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Professor Ján Dušan Skalný
1944 – 2008

PREFACE
Slovakia hosts the HAKONE conference for the second time already. The first conference took place
in Bratislava in 1995 and Prof. Ján Dušan Skalný was the chair of the LOC. Ján Dušan Skalný passed
away suddenly on October 17, 2008 and the local organising committee would like to dedicate the
HAKONE XII conference to him. He was a member of the International Scientific Committee of the
HAKONE conference for many years and it was his effort to host HAKONE XII in Slovakia. He
planned that this conference will be his farewell with this community.
Ján Dušan Skalný will always be associated with the Comenius University in Bratislava, where he
spent his whole professional career as a scientist and teacher. His original research was focused on the
development of high pressure discharges, especially corona discharge and it was a field in which he
established an international reputation. He was member of several international scientific committees
(e.g. HAKONE, SAPP, ESCAMPIG) and a referee of many journals, always providing authors a
thoughtful insight and often a list of relevant references they had not quoted! Ján Dušan Skalný also
willingly organised many conferences (e.g. HAKONE, ESCAMPIG, and many SAPP meetings),
always taking great care not only to ensure a strong scientific programme but that the conference has
plenty of time for networking and building those personal links that lead to so much of our science.
The HAKONE XII conference is taking place in Trenčianske Teplice in Slovakia. At the conference
125 scientists are participating, arriving from 20 different countries. The participants submitted 125
regular papers in 9 different topics.
The local organising committee wishes that you enjoy the conference, that the conference is
productive for you and that it will contribute to further development in the field of high pressure
discharges and the high pressure plasma chemistry.

Bratislava, September 2010

Štefan Matejčík
Chair of HAKONE XII LOC
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TRENČIANSKE TEPLICE
Town Trenčianske Teplice lies in the valley of the river Teplička at the foothill of Strážov mountains, 272
metres above sea level.
In Trenčianske Teplice there are used 5 natural healing springs. Water is sulphated, of calcium and
magnesium and sulphuric. Its composition is favourable for curing inflammatory and degenerative
diseases of the locomotive apparatus. Baths are also suitable for treatment of neurological diseases while
water drinking positively influences digestive track.
Trenčianske Teplice offers ideal conditions for congress tourism, bat sports - tenis, touristic are very
popular, too. We can not omitt agritourism, mainly horse-riding in the nearby region in Omšenie or
Motešice. In 50km distance are located some very well equipped ski centres.
Annually there are held a lot of significant events in Trenčianske Teplice.
- Karel Čapek prize
- Film festival Art Film and awarding of the prize Actor´s Mission. On this occassion an award - brass
tablet – is placed on the Bridge of Fame. There are awards for such filmstars as Gina Lolobrigida, Sophia
Loren, Jean-Paul Belmondo, Franco Nero and many others.
- Musical Summer, the oldest music festival in Slovakia, which succeeded the Central European festival of
chamber music that was first introduced in 1937
- Festival of folk handicrafts
- Equestrian competition with the first prize – Award of the town mayor
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The plasma of dielectric barrier discharges (DBDs) operating in a transient glow discharge regime
at high pressure exhibits under most conditions a filamentary structure. This filamentary structure
is often chaotic in appearance, but under specific conditions the filaments form self-organized
patterns that are typical of reaction-diffusion systems. The purpose of this paper is to analyse the
mechanisms of pattern formation in DBDs on the basis of numerical simulations and experiments.

1. Streamer, glow discharge, and Townsend regimes of DBDs
The aim of this section is to define clearly the discharge regime that is discussed in this paper.
Dielectric Barrier Discharges can operate in streamer, glow discharge, or Townsend regimes. These
regimes can be classically defined as follows.
In the streamer regime, the electron multiplication in the gap reaches very large values (on the order of
108), so that a single electron avalanche can lead to the formation of a plasma channel. The streamer
current is limited by the charging of the dielectric capacitance. In this regime the plasma is filamentary
in nature and it is impossible to form a homogeneous plasma for a very long time (a large preionization can help maintaining a uniform plasma for some time, as in gas discharge laser
applications).
In the glow discharge regime transient glow discharges form in the gap and are quenched by the
charging of the dielectric surface. The properties of these transient discharges are those of classical
glow discharges, and they are sustained by electron impact ionisation in the discharge volume and
secondary electron emission by ion impact on the surface (in the dc case, the electron multiplication
M in the gap is related to the secondary emission coefficient γ by the Townsend criterion

