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Abstract

The magnetic field effect on the current-voltage characteristic curves of glow
discharge in argon at low pressures has been experimentally investigated. The
electrical discharge was ignited in a stainless steel tapered chamber of a nominal
volume of 0.5m® immersed inside a water-cooled coil capable of delivering a
magnetic field of strength B of up to 0.42T. Three water-cooled electrodes were
inserted into the chamber up to a point where their tips were 20cm away from the
surface of the central column of the chamber. An enhancement of the electric field
configuration within the region of the electrode assembly was performed by
threading one of the electrodes with stainless circular discs(80mm and 140mm in
diameter) in various forms(attached or separated). Depending upon the
experimentally operating conditions, different glow discharge voltages and their
corresponding currents were recorded with an optimum current of 10A at B= 500G
and P= 10" mbar. A discharge current of 11.7A was reached as the gas pressure was
raised by an order of magnitude at B=10G at d=20cm with very slight changes in the
discharge voltage. Experimental results were found to be sensitive to the geometry
of the electrode assembly, P, and B. Elevation of cathode surface temperature was
recorded and found effective in reducing the pumping down cycle over a process of
glow discharge cleaning of the internal chamber surface.
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Introduction

A glow discharge (GD) is generated when a sufficient potential difference is applied across two
electrodes in a chamber containing a gas at low pressure. It is, therefore, a stage following the
electrical breakdown of a gas when its atoms are ionized after gaining sufficient energy via collisional
processes leading to the formation of GD-plasma [1]. Because of their distinctive features and physical
characteristics, GDs have found a wide area of applications in science, technology, and industry [2].
To meet the requirements of functionally efficient application, GDs have been extensively studied
throughout a number of approaches and techniques depending on the mode of glow designated by the
region within its current-voltage characteristic curve and the area of application. Theoretical modeling,
computer simulation, and experimental investigations have been carried out aiming at a good insight
into the discharge processes and more understanding of the various associated physical parameters and
their behaviour under certain conditions with or without applying an external magnetic field to the
discharge [3, 4]. As laboratory plasma source of unique physical characteristics, GDs of gases have
been used for more than five decades over a vast area of technological applications ranging from
vacuum electronics to steel industry. Experiments with complex (dusty) plasma devices carried out
with GD modes have also been of great interest since they establish a cornerstone for understanding
the formation of strongly-coupled systems and dust-driven nonlinear phenomena [5].

Depending upon the basic plasma field of research and specific engineering problems, typical
literature involving GDs may be presented in three groups. The first group is concerned with the
various characteristic parameters involved in the operational conditions such as electrode geometry,
gas type and pressure, dimensions of containing vessel where no external effect exists. Typical studies
[6, 7] under certain gas pressure and discharge-generating source showed that the current-voltage
curves and other spectroscopic measurements may describe the behaviour of GD plasmas and their
associated features. Other experiments investigate the effects of the cathode parameters and geometry
of the plasma-containing vessel on electron temperature using argon as plasma-forming gas and
spectroscopic tools of diagnostics [8, 9].

The sparking parameter, electron energy, and ionization processes were included in other
experimental studies [10]. The main objective of the second group emphasizes on specifically scientific
research and engineering applications of GDs under various conditions. This scheme covers high
current switches for pulsed power technology[11], shock wave propagation in diffuse plasma [12],
radiation emission sources and discharge lamps[13, 14], GD processing for semiconductor deposition
and surface modification[15, 2], pseudo discharges and nitrogen plasma parameters[16] and chaotic
current oscillations for studying active media of gas lasers[17].

