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Abstract
Discharge in a fine tube is a simple way of generating a dielectric barrier discharge
microplasma jet under atmospheric pressure (AP). Since its electrodes are directly connected
by a dielectric, discharge behaviour in this kind of tubular-electrode plasma could be
significantly different from that of a parallel-plate plasma source having planar electrodes. In
this paper, experimental results for unipolar discharges, novel discharge phenomena arising
from a tubular-electrode plasma, are presented. The AP helium plasma was generated using a
5.7 mm i.d. quartz tube. In unipolar discharges, breakdown in the gas only occurred at the
positive or the negative half of a sinusoidal applied high voltage, and the discharge tube
worked like a gas diode that outputs a unidirectional current signal. By means of
voltage–current and voltage–charge (Lissajous figure) measurements, it was suggested
that the surface charges on the dielectric were mainly responsible for the formation of
unipolar discharge. In addition, the residual current at the instant of voltage polarity
change was found to be a critical factor determining the transition from bipolar to
unipolar discharge.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Atmospheric pressure (AP) plasma has attracted considerable
attention in materials processing owing to its non-equilibrity
and flexibility. It can be generated using various types
of energy sources and in different discharge modes [1–7].
Recently, it has been demonstrated that an AP plasma jet could
be formed by flowing working gas through a fine quartz tube
wound with tubular electrodes [8–10]. This finding opens
new pathways for producing microplasma jets by means of
a dielectric barrier discharge (DBD) due to the simplification
of the electrode structure.

In the DBD plasma, the discharge is initiated from the
regions near the dielectric surface and develops across the
media between the electrodes. This makes the media filling
the interelectrode gap play an important role in the formation
of the DBD plasma. In a tubular-electrode plasma source,
electrodes are directly connected by a dielectric such as quartz
or ceramic. This electrode configuration is significantly

different from that of a planar-electrode DBD plasma source
in which the electrodes are separated with working gas only.
In addition, in a tubular-electrode plasma the distribution of
the electrical field is considerably non-uniform. Owing to
these differences, some novel discharge phenomena arise in
the tubular-electrode DBD plasma. Although a considerable
number of investigations on the discharge phenomena of
planar-electrode plasma sources have been carried out, those
of tubular-electrode plasma sources are still subject to study
due to their different electrode configurations. In addition,
many recent research activities have been focused on the
generation of a microplasma jet using the cylindrical electrode
configuration as well as on understanding its formation
mechanism [11, 12].

DBD plasmas are usually generated with a low frequency
high voltage power source, and the discharge normally occurs
at both the positive and negative half-cycles of the applied
voltage. When trying to develop a DBD plasma jet using
a quartz tube, we observed interesting phenomena where
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Figure 1. Schematic of the quartz tube discharge device and the
measurement circuit.

a transition from bipolar discharge to unipolar discharge
occurred and could be controlled by operating conditions such
as gas flow rate and applied voltage. To our knowledge,
these phenomena have not been previously reported in the
literature. The unipolar discharge phenomena may find
some novel applications such as in gas flow sensors and
gas breakers/switches. In this paper, experimental results
on the unipolar discharge phenomena are presented. The
dependence of unipolar discharges on the operating conditions
is investigated, and the mechanism responsible for the
formation of unipolar discharges is proposed.

2. Experimental

The DBD plasma source and the measurement circuit used
in this work are schematically illustrated in figure 1. The
discharge vessel is a 5.7 mm i.d. and 8.3 mm o.d. quartz tube.
Pure helium was fed into the tube from one end and discharged
into the ambient air from the other end. Three 10 mm long
tubular copper electrodes were wound on the tube with an
interelectrode gap of 50 mm. To eliminate the effect of the
gas flow direction, the central electrode was grounded and the
side two electrodes were powered. This arrangement made
the gas flow direction simultaneously alternate between the
powered electrodes and the grounded electrode. The plasma
was generated using a sinusoidal high voltage power source
controlled by an AFG3201 Single Channel Arbitrary/Function
Generator (Tektronix Inc.). The power system was able to
forward a maximum peak voltage of 10 kV at a frequency up
to 10 kHz.

