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Abstract Langmuir probe measurements are performed
in cylindrical dc glow discharge plasma. Plasma was
generated in an evacuated glass tube, with circular plane
disk electrodes. Measurements were carried out at different
points along the axis of tube for different working pres-
sures of pure argon and mixture of argon—oxygen gasses to
obtain the plasma density and temperature as well as
plasma and floating potentials. Variation of discharge
potential as a function of discharge pressure for both
plasmas is observed. It is shown that electron temperature,
plasma potential, and floating potential in constant current
mode and constant pressure are increased from cathode to
anode on the axial points of the discharge tube, while
electron density is decreased. To sustain the discharge
process after adding oxygen to plasma, higher voltage is
required since electrons are more energetic at lower
density.

Keywords Glow discharge plasma - Langmuir probe -
Electron density - Floating potential - Electronegative

Introduction

Classical low pressure electrical discharge has been the
topic of several researches in the field of plasma physics for
many years. Recently development of plasma technology
in industry has motivated plasma physicist to focus their
researches on different phenomena occurred in the elec-
trical discharge tube at a wide variety of discharge
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conditions. Thin film deposition, surface etching of mate-
rials, and plasma sterilization are some important samples
of application of plasma in industry.

The glow discharge is the best known type of non-
thermal discharge. A non-thermal glow discharge occurs at
low pressures. An electric discharge can be viewed when
two electrodes are inserted to a glass tube and connected to
a power supply. The tube can be filled with various gasses
or evacuated. As the applied voltage across the two elec-
trodes increases, the current suddenly increases sharply at a
certain voltage required for sufficiently intensive electron
avalanches. If the pressure is low, on the order of a few
torrs, and the external circuit has a large resistance to
prohibit a large current, a glow discharge develops. This is
a low-current, high-voltage discharge widely used to gen-
erate non-thermal plasma [1].

In the case of cold dc plasma with Maxwellian distri-
bution, Langmuir probe (LP) is a very useful and trustable
convenient device for measuring the local plasma param-
eter. Langmuir probe is simply a wire immersed in the
plasma to determine the electron temperature, electron
density, and plasma potential.

In this work, the effect of pressure of the discharge tube
on the characteristics of argon and argon—oxygen plasmas
is studied experimentally. Measurements were carried out
in pure argon and Ar/(Ar + O,) = 80 % plasmas when the
plasma current was kept constant. Oxygen is an electro-
negative gas. The electronegative gas in the discharge has a
strong effect on the electron dynamics behavior, because of
the attachment of electrons to the electronegative radicals,
thus becoming negative ions. The presence of negative ions
complicates the transport properties of the discharge. There
has been considerable scientific and technological interest
in electronegative plasmas [2—4] and there have been var-
ious methods in the determination of negative ion density
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Fig. 1 Schematic view of discharge tube with LP circuit

[2-6]. Electrostatic probes [2-8], laser photodetachment
(LPD) [2-9], and laser Thomson scattering (LTS) [2-10]
are frequently used diagnostic tools for detecting negative
ions in plasma. Among them electrostatic probe technique
is simple and inexpensive, and provides the spatial reso-
lution of plasma parameters.

This manuscript is organized as follows: following the
introduction, in the second section, we present the
experimental setup. Third section is devoted to the
results and discussion and the final section includes
conclusion.

Experimental setup

We attempt to experimentally investigate the influence of
pressure and working gas on plasma characteristics via
the LP technique. The experimental setup consists of an
evacuated glass tube illustrated in Fig. 1 with circular
disk electrodes at 22 cm distance from each other used as
cathode which is connected to a high-voltage dc power
supply and anode which is grounded. The whole tube is
evacuated down to 6.2 x 107> mbar by a turbo molecular
pump backed by a rotary pump. During the first experi-
ment argon was used as the working gas and for the
second experiment Ar/O, (20 %) gas was introduced into
the system under continuous pumping conditions at a
working pressures of 1 x 10_2, 1.9 x 10_2, 3 x 10_2,
4 x 10_2, and 5.4 x 1072 mbar. The experiments are
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performed at constant current mode equal to 10 mA. In
fact at each pressure of the discharge tube, we let self-
sustaining voltage discharge change such that the dis-
charge current remains constant. Discharge voltage was
measured by a high-voltage probe connected between
cathode and earth. Plasma current was obtained by mea-
suring the potential difference of a 10 kQ resistance
which was between the high-voltage power supply and
cathode. In this structure, the plasma can be assumed to
be cylindrically symmetric.

