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Diagnostics of non-equilibrium plasma Henryk W. Janus,

generated in dielectric barrier
discharges

Jozef Musielok

Abstract. Results of electrical and spectroscopic diagnostics of dielectric barrier discharges by applying ceramic plates
made of high permittivity material are presented. The spectroscopic diagnostic is based on analysis of spectral and spatial
distribution of the hydrogen H, emission in the gas gap. From these measurements, e.g. the distributions of electric field
strength and kinetic energy of excited hydrogen atoms in the discharge volume have been determined.
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Introduction

Diagnostics of non-equilibrium plasmas, generated in
small volumes by various sources are reported in nu-
merous recent papers, see e.g. [11-13]. Main reasons
for the growing interest in such studies are possible ap-
plications of the emitted radiation (visible, UV, VUV)
as well as the emission of electrons, excited atoms, ions
and molecules from these plasma sources. Miniature
devices have been designed, constructed and developed,
e.g., for modification of surfaces, sterilization of medi-
cal materials and physicochemical analysis. Among this
kind of devices also plasma sources based on dielectric
barrier discharges (DBD) have been applied [1, 4, 8,
12, 15]. In particular, small size light sources based on
DBD discharges, emitting UV and VUV radiation have
been intensively studied since the eighties of the 20-cen-
tury [2, 3]. Applying high permittivity BaTiO; ceramic
plates as barrier material, such investigations were
also performed by the authors of this paper [6].
Among plasma parameters characterizing DBD
discharges, the local electric field strength E in
the discharge volume and the spatial distributions of
kinetic energies (temperatures 7., T}, T,) of the indi-
vidual plasma components (electrons, ions, atoms)
are very crucial for possible technical and commercial
applications [7, 9]. Therefore, spectroscopic studies
of such small size DBD plasma sources require the
use of sensitive detection systems with high spatial and
spectral resolution. An important question in such stud-
ies is also the determination and control of electrical
parameters crucial for generation of stable plasma.
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Fig. 1. The scheme of the experimental setup is shown.

Experimental setup

Studies of DBD plasma properties have been performed
for various gas mixtures at pressures corresponding to
the minima of the breakdown voltages (for the given
gas mixture). The electrodes made of BaTiO; ceramics,
spaced by 0.5 mm, were supplied with AC (alternating
current) voltage of frequency f = 1 kHz and amplitude
U.,..x between 250 and 1100 V. The scheme of the ex-
perimental setup is shown in Fig. 1.

The optical detection system allows performing
measurements with a spectral resolution of 0.015 nm
and a spatial resolution (in direction perpendicular to
electrodes) of 0.057 mm. The chopper, synchronized
with the voltage generator, allows detecting light pulses
corresponding to a given half-cycle of the alternating
voltage, i.e., light emitted during a fixed polarity of
the electrodes. The polarizer placed in the optical
path allows measuring separately the radiation from
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the plasma: polarized in direction perpendicular (o)
and parallel (=) to the applied external voltage.

Results and discussion

The “electrical” parameters of the DBD discharge have
been determined from measured current- and voltage-
-oscillograms (by applying respectively the voltage
probe and the “measuring” resistance R,) as well as from
measured charge loop O = f(U) (by using the voltage
probe and the “measuring” capacitor Cy) — see Fig. 1
Typical results are shown in Figs. 2a and 2b.

In Fig. 2c, the parameters of the charge loop (Lissa-
jous figures), characterizing quantitatively the repolar-
izing conditions are presented: U, — the amplitude of
the voltage, AQ — the charge transferred between the
electrodes, and U, — the breakdown voltage.