M = 1 + 1 γ ). Although all the details of electron emission from a dielectric surface are not
completely understood it is clear and well recognized that secondary electron emission by ion impact
plays an important role in DBDs (the operation of plasma display panels, which provide a good
example of DBD operating in a glow discharge regime, can be very well reproduced by models
assuming a given secondary electron emission by ion impact on the dielectric surface1). Secondary
emission due to the impact of metastables or photons on the dielectric surface can of course contribute
to the overall secondary electron emission. These mechanisms are generally second order with respect
to secondary emission due to ion impact in the glow discharge regime. For pressure larger than
several 10s of torr and electrode length on the order of a few cm, the transient glow discharges that
form in a DBD are generally filamentary although homogeneous plasma regimes are in principle
possible and have been experimentally observed under very specific conditions2.
In the Townsend regime, the discharge operates at low current and a quasi-neutral plasma is not
present in the gap (the ion density is much larger than the electron density and the electric field is not
or only slightly distorted by the space charge). In these conditions it is much easier to obtain a
homogeneous discharge than in the glow discharge and streamer regimes.
It is useful to define the limits between the streamer regime and the glow discharge regime and to
understand how this limit depends on the gas and pd (pressure x gap length) product. A simple way to
do it is to look at the Paschen curves of different gases. More precisely, we have plotted in Fig. 1 the
calculated voltage as a function of pd product, corresponding to a constant multiplication in the gap in
neon and nitrogen. These curves help understand why, for a pd product of 100 torr.cm (e.g. 1.3 mm at
760 torr) it is possible to obtain a glow discharge regime in neon but not in nitrogen (streamer regime).
We assume that the secondary emission coefficient by ion impact on the cathode surface is 0.3 in neon,
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and 0.05 in nitrogen. Therefore a discharge could be sustained by a multiplication-secondary emission
mechanism if the multiplication is equal to 4.33 ( 1 + 1 γ ) in neon, and 21 in nitrogen.
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Fig. 1. Voltage vs pd curves corresponding to a constant electron multiplication in neon and nitrogen.
The point indicated “breakdown” corresponds to the Townsend breakdown for a pd product of 100
torr.cm in neon and nitrogen, assuming secondary electron emission coefficient equal to 0.3 and 0.05
respectively (i.e. electron multiplication of 4.33 and 21 respectively).
Figure 1 shows that this is possible with an applied voltage of about 720 V in neon, and 5000 V in
nitrogen. Let us suppose that voltages slightly above these breakdown voltages are applied to the gap
for the neon and nitrogen cases. We assume for simplicity that there is no external circuit (and no
dielectric layers). Since the voltage is slightly larger than breakdown, a glow discharge plasma first
forms. This process is relatively slow since ions generated by ionisation in the gap must go back to the
cathode, generate secondary electrons etc… As the plasma expands, the voltage drop (the applied
voltage) takes place over a shorter length between the cathode and the plasma. The multiplication in
this region (the transient sheath) therefore increases as approximately shown by the horizontal arrows
starting at the breakdown point in Fig. 1 (this is approximate since the field in the sheath between
cathode and plasma is not uniform, but the average field is the same as the field used in the
calculations corresponding to Fig. 1). We see that in nitrogen, the multiplication can reach values as
large as 108 as soon as the plasma occupies half of the gap length, while the multiplication stays much
lower in neon. This shows that even though Townsend breakdown takes place in both cases, the
discharges in nitrogen will generally evolve toward a streamer regime while the discharge in neon will
stay in a glow regime. In the case of a DBD, the only way to avoid the streamer regime in nitrogen
under similar conditions would be to operate with a very slowly increasing voltage or a very small
dielectric layer capacitance. In that case the discharge would operate in a Townsend regime, i.e. the
continuous charging of the dielectric would maintain a constant voltage across the gap, equal to the
Townsend breakdown voltage, during the rise of the electrode voltage. The Townsend regime of
DBDs has been described by Massines et al. in Ref. [3] in the case of nitrogen. Note also that the
Townsend regime of DBDs has been used for a long time in Plasma Display Panels4,1 to generate seed
electrons (priming) in all the panel discharge cells before the cells are addressed (in order to prevent
addressing failure due to the lack of seed electrons in the cells) and to minimise the light emitted
during that phase1 (in order to keep a good contrast, since the light emitted in the Townsend regime is
much less intense than in the glow regime).
One consequence of this discussion is that in the considered range of pd products a homogeneous glow
discharge regime is theoretically possible in neon (although difficult to obtain because the glow
discharge regime tends to be filamentary in these conditions, as we will see below) but practically
impossible to obtain in nitrogen (the streamer regime is by nature filamentary, and a glow regime,
even filamentary, seems very difficult to obtain in these conditions in nitrogen).
Basically, a glow discharge regime is possible for a DBD around 100 torr.cm in rare gases like neon or
helium where the slope of the breakdown curves of Fig. 1 is relatively small but not in nitrogen. These
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differences are due to differences in the variations of the first ionisation coefficient with the reduced
electric field. Note that, looking at Fig.1, a glow regime seems possible in nitrogen for smaller pd
products, i.e. for example 10 torr.cm (e.g. 130 μm gap at atmospheric pressure).
The results discussed in this paper have been obtained mainly in neon (a few results are shown for
helium and nitrogen) and for pd products below 50 torr.cm (typically 2 mm gap and pressure between
50 and 200 torr), i.e. under conditions where, according to Fig. 1, the discharge clearly operates in a
glow regime in the case of neon.

