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ABSTRACT:

This paper investigates the impact of an axial magnetic field on several plasma parameters of hollow electrode argon
abnormal glow discharge. The discharge is generated by applying a DC voltage ranging from 0-6KV. By varying the
pressure and magnetic field strength (0-25mT), the plasma potential, frequency, and degree of ionization were measured.
The plasma potential, frequency, and degree of ionization were evaluated using spectroscopic measurements of the
electron temperature and density. The results of the experiment show that the plasma potential decreases as the magnetic
field strength increases, while the plasma frequency increases for lower pressure but reaches a constant value for higher
pressure due to the increasing number of excitation collisions among the plasma-charged particles. The degree of
ionization, determined using the ideal gas law, shows a near-linear relationship with the axial magnetic field at both low

and high pressure.
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1. INTRODUCTION

Because argon is a type of inert gas with an acceptable
atomic mass among noble gases, it has been widely used for
numerous material processing and surface modification
applications. Optical emission spectroscopy, a commonly used
plasma diagnostic technique, enables the examination of plasma
parameters without employing invasive probes that may disturb
the plasma’s behavior [1]. When a magnetic field is present and
the plasma needs to be diagnosed, the spectroscopic approach is
chosen. This method allows for the calculation of different
plasma parameters such as electron density, plasma species
concentration, excitation, rotational, vibrational, and electron
temperatures in low temperature [2].

Numerous experimental studies have been conducted to
determine the impact of an axial magnetic field on glow
discharge plasma produced in a cylindrical DC magnetron
discharge tube at wvarious argon pressures. Additionally,
utilizing Ar and He gases, experimental determinations of the
characteristic curves of discharge current-voltage characteristics
for glow discharges have been made at various pressures [3].
The axial magnetic fields cause the glow discharge to rotate
around its symmetry axis. Nonetheless, the conservation of the
normal current density law is demonstrated within the range of
examined discharge values in the presence of an axial magnetic
field [4].

A plasma jet powered by direct current was created by
exposing flowing argon in ambient air to a longitudinal electric
field. The plasma has a torch-like morphology, with an
expanded cross-section that extends between the anode and
cathode [5]. In order to accurately describe the plasma behavior
in a direct current (DC) glow discharge under the influence of
an axial magnetic field, further modeling work has been done
[6]. The results of the experiments show the effect of an
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external magnetic field on dust particles immersed in glow
discharge layers. The requested magnetic field was produced
using a Helmholtz coil [7]. Solution Cathode Glow Discharge
(SCGD) is a glow discharge formed between a metal pin and an
ambient liquid cathode electrode that operates at atmospheric
pressure. It is frequently used in atomic emission spectroscopy
to detect trace components. An external magnetic field's effect
on SCGD and SAGD (solution anode glow discharge) was
examined [8]. The magnetic field's effects on electron density
and temperature, as well as the distribution of discharge voltage
between the ionization zone and the cathode envelope, are
investigated. The results show how the discharge current and
magnetic field can be used to vary the electron density and
temperature, and how this affects the possibility of ionization
[9]. In the tubular plasma reactor, which is fitted with an
appropriate driver, the discharge takes place between a pin and
a ring electrode. The reactor uses optimized gas flow and is an
improved version of our previous idea. An axial magnetic field
compresses the plasma into a volume that resembles a disc.
[10]. The relationship between the electrical properties of
plasma and the applied magnetic field has been studied
successfully.

The measurement of additional important plasma
properties of an argon abnormal glow discharge in the presence
of an axial magnetic field is described in this paper. The major
goal is to investigate how DC hollow electrode discharge
operates with and without a magnetic field, as well as the
influence of gas pressure upon this type of discharge.
Furthermore, this work is an expansion and complementary to
the previous study [11], to investigate the influence of axial
magnetic field on some additional important plasma parameters.
Therefore, the paper is devoted to determining these parameters
which were do not taken into consideration in the previous
study.
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2. EXPERIMENTAL TECHNIQUE

This work was based on results obtained using
experimental setup as described in our previous work [11]. The
discharge tube, which had two pieces, was a cylindrical Pyrex
glass with a discharge chamber that was 14 cm long and 0.6 cm
in diameter. Two pipe connections were installed in this
chamber; one is as a gas inlet and the other is a rotary vacuum
pump valve. Both valves have an outer diameter of 1.5 cm and a
length of 7 cm. The second component is a 3 cm long by 7 cm
wide electrode chamber, as depicted in Figure 1. The discharge
tube is open on both sides so that the electrodes may be moved
into them the space between electrodes can be varied to
generate homogeneous plasma at a set distance of 14 cm
between two electrodes.