The discharge characteristics were obtained by means
of voltage–current and voltage–charge (Lissajous figure)
measurements, following the methods used by Okazaki et al
[1]. The applied voltage was measured with a P6015A high
voltage probe (Tektronix Inc.), and the discharge current
was obtained using a Model 4100 current monitor (Pearson
Electronics, Inc.). For the Lissajous figure measurement, the
charge signal detected using a 0.1 µF capacitor was displayed
as a function of the applied voltage. The signals were
monitored and stored using a DS-8812 Digital Oscilloscope
(Iwatsu Electric Co. Ltd.) at a sampling rate of 500 MS s−1.
The plasma images were taken using a Canon PowerShot G7
digital camera.

Figure 2. V –I characteristics for various discharge phenomena:
(a) a bipolar discharge at 6 kV, 7 kHz and 1.96 m s−1; (b) a positive
discharge at 6 kV, 7 kHz and 3.92 m s−1; (c) a negative discharge at
6 kV, 10 kHz and 3.92 m s−1. The voltage and current signals are,
respectively, shown in solid and dotted lines.

3. Results and discussion

3.1. Unipolar discharge phenomena

In this case, the breakdown occurs at a peak applied voltage
(Vp) of about 4 kV, and it is only weakly dependent on the
interelectrode separation. If the interelectrode separation is too
small (<5 mm), arcing between the high voltage electrode and
the grounded electrode in the air occurs prior to the discharge
inside the tube. At AP, a minimum helium flow rate of
0.5 L min−1, equivalent to a flow speed of ug = 0.3 m s−1,
is necessary for sustaining a stable discharge. The plasma
extinguishes at flow rates that are too low due to the entrainment
of air inside the discharge vessel.

The occurrence of discharge in different modes is observed
from the V –I waveforms. The discharge is normally in the
bipolar mode, meaning that the breakdown occurs at both the
positive and negative half-cycles of a voltage. Figure 2(a)
shows a bipolar discharge at Vp = 6 kV, f = 7 kHz and He
flow velocity of ug = 1.96 m s−1 in the quartz tube. This
discharge behaviour is similar to what has been observed
in planar-electrode DBD plasmas. However, a transition
to unipolar discharge takes place with changing operating
conditions. In a unipolar discharge, the breakdown only takes
place at the positive or negative half of a voltage cycle. It
is found that the occurrence of the unipolar discharge is a
function of the flow rate, the applied voltage, the frequency
and the electrode configuration, but is independent of the
flow direction. In figure 2(b), when only increasing the flow
velocity to ug = 3.92 m s−1 while keeping other conditions
unchanged, the discharge becomes positive. Furthermore,
from figures 2(b) and (c), when increasing the frequency from
f = 7 kHz to 10 kHz, a negative discharge arises instead of a
positive one. The effect of gas flow on the discharge behaviour
has also been recently observed by Pavon et al [13]. It is
interesting to note that, in the case of the unipolar discharge,
the quartz tube functions like a gas diode that outputs a
unidirectional current signal only in the positive or the negative
half-cycle of a sinusoidal applied voltage. It is found that
although the unipolar discharge can occur independently in
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Figure 3. Images of plasma in (a) a bipolar discharge, (b) a positive discharge and (c) a negative discharge.

the positive or the negative half of the applied voltage, in most
cases the positive discharge is easier to form, however.

The unipolar discharge phenomena can be identified from
the spatial distribution of the brightness of the plasma as well.
Figures 3(a)–(c) show the images of the plasma operating in
the various discharge modes corresponding to those shown in
figure 2. Since the exposure time is 2 s, the images reveal the
time-accumulated behaviour of the discharges. As shown in
figure 3(a), when the plasma runs in the bipolar discharge
mode, the brightness between the high voltage electrodes
and the grounded electrode is almost uniformly distributed.
However, in figure 3(b), when the positive discharge occurs, the
luminous regions are located near the high voltage electrodes.
This phenomenon is attributed to that, during the positive
discharge, the strongest avalanche appears near the high
voltage electrodes, producing most of the plasma in these
regions. When the negative discharge takes place, in contrast,
the luminous regions are close to the grounded electrode. One
may also find that the plasma jet can be formed in all cases
regardless of the discharge modes. The bluish colour of the
plasma jet comes from the emission of the N2 plasma as a result
of strong Penning ionization of N2 by metastable He (2 3S1)
in air, as reported by Ito et al through optical emission
spectroscopic study of the plasma jet [14]. In addition, the
plasma images presented in figure 3 show a variation of the flow
pattern downstream of different discharge modes. The plasma
between the rear H.V. electrode and the exit of the tube splits
and rotates with increasing flow speed and operating frequency.
However, the distortion of the plasma flow only occurs inside
the tube; the shape of the plasma jet is less affected.