By applying the “peak detect” mode being imple-
mented in the oscilloscope, current pulses with widths

i | Unax U

Fig. 2. Shown are: (a) typical waveforms of the appl1ed voltage discharge current and light pulses (upper trace) excited by
Una = 0.5kV, f = 1 kHz alternating voltage, registered in the “peak detect” mode; (b) Lissajous figure (Q-U loop) correspond-
ing to discharge conditions shown in part (a), obtained applying the “average” mode; (c) the characteristic parameters of the

Lissajous Q-U loop presented in part (b).
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Fig. 3. The normalized number of current pulses N/Na,
generated during a half cycle of the repolarizing voltage
and the normalized breakdown voltage U,/(U,)min are shown
vs. the normalized product p-d/(p-d)min.

of the order of 10~ s could be registered, allowing to
perform statistical analysis of the pulses. On the other
hand, the “average” mode permits suppressing the noise
and increase the determination accuracy of the charge
loop parameters Q = f(U). As an example of such
analysis, results obtained in case of DBD discharges in
the N, + H, gas mixture are shown in Fig. 3.
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The normalized number of current pulses N/Npux
generated during a half cycle of the repolarizing voltage
and the normalized breakdown voltage U,/(U,)min are
shown vs. the product p-d (where p is the gas pressure,
and d is the gas gap, as is typical of Paschen curves). As
expected, the efficiency of DBD discharges is around
the minimum of the Paschen curve. This result is im-
portant for possible applications — the larger number of
micro-discharges at smaller amplitudes provides better
stability of the discharge.

The Balmer alpha (H,) radiation, originating from
different plasma layers in the slit between ceramic elec-
trodes was measured in conditions close to the minimum
value of the breakdown voltage. In Fig. 4, the results of
H, line profile studies from DBD discharge in N, + H,
gas mixture are presented as an example. For details
see the caption of Fig. 4.

In Fig. 5, the results for the same selected plasma
layer are shown, but applying additionally the polarizer
in the light path (see Fig. 1): in Fig. 5a the contribution
arising from the =, and in Fig. 5b from the o components
of the H,, line profile has been measured. Each profile
was fitted (solid line) applying the procedure described
in detail by Janus [S]. The fit consists of contributions
arising from the strongest Stark components and
from an additional component representing the non-
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Fig. 4. Two H, profiles taken from a selected plasma layer are shown: in part (a) the light was averaged over numerous full
cycles of the discharge; while in part (b) the chopper (Fig. 1) transmitted only the radiation emitted during numerous (but
defined) half cycles. The solid line in part (b) is the sum of all fitted profiles to the data presented in Figs. 5a and 5b.
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Fig. 5. Two measured H, line profiles are shown (circles) together with the corresponding fits. In part (a) the contribution
arising from the = and in part (b) from the o components of the H, line profile is shown. The thick solid lines represent the
final fits according to the procedure described in [14]. The dotted lines represent the contributions from individual Stark
components situated at wavelength positions corresponding to a given value of electric field E; the solid lines in the lower part
of each figure represent the contribution from non-polarized light.
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-polarized light, i.e., the light emitted without acting
electric field on the hydrogen atoms. These individual
contributions are shown on the basis of each figure: the
dotted lines represent the contribution from individual
Stark components situated at wavelength positions cor-
responding to a given value of electric field E; the solid
line at the line center represents the contribution from
non-polarized light.

Each Stark component consists of a sum of two
Doppler (Gauss) profiles, the first one (narrow pro-
file), representing the contribution from atoms with
thermal energy (near ambient temperature) and
the second (broader), representing the contribution
from excited H-atoms with significantly larger kinetic
energy, originating from the dissociation process of the
excited H, molecule [16]. Within the fitting procedure,
for each Stark component, we assumed (somewhat
arbitrarily) the same ratio between “amplitudes” of
these two Doppler profiles. With this assumption, in the
case of this particular plasma layer (0.1 mm from the
ceramic plate), the determined density of “fast” excited
H atoms is about 4.5 times larger than the density of
“slow”(thermal) atoms. This value varies in the gas gap
from 3.5 to 5.5.

From the fitted positions of individual Stark com-
ponents the electric field strength E could be easily
deduced. The local electric fields determined in this
way are nearly constant in the major part of the gas
gap — the E values are between 8.2 and 7.8 kV/cm. The
determined parameters of the non-polarized compo-
nent, allows to conclude that the H, photons, emitted
from the plasma in the time interval being free from
external electric field, varies in the gas gap from 25 to
30%. Our analysis allows also obtaining the fraction
of “fast” and “slow” excited hydrogen atoms, and thus
contributes to the discussion (see e.g. [10]) concerning
the interpretation of hydrogen line profiles observed
from low pressure discharges. The results may be useful
for modeling of low-pressure discharges and technical
applications of small size plasma sources.
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