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Optical diagnosis of double discharges in pulsed DBD
with different barrier materials
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The experiments were performed in a double dielectric barrier discharge in He at atmospheric pressure, in glow mode of
operation and presence of the secondary discharge. The study was focused on the effect of the barrier material on the
characteristics of pulsed DBD. Using emission spectroscopy and tunable diode laser absorption spectrometry,
complementary information on the excited species present in the discharge have been obtained. It results that the
secondary discharge preserves the main characteristics of the primary one and their amplitude is dependent on the barrier

material.
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1. Introduction

In most cases, the so called classical dielectric barrier
discharge (DBD), used for applications, is driven by a sine
wave voltage [1]. But, it was demonstrated that in some
specific applications as ozone generation, pollutant
destruction, surface treatment or excimer lamp [1-6] the
pulsed DBD is more efficient than that classical one.
Moreover, it was found that under some experimental
conditions of pulsed barrier discharge a second current
pulse with inverse polarity is induced at the decreasing
applied voltage flank in addition to the main current peak
[2, 3, 7, 8]. Liu and co-workers [7, 8] have shown that this
secondary discharge can be produced in a large range of
the gas pressure, different types of geometries and gasses,
as long as unipolar square voltage pulses with fast (sub-
microsecond) rising and falling flanks are applied to the
reactor. However, we have also obtained the secondary
discharge in impure helium and helium with reactive
gasses (He+N, and He+O,) in plane-parallel geometry
during a semi-sine unipolar voltage pulse with slow rising
and falling flank (15 ps).

In the present paper a pulsed barrier discharge in
helium at atmospheric pressure, in glow mode, is
discussed. The optical emission spectroscopy and tunable
diode laser absorption spectrometry (TDLAS) were used
to diagnose the atmospheric pressure DBD plasma in He.
The study is focus on the influence of the surface
properties of the barrier material on the mechanisms
involved in double barrier discharges development.

2. Experimental Set-up
The experimental set-up consists of a plane-parallel

geometry of DBD system (see Figure 1). The dielectrics
were placed on ground electrode and high voltage

electrode. The copper electrodes (5.04 cm’ each) are
centered on the dielectric plates. Two different dielectric
materials have been used as barriers: ZrSnTiO ceramic
(ZST) and polyethylene therephtalate (PET). The gas gap
thickness was in all experiments of 3 mm. The high
voltage power supply (TERAFLUX, 1 to 10 kV, pulse
duration between 10 ps to 45 ps and frequency in the
range 10 Hz to 10 kHz) generates monopolar semi-sine
pulses. The voltage pulse with duration of 20 pus and
frequency of 2 kHz were used to excite the discharge. A
mass flow controller regulates the helium mass flow rate at
90 sccm. The experiments are made at room temperature,
in spectral helium (Linde Gas, purity 4.6) without
preliminary vacuum pumping.

The applied voltage on the electrodes, U,, and the
total current through the reactor, /, were monitorised using
a 350 MHz digital oscilloscope (LeCroy WaveSurfer 434).
The emission light of DBD plasma was analyzed using
high resolution Triax 550 (Horiba Jobin Yvon)
spectrometer with a photomultiplier and a CCD
(Symphony Horiba Jobin Yvon) as detectors. The
temporal variations of the spectral lines/bands emitted by
DBD plasma was monitored using a photomultiplier as
detector for the spectrometer.

The DLI100 (TOPTICA) tunable diode laser
absorption spectrometry (TDLAS) system was used. The
laser was tuned around 777.194 nm wavelength,
corresponding to the 3S, — 3°P; transition of the atomic
oxygen, with half-width of the laser line of about IMHz. A
0.4 mm thick and 3 mm wide laser beam was crossing the
plasma volume along to the electrodes and parallel to
them, as in Fig. 1. A digital oscilloscope records the
temporal evolution of the absorption signal. The
absorption coefficient, k,, was used to quantify the
absorption signal as:

k,=(1/L)In(I, /I,) 0
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where: I, and [, are the intensity of the incident and
transmitted laser beam; and L - absorbing medium path.

3. Results and Discussions
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The experiments were performed in a He atmospheric
pressure dielectric barrier discharge (DBD) working in
glow mode, which presents two current peaks during each
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Fig. 1. The experimental set-up; R=7.5 K€, R;=150 € Ry/R;=1000.

applied voltage pulse, as in Figure 2. Usually, a glow
mode pulsed discharge presents only one single current
peak, which corresponds to each voltage pulse. But in
special experimental conditions of the pulsed barrier
discharge, besides the main current pulse, a second current
pulse with inverse polarity is induced at the decreasing
applied voltage flank (see Figure 2). This kind of
discharge is also called double discharge.
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Fig. 2. Time evolution of discharge current for
DBD-PET and DBD-ZST; U,=2.5 kV=const.