2. Experimental set-up and modelling
Experiments have been performed for two different electrode configurations (see Fig. 2). In the first
one (Fig. 2a) the electrodes are two disks made out of ITO deposited on a glass layer or of a fine
metallic (transparent) grid stuck to a glass layer. In that case the discharges and two-dimensional
pattern formations can be observed through the electrodes with a simple camera or a CCD camera. In
the second configuration (Fig. 2b) the electrodes are two metallic stripes that are deposited or stuck on
the dielectric layers. The width of the electrodes is small and, in the considered conditions, only one
filament could form within the electrode width while several filaments could be distributed along the
electrode length. The observed structure or pattern was therefore one-dimensional in that case. A
similar 1D electrode configuration was used in the paper by Guikema et al5. The advantages of the 1D
configuration of Fig. 2b are that 1) the filaments can be observed with a CCD camera both along the
discharge axis and perpendicular to it, and, 2) the experimental results can be directly compared to
results from 2D models of the DBD. However it is clear that the variety of patterns that can be
observed in this configuration is not as large as in the configuration of Fig. 2a.
(a)

Holder
Gap

High
Voltage
View

(b)
Dielectric layer

Transparent
electrode

Electrode
Axial
position

Dielectric
layer

Filaments

Spacer

Transverse position

Fig. 2. Configurations of DBDs used in the experiments. In the (a) configuration 2D structures or
patterns can be observed through the transparent electrodes. In the (b) configuration the electrodes are
linear and 1D structures can be observed. The discharge development between the dielectric surfaces
can be easily studied in the (b) configuration but not in the (a) configuration.
The space and time evolution of the filamentary discharges was analysed with an ICCD camera in
both configurations of Fig. 2.
In this paper the experimental results in the linear configuration of Fig. 2b are compared with results
from a 2D fluid model of the discharge. The model is based on coupled solutions of two-moment
electron and ion transport equations and Poisson’s equation. The two-moment transport equations
consist in continuity and momentum equations in the drift-diffusion form. The set of moment
equations is closed by the local equilibrium assumption (ionisation coefficient depends on the local
electric field) and by assuming a constant characteristic energy (diffusion coefficient over mobility)
for both electrons and ions. These assumptions are standard for collisional plasmas and are used in a
number of published papers on DBD or streamer modelling.
The conditions considered in the model results presented in this paper are: DBD in neon, with
dielectric thickness and gas gap of 2 mm, electrode length of 2 cm (see Fig. 3), gas pressure from 50 to
200 torrs, voltage frequency on the order of 20 kHz, secondary electron emission coefficient of neon
ions on the surface equal to 0.3. Under these conditions the DBDs operate in a transient glow
discharge regime.
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Fig. 3. Electrode and dielectric geometry in the 2D simulations. The thickness of each dielectric layer
and the gas gap are 2 mm. The relative permittivity of the dielectric is 5. Symmetry boundary
conditions are used on the edge of the simulation domain. This 2D geometry allows to study 1D
arrangements of the discharge filaments in the transverse direction, and to observe the discharge
formation in the gas gap, as in the experimental linear electrode configuration of Fig. 2b.
The aim of the simulation was not to perform detailed comparisons between model and experiments,
but to show how a basic glow discharge model assuming only direct electron impact ionisation and
secondary electron emission by ion impact can reproduce many features that can be observed
experimentally, and can help us understand the mechanisms of pattern formation in DBDs.

3. Observation and simulation of pattern formation in DBDs
Figure 4 shows three typical pictures of DBDs viewed through the transparent electrode for the 2D
electrode geometry of Fig. 2a. The discharge in Fig. 4a appears to be homogenous, Fig. 4b shows a
striped pattern and Fig. 4c displays an hexagonal pattern of filaments. These pictures have been
obtained in neon and helium (see the figure caption). The structure can change abruptly when one of
the control parameters (voltage, frequency, pressure) is slightly changed and bifurcations between
different patterns can be observed.