The third group may designate the effect of an externally-applied magnetic field on the breakdown
conditions and GD plasma parameters in various gases. The effect of the magnetic field strength on
both electron density and temperature was studied in air, hydrogen, and argon in relatively small
discharge vessel [18]. The results showed that the electron temperature decreases and the radial
electron density increases for longitudinal magnetic field exceeding 1000G in argon while this density
diminished and the electron temperature increased under transverse magnetic field of strength reaching
150G in air and less in hydrogen and argon. In another study [19], the Paschen minimum voltage was
found to be reduced from 315V to about 310V in argon GD as a longitudinal magnetic field strength
was raised from zero to 350G over a pressure range (0.05-0.1) mbar with electrode spacing adjusted
from 4cm to 8cm in glass tube of 30cm in length and 13cm in diameter. The effect of the magnetic
field was also investigated in a “macro” hollow cathode discharge in argon [20]. Current-voltage
curves were deduced at pressure range of (1-10) mbar under a magnetic field strength of 1T. Although
the discharge current was relatively low (few milliamperes), the hollow cathode fall was found to
decrease with increasing this current.Limited experimental studies have been found concerning GD of
argon contained in large-volume metallic vacuum chamber immersed in a magnetic field. The present
study which may be categorized within the third group describes GD experiments carried out in a
large-volume stainless steel chamber of circular cross section similar to those used in magnetically-
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confined plasma experiments. However, the selection of such experimental configuration follows the
fact that tapered metallic vacuum chambers with such dimensions are commonly used in ion sources
where glow discharge cleaning(GDC) of the internal surface of the chamber is practically essential to
reduce the pumping down cycle. The GD in the present experiments was ignited in argon at low
pressure and the effect of an externally-applied magnetic field on the current-voltage characteristic
curves was thoroughly investigated when the geometry of the electric field was modified and
discharge currents, higher than those discussed above, were recorded with their corresponding applied
voltages. The process of (GDC) is usually performed by charged particles bombardment and the flow
of such relatively high currents through the discharge circuit over certain periods of time.
Theoretical Background

Any theoretical treatment of dc glow discharge of gases at low pressure may start with considering
the correlation between Paschen parameters and Townsend coefficients. The main equations which
can be written in the framework of such correlation describe the ionization of the gas atoms by
collisional processes and the associated resulting parameters.
In general, the electrical discharge of a gas can be described by the empirical equation [21, 22]:

o = aP exp [—z—j] 1)

Where a is the first Townsend coefficient which represents the number of ionization events performed
by a moving electron in a path length of 1cm along the discharge electric field E4, a and b are two
empirical constants, and P is the gas pressure.
When the electric field is uniform, its magnitude can be written as the ratio between the discharge
voltage Vyand the electrode separation r, i.e.,

Va
E, ==
¢ r
A condition for having a self-sustaining discharge may be written as follows [22]:
1
explar) = ;—|— 1 )

Where v is the second Townsend ionization coefficient.

It can be stated that the voltage V4 depends upon the gas, cathode material, electrode spacing and the
pressure.

By considering Egs (1) and (2), the following interpolated explicit equations can be deduced
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It can be noticed that both Vq4 and % depend on the product (Pr); r being a general dimension of

distance, from which the importance of the sparking parameter may be realized in glow discharges.
Moreover, the dependence of the Paschen coefficients a and b on the gas must be via the collision

. . . .. Eg
cross section between electrons and ions and ¢ via the Townsend coefﬁmentf.

Experimental Technique

These GD experiments were carried out in a stainless steel vacuum chamber of a nominal volume
of about 0.5m* (180 Cm in dimeter). The chamber was slightly tapered and it had six rectangular
openings; two of them were fitted to the ducts of a vacuum system and the other four were closed by
flanges designed to allow the electrode insertion, viewing, gas feeding, and electrical connections.
Such design allowed the use of three electrodes through the centers of three flanges around the
circumference in such a way that the angle subtended between each two electrodes is 120°. These
electrodes, each of 1.0 m in length and 2cm in diameter, were made of stainless steel and they were
water-cooled to avoid any possible heating effect resulting from the discharge current. A central
column which had been machined as a part of the chamber structure was taken as a reference surface
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to define a relevant distance (not thee electrode spacing) between the electrode tips and the internal
surface of the chamber which was electrically at earth potential (under certain circumstances the
electrode spacing could have been less than d). All the three electrodes were threaded into the flanges
through Teflon insulating bushings with O-ring arrangement to maintain electrical insulation and they
could be moved to and away from the central column of the chamber. A schematic diagram of the
experimental setup including the electrode-chamber assembly and electrical circuit is shown in Figure-
1.

Electrical Connection

Magnetic field coil % — @
Viewing
@

1kV
25A

Lo

Figure 1- Schematic diagram of the experimental setup

The vacuum system consisted of a double stage rotary pump and turbomolecular pump to evacuate
the chamber down to an ultimate pressure of about 10°mbar before gas feeding.

A DC-stabilized voltage was applied on the assembly supplied by a 1kV, 25A power supply so that
the three electrodes were at positive potential and the chamber was at earth potential. The
experimental values of the discharge current I4and the discharge voltage V4 were recorded by a digital
multimeter while a current-limiting resistance was connected in series with the power supply to avoid
any short circuit current effect across the power supply. The magnetic field in which the vacuum
chamber was immersed was generated by a water-cooled coil capable of delivering a field strength
exceeding 0.21T at the position of the electrode tips. The magnetic field strength B was varied by
adjusting the electrical current flowing through the coil turns.

