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Abstract. In this work a dielectric barrier discharge (DBD) plasma jet that uses a multiple electrodes
configuration is investigated. The results show that both plasma power and its rotational and vibrational
temperatures tend to increase with the number of powered electrodes in the DBD device. The emission
intensities of the excited species in the plasma, and consequently their number density, also grow as a
function of the number of powered electrodes. Based on these facts and since the electric power provided
by the power supply was kept constant, there is an indication that the use of multiple electrodes improves

the energy efficiency of the device.

1 Introduction

Atmospheric pressure plasma jets (APPJs) are kind of
gas discharges that can be operated at near ambient
pressure and temperature. In these devices barrier dis-
charge is usually excited in a noble gas that flows through
a thin dielectric tube and the resulting plasma is pro-
jected into the surrounding ambient forming a several
cm-long plasma plume. Although gas temperature of the
plume can be kept close to room temperature, energetic
plasma species (electrons and metastables) interact with
air molecules producing different reactive species, such
as, reactive oxygen (ROS) and nitrogen (RNS) species,
neutrals in fundamental and excited states and energetic
photons. In the last decade, cold APPJs have attracted
significant attention due to their simple construction,
great versatility, low cost and broad range of applications
spanning from material processing [1] to medicine [2] and
dentistry [3]. A detailed overview of these devices, their
excitation schemes and electrode configurations as well
as perspectives for future development can be found in a
comprehensive review article [4].

Since APPJs generate plasma plumes in open space
they can be easily adapted to treat irregular 3D objects
and also implemented in in-line industrial processing.
However, in most excitation schemes and working gases
the plasma plume size is normally limited by the inner
diameter of the employed dielectric tube [5]. This feature
is advantageous in cases when a localized treatment is
needed, like in dentistry and microelectronics, where ultra-
fine capillaries with aperture of 0.1-1.0 um are used [6].
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When plasma jet hits a target the plasma spreads on the
surface covering an area that can be more than twice the
jet cross section [7]. Moreover, long-living active species
produced in the plasma can diffuse radially outward form-
ing reactive zone around the plasma column where the
material surface properties will be modified [8,9]. How-
ever, in the most cases the target area modified by the
plasma jet ranges from few mm? to about 1cm? [7-9].
Many different applications require a plasma jet with
large cross-section however building such device with uni-
form plasma distribution is quite a challenging task. First
of all, simply increasing the diameter of dielectric tube
is not a solution because it leads to excessively high
gas flows and also intense electric fields are required for
plasma ignition. Different geometry of the tube exit, like
a tapered or horn-like nozzle investigated in [10], affects
the length and size of produced plasma jet. The authors
in [11] obtained a 2-cm-diam plasma jet by using three (a
powered, a grounded and a floated) electrodes. Coopera-
tive merging of two or four He plasma jets into one large
plasma column (~2-cm-diam) was reported in [12] and
[13], respectively. However, only within a limited range
of gas flows and applied voltages it was possible to form
one uniform plasma plume. Another approach suitable for
large area applications is building a close-packed array of
many parallel plasma jets [14]. The jets are combined into
a honeycomb [15,16] or linear [17,18] structures and nor-
mally they share the same gas feed and power supply.
However, as reported by some authors [18] the individual
jets interact with each other (hydro-dynamically by their
gas flows and electrically by their electric charges) thus
making difficult to ignite all plasma jets in a uniform man-
ner. Usually some jets from the array are more intense and
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longer than others [15] and also plasma plumes bending
due to jet—jet interaction was observed [16,18].

In this work we report a new plasma jet configura-
tion with four high-voltage electrodes covered by dielectric
barriers that can generate a stable plasma jet with ~0.2—
0.8 cm? cross-section using same electric power as the one
provided by the power supply in one jet configuration.
The main feature to obtain such a large plasma diame-
ter configuration is to work on during the initial stage
of surface plasma formation at the gas input region. In
the quadrupole configuration the intense electric fields
produced by high voltage electrodes helps forming one
larger plasma ignition region instead of separated jet,
and therefore avoiding jet—jet interaction or plasma plume
bending.

