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Abstract

A study of the electrical characteristics of the trielectrode plasma curtain (TPC) discharge is
presented. The influence of the air-gap size (for a fixed value of the inter-electrode distance)
on the discharge behaviour has been exhaustively studied. The TPC discharge is based on the
combination of a dielectric barrier discharge (DBD) with a corona discharge (CD) in a three
electrode system, and basically it consists of the ‘stretching’ of a pure DBD by the action of a
negative CD generated between the active electrode of the dielectric barrier and a remote third
electrode. It was found that the general trend of the electrical characteristic curves (the average
discharge current and the streamer frequency as functions of the AC and DC biasing voltages)
was very similar for all the air-gap values considered. Our results indicate that the
development of the TPC discharge requires two conditions: (a) the presence of a positive cycle
of a well-developed DBD together with a CD where the remote electrode acts as the cathode
and (b) a voltage drop between the DBD electrode and the remote electrode high enough to
obtain an average electric field in the gap that must exceed a minimum average electric field

1

value in the streamer channel necessary for its propagation across the gap (*6.3kVcm™ in

our experimental conditions).

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

1. Introduction

The development of non-thermal plasma sources at a
high pressure (typically, atmospheric pressure) for plasma
processing presents considerable practical interest, because
it avoids expensive vacuum systems and batch processing of
work-pieces. These plasmas mostly include corona discharges
(CDs) [1], dielectric barrier discharges (DBDs) [2] and
atmospheric pressure glow discharge (OAUGDP™ [3]). In
practice, these sources have been employed in microelectronics
[4], surface modifications [5], light sources [6], surface
sterilization [7], gas decontamination [8] and flow control [9].

Devices based on DC CDs with two active electrodes allow
establishing ionized regions with considerable air gaps but they
present some drawbacks, such as problems related to ignition,
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spark transition and non-uniform distribution of the discharge
along the electrodes side length. The AC DBD devices [2] can
overcome some of the quoted CD difficulties, but the ionization
in these kinds of devices has been in general restricted to the
vicinity of the electrodes resulting in ionized air gaps of a few
millimetres length.

In a previous work [10], the development of a trielectrode
plasma curtain (TPC) discharge that can be sustained over a
long time, over inter-electrode air gaps up to 20 mm and with
electrodes length of ~15cm in the transversal direction was
presented. The discharge was based on the combination of
a DBD with a CD in a three electrode system, and basically
it resulted from the ‘stretching’ of a pure DBD discharge by
the action of a CD discharge generated between the active
electrode of the DBD and a remote third electrode. The TPC
is an extension of a sliding discharge [11-13], in which a
considerable part of the dielectric surface is replaced by an air

© 2009 IOP Publishing Ltd  Printed in the UK
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gap. The electrodes geometry and the discharge characteristics
of the TPC make it appropriate for several applications in
which a gas flow through the discharge is required. In both
cases (sliding or TPC) it was found that a long discharge was
generated during the positive cycle of the DBD discharge, and
besides it had a pulsed nature, being composed of repetitive
streamers that were uniformly distributed along the whole
electrode length, and propagated along the inter-electrode gap
with an average velocity of ~2 x 10" cms™', with a mean
electric field at the streamer head of ~120kV cm™! and a total
particle number of ~5 x 108 at the streamer head.

In this work, we present a study of the electrical
characteristics of the TPC discharge analysing the influence of
the air-gap size (for a fixed value of the inter-electrode distance)
on the discharge behaviour.