(a)

(b)

(c)

Fig. 4. Typical structures of the plasma in DBDs in the 2D electrode configuration of Fig. 2a, viewed
through the transparent electrode. The gas gap and dielectric thickness (each layer) are 1 mm; (a)
homogeneous discharge in neon, 400 torr, voltage amplitude U=600 V, frequency f = 20
kHz, exposure time 25 µs (accumulated over 10 ms, i.e. 200 cycles); (b) stripe structure in helium, 100
torr, U= 432 V, f = 50 kHz, exposure time 15 ns over 100 ms; (c) hexagonal filamentary structure in
helium with less than 1% argon, 100 torr, U= 464 V, f = 50 kHz, exposure time 10 μs over 10 ms.
Reproduction from the PhD thesis of B. Bernecker6.
Similar and more complex (concentric rings, spirals, target) DBD patterns have been reported in
a number of papers and are reported in a recent review by Kogelschatz7.
Figure 5 illustrates the experimental results obtained with the 1D electrode configuration of Fig. 2b.
The discharge in the conditions of Fig. 5 forms a regular 1D array of filaments distributed in space,
with a spacing on the order of 8 mm. In these conditions, light is emitted by the discharge along the
discharge axis but also close to the dielectric surface. The light emitted along the surface is associated
with the spreading of the ion sheath along the dielectric layer on the temporary cathode side, and of the
electrons along the layer on the anode side.
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Fig. 5. Example of filamentary structure observed in the 1D electrode arrangement of Fig. 2b
(electrode length 7 cm, gas gap 3 mm, dielectric thickness 1 mm) ; nitrogen, 50 torr, 2 kV, 20 kHz.
The exposure time is 30 µs and the image is integrated over 10 ms. Reproduction from the PhD thesis
of B. Bernecker6.
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It is interesting to look at model predictions under 1D electrode configurations similar to that of Fig. 5.
As indicated in the caption to Fig. 3, symmetry boundary conditions are used on the two edges of the
simulation domain in the direction perpendicular to the discharge axis. The simulations are performed
by assuming a given initial distribution of electrons and ions in the gas gap at t=0, and by calculating
the time evolution of the charged particle densities and electric field when a sinusoidal voltage
waveform of given amplitude and frequency is applied between the electrodes. The initial density of
electrons and ions are chosen equal and generally small (i.e. the gas is weakly ionised and is not
plasma at t=0). If the voltage amplitude is above breakdown, a plasma forms over a time duration or
number of cycles that depends on the initial density and on the overvoltage. The space distribution of
the initial density has an influence on the transient evolution of the discharge toward a “steady state”
DBD regime. Because of the symmetry boundary condition on the edges of the simulation domain,
one could expect that, if the initial density of electrons and ions is chosen to be uniform in space, the
plasma stays homogeneous in the transverse direction during the successive cycles (and current
pulses) of the applied voltage. This corresponds to solutions of the model equations where all the
transverse gradients are equal to zero (i.e. the solution is 1D along the discharge axis). Although such
solution is mathematically possible, it turns out that in most cases, the plasma does not stay
homogeneous along the successive cycles, but progressively becomes filamentary. This filamentary
state can be stable and periodic, i.e. the same pattern is reproduced cycle after cycle, but can also be
apparently chaotic, depending on the conditions. More precisely, an homogeneous solution, identical
to the solution that could be obtained with a 1D model can actually be obtained in the 2D simulations,
if the length of the electrodes is small enough (e.g. below 1 mm at 50 torr), but the solution becomes
filamentary for sufficiently long electrodes (i.e. longer than the spacing between filaments that is
obtained at steady state).
The calculated current density for a homogeneous (1D model) DBD in neon at 100 torr, 600 V and 25
kHz voltage amplitude and frequency is shown in Fig. 6. We see that one current pulse appears at each
half cycle. This current pulse is associated with the formation of a transient glow discharge in the gap,
as shown in Fig. 7.