2 Experimental setup

The schematic of the multi-electrode DBD device is shown
in Figure 1. It consists of a dielectric tube in which are
inserted four 2.5-mm-diam. copper rods encapsulated in
closed-end glass tubes. Some of the main device dimen-
sions are: inner and outer diameter of the outer dielectric
tube equal to 17.5 and 32mm, respectively and outer
diameter of the glass tubes is 4.3 mm. The electrodes are
arranged in a square with sides equal to 7.0mm. The
length of the glass tubes that penetrates inside the outer
dielectric tube is 50 mm. The main dielectric enclosure
terminates with an exchangeable nozzle that can have
different opening. In order to produce a plasma jet, a
continuous gas flow is injected inside the outer dielectric
tube and an alternate high-voltage is applied to one or
more electrodes. Also, if necessary, some metal rods can be
removed from the glass enclosures leaving a reduced num-
ber of powered electrodes. When the discharge is ignited
the plasma is concentrated around the glass tubes and
more specifically in the central region between the four
glass tubes, where a stable plasma column is formed. Then
a plasma plume is extracted into the air in direction of a
grounded metal disc with radius 5cm that is covered by
a 12-cm-diam ceramic plate. The distance between the
ceramic plate and exit nozzle was kept 5 mm. In this work
we use two nozzles with different aperture diameters of
5mm (to be called “small nozzle” from now on) or 10 mm
in diameter (to be called “big nozzle” from now on).

The gas flow rate was fixed at 1.9 liters per minute.
We used He as the working gas with a purity of 99.998%
in all experiments reported in this work, except in cases
where the use of another gas is mentioned. The device was
operated in an open environment, that is, at atmospheric
pressure and with the ambient gas surrounding the plasma
jet.

To obtain the emission spectra of the plasmas in
this work we used a multichannel Avantes spectrom-
eter (model AvaSpec-ULS2048X64T), equipped with a
600 lines/mm grating. The light emitted by the plasma
jets were collected with a cosine lens, with 10 mm in diam-
eter and placed 10.0cm from the center of the plasma
column, thus giving us a collection area with dimensions
of approximately 10.0mm x 5.0 mm, integrated along a
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Fig. 1. Schematic of the 4-electrodes DBD reactor. The
elements are out of scale.

line of sight through the plasma column. After that, the
light was transported to the spectrometer through an
optical fiber. The spectra were acquired in a continuous
mode using an integration time of 9.69ms in all cases.
The aperture of the entrance slit of the spectrometer was
25 um, giving us a spectral resolution of (0.67 + 0.02)
nm. A relative calibration of intensity of the spectrometer
was performed in order to verify that there is no signifi-
cant variation (less than 1%) in the sensitivity within the
narrow wavelength range (~25nm) used to calculate the
rotational and vibrational temperatures (T,o; and Ty,
respectively).

The plasma power calculations were made using a
well-known method [19,20] measuring simultaneously the
voltage (V') applied to the electrode(s) and the charge
transferred to a capacitor that is in series to the grounded
stage. We obtain the value of the plasma power by measur-
ing the area of the Q-V Lissajous figure and multiplying
it by the frequency (f) of the applied voltage signal:

P = fj[VdQ. (1)

For all power calculations we used a sinusoidal high-
voltage signal, produced by a Minipuls4 power supply
(GBS Elektronik GmbH, Germany), operating with fixed
amplitude and frequency of 20kV peak-to-peak and
10kHz, respectively. The voltage measurement on the
electrode(s) and also the operating frequency, were moni-
tored using a high-voltage Tektronix probe P6015A and an
oscilloscope (Tektronix TDS 3032, 300 MHz). The Mini-
plus4 power supply is very sensitive to network matching,
so that both the voltage and the operating frequency could
change with the number of electrodes in the DBD device.
In order to circumvent this issue a fast response high volt-
age capacitor (C'=1nF) was connected in parallel with
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Fig. 2. Q-V Lissajous figures for 1 and 4 electrodes (a) and power vs. number of powered electrodes (b) using the small nozzle.
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Fig. 3. Q-V Lissajous figures for 1 and 4 electrodes (a) and power vs. number of powered electrodes (b) using the big nozzle.

the high voltage output and this configuration allowed
the experiments to be performed keeping constant both
the voltage amplitude and frequency.

3 Results and discussion

The characterization of the multi-electrode DBD device
made in this work consists of measurement of impor-
tant plasma parameters like plasma power, rotational and
vibrational temperatures, and identification of emitting
species present in the plasma.

In order to obtain the dependence of plasma parameters
as a function of the number of electrodes we started with
four powered electrodes in the DBD device and this num-
ber was being reduced one by one until only one active
electrode remained. There are two conditions for power
measurements with less than four electrodes: the first one
is simply to disconnect electrically each electrode, main-
taining it in the device, and then it will act as a floating
electrode. And the second one is to remove each electrode
from the device for the subsequent measurement. We per-
formed the measurements first using the DBD device with
the small nozzle and, after that, the power measurements
were repeated using the big nozzle. In all cases when we
had only two powered electrodes they were arranged in
opposite corners of the device. For rotational and vibra-
tional temperature measurements as a function of the
number of electrodes a similar procedure was adopted,
but the temperatures were measured only for the small
nozzle and in the floating electrodes condition.

