [12]. Several devices that produce a cold plasma plume
in the air at atmospheric pressure have been developed in recent years. Different designs have
been researched for use in medical applications and for their possibility to treat heat-sensitive
surfaces [13].

A plasma jet has the shape of an uninterrupted flow when it is operating at high
frequencies. The plasma jet, however, has been shown to consist of separate ionization
wavefronts travelling significantly faster than the gas velocity when operating at low
frequencies [14]. Many jet devices can produce plasma effluent with a length of up to tens of
centimeters in the open air [15], and some can produce multiple plasma jets at once for
extensive treatments [16]. Kim et al. recently created a small plasma jet whose size of 15 um
is at the level of a single cell to be used in cancer treatment [17]. Tudoran (2009) designed an
RF plasma demonstration unit to generate high-frequency plasma under atmospheric pressure
[18]. Surducan et al. (2011) presented a new laboratory-made plasma treatment system. The
power source which generates the plasma is based on a modern half-bridge type inverter
circuit working at a frequency of 4 MHz giving an output power of about 200 W [19].
Underwater corona discharge is a good, low-cost, and environmentally acceptable method for
cleaning up contaminated water [20].

Knowing the plasma parameters is essential to efficiently utilize plasma in industrial,
biomedical, and environmental applications. There are a few diagnostic methods for micro
plasmas, and for the electron temperature measurement; in particular, a straightforward
method based on optical emission which is very useful given the challenges of other existing
methods using different techniques, such as the Langmuir probe [21] and Thomson scattering
[22]. An atmospheric low-temperature plasma jet was studied using relative and absolute
optical emission spectroscopy (OES) as a diagnostic tool for electron temperatures and
electron density [23]. The electrical performance of the discharge was also studied using
voltage and current probes. In this work, a multi-channel RF plasma power supply was built
to operate in class A for the generation of RF plasma.

2. Multi-Channel RF Plasma Power Supply

RF power circuits that have expressly been built for the use in conventional power
amplifiers to operate at several MHz are typically operated in class A or class C. to perform
well at such high frequencies, these devices often employ specialized manufacturing
procedures to lower the stray capacitances to accepted values. The plasma system described in
this work was constructed exclusively from widely accessible general-purpose components at
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low prices. Standard switch-mode power MOSFETS, however, face significant difficulties in
switching effectively at 1, 2, 3, and 4 MHz because of the high capacitance of the gate. This is
especially detrimental for equipment operating at high voltage and high frequency since the
accumulated charge might be rather large [24]. RF power supply is composed of many parts,
as shown in the block diagram of Figure 1: a multi-crystal oscillator tuned to 1, 2, 3, and 4
MHz, a high current MOSFET driver, a MOSFET power stage, and the 1, 2, 3, and 4 MHz
Tesla resonator. The power supply has three outputs: 0 to +150 V for the MOSFET power
stage, +5 V for the crystal oscillator, and +12 V for the driver stage. The distortion signal is
eliminated at the low voltage output using the filter circuit.

1,2,3, and 4 ngh Current MOSFET Tesla
MHz Multi-
Cz uI i MO?FET Power Stage Resonator
rysta Driver
Oseillator
F 3
v | L H2V l =
Power Supply
20V +0-150

Figure 1: The multi-channel_radio frequency power supply diagram.

3. Optical Emission Studies

The optical Emission Spectroscopy (OES) technique is used to determine the plasma
composition and temperature of electrons (Te). A Thorlabs optics HR-4000 spectrometer was
employed to capture the emission spectrum from which the emission lines were detected
between 310 and 710 nm wavelengths. An optical cable was used to feed the spectrometer's
entry slit with the light from plasma spectrum, which is observed normal to the plume
expansion. Utilizing the spectrometer's measurements of atomic emission, line intensity Te
and reactive species were measured. The Boltzmann plot approach was used to extract Te
from the spectral data. [25].

LA E
In u) _ _=In

o) =7+ W
Where: Te is the excited electron temperature, An is the transition probability, In is the
intensity of the spectral line of wavelength An, gn is the statistical weight factor, E, is the
energy of the excited states of the spectral line, and C is a constant, which was neglected in
the current study. The spectral lines' intensity was determined from the observed spectra. The
NIST atomic spectra database was used to determine the values of En, gn, and An for the
chosen lines [26].

The electron density may be determined using the Stark-broadening of spectral lines,
which, in our case, predominates over the spectral line width of Doppler, collisional, or
instrumental broadening. The full-width at half maximum (FWHM) (denoted as AA.)of the

2

Stark-broadened line determined by Equation 2, and is proportional to the electron density

[27]: .
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Where|; o is the impact broadening factor and ne is the electron density (cm™). The impact
factor was obtained from the study of Konjevic et al. [28].

4. Experimental Setup

Two electrodes make up the plasma jet. The first electrode is a hollow stainless steel wire
90 mm long and 1 mm diameter connected to the high voltage RF 2 MHz power source. The
second electrode is placed around the end of a glass pipe, as illustrated in Figure 2, and it is
connected to ground.
Four major components make up the plasma system:
1. RF high voltages power supply at 1, 2, 3, and 4 MHz frequencies 2. Plasma jet 3. Argon
gas. 4. A flow meter. The plasma jet system's schematic design and photographic pictures
for the RF plasma jet at various RF powers (20, 50, 70, and 80 W) are shown in Figure 2.

‘ Electrod

Gas Flow
— —— (Il
4 4
Stanless  OFSST0E | Plasma plume

steel wire

Flow

Figure 2: (a) Schematic diagram of the plasma jet system; (b) Photographic images of the RF
plasma jet at various RF power levels (20, 50, 70, and 80 W).