-600
500

520

540

Time (μs)
Fig. 6. Applied voltage and calculated current density with a 1D discharge model (or with a 2D model
and short electrode length) in neon, 100 torr, gas gap and dielectric layer thickness 2 mm, voltage
amplitude 600 V, frequency 25 kHz, secondary electron emission coefficient 0.3.
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Fig. 7. Axial distributions of the electron, ion densities, and electric field (symbols) at 6 different times
(indicated on the current and voltage plots in the bottom of the figure) during the current pulse in the
conditions of Fig. 5. The unit of the density is 1010cm-3 and the densities are plotted in a log scale
between 10-4 and 10 x 1010 cm-3. The electric field is plotted on a linear scale between –4 and + 4
kV/cm. The position of the dielectric layer surfaces are indicated by the two vertical lines.
The space and time variations of the charged particle densities and electric field displayed in Fig. 7 are
typical of a transient glow discharge. We see the pre-breakdown, Townsend phase (t1 ) where the ion
density is much larger than the electron density but too small to significantly perturb the geometric
field. The ion density continues to grow during the breakdown phase and the field become strongly
distorted by the ion space charge (t2) until the plasma forms (t3) in the anode region and the current
starts growing. The sheath and plasma regions are clearly seen during the current pulse (t3, t4 ). The
field drops in the gap due to the charging of the dielectric surface (t5), ambipolar diffusion takes place
(t5) and the plasma decays (t5, t6) till the voltage across the gap increases again above the breakdown
voltage and a new current pulse forms.
When the length of the electrode is larger than a few mm, the 2D simulation in the conditions of Figs.
6 and 7 no longer gives an homogeneous plasma, and filaments form. Under these conditions, the
filaments are self-organized and the spacing between them is on the order of 5 mm, i.e. 4 filaments
form when an electrode length of 2 cm is used in the simulations, as in Fig. 8.

24

axial position

2 cm

2 mm

dielectric

electrode

transverse position

10-3

10-2

10-1

1

Fig. 8. Electron density averaged over one cycle for a DBD in neon, 100 torr, 600 V and 25 kHz
voltage amplitude and frequency (same conditions as Figs. 6 and 7 except that the length of the
electrode is now 2 cm and a filamentary pattern has formed). The density is represented in a log scale
over 3 decades (dark grey corresponds to low values). The maximum (time averaged over one cycle)
density is 7.5 109 cm-3.
It is interesting that the periodic structure of Fig. 8 (4 filaments, or 3 filaments and 2 half filaments on
the edges of the domain) is obtained whatever the space distribution of the initial density, as shown in
Fig. 9 which displays the evolution with the cycle number, of the electron density integrated in the
axis direction and time averaged over each cycle for three different initial density distributions.
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Fig. 9. Time evolution of the transverse electron density integrated along the axis direction and time
averaged over each cycle, as a function of the cycle number over 100 cycles, for three different initial
density distributions (constant along the discharge axis and non uniform in the transverse direction), in
the conditions of Fig. 8. The initial electron and ion density distributions are equal and plotted on the
left of each figure (linear grey scale, maximum 108 cm-3). The transverse distribution of the electron
density is plotted on a 3 decades log scale as in Fig. 8. The initial density of (a) corresponds to an
initial Gaussian distribution with a standard deviation of 1 cm, (b) is the sum of 10 Gaussian
distributions of standard deviation 0.5 mm each, uniformly distributed along the electrode, and (c)
corresponds to the sum of 10 Gaussian distributions of standard deviation 0.5 mm each, randomly
distributed along the electrode.
For the initial distribution of Fig. 9b, we see that five filaments first form until a re-organization takes
place, two filaments merge, and finally a steady state sets up, with four filaments uniformly distributed
along the electrode. When a perfectly uniform initial distribution is assumed (not shown) the system
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also evolves toward a four filaments structure similar to those of Fig. 9. In that case, the round-off
errors of the simulations play the role of perturbations8 and the unstable homogeneous solution
evolves after a few cycles toward the filamentary structure of Fig. 8.
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Fig. 10. Applied voltage and calculated current with a 2D discharge model in the conditions of Fig. 8
(electrode length 2 cm). The current density is integrated along the electrode so that the plotted current
is given in mA/cm, i.e. per unit length of the electrode in the direction perpendicular to the simulation
domain (the discharge is supposed to be homogeneous in this direction in a 2D model).
The calculated current for the filamentary structure of Fig. 8 and displayed in Fig. 10 is very similar to
the current density in the homogeneous conditions (Fig. 6), i.e. one current pulse is present at each half
cycle. The current in Fig. 10 is integrated along the 2 cm electrode and is given in mA/cm, i.e. per unit
length of the electrode in the direction perpendicular to the simulation domain. The peak electron
current is around 1 mA/cm, which corresponds to an averaged (along the electrode length) peak
current density of 0.5 mA/cm2 , i.e. smaller than the current density in the homogeneous case. The fact
that there is only one current pulse per half cycle for the filamentary structure of Fig. 8 is due to the
perfect temporal synchronization of the four filaments in these conditions. The time evolutions of the
charged particle densities along the axis of each filament are identical and qualitatively not very
different from those obtained in the homogenous regime and plotted in Fig. 7. The values of the
maximum densities are however significantly larger in the filamentary structure, compared with the
homogeneous case.
The filamentary structure observed in the simulations in the conditions of Fig. 8 is very “standard”,
and corresponds to the expected behaviour of stable patterns in DBDs, i.e. each filament is stable and
reproduces itself at the same location at each half cycle of the applied voltage. An unexpected
structure was observed in the electrode arrangement of Fig. 2a both in the experiments and in the
simulations. We call this structure the quincunx structure in the following.