3.1 Power measurements

Figure 2 shows Q-V Lissajous figures (a) and curves of
power as a function of the number of powered electrodes
(b) operating with the small nozzle. The Q-V figures
shown in Figure 2a were obtained for four electrodes and
for one electrode with the other three in the floating
condition.

As we can see from the area of the Q-V figures in
Figure 2, the energy deposited in the plasma, and, con-
sequently, the power, increases significantly (~45-55%)
when we switch from one to four electrodes in the device.
Furthermore, the growth of the plasma power with the
number of electrodes is monotonic, both with and with-
out floating electrode, indicating certain proportionality
between these parameters. Figure 2b shows that the pres-
ence of floating electrodes inside the DBD device with
small exit nozzle does not affect significantly the discharge
power. Therefore, optical emission spectra were taken at
these conditions with the floating electrodes.

The results for power measurements using the big nozzle
are shown in Figure 3. The Q-V Lissajous figures (a) and
curves of power as a function of the number of electrodes
(b) also show that the energy deposited in the plasma and
its power increase as a function of the number of electrodes
when the big nozzle is used. In this case, the increment
in the power when switching from one to four electrodes
is about ~65-90% and is higher than in the small nozzle
case. However, the absolute value of power is lower in the
big nozzle case.

It is important to stress that the voltage applied to the
electrodes was kept constant in the power supply and did
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not varied significantly (less than 5%) when the number of
electrodes was changed. With this in mind and observing
Figures 2 and 3, we verify that the use of multiple elec-
trodes in a DBD device leads to a good improvement on its
energy efficiency. Since the addition of powered electrodes
to the DBD device changes the capacitance and resistance
of the system, it could lead to an impedance matching
which in turn could be the reason for that improvement
in the energy efficiency. In order to discover if it occurs,
we used the multi-electrode device in combination with
another power supply, which operates in the pulsed mode
[21], and measured the electric current signals that pass
through the plasma and across a shunt resistor, placed
similarly to the capacitor shown in Figure 1, using 1 to
4 electrodes applying a voltage equals to 15kV in all
cases. This power supply is able to deliver always the same
amount of energy in each pulse, since the electric energy
it can supply is that stored in a set of capacitors sub-
jected to the working voltage. The gas used in this case
was argon. These measurements are shown in Figure 4,
where we can see that the peak values of the electric cur-
rent measured also increase when the number of powered
electrodes increase. In Figure 4 we also can notice that
the width of the electric current peaks are higher with the
increase in the number of powered electrodes. Since the
voltage pulses applied to the electrodes did not changed
significantly among the measurements, we can consider
that the variations in current values and their widths are
directly proportional to the respective power variations
and this means that the power increased with the num-
ber of electrodes even in the case where a pulsed power
source was used. Then we can discard any relationship
between the impedance matching with the energy transfer
efficiency.

For the device with big nozzle the lack of floating elec-
trodes resulted in about 20% power reduction but in both
cases the power increases monotonically with the number
of powered electrodes. It is also important to notice that
the symmetry does not play an essential role in the incre-
ment of the plasma power with the number of electrodes.
We can state this based on the fact that in our tests (not
shown in this paper) power measurements made using two
electrodes arranged in opposite or adjacent corners of the
square in the device did not presented significant differ-
ences. Nevertheless the variation of the distance between
the electrodes should play important role in the electric
field distribution, affecting therefore the power efficiency
in the big or small nozzle case.

One of the advantages to have a DBD plasma with a
higher power is that it may improve the surface modi-
fication of polymers [22,23], reducing the contact angle
of plasma processed surfaces with the increase of plasma
power. Another advantage is that higher values of plasma
power leads to more electron energy (electron tempera-
ture) and it may favor the production of reactive radicals
(like NO and OH) in the plasma.

Some possible explanations for the plasma power
growth with addition of powered electrodes to the DBD
device may be related to the increment in the surface
charges accumulated at the surfaces of the inner dielec-
tric tubes that is in contact with the primary plasma.
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using the small nozzle using 1 electrode (below) and 4 elec-
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Also, as more electrodes are added both surface charges
and their electric fields are summed up leading to increase
of the total electric field. With the increase of the surface
charges the propagation of surface ionization waves are
facilitated and the increase of the electric field accelerates
that waves [24-26].