To determine the plasma parameters, a movable single
LP is designed and constructed. The Langmuir probe is
made of a narrow quartz pipe with cylindrical tungsten tip.
The length of the probe tip is vertically 10 mm and its
radius is 0.3 mm. The probe can be moved longitudinally
along the tube axis (z axis). The probe was connected
through an electrical circuit to a dc power supply ranging
from —50 to 50 V. The probe current as a function of the
probe voltage was measured by a convenient digital
ampere meter between the probe tip and the ground as
shown in Fig. 1.

To measure the plasma parameters the probe was
positioned at 6 axial points, which are indicated in
Fig. 1. The point z =0 is the location of anode and
z=1 is the first point near anode at which the mea-
surements were started. The Plasma parameters (electron
density, electron temperature, plasma potential) were
obtained by analyzing the current—voltage characteristic
curve of the probe.
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Fig. 2 Glow discharge voltage versus pressure of Ar and Ar/O; in the
tube

Results and discussion

The discharge voltage as a function of pressure for two
cases of argon and argon—oxygen plasma is presented in
Fig. 2. To have a constant current between electrodes by
increasing the pressure of discharge tube the discharge
voltage is decreased. In other words, plasma conductivity is
increased with increase in the pressure. In plasma, the
electrical current is carried by both ions and electrons. For
a Lorentzian plasma, in which the accelerated electrons
toward anode collide repeatedly with the neutral back-
ground gas, the electrical conductivity ¢ is given by
microscopic parameters of plasma [11]:

e*ne

(1)

o=
MeV
where m and e are the electron mass and electric charge,
respectively, n. is the plasma electron density and v is the
collision frequency between plasma electrons and neutral
particles. By increasing the working pressure in the dis-
charge tube the electron density is increased. This result is
in good agreement with the presented results in Refs.
[12—-14]. This is also observed from the probe measure-
ments which will be shown later in this manuscript. Of
course increasing the pressure will increase the collision
frequency. But it can be observed that in this regime of
electrical discharge increasing the plasma electron density
is the predominated process which leads to increasing the
plasma conductivity. Oxygen is an electronegative gas.
Adding oxygen to the working gas leads to formation of
negative ions in the plasma and decreasing the plasma
electron density. Same results have been observed by
Yasserian et al. and Noguchi et al. [12, 13, 15]. In this case
conductivity of argon—oxygen plasma is smaller than pure
argon plasma so a larger discharge voltage is required to
sustain the plasma in the tube. This behavior can also be
explained by Paschen’s law. Paschen’s law is an equation
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Fig. 3 Ar plasma in the discharge tube (a) and thickness of Crookes
dark space and cathode glow regions at different pressures (b)

that gives the breakdown voltage, i.e., the voltage neces-
sary to start a discharge or electric arc, between two
electrodes in a gas as a function of pressure and electrodes
distance [12]. According to Paschen’s law, the voltage
necessary to arc across the gap between electrodes
decreases as the pressure increases and then increases
gradually with the pressure. In Fig. 2, the discharge in
plasma tube is in the left hand side of Paschen’s curve.
Light emission of the discharge in argon plasma is
shown in Fig. 3a, and in Fig. 3b the thicknesses of cathode
glow and Crookes dark space regions in the tube at dif-
ferent argon gas pressures are plotted. We had almost a
violet emission from argon plasma which was not changed
after adding 20 % oxygen to the working gas. As is clear
from the figure, several discharge regions which are
introduced classically in the texts could be observed during
the discharge. Cathode surface was always luminous due to
high-energy ion impacts, and immediately in front of the
cathode the cathode glow region can be observed. This
region is a thin bright region of the order of less than 1 cm
thickness which corresponds to excited atoms sputtered off
the cathode surface, or incoming positive ions which are
moving toward the cathode. Since this region consists of
high ion number density its thickness is changed with
change in the pressure of the gas during the discharge.
After cathode glow region a dark region can be observed in
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Fig. 4 Plasma electron density at different points on the axis of
discharge tube at different pressures for Ar plasma (a) and Ar/O,
plasma (b)

Fig. 3a. This region is the known as Crookes dark space.
And immediately after this dark band one can see the
brightest light intensity in the entire discharge tube which
is the region of negative glow. Electrons which have been
accelerated in the cathode region produce ionization and
intense excitation in this region. At any pressure, we could
not observe Faraday dark space in the discharge tube. In
fact in this regime of electrical discharge after negative
glow region electrons achieve enough energy in a short
time to make ionization and excitation of neutrals to start
positive column in the discharge tube in contact with
negative glow region. Positive column is elongated to
anode dark space. The thickness of cathode glow region
depends on the type of gas and the gas pressure [1]. As is
clear in Fig. 3b, thicknesses of both Crookes dark space
and cathode glow regions are decreased with increase in
the pressure while the thickness of positive column is
increased.