2. Experimental arrangement
The schematic of the electrode layout is shown in figure 1.

The electrode arrangement consisted of two flat aluminium
foils (electrodes 1 and 3) of 50 um thickness, 25 mm width

"~ epoxy resin

Figure 1. Schematic of the electrode layout (distances are indicated
in mm).
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and 150mm length in the z direction (see figure 1), air-
exposed and flush mounted on two poly-methyl methacrylate
dielectric surfaces with 4 mm width. There is a third electrode
(electrode 2) that was completely covered with an epoxy
resin (not air-exposed) with 50 um thickness, 5 mm width and
150 mm side length in the z direction, located on the opposite
side of the dielectric surface holding electrode 1. The specific
positions of the electrodes relative to the dielectric plates are
indicated in figure 1. D indicates the distance between the
electrodes 1 and 3 edges, while d indicates the air-gap size
(hence! = D —d is the extension of the dielectric surface from
electrode 1 edge). The length d was variable in the experiment
but the D value was kept constant at 30 mm. In this way, it
was possible to evaluate the role of the relative dielectric and
air-gap lengths in the discharge.

In figure 2 the electrical block diagram of the experimental
set-up is presented. The electric circuit consisted of a positive
variable DC and an AC power supply (continuous voltage
Vpe in the range 0-20kV and an alternating peak-to-peak
voltage Vac in the range 0-23kV) connected in series to
electrode 1. This biasing scheme allowed measuring the
DBD current (Ipgp) and the TPC current (Itpc) in each
branch of the circuit. These current measurements were
performed by connecting electrodes 2 and 3 through 50 Q2
resistances to the ground and registering the voltage drop
on these resistances. The AC power supply consisted of a
function generator coupled to an audio-amplifier (of 700 W)
that fed a high voltage transformer coil [14]. In practice,
there was an optimal matching frequency, established by the
resonance between the transformer inductance and the stray
capacity of the electrode arrangement, including the wire
connections. For our circuit geometry, the optimum excitation
AC frequency was f,c = 5.6kHz. The instantaneous voltage
applied to electrode 1, V (¢), was measured with a HV probe
(1000 x /3.0pF/100MS2). These electrical signals were
registered by using a four-channel digitizing oscilloscope with
an analog bandwidth of 60 MHz and 1 Gs s~! sampling rate.

It is worth mentioning that the positive DC source could
be replaced by a negative variable DC source connected to

Figure 2. Electrical block diagram of the experimental set-up.
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Figure 3. Typical waveforms of V (¢), Itpc and Ipgp for d = 15 mm,
Vac = 20kV and Vpc = 12kV (a) and Vpc = 16kV (b). Current
scale 10 mA div™!, voltage scale 5kV div™!, time scale 50 s div!.

electrode 3 without altering the discharge behaviour. However,
this biasing mode did not allow in our case the registering of
Itpc, because the DC power sources had their own ground
connection.

3. Experimental results

In figure 3 typical waveforms of V (¢), Itpc and Ipgp are
presented for d = 20 mm, Vac = 20kV and Vpc = 12kV
(a) and Vpc = 16kV (b). Figure 3(a) corresponds to a well-
developed DBD discharge between electrodes 1 and 2 (the
onset of the DBD discharge appears for Vyc = 10kV for our
electrode geometry), showing its characteristic peaks during
both AC voltage cycles. However, the absence of peaks in the
Itpc waveform indicates that no TPC discharge was established
in this case. Figure 3(b) corresponds to a higher value of
Vb, allowing the ‘turning on’ of the TPC discharge. In this
situation a train of current pulses can be seen in the waveform of
Itpc. Note that the Itpc pulses appear only during the positive
cycle of the DBD discharge. The waveforms of figure 3 were
acquired with a persistence of 1s in the oscilloscope display;
hence, the number of current peaks displayed in each waveform
corresponds to about 5 x 103 cycles of the AC voltage.

As was mentioned in the previous section, the TPC
discharge was similarly developed when the positive DC
source connected to electrode 1 (see figure 2) was replaced by a

negative DC source of the same value connected to electrode 3.
However, no TPC discharge could be produced by connecting
a positive DC source to electrode 3. It was also found
that the presence of electrode 2 (which allows establishing
the DBD between electrodes 1 and 2) is essential for the
existence of the TPC discharge, because it cannot be developed
only by applying a voltage drop between electrodes 1 and 3
(in this case, an unstable and non-uniform plasma sheet was
produced).