Two cylindrical vacuum rubbers with a 2.8 cm diameter
and a 7 cm length have been used to hold both electrodes in
their chambers in order to prevent gas leakage. To create the
best possible discharge in terms of stability and density inside
the discharge tube, the electrodes are built of hollow cylindrical
brass metal with a diameter of 0.5 cm and a length of 9 cm. The
discharge tube is evacuated to a pressure of 1x10-® mbar using a
mechanical rotary vacuum pump. A thermocouple vacuum
gauge is used to measure the pressure, and pure argon gases are
supplied into the system via a needle valve. The electrodes were
subjected to direct current voltage from a variable DC power
source with a voltage range of (0-6000) volts, which was
sufficient to trigger breakdown and glow discharge at varying
argon gas pressures. The voltage-current parameters were
measured using a digital multimeter. The experiment is started
with the chamber being emptied to an ultimate pressure, then
argon is introduced, and a (100) mbar wait interval occurs
before the gas is pumped out to the appropriate working
pressure. The chamber was purge cycled three times before each
experiment to remove background air and check the cleanliness
of the plasma-forming gas, which was pure argon. After
reaching the desired pressure, the applied voltage was steadily
increased until breakdown occurred, resulting in the formation
of a stable discharge free of bands at the set level.

By passing alternating current in the range 0- to 5-amp
through four coils, each measuring 6 cm in radius and 320 turns,
a coil measuring about 14 cm in length, a magnetic field is
created. The Hall probe was used to measure the strengths of
DC and AC magnetic fields using a digital Gauss/Tesla gauge
(Model: CYHT201 from Chen Yang Technologies). The
magnetic field obtained ranged from 0 to 25 mT. The tube was
positioned axially within the four magnetic field coils as shown
in the Schematic diagram of the system figures (1). Through the
employment of two collecting lenses, optical emission from the
plasma under various conditions was collected and analyzed
using a CCS spectrometer (CCS175/M), which has an optical
resolution of 0.6 nm (FWHM), an optical grating with an 830
line/mm grating, an 800 nm blaze, and two collecting lenses. To
characterize and correlate the plasma properties, the
spectrometer can be moved both radially and axially with
respect to the plasma chamber. More details about the main
elements used for measuring the plasma parameters practically
can be seen in Table 1.
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Figure 1: Schematic diagram of the glow discharge system.

Table 1: The main elements and their functions.

No. Elements Function
1 The discharge is a cylindrical Pyrex glass of two
tube cross-sections
a single-stage mechanical Rotary
vacuum pump (Trivac E2, Pr. Nr.
2 The Vacuum 140000, Lybold), of 9 m3hr pumping
system speed to get pressure down to about
10° mbar inside the vacuum
chamber.
The electrical power required for
. generating discharge inside the
3 Thgiféiﬁnc vacuum chamber was provided by a 6
kv DC power supply (Edwards
30mA) through high-tension cables.
The Gaussmeter (CYHT201) is the
CYHT20 Gauss meter's new
generation. It can be used with high
Digital Gauss/ | resolution to measure the intensity of
4 Tesla Meter the (DC/AC) magnetic field for
(CYHT201) permanent magnet objects, motors,
speakers, magnetic
sensors/transducer, and other
machines and instruments, etc.
The spectrometer was used for
measuring the emission spectrum
CCs lines from the argon plasma tube at a
5 Spectrometer positive Colum setup by two lenses
(CCS175 (/M)- | of (100 mm) of focal length to focus
(ThorLab) of spectrum on the fiber optic sensor.
Spectrometer, (500 - 1000 nm)
(CCS175 (IM))
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3. RESULTS AND DISCUSSION