Because of the thickness of the LP tube, we could not do
any measurement in the anode dark and cathode glow
regions, and in the Crookes dark space the current of the
probe was zero for the interval —50 to +50 V.

In Fig. 4a and b, variation of plasma electron density
along the discharge tube at different discharge pressures for
Ar and Ar/O, plasmas are presented. And in Fig. 5a and b,
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Fig. 5 Plasma electron temperature at different points on the axis of
discharge tube at different pressures for Ar plasma (a) and Ar/O,
plasma (b)

the plasma electron temperature at these points can be
observed. From cathode to anode, the density of electrons
is decreased while their temperature is increased. With
drifting from cathode to anode, electrons achieve energy
from applied electric field which leads to increase their
temperature. By increasing the temperature v.; the collision
frequency which is inversely proportional to electron
temperature is decreased. Smaller number of ionizing
collision decreases the electron densities. After introducing
oxygen as an electronegative gas, the electron density is
decreased while the electron temperature is increased as
compared to pure Ar plasma. In fact number of ionizing
collisions is decreased. Plasma current is kept constant in
both Ar and Ar/O, plasmas. But in Ar/O, plasma some
electrons are bonded to oxygen atoms to make negative
ions. Because plasma is quasineutral, the number of free
electrons in Ar/O, plasma is less than Ar plasma.
Decreasing the electron density leads to decreasing the
collision numbers so in the case of Ar/O, plasma electron
energy is higher.

Variation of the floating potential in the discharge tube
for both cases of argon and argon—oxygen plasmas is
shown in Fig. 6a and b. Floating potential is the potential at
which current of LP is zero. In this experiment, the mea-
sured floating potential is increased from cathode to anode.
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Fig. 6 Floating potential at different points on the axis of discharge
tube at different pressures for Ar plasma (a) and Ar/O, plasma (b)

Increasing the floating potential shows an increase in the
number of electrons in the Debye sphere. Number of
electrons in the Debye sphere is proportional to electron
temperature and inversely proportional to electron density
with different powers as [16]

No ~ T /ng? 2)

where Np is the number of electrons in the Debye sphere
and T and ng are the plasma electron density and temper-
ature. As is shown in Figs. 4 and 5, in the discharge tube
electron temperature was increased from cathode to anode
while electron density was decreased. Consequently,
floating potential is increased from cathode to anode. In the
case of argon—oxygen plasma, we have less number of
electrons in the Debye sphere so smaller probe voltage is
required to stop the probe current.

Variation of plasma potential V}, on the axis of discharge
tube is presented in Fig. 7a and b for argon and argon—
oxygen plasmas, respectively. The plasma potential is the
potential of the plasma with respect to the walls of the
device at a given location in plasma. Generally, the walls
of discharge tube are at negative potential due to runaway
electrons of plasma. So V,, is generally a few volts positive
with respect to the walls [17]. The plasma potential is
inferred from the intersection of two tangent lines to the
curve In(Iprope) verses  Vpobe for  Vpne >V, and
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Fig. 7 Plasma potential at different points on the axis of discharge
tube at different pressures for Ar plasma (a) and Ar/O, plasma (b)

Vprobe < Vp [18]. The plasma potential of both argon and
argon—oxygen plasmas is increased on the axis of discharge
tube from cathode to anode as is shown in Fig. 7. The
reason can be due to decreasing the electron density from
cathode to anode as is shown in Fig. 4. In the case of argon
oxygen plasma, electron density of the axis is smaller so
we have a larger plasma potential on the axis of discharge
tube.

Conclusion

Glow discharge of both pure argon and argon—oxygen
plasmas has been studied at different pressures and con-
stant current mode equal to 10 mA. Results show that
increasing the working pressure gives rise to increase in the
number of carriers of electrical current (electrons and ions)
and collision frequency. But increasing the collision fre-
quency is not as effective as increasing the number of
current carriers on the discharge voltage so a lower dis-
charge voltage is required to sustain the discharge process.

We have investigated changes of plasma parameters
from cathode to anode on the axis of discharge tube at
different pressures and constant current mode. It is found
that for both cases of pure argon and argon—oxygen plas-
mas, the electron temperature is increased from cathode to
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anode while the electron density is decreased. Plasma
potential and floating potential are increased from cathode
to anode. On the other hand, increasing the discharge
pressure leads to reduction in the plasma electron temper-
ature. The electronegativity of oxygen decrease the elec-
tron density which leads to decrease the floating potential
and increase the plasma potential.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
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