(a)
(b)
(c)
Fig. 11. Experimental observation of a filamentary « quincunx » structure in the linear electrode
arrangement of Fig. 2a, in neon, 50 torr, gap length 3 mm, dielectric thickness 1 mm, electrode length
7 cm, voltage amplitude and frequency 524 V and 30 kHz respectively ; the picture of (a) is integrated
over one cycle of the applied voltage (and accumulated over several cycles), while the pictures of (b)
and (c) are taken over two successive half cycles (the sum of (b) and (c) gives (a)).
Figure 11 shows an example of quincunx structure observed in the experiments. In this filamentary
structure, the discharges of two successive half-cycles do not take place at the same locations but the
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filaments of a given half-cycle form in between the filaments of the previous half cycle. This result is
not at all intuitive and is actually rather surprising but this kind of structure appeared to form in a
relatively large range of conditions. We see clearly on Fig. 11 the maximum of light emission on the
cathode side, at the plasma-sheath boundary.
We also found that the models could reproduce the intriguing filamentary structures of Fig. 11
(actually these structures were first observed in the simulations, and later in the experiments!). Figure
12 show simulations results under a set of conditions where stable quincunx filamentary structures
formed.
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Fig. 12. Space distribution of the electron density (a), (b), (c), and ionisation rate (d), (e), (f) from the
2D model in a quincunx filamentary regime in the geometry of Fig. 3, neon, 50 torr, 700 V and 20 kHz
voltage amplitude and frequency ; (a), (d) the density and ionisation rate are averaged over one cycle,
(b), (e) over a half-cycle, (c), (g) over the following half-cycle. The densities are plotted on a 3
decades log scale, with a maximum of 2 109 cm-3 for (a) and 4 109 cm-3 for (b), (c). The ionisation
rates are on a linear scale with maximum 0.5 1016 cm-3s-1 for (d), and 1016 cm-3s-1 for (e) and (f).
A careful analysis of the numerical results of Fig. 12 helps understanding the quincunx structures. In a
“standard” filamentary regime, the charged particle densities between filaments are not necessary zero.
Under some conditions, we showed in Ref. [9] that a Townsend discharge can actually forms in
between filaments (possibly with some delay in time). The existence of a negative slope part in the
current-voltage characteristics of dc discharges can lead to bi-stable regimes or to the coexistence of a
Townsend regime and a filamentary glow-discharge regime. The analysis of the simulation results in
the quincunx regime shows that during a given half-cycle, a Townsend discharge develops between
filaments, around the end of the current pulses associated with the filaments. This discharge is such
that at the end of the half-cycle the ion density between filaments is much larger than the density at the
locations of the filaments. One expects that, at the next half-cycle, a discharge will develop at the
location of the filaments of the previous half-cycle because of the memory charges deposited on the
dielectric surface at these locations. In the quincunx regime, there is actually a competition between
the effect of the memory charges on the dielectric surfaces at the location of the previous filaments and
on the remaining positive charge in the gap between the filaments, and it turns out that the new
discharges develop faster where the remaining ion density is larger and the new discharges form in
between the previous filaments. In other word, in this competition between the effect of memory
charges on the dielectric surface, and of memory charges in the discharge volume, the volume memory
charges take over in the quincunx regime.
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The quincunx regime has been so far observed in a 1D electrode configuration and it is not clear what
would be the equivalent of the quincunx regime in a 2D electrode configuration. We however suspect
that the concept of competition between surface charges and volume charges on the development of
new discharges at the next half cycle can also be applied to 2D configuration and may be responsible
for some of the complex structures or dynamical filament behaviours that are observed in 2D systems.

4. Dynamical aspects of DBD patterns

3 mm

axial
position

Under specific conditions, the filaments of DBDs are not static but appear to be moving along the
dielectric surface and interact with each other (merging or division of filaments). The filaments motion
can be chaotic in appearance but is sometimes organized.
An example of apparent motion of filaments is shown in Fig. 13.
(a)
7 cm