3.2. Formation mechanism of unipolar discharge

The formation of the unipolar discharge might be ascribed to
the effect of accumulation of charged particles on the inner
surface of the quartz tube. It has been observed that, in the
conventional parallel-plate atmospheric pressure DBD plasma,
the discharge currents in the positive and negative half-cycles
are sometimes unequal due to the presence of surface charges
[2, 15]. A recent study also suggested that the trapping of
charges on the surface of a dielectric could significantly affect
the discharge behaviour in the planar-electrode DBD plasma
[16]. In the present tubular-electrode type AP plasma, the
effect of surface charges should be more pronounced because
the electrodes are connected directly by a dielectric. Since the
spatial distribution of the electrical field is non-uniform inside
the tube, the electric field is large in the area near the inner wall

Figure 4. The measured displacement current and total current in a
positive discharge.

of the tube and decreases gradually from the wall to the centre.
As a result, the discharge occurs mainly in the near-wall areas.
Due to their high mobility, the electrons spread quickly on the
dielectric surface after discharge, leaving behind the ions to
form a charged layer near the inner wall. If the surface charge
density remains high enough when the polarity of the voltage
reverses, the surface becomes conductive and the electric field
necessary for breakdown cannot be built up. As a result,
the gas cannot be broken down and the unipolar discharge
occurs.

To demonstrate the effect of the surface charges,
measurements of the displacement current and the Q–V

Lissajous figure are carried out. In the discharge system, the
total current It is the combination of the free-charge current Ic

and the displacement current Id,

It = Ic + Id. (1)

In figure 4, the displacement current is obtained under the
same conditions as those of the total current but without the
presence of a discharge. It shows that the displacement current
only contributes a minor percentage to the total current. For
instance, at the voltage-dropping stage when V = 0 kV, the
displacement current is −0.48 mA and the total current is
−1.12 mA, meaning that −0.64 mA in the total current is
conducted by the charged species between the electrodes.

As shown in figure 5(a), similar to that of a typical glow
discharge, the Lissajous figure for a bipolar discharge also
consists of two pairs of parallelograms. The only difference
is that the Q–V curve during discharge in the positive half
includes two segmented straight lines. This phenomenon
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Figure 5. (a) Lissajous figure for a bipolar discharge (5.6 kV, 7 kHz,
0.78 m s−1) and (b) Lissajous figures for positive (6.0 kV, 7 kHz,
5.88 m s−1) and negative discharges (5.6 kV, 10 kHz, 7.84 m s−1).

could be attributed to the premature breakdown in the positive
half. Since the voltage continues rising after breakdown, more
electric energy is used to sustain the plasma, resulting in a long
relaxation time of the discharge process. Figure 5(b) shows the
Lissajous figures for positive and negative discharges. In both
cases, apparently asymmetric behaviour at the voltage rising
or dropping stage is observed. For the positive discharge,
the charge behaves similarly to that in figure 5(a) at the
voltage rising stage. However, at the voltage-dropping stage
the situation is different. The linearity of the curve, as seen
in a typical DBD, does not hold any more after V < 2 kV.
The charge varies continuously and forms a smooth curve
as the voltage continues dropping. Since the slope of the
curve represents the capacitance of the discharge system,
the significant slope change in this period indicates that
the capacitance between the electrodes varies also with the
voltage.

In this tubular-electrode plasma source, the capacitance
between the electrodes is determined by the capacitances of
the dielectric and of the media filling the interelectrode space.
These media include the working gas in the space and the
surface charges on the dielectric. Since the capacitance of
the dielectric between the fixed electrodes remains unchanged,
the changing capacitance can only be ascribed to the effect
of surface charges because no plasma is produced at the
voltage-dropping stage. Similarly, for the negative discharge,
the Lissajous figure has almost the same shape as that for
the positive discharge, except rotated by 180◦. In this
case, the dielectric condition between the electrodes changes
continuously in the positive half.

Figure 6. Schematic illustration of the critical residual current at
voltage reverse points.

Figure 7. Dependence of the critical residual current on the He gas
flow speed at 6.0 kV and 7 kHz.