The experimental run starts when the chamber was evacuated down to an ultimate pressure and
then feeding the argon into the chamber, allowing the pressure to reach 100 mbar before pumping the
gas out to the desired operating pressure. This process of chamber flushing was repeated three times
prior to each experiment to pump out the background air and to ensure that the plasma-forming gas
was pure argon. Once the desired pressure was reached, the applied voltage was gradually increased
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until the moment of glow discharge inception. With each applied discharge voltage, the corresponding
flowing discharge current was recorded. Under a selected value of B, a range of discharge voltage
values and their corresponding currents were recorded. The same procedure was followed when the
electric field geometry was modified by threading one electrode with circular stainless steel discs of
two different diameters. Such arrangement resulted in a reduction in the nominal electrode separation
along the tapered region since the edges of these conducting discs were closer than the electrode itself
to the top and bottom surfaces of the vacuum chamber. Such arrangement may also highlight the effect
of current density as the existence of the discs enlarges the area of electrons collection during current
flowing.

Results and Discussion

In order to establish a constructive understanding of the device bahaviour, it was necessary to
envisage the dependence of the discharge voltage V4 on the product of gas pressure P and the
separation d under a certain value of B.

After carrying out a number of experiments to maintain a glow discharge within the whole vacuum
chamber, results demonstrated that the discharge voltage Vq4 decreases sharply with Pd below 4
mbar.mm under a magnetic field of 10 G (at d=20cm)as typically shown in Figure-2. Over the region
of reduced pressure, i.e., on the left hand side of the V4-Pd curve, neutral gas atoms experience
limited collisional ionization and hence, less energy exchange with the electrons. Under such
experimental conditions, the ionization is governed by a high (electric field/pressure) ratio, the
properties of electrode material and the externally-applied magnetic field which imposes effective
confinement on the charged particles [19]. At this stage, it is important to recall that very high electric
field strength is required to accelerate the ionizing electrons to maintain the necessary ionization over
this part of the V4-Pd curve [22].
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Figure 2- A typical discharge voltage-Pd curve of the experimental setup with d=200mm.

A number of characteristic parameters can be figured out in analyzing the present experiments
including gas pressure P, magnetic field strength B, discharge voltage Vg, discharge current |y, and the
number and diameters of the circular conducting discs threading the electrodes for enhancing the
electric field in the region between the electrodes and the internal surface of the vacuum chamber.
Two disc diameters; 80mm and 140mm (3mm thick), were used and will be referred to as type (1) and
type (2), respectively. The significance for having the distance (d) was to define a reference distance
for how far the electrodes were inserted into the chamber before placing the discs. It is worth-
mentioning that the product (Pd) here does not represent the exact sparking parameter as in other
cylindrical discharge tubes and its minimum value may provide the approximate Paschen minimum
value of argon in this setup. Moreover, all values of B which are referred to were measured at this
electrode position d from the central column.

The direction of B is along the chamber axis which means that it is perpendicular to the electric
field E in a limited region within the spacing d. Over other regions inside the chamber where the three
electrodes were extended, E and B were both along the chamber axis remembering that the electrodes
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were having positive potential with respect to the top and bottom surfaces of the chamber which were
acting as a cathode.

Over a considerable number of experiments, the cathode surface was not clean and impurities
including water vapour were adsorbed onto its whole surface resulting in some observations of
localized intense charged particle beams (electric arc). The values of B mentioned below were taken at
the positions of the electrode tips, i.e., at d=20cm.This is relevant when the chamber is used for any
experimental purposes that require higher values of B at this electrode position by increasing the
current flowing in the coil. Previous experimental studies using cylindrical discharge tubes [14] have
shown that the discharge voltage is sensitive to the product (gas pressure x tube radius) since the
electron number density is altered within the containing volume. However, in the present setup, results
of both voltage and current may be sensitive to the shortest electrode separation as well as the applied
value of B which would be altered at different d.