3.2 Optical characterization

In order to identify the emitting species present in the
plasma we measured the optical emission spectrum of the
plasma jet in the wavelength range from 200 to 500 nm.
Figure 5 shows the spectra obtained for DBD discharges
using one electrode (below) and four electrodes (above),
and Figure 6 shows the variation of the emission intensities
as a function of the number of powered electrodes for select
lines from nitric oxide (NO) and neutral Ny (Ng I) in Fig-
ure 6a, and from hydroxide (OH) and ionized Ny (N II)
in Figure 6b. The data presented in Figures 5 and 6 were
taken in the floating electrodes condition with the small
nozzle.
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In the spectra shown in Figure 5 we have found
strong emissions from NO radical in the ultra-violet
region between 200 and 290 nm, besides more commonly
observed OH radical near 309 nm, and Ny I from 295 to
470 nm, or emission from Ny IT at 391.44nm. There are
no detectable He emission lines in this spectral region.

As can be seem comparing the spectra in Figure 5,
regarding the species found in the plasma, there are no sig-
nificant differences between the emission spectra obtained
when the number of electrodes is changed.

In relation to the intensity as a function of the number
of electrodes, we noticed that it tends to increase when
the number on electrodes changes from one to four for all
emitting species, but the growth is monotonic only for NO
emission lines. The curves shown in Figure 6a for NO and
N5 I show that the behavior of the intensity as a func-
tion of the number of powered electrodes does not depend
strongly on the wavelength of the emissions, being sim-
ilar for the same species in all wavelengths in which it
emits. Since the plasma power increases with the number
of powered electrodes, as was verified in the previous sec-
tion, and the emission intensities also do so, we can say
that the emission intensities, which are proportional to
the number density of its respective emitting specie, also
grow as a function of the plasma power.

In order to obtain T,,; and T,;, we measured the emis-
sion spectrum of nitrogen molecules. The transitions used
for the temperature calculations were those from the sec-
ond positive system (N I, C 311, — B3I, ") in the
wavelength range from 360 to 385nm. Then, the mea-
sured spectra were compared with simulated ones using
the SpecAir software [27] for various values of T}.,; and Ty
until we find the values that best fit the simulated curves
to the experimental ones. This method is well stablished
and is very well accepted by the academic community
for obtaining of T, and T;, [28-30]. The second posi-
tive system of Ny in the selected wavelength range is one
of the most used to measure vibrational temperatures in
non-thermal plasmas due to the high number of transi-
tions that can be observed (up to 5, depending on the
vibrational temperature achieved by the plasma). With
more transitions available, the determination of rotational
temperatures, which affect the shape and width of the
observed transitions, are also benefited and becomes more
accurate. In the simulations we assumed a triangular slit
function with a basis equal to 1.36 nm. Figure 7 shows
an example of experimental and simulated curves used to
obtain the temperatures.

In Figure 8, two important plasma parameters, the
rotational and vibrational temperatures, are shown as a
function of the number of powered electrodes. As we can
see in Figure 8, both T,.,; and T,;, tend to increase with
the number of powered electrodes in the DBD device, but
the increment in T,,; does not exceed the uncertainty of
the measurements, thus the T,.,; values remain low (about
350 + 25 K), which is desirable for treatment of tempera-
ture sensitive materials like biological tissues. On the other
hand, the T,; values increase a little bit more (about
200K) when we switch from one to four electrodes. The
highest T,;, value (4100 + 50K) obtained in the multi-
electrode DBD device is one of the highest reported for a
DBD discharge produced at atmospheric pressure in open
environment,.

The increment in the T;;, values is a good result since a
recent study [31] has indicated that plasmas with higher
values of Ty, keeping about the same T;.,; could be better
to perform surface treatment of materials, improving their
wettability and reducing the treatment time needed to
achieve the desired results.
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4 Conclusions

One of the main findings of this work is that it is possi-
ble to deliver more energy to a plasma in a DBD device
just increasing the number of powered electrodes with-
out changing any other parameter in the power supply.
In other words, we found good evidences that there is a
way to improve the energy efficiency of a plasma source.
It was verified measuring the plasma power, the emission
intensities and the temperatures T;.,; and T, and notic-
ing that all of them tend to increase as a function of the
number of powered electrodes in the device.

Since both the plasma power and its vibrational tem-
perature are parameters that may improve the results on
surface treatment of materials, and both are parameters
whose values increase with the number of powered elec-
trodes in the DBD device, we can infer that a way to
optimize such devices for surface treatment is to find an
adequate number of electrodes and a configuration that
maximize the product power X Ty;p.

Further studies using other geometric parameters, con-
figurations, number of electrodes, and also the use of other
gases are being conducted in order to provide a better
understanding of the energy efficiency improvement with
the variation of the number of powered electrodes in the
device.
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