transverse position
(b)
(c)
(d)
(e)
Fig. 13. Multiperiodic filamentary discharge in a 1D DBD experiment in neon, 300 torr, 880 V, 50
kHz, 3 mm gap, 2 mm dielectric layers: (a) time integrated picture of the discharge (standard camera);
(b), (c), (d), (e), pictures of the discharge taken with an ICCD camera and integrated over gates of 10,
20, 30, and 40 μs, i.e. 1, 2, 3, 4 half-cycles respectively.
Figure 13a shows the time integrated picture (taken with a standard camera) of an experimental linear
DBD in neon, 300 torr, 880 V and 50 kHz voltage amplitude and frequency, 3 mm gap. On this figure,
the discharge seems to correspond to a static quincunx filamentary regime similar to the one described
above (Fig. 11). Figures 13b, c, d, e actually show that the discharge is more complex and present
some dynamical features that are periodic with a period equal to three times the period of the applied
voltage. The picture of Fig. 13b has been taken with a gate of 10 μs (i.e. one half-cycle) and show that
only 1/3 of the filaments expected in a half-cycle quincunx pattern are actually present. Integrating in
time over two successive half-cycles gives the picture of Fig. 13c. The filaments of the second halfcycle are shifted by half a spatial period of the quincunx structure of Fig. 13a (the cathode sheath is on
the opposite side with respect to the previous filaments). Figures 13d and 13e show that at each half
cycle, the new filaments are shifted by a half a spatial period. The structure of Fig. 13 is therefore not
static and presents an apparent organized motion of several filaments from right to left. The period of
this motion is equal to 3 periods of the applied voltage (integrating over 6 half-cycles would give a
picture close to that of Fig. 13a).
The experimental results of Fig. 13 are very interesting since they show that the motion of filaments
can be due to mechanisms similar to those responsible for the existence of the quincunx regime (i.e.
remaining charges in the discharge volume close to a filament trigger the next discharge on the side of
this filament). The fact that the motion appears to be from right to left in Fig. 13 is not clear (broken
symmetry) and may be associated with the discharge history and memory charge effects.
In the 1D electrode configuration of Fig. 13, we were able to capture many other dynamical features
(not reported here) of the filaments, such as filament merging and division. Some of these features
could be reproduced with the models.
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5. DBDs as a reaction-diffusion system
The 2D structures of filamentary patterns in DBDs are very similar to the patterns observed in a
variety of biological, chemical, and physical systems (hexagons, stripes, spirals, targets) and that
corresponds, for two-component systems (u,v) to solutions of reaction-diffusion equations of the
form:

∂ t u ‐ Du Δu = F(u,v)

∂ t v ‐ Dv Δv = G(u,v)
One well known class of reaction-diffusion systems leading to these kinds of pattern are the activatorinhibitor systems (see, e.g., Ref. [10]) which are two-component systems where one component
stimulates the production of both components while the other one inhibits their growth (this is also
possible with multi-component systems). An important factor leading to the formation of patterns is
that the inhibitor must diffuse faster than the activator. Attemps at representing discharges in series
with a resistive (“ohmic barrier”) layer as activator-inhibitor system have been made by Purwins and
coworkers11. In order to characterize a DBD as an activator-inhibitor system one must choose the
components that play the roles of activator and inhibitor. A possible choice is to define the ion density
in the sheath as the activator and the charge on the dielectric surface as the inhibitor: during the
transient glow discharge, an increase of ion density in the sheath leads to an increase of the sheath
field and therefore of the ionization rate, which in turn leads to an increase of the ion density; the
charging of the dielectric layers increases with increasing ion density in the sheath but inhibits the
growth of the ion density because it reduces the gap voltage. The spreading of the ion sheath along the
dielectric layer leads to a transverse diffusion (or advection) of the inhibitor faster than the diffusion of
the activator.
It has been recently shown by Raizer and Mokrov12 that in ohmic barriers DC discharges in the
conditions of those studied by the Purwins group, pattern formation seems to be induced by thermal
effects and not by the presence of a negative slope region in the discharge I-V characteristics. This is
apparently not the case in DBDs (i.e. discharges with capacitive barriers) since patterns with properties
very close to the experimental ones can be reproduced with simple 2D (Refs. [6], [8], and this paper)
or 3D13 models without invoking temperature effects. Developing reaction-diffusion models of DBD
discharges less phenomenological than the previous models and able to reproduce the complexity of
the observed structures is still a challenge and would be extremely useful to help understand the
parameters controlling the different regimes.