Typical current-voltage characteristic curves were plotted from these measurements by considering
specific experimental conditions and special attention was paid to the discharge steering by the
variation of B, Iy, and E4. Figure-3 demonstrates three typical characteristic curves for three values of
B (10G, 200G, and 500G) when six discs of type(1) attached to each other, were threading one
electrode with the first disc positioned at a distance 25cm from the electrode tip (45cm from the
central column) and others followed towards the flange. With the operating argon pressure at 107
mbar and by placing the discs in this position, the value of the sparking parameter (pressure X
electrode spacing) is reduced since the disc edges were nearer to the chamber surface. The lowest
voltage values on the three curves represent the voltages at which the GD covers the whole chamber
(Paschen minimum). Upon gradually raising Vg, the current 14 was correspondingly increased resulting
in an azimuthally movement of the whole magnetized plasma towards the back electrode ends near the

flanges and it was totally confined there by B at that region.
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Figure 3- The dependence of the discharge current on V at three values of B when P=10°mbar, d=20cm, and 6
attached discs of type (1) threading one electrode.

A prompt increase in Iy with relatively lower values of V4 was noticeable as B was raised to 200G
and then to 500G. For such arrangement and conditions, the GD appeared at lower V4 (400V) when B
was set higher at 500G compared to V4 = 445V at B = 200G. The reduction of the voltage with
increasing B may be due to the fact that electrons encounter more collisions with gas atoms as they
spiral around the field lines leading to more ionization and consequently an increase in l4. Increase of
B sustains more electron-neutral atom collisions giving rise to more ionization and higher electron
number density and a consequent increase in 4 [14]. Values of |4, ranging from about 1A to nearly 6A,
were recorded and plotted with their corresponding V4 at typical B values. Reduction of the discharge
voltage with increasing B to 350G in argon was experimentally reported with plane-parallel aluminum
electrodes at pressure P ranging from 0.1 mbar to 0.5 mbar [19].
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In Figure-4, two 13-V, characteristic curves at B=500G and P=10"mbar are drawn to illustrate the
effect of the diameter of the discs threading the electrode, i.e., the effective electrode separation. The
first curve corresponds to the use of three separated discs of type (1), 10cm apart, while the second
curve represents results when these three discs were replaced by one disc of type (2) on the same
electrode (positioned at 25cm from the electrode tip). Results show that the GD appeared at a voltage
of 536V with the three separated discs while it was less (336V) for the single larger disc, i.e., a
reduction by a factor of almost 40% with reducing the effective electrode spacing by 30mm.

12

One disc (140mm)

Three separated disc

Ia/A

300 -'If.(‘ ';L!Jf' B00 T
Vv
Figure 4- Comparison of typical 13-V curves by using different discs at B=500G and P=10"mbar.

This result could be justified by reducing the sparking parameter as the lager disc approaches the
surface of the cathode. Also, the current was found to raise four times with the three discs and was
increased by more than eight times as the larger diameter disc makes less effective electrode spacing.
Observations of higher current with the 140mm can be attributed to the increase of the electron
velocity by enhancing the E-field in this region as the disc moves 6mm closer than the 80mm-diameter
disc to the chamber surface. The drift velocity is increased as the ratio E/B is higher due to the
enhancement of E. Results analysis of using 6 attached discs of type (1) at P=10mbar and B=500G
showed that I; could be increased by nearly a factor of 5 (from 1A to 5.1A) with raising Vy, leading to
a noticeable confinement of the plasma at the electrode entrance region. For the sake of comparison,
these results are depicted in Figure-5 with the values recorded for one disc of type (2) replacing these
6 discs. The configuration of having 6 attached discs may have resulted in a local region of nearly
uniform E-field with small spacing between the disc edges and the chamber surface. Under these
circumstances, electron trajectories would be different from having a single disc which forms a region
of local nonuniform E-field in which electron trajectories and particle energies are varied
correspondingly. Due to the large cathode surface area of the present experimental configuration, area
effect was observed when the luminous discharge area was changed as a result of varying lg. This may
justify that the current density J at the chamber surface is unchanged despite the variation of 14 in the
circuit.
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Figure 5- Typical I-Vq curves for different disc arrangements at B=500G and P=10°mbar.

Both Figures-4 and 5 demonstrate the effect of the electron current density (J) as these discs collect
electrons with relatively larger area. The JxB effect plays a significant role in steering the discharge
because of the resulting pressure gradient represented by this cross product. Such effect contributes
also to the I4-Vy curves shown here as the area of electron collection is altered by attaching or
separating the discs. It was found that upon using these discs more energy was deposited to the
cathode surface giving rise to an elevation of its surface temperature measured by thermocouples
positioned on the outer surface of the chamber. Gradual rise in cathode temperature with Iy and time
was observed with no period of instability as reported with using copper cathode. Brighter glow was
observed around the disc of type (2) due to the enhancement of the electric field similar to that
observed in the negative glow region [9].