3.3. Transition conditions for unipolar discharge

The measured I–V curves indicate that a non-negligible
current, residual current, is present at the instant when the
polarity of the applied voltage reverses. The residual current
is caused by the slow dissipation of the surface charges on
the inner surface of the tube and can be used as an indicator
for a quantitative description of the conditions occurring for
unipolar discharges. As schematically illustrated in figure 6,
the residual currents at the voltage reversion points at the rising
and dropping stages are defined as Irise and Idrop, respectively.
It is found that the unipolar discharge occurs when the residual
current exceeds the critical values. A large positive Irise

prevents breakdown from occurring at the positive half-cycle,
resulting in a negative discharge; whereas a large negative Idrop

suppresses breakdown at the negative half-cycle, leading to
a positive discharge. The experimentally determined critical
values for the positive discharge are Irise < 0.8 mA and
Idrop < −0.8 mA and those for the negative discharge are
Irise > 0.8 mA and Idrop > −0.8 mA. It is found that, in
the present set-up, the unipolar discharge arises as long as
the critical conditions for the residual current are satisfied,
regardless of the operating conditions.

Figure 7 shows the measured residual current as a function
of the He flow speed at 6 kV and 7 kHz. In the figure, the shaded
area indicates the region for the bipolar discharge determined
by the critical residual current. A negative discharge takes
place if Irise is located above this area, while a positive
discharge occurs if Idrop lies below it. One may find that
Irise is always less than 0.8 mA, showing no occurrence of a
negative discharge. However, Idrop decreases almost linearly
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Figure 8. Dependence of the critical residual current on the applied
voltage at 7 kHz and 3.92 m s−1.

Figure 9. Dependence of the critical residual current on the
operating frequency at 6.0 kV and 3.92 m s−1.

with increasing flow speed. The transition from the bipolar
to the unipolar discharge arises at a flow speed of 3.92 m s−1,
indicating that the dissipation time for the charged particles
increases with the flow rate. The occurrence of the unipolar
discharge at higher flow rates might be ascribed to the increase
in the thickness of the boundary layer. From the fluid dynamics
point of view, the thickness of the charged layer near the wall
increases with increasing flow velocity due to the enhanced
radial mass transfer in the boundary layer. This justification is
confirmed by the measured discharge current showing a longer
decay time at higher flow speeds.

Dependences of the formation of the unipolar discharge on
the critical voltage and frequency are, respectively, shown in
figures 8 and 9. Figure 8 shows that the positive discharge
starts from 5.2 kV as a result of the increasing magnitude
of Idrop with increasing applied voltage. It is interesting to
note that at 7.2 kV, the residual current is located in both
the positive and negative discharge regions. In this case, an
unstable discharge phenomenon arises. The increase in the
residual current with the applied voltage can be attributed
to the increase in the surface charge density at higher input
powers. In figure 9, the magnitude of Idrop increases with
the frequency, causing a positive discharge to occur at 5 kHz.
However, further increasing the frequency causes an increase
in Irise, and eventually a negative discharge occurs at 10 kHz.
This could be attributed to the shortened surface charge

destruction time at higher frequencies. It has been shown that
Penning ionization plays a dominant role in the DBD in helium
under AP [2, 17, 18]. The predicted results indicated that
the ion density (mainly N+

2 generated by Penning ionization)
in a 10 kHz discharge is maintained at (4–6) × 1010 cm−3

throughout a voltage cycle and the surface charge density
can reach 10−9 C cm−2 on the dielectric even after 25 µs of
breakdown [17], showing that the lifetime of the charged
particles in the DBD could be much longer than the period
of the applied voltage.

4. Conclusions

Unipolar discharge phenomena have been observed in an
He DBD plasma generated in a cylindrical quartz tube with
tubular electrodes. The formation of the unipolar discharge
was found to be sensitive to the operating conditions such as
the gas flow velocity and the applied voltage. The transition
from bipolar to unipolar discharge takes place when the flow
velocity and/or the applied voltage reach certain critical values.
In other words, the polarity dependence of the discharge in
the tubular-electrode DBD is controllable. In the unipolar
discharge, the output signal of the discharge current exhibits
unidirectional current behaviour for a bipolar input voltage,
making the discharge tube function like a gas diode. This
gas flow controllable feature might find applications in flow
sensors or power switches. On the other hand, since in the
unipolar discharge only half of the input energy is effectively
utilized, one should find ways to prevent the unipolar discharge
from occurring when generating a plasma jet.

The mechanism responsible for the occurrence of the
unipolar discharge was attributed to the accumulated charged
particles on the inner surface of the dielectric which formed
a charged layer for conducting the next half of the applied
voltage. Nevertheless more theoretical and experimental
investigations should be carried out for a further understanding
of the behaviour of the unipolar discharge and its effect on the
tubular-electrode AP plasma.
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