Figures 4(a) and (b) show photographs of the discharge.
The images correspond to an exposure time of 2 s, for Vpc =
17kV and d = 20mm, for two different values of Vxc.
Figure 4(a) was obtained for Vyc = 11kV (a value slightly
above the DBD threshold), and it can be seen that the discharge
presents a non-uniform structure that is concentrated in a small
number of tufts oddly distributed along electrode 1. Also there
is some evidence of a bead-like structure along electrode 3,
which was reported in the past by Peek [15] as negative corona
instability. Figure 4(b) was obtained for Vyc = 17kV, and in
this condition the number of tufts was considerably increased
covering practically the whole side length of electrode 1,
resulting in an almost uniform plasma structure that filled
the inter-electrode gap with a bluish light. The discharge
‘slides’ along the dielectric surfaces, ‘bridging’ the air gap
between them. We defined this last case as a well-developed
TPC. A similar discharge structure was also observed in a
two-electrode parallel plate and coplanar configuration of the
OAUGDP™ (3, 16].

To derive some meaningful information on the discharge
characteristics in terms of the Vpc and V¢ values, the
following procedure was adopted. By setting the oscilloscope
in the average acquisition mode, an average waveform of the
current signals (I1pc and Ipgp) over 128 samples was acquired.
Then, to ignore the reactive component of the current (present
even without the discharge), these statistically averaged signals
were time averaged over one period of the AC voltage to
finally obtain the average current values of I{p~ and Ifjz,. The
uncertainty in the average current values was estimated to be
+50 1A, mainly due to statistical fluctuations.

In figures 5(a) and (b) we present ] as a function of
Vpe with Vac as a parameter and for d = 10 mm and 20 mm,
respectively. The cases Vac = 9 and 11kV correspond to a
non-well-developed discharge, as shown in figure 3(a). For
Vac = 13kV (the TPC regime) the discharge current in both
cases increases with Vac up to a value for which sparking
is produced. This behaviour was found for all the range of
d values investigated.

To illustrate the influence of d on the discharge behaviour,
in figure 6 I7,c as a function of Vpc with d as a parameter and
for Vac = 13kV and Vac = 19kV is presented. It can be
seen that within the experimental uncertainties the curves are
quite similar, and the only influence of d that can be observed
is a slight increase in the current for the largest Vpc values.
Within the whole range of investigated parameter values (Vpc,
Vac and d) I, remained almost constant, with a small value
of Iz, ~ 100 pA. Since the plasma curtain takes place only
during the positive cycle of the DBD discharge, the average
positive DBD (I}}5,) current has been evaluated as a function
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Figure 4. Photographs of the discharge for d = 20mm, Vpec = 17kV and Vac = 11kV (a) and Vac = 17kV (b).
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Figure 5. I{} as a function of Vpc with Vi as a parameter for
d = 10mm (a) and d = 20 mm (b).

of d, Vpc and Vac within the whole range of the investigated
values. It was found that Iy resulted almost independent
of d and Vpc, but depending on the Vac value. This means
that the increase in the I{p value as a function of Vpc (for the

given values of d and Vuc) shown in figure 5 is not related to
an increase in Ijpp. On the other hand, for fixed values of d
and Vpc the increase in I, with Vac could be associated with
an increase in the Ifgp. In the cases shown in figure 6, Iy,
reached a value of 100 nA for Vac = 13kV and 250 uA for
Vac = 19kV.