The influence of the dielectric barrier material over
the properties of a double pulsed dielectric barrier
discharge was studied. Two different dielectric materials:
ZrSnTiO ceramic (ZST) and polyethylene therephtalate
(PET) were used as barriers. The parameters of the
dielectrics used as barriers are given in Table 1, the
thickness, d,, the relative electrical permittivity, &, the
dielectric capacitance, C,, and the equivalent electrical
capacitance of the DBD system, Cpgp (which was
calculated using equation 2). The dielectric capacitance,
C4, and the gap capacitance, C,, were calculated taking

into consideration the reactor geometry. The distance
between the dielectrics being the same in all experiments,
the gap capacitance was constant for both DBD systems
(1.5 pF). Moreover, the gap capacitance is assumed to
have the same value in presence and absence of the
plasma [7]. The thickness of the dielectric plates was
selected in such a way that the dielectric capacitance has
approximately the same value for both types of dielectrics
(see Table 1). So, the equivalent electrical capacitance of
both DBD systems, Cppp, has about the same value (see
Table 1). In this way, the reactive effect of the
capacitance on the DBD plasma properties was equivalent
in both cases.
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Table 1. Parameters of the dielectric barriers.

Type of Dielectric dy c Cy Copp
Barriers (mm) r (vF) (vF)
PET 0.2 3 33.45 1.43

ZST 2.5 36 32.11 1.42

In spite of the fact that the electrical capacitance of the
DBD system, Cppp, has the same magnitude, the plasma
current through DBD-PET system is significantly larger
than in the DBD-ZST case, for the same value of the
applied voltage (Figure 2). This result can not be explained
by geometrical factor. Surface properties of the dielectric
material have to be considered, while these properties may
play an important role in the mechanism of the discharge
by electron emission and by neutral particles desorbed or
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sputtered at the surface due to ion and fast neutral
bombardment. A larger electron emission at the dielectric
surface may explain increasing of the discharge current for
DBD-PET with respect to DBD-ZST, while the presence
of impurities as oxygen, nitrogen and water molecules
may change the plasma chemical reactivity in both cases.
More details are given in [9].

The presence and behavior of desorbed and/or
sputtered particles within the helium discharge plasma
were emphasized and studied by emission and absorption
spectral methods. The excited species of the He, N, N,
OH, O" and O identified within the DBD emission
spectrum were registered and then analyzed using a CCD
camera as detector of the spectrometer (see Figure 3).
Except helium atoms, as main working gas, all other
particles present in the discharge are impurities desorbed
or sputtered from the dielectric surfaces and walls of the
discharge cell. The most intense spectral lines/bands and
the corresponding energetic configurations of their
transitions are presented in Table 2. The 547 nm spectral
line was not investigated being a superposition of two
spectral lines given by oxygen (548.10 nm) and nitrogen
(546.25 nm) ion, respectively.
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Fig. 3. Comparison between emission spectrum of DBD
plasma with different dielectrics: ZST ceramic and PET,
U,=2.5 kV=const.

Table 2. Selected spectral transitions.

Species Transitions A(mm) | Epreshoa (€V)

N, C°I1, » B 11, 337.1 11.03

0 3p°P% 53s°s% °s%, | 7774 10.74
N,' By, > X%, 391.5 18.75
He 35°S —2p°P 706.5 22.72
He 3d'D2p'P 667.8 23.16
He 3s'S—>2p'P 728.1 22.92
0" 4p’D—>35'D 655.0 30.75

The experimental result presented in Figure 3 shows
increasing of the spectral lines intensity for DBD-PET
system, which correspond to increasing of the discharge
current presented in Figure 2.

Relevant information concerning the role of
elementary processes within plasma volume is obtained
from time variation of the spectral lines/bands intensities.
The variation of the maximum spectral line intensity was

measured, using photomultiplier as detector and presented
comparatively with temporal evolution of the discharge
current. There are two groups of spectral lines. One group
consists of He spectral lines, of which time variation of
light intensity is in phase with time variation of the
discharge current (Figure 4). The second group consists of
0, O" spectral lines and N,, N," and OH bands, of which
time variation of light intensity are delayed with respect to
time variation of the discharge current (Figure 5).