5. Results and Discussion

5.1. Plasma Diagnosis

Figure 3 displays the plasma emission spectra at 20, 50, 70, and 80 W RF power, showing the
detected significant lines at 696.5431, 706.7218, 727.2936, and 738.398 nm.
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Figure 3: Plasma emission spectra at different RF powers.
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The intensity change of these spectral lines was studied against the RF power values and
the Ar gas flow rate. The NIST database was utilized to determine the Arl parameters. The
Boltzmann plot method was employed to determine the electron temperature (Te) from these
observed Arl lines.

The electron temperature (Te) and electron density (ne)can be calculated from the spectral
lines at each RF power value using Eqg. (1) and (2).
Figures 4 and 5 is show the intensity change of the Arl spectral lines of the plasma emission
spectra with the RF power and the Ar gas flow rate, respectively. With the flow rate
remaining constant at 30 sccm it can be noted that as the power of the source increases, the
Arl intensity lines grow, as a result of the rise of the ionization level and electron energy,
increasing the rate of electron-neutral impact excitation. When electrons collide with other
particles, they transfer their energy and so excite the particles. The Arl lines exist in the area
of short wavelengths.

l —
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Figure 4: The Arl lines intensity vs. RF power values.
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Figure 5 : The Arl lines intensity vs. argon gas flow rate (sccm).
Electron temperature and density were measured using the four Arl lines of (696.5431,

706.7218, 727.2936, and 738.398) nm wavelengths as a function of RF power, gas flow rate
for different RF voltage frequencies (1, 2, 3, and 4 MHz).

5030



Yaseen and Abd Iragi Journal of Science, 2024, Vol. 65, No. 9, pp: 5026-5036

Figure 6 illustrates the Boltzmann plots to determine electron temperature using the slope of
the straight lines. Using Eq. (1), the electron temperature (Te) was plotted at frequency values
of (1, 2, 3, and 4 MHz) as a function of RF power (20, 50, 70, and 80) W and gas flow rate
(10, 20, 30, and 40), as shown in Figure7 and 8. The temperature rises with the increase of
power at different frequencies, as seen in Figure 7. Increasing the feeding power, more energy
is transferred to the plasma electrons; therefore, electron temperature increases and ionization
rises. This is due to the fact that the increase in the electric field provides additional energy to
the electrons, thus increasing their temperature. This result agrees with that of Naveed et al.

[29].
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Figure 6: The Boltzmann plot utilizing the Alll ionic lines at different flow rates (10, 20, 30,
and 40).
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Figure 7: Variation of electron temperature with RF power at different frequency values.
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Figure 8 demonstrates how the electron temperature changes with the gas flow rate at
different frequencies. The temperature of the electron decreases as the flow rate rises because
more argon atoms are present, and therefore the electron undergoes more collisions and thus
loses more energy. The temperature at a fixed flow rate rises with increasing the frequency
due to increased electron energy [30].
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Figure 8: Variation of electron temperature with gas flow rate at different frequency values.

The electron density at the Arl 696.5 nm spectral line was calculated using Eq. (2). Figure
9 shows the change in electron density as a function of RF power at different frequencies.
When the power is increased, both the electron energy and ionization level rise. As a result,
the electron density grows. The increase in the frequency leads to an increase in the potential
difference between the two electrodes, which leads to an increase in the electron energy and
ionization; thus the electron density increase. This result agrees with that of Zheng et al. [31] .
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Figure 9 : The electron density variation with RF power at different values of
frequency.

Figure 10 depicts the variation of electron density with gas flow rate at different frequencies.
Electron density gradually increases with increasing the gas flow rate due to an increase in the
number of ionized argon atoms leading to an increase in the number of electrons. These
results agree with those of Hashim et al. [32] and Aadim et al. [33].
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Figure 10 : Variation of electron density with flow rate at different frequency values

5.2. Determination of Output Parameters for RF Power Supply

The electronic circuit for the RF power supply operates at different voltages and is
equipped with a DC power supply. This electronic circuit is divided into several stages. The
first stage is a multicrystal oscillator consisting of four crystals supplying frequencies of 1, 2,
3, and 4 MHz and an oscillation circuit supplied with 5 V. In this stage, sine wave signals are

obtained for all frequencies, with peak-to-peak voltages of 2.34, 1.45, 1.05 V, and 930.6 mV,
respectively, as shown in Figure 11.

S00mY

Figure 11: Sine wave signals of 1, 2, 3, and 4 MHz frequencies at the output of the first stage
(oscillation stage).

The effect of frequency on the discharge parameters is also studied and detailed in Figure
12. The Positive effects of the frequency on the system's discharge current can be noted when
the frequency is increased. As the frequency is increased, it was found that the discharge
breakdown voltage is increased where at frequency 1 MHz the discharge voltage is 10 to
450V and discharge current 45 mA, at 2 MHz discharge voltage is 10 to 760 V, and the
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discharge current is 69.3 mA, at 3 MHz discharge voltage is 10 to 860 and discharge current
78.7 mA, at 4 MHz discharge voltage 10 to 946 V and discharge current 81.6 Ma. This result
agrees with that of Abd and Abbas [34].
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Figure 12: The I-V characteristics curves for different frequency 1, 2, 3, and 4 MHz
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6. Conclusions

An RF plasma jet system operating in a frequency range of (1-4) MHz was built and tested
successfully. This paper shows the effects of the power system, gas flow rate, and frequency
on the plasma parameters and 1-V characteristics. A positive impact on electron temperature
and density at high power and frequency was noted. Through these results, this RF power
supply can be used in many applications, such as generating DBD plasma and sputtering
plasma. By changing the power supply frequency, insulators and semiconductors can be
studied and deposited for the manufacture of electronic parts.
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