Another important feature of the discharge behaviour is
the number of current pulses generated during the discharge.
This number was represented by an averaged frequency that
was obtained directly from the trigger frequency of the
oscilloscope. For practical reasons, the Itpc waveform was
selected to obtain the frequency, because in this current
signal the alternating reactive current component is relatively
small, resulting in a well-defined frequency value. Since this
frequency fluctuated somewhat in time (the pulses were not
purely periodic), we registered several frequency values of the
oscilloscope (around 20 values) during a large time interval
(~1005s) and finally calculated the statistical average value
(fs). The associated statistical uncertainties in f; were not
larger than 20%. It is important to mention that the f value
depended on the selected amplitude of the pulses, which in
turn were controlled by the trigger level of the oscilloscope.
We thus decided to select a medium-amplitude trigger level, so
as to register most of the pulses produced, but rejecting low-
amplitude pulses that could be confused with the electrical
noise of the discharge. In figures 7(a) and (b) f; is shown as a
function of Vpc with V¢ as a parameter and for d = 10 mm
and 20 mm, respectively. It can be seen that f; increases with
Vpe, uptoavalue of f; ~ 200 kHz where sparking is produced.
The behaviour of f; with the discharge parameters is quite
similar to that found with I{p. (compare figures 5 and 7), and
it was found for all the range of d values investigated. The f
upper value was also found to be dependent on the electrode
side length: additional experiments performed with different
electrode side lengths showed that f; scaled almost linearly
with that length (L).

Infigure 8 f; as afunction of Vpc with d as a parameter and
for Vac = 13kV and Vac = 19kV is presented. Although the
general behaviour of f; with Vpc is similar to that found with
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Figure 6. I7}, as a function of Vpc with d as a parameter for
Vac = 13KV (a) and Vi = 19KV (b).

I7pc (see figure 6), in this case f; is remarkably independent of
d. It seems that the increase in the average current for the larger
d values is associated with an increase in the individual current
pulse amplitudes rather than an increase in its frequency.

4. Discussion

The first point to be discussed is the operating voltage
ranges necessary to establish the TPC discharge. From
figure 5 the Vpc voltage threshold values can be identified for
each considered V¢ voltage. For the well-developed TPC
condition (i.e. Vac = 13kV) the corresponding threshold
value of Vpc for a given value of Vac becomes larger the
smaller the Vac value is, resulting in a remarkably constant
value of the total voltage drop between electrodes 1 and 3
at the discharge onset, Vonset = Vbclie + (Vac/2)|mr (Where
Vpelimr and (Vac/2)|me are the respective threshold values).
The constancy in the Vst Value (~19kV) seems to be related
to the presence of a minimum average electric field in the
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Figure 7. f; as a function of Vpc with V¢ as a parameter for
d = 10mm (a) and d = 20 mm (b).

streamer channel necessary for its propagation across the gap
(E.). Note that the obtained value for this electric field
threshold (E; & Vopeer/D = 6.3kV cm™) is somewhat higher
than other reported values (~3-5kV cm™!) [17] but it must be
taken into account that the actual V (¢) value for the streamer
propagation is smaller than its peak value (see figure 3(b)).
On the other hand, in situations where Vac < 13kV, no
stable plasma curtain could be established and the discharge
presented a non-uniform structure independently of the Vpc
applied voltage. In these cases the current discharge was much
lower than that observed when Vac > 13kV for the same
voltage drop between electrodes 1 and 3 (see figure 5). This
result shows that the DBD established between electrodes 1 and
2 is essential for the existence of the TPC discharge, because it
cannot be developed only by applying a voltage drop between
electrodes 1 and 3 (in this case, an unstable and non-uniform
plasma sheet was produced).

Another point to be discussed concerns the registered
frequency values of the discharge pulses, and the relation with
the temporal and spatial periodicity of the streamers. The
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temporal periodicity of a cathode-directed streamer (that is,
the repetition frequency at a given spatial location) is related
to the time interval (7) required to spread out the cloud of
heavy charges (positive and negative ions) that remains in the
streamer channel once the streamer tip touches the cathode.
This time can be estimated as

D
WE’