These results can be explained taking into account the
main elementary processes, as collisions, within the
plasma volume. The elastic collisions play the main role in
diffusion process and mobility of the particles. But,
inelastic collisions will be in the following considered
because these elementary processes may explain plasma
production and may influence directly plasma reactivity
and processes at plasma surface interaction. There are two
main elementary processes, as inelastic collisions. One is
related to electron-neutral collision and the second one to
neutral-neutral and/or ion-neutral collision.
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Fig. 4. Time evolution of He spectral lines
and discharge current.
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Fig. 5. Time evolution of the O and O lines
and N>, N>" and OH bands.

The structure of the helium atom is a very special one
with the highest energy of ionisation among all elements,
(24.588 eV) and also highest energy of the first excited
states (20.61 eV for 1s2s 'S and 19.82 eV for 1s2s °S).
Moreover, both first excited states are metastable ones
with rather long lifetime (2 microseconds). Consequently,
in helium discharges the energetic electrons have to play
essential role first in ionisation process and plasma

current
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generation with an important population of metastable
atoms with high energetic state. It implies the fact that
helium discharges must have an important group of
energetic electrons able to sustain the process of plasma
generation but they may also excite helium atoms.

In glow mode discharge the fast electrons may
originate within cathode fall region [10]. At atmospheric
pressure the ionization collision frequency of the 100 eV
electrons in helium is 5.10"'s™ (transition He 1s* 'S — He"
Is) [11], while the excitation collision frequencies for
helium excited states: 3s 'S, 3s >S and 3s 'D, presented in
Table 2, are about one order of magnitude lower.
Moreover, the life time of these excited states is 55 ns, 65
ns and 15 ns, respectively, which is shorter or comparable
with characteristic time (about 100 ns) of the discharge
current, defined as time interval in which amplitude of the
discharge current peak decreases of factor e.
Consequently, intensities of the helium spectral lines
(677.8 nm, 706.5 nm and 728.1 nm) will follow time
variation of the discharge current as it is presented in
Figure 4.

The electron collision frequencies for helium atom
excitation on the metastable state ('S and S, respectively)
are 1.6 and 0.6x10' s [11]. This fact shows that within
helium discharge plasma the energetic electrons may
produce, besides ionisation, a fraction of metastable
atoms, which play an important role in the balance of the
neutral-neutral collisions with atoms and molecules of
oxygen and nitrogen impurities as the reactions 3 to 5:

He™ + N, > He +N," (B)+ ¢ (3)
He™ + 0, - He + (0, )*+e )
(0, )*+e—>0*+0 (5)

Therefore, excitation mechanism for the O, O°
spectral lines and N, N," and OH bands is different then
that of helium atoms. So, due to the fact that N," excited
species were identified in emission spectrum, we have
presumed that the Penning ionisation of nitrogen
molecules via helium metastable atoms (reaction 3) is a
possible mechanism for ionisation and excitation of the
nitrogen. In order to confirm this mechanism, temporal
evolution of the spectral lines/bands was registered.
Figure 5 clearly shows delay of the N, excited species
against discharge current and a longer duration of light
emission, which correspond to longer helium metastable
life time.
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Fig. 6. Time evolution of discharge current and absorption
intensity oxygen atoms at 777.194 nm, for DBD-ZST

Moreover, the atomic oxygen responsible for 777.4
nm spectral line could be produce by chain reactions (4)
and (5) [12]. This is also proved in Figure 5, which
emphasizes that the O excited species are delayed against
the discharge current. So, we can conclude that the oxygen
species are also excited in stepwise process, including
helium metastables, which are produced by direct electron
neutral collision.

Complementary information on the excited species
present in the discharge was obtained using tunable diode
laser absorption spectrometry technique, besides those
obtained by optical emission spectroscopy. The absorption
signal of oxygen metastables from the DBD system was
recorded, for different types of dielectric barriers, but for
the same value of the applied voltage. For both dielectric
materials, time evolution of the absorption signal clearly
shows same order of magnitude (us) of the delay of the
atomic oxygen line of 777.194 nm with respect to both
primary and secondary discharge (Figure 6).

4., Conclusions

By using two distinct techniques, the emission
spectroscopy and tunable diode laser absorption
spectrometry, we have obtained complementary
information on the excited species present in a double
discharge with two different types of dielectric barriers:
ZST ceramic and PET. It results that both pimary and
secondary discharge has relatively the same mechanism of
excitation.

Concluding, the secondary discharge preserves the
main characteristics of the primary one and their amplitude
is dependent on the barrier material. A larger electron
emission at the dielectric surface was assumed to cause
this dependence.
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