3.1. Spectroscopic Measurements

Because of its simplicity and its noninvasive effect on the
plasma, optical emission spectroscopy is often used as the
principal tool for investigating glow discharges. The two-line
emission ratio approach, which delivers the electronic excitation
temperature (Texc), IS the most used temperature estimation
methodology in practical applications. This temperature is
equivalent to the electron temperature (Te) [1]. We use
experimental data from a CCD spectrometer in this study to
assess the plasma properties under the influence of an axial
magnetic field. These metrics include electron temperature and
density [11].

From the electron temperature, Te, the plasma potential that is
represented (average electrostatic potential vp in space between
charged particles) can be calculated from the following equation
[12]:

KT,

Vplasma = Vfloat + _: In(

2m;
> )

T M

KT, Tme
Vﬂoat =T 2. In (Z—mL)
Where me and mi are the masses of electron and argon ion
respectively.

The magnetic dependence of plasma potential is represented in
Figure (2).
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Figure 2: Plasma potential versus axial magnetic field

It appears from the figure that the behavior is nearly
decreasing the exponential function of Vp= e-kB. This is
attributed to decreasing mean free path of electron e leading to
more collision of electrons with other plasma particles and this
effect is equivalent to the effect of increasing gas pressure. This
behavior is well agreement with the work done by Schnitter
[13]. However, the variation of plasma potential with the gas
pressure is shown in Figure 3. The relation also is decreasing
because increasing pressure reduces the electron temperature
due to collisions of electrons with other plasma particles since
the electrons lose most of their energy during these collisions.
This leads to decreasing plasma potential according to equation
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(1). The latter description is typical and agrees with the
previously reported results [14].
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Figure 3: Plasma potential versus gas pressure

Another important plasma parameter that represents the
behavior of charged plasma particles is the plasma frequency,
which arises as a basic consequence of the restoring Coulomb
interaction between oppositely charged particles. The electron
frequency entirely depends
upon the plasma density is the fundamental property of the
plasma and represents the frequency at which the electron cloud
oscillates concerning the ion cloud. The electron frequency
expresses how frequently the electron cloud oscillates in
relation to the ion cloud and is completely dependent on plasma
density. The frequency of the oscillation is determined
according to the following equation [15]:

21
ne e\
Wy = 2 3
p = (25 ®)
where Wy is the frequency of the electron plasma. The following is a handy formula for the

electron plasma frequency:

“p

fo= ~9./n, 4)

2m
Figure 4 is the variation of plasma frequency at pressure
(3pascal) showing that enhancing axial magnetic is equivalent
to increasing pressure due confinement of plasma-charged
particles by magnetic field.
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Figure 4: Plasma frequency as a function of axial magnetic
field.

The most remarkable behavior here is that as the magnetic
field is increased, the plasma frequency begins to rise and then
reaches saturation (constant values), as shown in Figure 5. The
influence of a magnetic field on the plasma is much more
noticeable at lower pressures than at higher pressures. This is
due to the reduced mean free path of the electrons at higher
pressures and the intensification of the magnetic field.
Consequently, collisions between excited electrons and other
charged particles in the plasma occur more frequently, leading
to energy losses. As shown in Figure 5 [11], this causes the
electron density and plasma frequency to approach a constant
value. Experiments, on the other hand, show that as gas
pressures increase, the plasma frequency decreases. When the
pressure is increased, energy is transferred from the electron to
the neutral gas, raising the temperature of the gas while
decreasing the temperature and density of the electrons. This
variation is explained by the fact that the electron temperature is
significantly higher than the gas temperature at low pressures,
Te > Tg. As a result, as shown in Figure 6, the plasma
frequency decreases. The findings are in good agreement
with[16].
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Figure 5: Plasma frequency as a function of axial magnetic
field.