T A

ey

where p; is the ion mobility and E the average electric field
in the streamer channel (E ~ (Vpc + Vac/2)/D). Using
wi ~ ldecm?V~ls~! [18] and D = 3cm, T &~ 200-250 us
is obtained from equation (1) for the operating voltage ranges
used in this work. On the other hand, figure 3(b) shows that
the time interval during which the TPC discharge is active
amounts to ~50 us. Hence, it is concluded that on average
only one streamer is generated in a given spatial position during
each period of the AC voltage, and its associated repetition
frequency will be ~5 x 103 Hz (that is, the AC frequency).
The difference between this (low) value and the much higher
frequency values experimentally registered (see figure 7) must
be attributed to the generation of streamers at different spatial

positions of the electrode during the active time of the TPC
discharge. In fact, the number of concurrent streamers in
each AC voltage cycle can be estimated as ny =~ fi/fic. The
results of the experiments performed with different electrode
side lengths, showing a linear dependence between f; and
this length, points to the importance of the electrode side
length in the experimentally observed fs value. According
to figure 7, the number of concurrent streamers increases with
the Vpc value (for a given V¢ value) up to a saturation value
of ~40 (200 kHz/5 kHz) that is reached just before sparking.
Considering our electrode side length (15cm) the resulting
saturated number of streamers per unit length (~3 cm™!) is in
good agreement with the published numerical calculations and
also with experiments on multi-channel structure development
in pulsed high-current sliding gas discharges [19,20]. The
increase in f; with Vpc then reflects a progressive increase in
the streamer density along the electrode side length, a fact that
is confirmed by simple visual inspection of the discharge.

The influence of the air-gap extent (d) on the discharge
behaviour (for a fixed inter-electrode distance) can be analysed
from figures 6 and 8. On the one hand, figure 6(a) (Vac =
13kV) shows an increase in I{p as a function of d as long
as Vpc > 15kV, and this increase cannot be attributed to a
change in the DBD intensity (since it was found that the average
positive DBD current remains constant with the d and Vpc
values). Similar behaviour was found for other V¢ values,
but with slight changes in the Vpc values beyond which the
increase in I, is discernible (this Vpc value slightly decreases
when Vac increases, see figure 6(b)). On the other hand,
figure 8 does not show an influence of d on f; within the
experimental uncertainties. This last behaviour was found for
the entire range of the V¢ values investigated. In consequence,
the change in Ifp- could be attributed to a change in the
amplitude of each streamer that has a larger peak current for a
larger air gap. In any case, the observed changes in /7}, are not
very large, reaching at most ~40%. It is very difficult to find
a comprehensive explanation for this increase in terms of the
absence of the dielectric surface. In fact, several authors found
that the presence of a dielectric enhances the streamer current
compared with that obtained for the streamer propagation in
air alone (see, for instance, [21] and references therein). The
presence of a third remote electrode is the difference in this
work. This electrode is the DC active cathode that promotes
streamer stretching. For DC CDs it was reported that the
presence of a dielectric near the active electrode affects the
electric field distribution and the space charge density [22]. It
is expected that similar distortions could take place in our set-
up and could have some influence on the streamer propagation.
Though not conclusive, this could be one of the possible
candidate phenomena to which is ascribed the observed /7,
current decrease when the dielectric was near the corona active
electrode.

5. Final remarks

Based on the combination of a DBD with a CD in a three
electrode system, we have presented a study of the electrical
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characteristics of the TPC discharge The influence of the air-
gap size (for a fixed value of the inter-electrode distance) on the
discharge behaviour has also been studied. The general trend
of the electrical characteristic curves (the average discharge
current and the streamer frequency as functions of the AC and
DC biasing voltages) was very similar for all the air-gap values
considered. However, a discernible increase in the current for
larger air gaps that did not have a corresponding increase in
the streamer frequency was found, leading to the conclusion
that in this configuration the increase in the dielectric width
produces a streamer peak current decrease.

Our experimental results indicate that the development of
the TPC discharge requires two conditions: (a) the presence of
a positive cycle of a well-developed DBD discharge together
with a CD where electrode 3 acts as the cathode and (b)
a voltage drop between electrodes 1 and 3 high enough to
obtain an average electric field in the gap that must exceed a
minimum average electric field value in the streamer channel
necessary for its propagation across the gap (*6.3kV cm™! in
our experimental conditions).
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