Since the chamber, electrodes, and discs were made of stainless steel, it is expected that the
minimum discharge voltage is lower and the sparking parameter is shifted towards a lower value in
comparison with copper. Moreover, such behaviour demonstrates the effect of the ion-electron
emission rate which is defined by the Townsend secondary ionization coefficient y (rate of electron
emission from the cathode as a result of ion bombardment). Such process is experienced at higher
values of (E/P), i.e., in the region between the chamber surface and the disc edges where E is enhanced
[19].At a background magnetic field of B=10G, the effect of P on the behaviour of the discharge was
also investigated when 3 separated discs of type (1) were threading one of the electrodes. A prompt
increase in Iq with V4 was recorded as P was raised by an order of magnitude (from 10mbar to 10
’mbar) due to enhanced ionization of more atoms which results in electron multiplication and
subsequently higher electron number density. Under these conditions, for an increase of about 5% in
Vg, the corresponding value of Iy was raised from 3A to11.7A as shown in Figure-6. The increase in
the discharge currents with raising V4 accounts for extracting more electrons from unit surface area of
the cathode. The ExB drift forces may be more effective on electron multiplication and |4 while they
have weak effect on V4along the discs region at both P values and under low B. It may be understood
that the effective path of electrons becomes longer in the region where E is perpendicular to B and this
may justify higher ionization as a result of higher collision rate of electrons with argon atoms.
Increase of radial electron number density within the region of (d)is expected due to such drift forces
as their magnitudes depend mainly upon the contribution of both electric and magnetic fields [18].

P=102mbar

<
=

4

P=10"*mbar
0 T | T | T
400 500 GO0 Fo0 800
Va'Vv
Figure 6- Typical current-voltage characteristics at two pressure values with B=10G, d=20cm, and 3 separated
discs of type (1).

Because of the geometry of the magnetic field in which the chamber is immersed, the various glow
discharge regions near the electrodes have been influenced throughout the confining effect of
electrons. However, due to the arrangement of the setup, these individual regions are not easily
identified. Careful measurements of the discharge voltage with varying magnetic field strength B may
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present more understanding of the discharge characteristics since this voltage determines the energy of
charged particles and the flowing discharge current in the circuit.

Over a range of B of up to 525G, the discharge voltage was found to decrease with raising B until
it reaches a minimum value of 330V at B=81G after which V starts to increase gradually with B as
illustrated in Figure-7. Under these experimental conditions, such bahaviour is similar to the well-
known Paschen curve of gases when the voltage shows a Paschen minimum value at a certain sparking
parameter value for particular gas and cathode material.

42
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Figure 7- A typical discharge voltage-magnetic field strength curve at a gas pressure of P=1.25x10 ~ mbar.

The discharge voltage-magnetic field curve may indicate one of the characteristic effect of the B-

. . S Ey
field on the charged particle dynamics via its effect on V4  and consequently on F“. It has been

. . . . . Eg o
reported that y rises with the B-field at certain values of reduced field ?ﬂ for argon and initiating the

discharge at a minimum V4 is equivalent to have a lower work function cathode surface in field free
discharges [19]. According to this curve, the contribution of B to the E x B drift forces is varied with B
values and also the drift velocity of charged particles are subsequently altered.

When the cathode surface was heated to a temperature exceeding 60°C as a result of ion
bombardment and flowing current, the vacuum pumping down cycle to a typical ultimate gas pressure
of 10°mbar, was found to be reduced by a factor of 3 (from 6 hours to 2 hours) which demonstrates an
acceptable GDC process of the internal surface of the metallic vacuum chamber under such magnetic
field of strength 10G
Conclusion

Large-volume glow discharge experiments in a metallic vacuum chamber containing argon at low
pressure (10?mbar and less) have shown that the current-voltage characteristics are sensitive to the
geometry and dimensions of the discharge electrodes and other parameters correlated to Paschen
minimum conditions. Observations have illustrated a pronounced effect of E, B and pressure gradient
in drifting the GD plasma towards the chamber circumference to be totally confined at the entrance of
the electrodes. Minimum discharge voltages were recorded with their corresponding currents ranging
from 1A to more than 10A as the electric field within the electrode spacing was enhanced under
magnetic field strength of up to 525G. There is a possibility that the discharge might have been
operated in the normal and abnormal glow depending upon their optimum conditions. These
experiments provided GDC parameters for such vacuum chamber and results may be extended to
larger volume chambers, i.e., for larger surface area.
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