2.04x10°

2.02x10°

2.01x10°

2.00x10° -

1.98x10°

1.97x10° 1

Plasma Frequency (Hz)

1.95x10° 1

1.94x10° 1

4 5
Pressure (Pascal)

2

Figure 6: Plasma frequency as a function of pressure

The determination of the degree of ionization, which
defines the density of charged particles in plasma, has been
taken into account for further investigation of the influence of
the axial magnetic field on plasma parameters. The percentage
of ionized particles in the gaseous phase is described by this
metric. These definitions apply to the degree of ionization (a).
[17]:
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n;
a= —
n

®)

Where njand n are electrons and neutral particle densities
respectively.
The electron density has been obtained from the previous work
as follows[11].
The density of the electron can be obtained from the width of
Stark broadening expression [18], [19], and [20]:

AL = 2w (”9/1016)

+354 (718/1016)5/4 % (
Xw (6)

_1/3
1-=N,

)

Where DI1/2 represents the FWHM of Stark broadened
spectral peak, w is the electron impact width parameter in (nm),
Nr is the reference electron density; in the case of neutral atoms
is 1016 cm— 3 [1], A is the ion broadening parameter in (nm), ne
is the electron density in (cm-3 ) and Np is the number of
particles in Debye sphere. The first term in equation (6)
indicates the broadening due to the electron contribution and the
second term to the ion broadening contribution. The ionic term
is negligible. Then, equation (6) can be modified to a simple
form [21]:

AL =2w (ne/lola) ™

The line emission (811nm) and its corresponding electron
impact width parameter were obtained from [22]. To be w =
0.0904nm. The full width at half maximum (FWHM) of this
spectrum shown in Figure 7, was utilized after Lorentz curve
fitting [23]. The (FWHM) of the line is equal to (811.98-
811.11= 0.86nm), this gives rise to the electron density ne =
0.86 x 1016/0.1808nm=4.805 x 1016 [cm—3 ].
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Figure 7: utilized to measure electron density is the emission
line at 811 nm.

Because the density of neutral particles is not constant
inside the discharge chamber and is pressure dependent, it can
be calculated according to the ideal gas law at room temperature
under different gas pressure [24].

PV =nRT

®)
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Where P is the gas pressure, V is volume, na is the number
of particles per unit volume, R is the universal gas constant and
T is the room temperature of gas before discharge. Figure 8
depicts a roughly linear relationship between the degree of
ionization and the axial magnetic field at 3 psi pressure. The
magnetic confinement of plasma-charged particles causes this
phenomenon. The externally imposed magnetic field reduces
charged particle diffusion, resulting in a relatively constant
plasma density. Meanwhile, inelastic collisions and radiative
decay mechanisms within the plasma cool the electron gas [25].
This effect is more noticeable at high pressure investigated as
shown in figure 9.
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Figure 8: Degree of ionization versus axial magnetic field
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Figure 9. Degree of ionization versus axial magnetic field

Figure 10 shows the pressure dependence of the degree of
ionization. According to the graph, the degree of ionization
decreases inversely with the increasing axial magnetic field.
Because of non-ionizing collisions, electrons lose almost all of
their energy to other plasma particles as pressure rises [17]:
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Figure 10: Degree of ionization versus gas pressure.

CONCLUSION

The obtained discharge represents abnormal glow region
(positive resistance). Due to increasing both the pressure and
magnetic field the plasma potential decreased, indicating that
increasing the axial magnetic field is equivalent to increasing
the gas pressure because magnetic confinement affects the
plasma-charged particles. When the magnetic field was
increased, the plasma frequency and degree of ionization
increased for gas pressures between 2.3 and 3.5x102 mbar but
remained constant at high pressure of around 5.5 pascals. At
low pressure, the magnetic field had a more noticeable effect on
the plasma than at high pressure. Because of non-ionizing
collisions with other plasma particles, the degree of ionization
decreased exponentially as a function of pressure. The transition
from the left to the right side of the minimum Panchen's curve
was attributed to the change in gas discharge characteristics.
Finally, the experimental results revealed that as pressure
increased, plasma frequency decreased.
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