6. Conclusion
Dielectric Barrier Discharges exhibit patterns that are typical of reaction-diffusion and activatorinhibitor systems. Simple discharge models based on fundamental, first order mechanisms, i.e. driftdiffusion transport coupled with Poisson’s equation, secondary emission by ion impact and volume
ionization can reproduce (at least qualitatively) a number of experimental observations.
For 1D electrode configurations, the model can reproduce the formation of periodic 1D structures of
filaments that are independent on the initial conditions. The model also predicts the existence of a
regime that has not been reported before, and where the filaments of two successive half-cycles are not
aligned but are shifted by half a spatial period (i.e. the filaments of a given half-cycle form between
the filaments of the previous one). This “quincunx” regime is also observed in the experiments, and
bifurcations from the standard filamentary regime to the quincunx regime are observed when one of
the discharge parameters is changed. The model results show the importance of the remaining ion
density in the gap between filaments at the end of a half-cycle in the emergence of the quincunx
structure and in some of the dynamical properties of the filaments.
The transient filamentary discharges of DBDs also present very interesting dynamical aspects.
Filament motion along the dielectric surface, merging and division of filaments can be observed when
the applied voltage amplitude is decreased or increased, or, in some cases, for constant operating
conditions. Some aspects of this non-linear dynamical behaviour also seems to be contained in the
basic discharge models.
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Finally, note that although the simple discharge models seem to be able to reproduce a number of
experimental observations and complex features of the DBD patterns, phenomena that are not included
in the basic discharge model used in this paper (Penning ionization, ionization of metastables,
secondary emission by metastable impact on the surfaces etc…) can also play a role in the formation
and dynamics of patterns, or in the existence or not of a homogeneous regime.
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The problems associated with, and recent progress in, the measurement of absolute cross sections
for plasma simulation are discussed. An infrastructure to measure absolute electron-atom
(molecule) cross sections for elastic scattering, vibrational and electronic excitation and
dissociative attachment built in Fribourg is presented. Emphasis is on accurate absolute values of
the cross sections, low-energy capacity, entire range of scattering angles, low background and
good resolution. Examples presented include Ne, Kr, CO, C2H2, HCN, HBr and HCl, together with
the deuterated isotopomers where applicable. The interaction of experiment with theory is
discussed.

1. Introduction
Obtaining cross section sets for plasma simulation is a complex and not yet satisfactorily solved
enterprise, requiring the input from a number of experiments and from theory. The requirements to be
met are:
(1) The cross sections need to be quantitative, extend to low energies, and cover a wide angular range.
Satisfying these requirements is the primary goal of the experimental and apparative research in
Fribourg.
(2) All the relevant processes should be included. The experimental work in Fribourg and this paper
are concerned with elastic scattering, vibrational and electronic excitation, and dissociative electron
attachment. Other important processes, not treated here, are ionization, dissociative ionization, bipolar
dissociation, and neutral dissociation. A recent introductory article dealing with all these processes can
be found in reference [1]. It has been written with the FEBIP (Focused Electron Beam Induced
Processing) application in mind, but the conclusions made there are general and apply to a large
degree also for plasma simulations.
(3) The cross sections must be available also for targets for which they are difficult or impossible to
measure, in particular for electronically excited atoms, vibrationally and electronically excited
molecules, and for transient molecules such as radicals, carbenes, or reactive open shell atoms. These
cross sections must be supplied by theory, and an important application of the experimental cross
sections such as measured in Fribourg is to provide quantitative data on which theory can be tested.
(4) Finally, the set of cross sections for plasma applications must be ‘complete’, that is, it must
correctly reproduce the measured electron transport properties. Because of the inherent errors in both
experiments and in theory, and because of missing cross sections for some processes, this is not
automatically the case, and the cross section set needs to be adjusted such as to correctly reproduce the
measured electron transport properties.
The research in Fribourg concentrates on the evaluation of the fundamental principles and mechanisms
of electron-induced processes on isolated molecules and on measurement of high quality quantitative
electron-molecule scattering data. Smaller molecules are preferred, but in some cases even larger
molecules which may serve as models for biomolecules, or molecules relevant for plasmas and in
astronomy, are used. Measurement of experimental data extending down to low energies (about 0.1
eV), covering a wide angular range (for inelastic processes 0-180◦), and in particular measurements of
quantitative, absolute cross sections, are emphasized.
This article presents illustrative examples of this effort. They are the elastic and the electronic
excitation cross section for Ne and Kr, important in the first place for validifying the B-spline R-matrix
theory which has recently achieved an important progress. These cross sections are relevant for the
development of discharge lamps.
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A second example are the elastic and the vibrational excitation cross sections for CO. This work was
motivated by the need in astronomy. At the same time this measurement represents an important test
of the relative flow method and of the elaborate procedures for correcting for the instrumental
response functions, used by the experiment. This is because the extensive measured set, covering large
ranges of scattering angles and extending to low energies, and including many final vibrational states,
could be combined to obtain the grand total cross section, which could then be compared to the grand
total cross section measured the transmission method. The transmission experiment does not depend
on the relative flow method and does not need the instrumental response function, so that the favorable
result of the comparison validates the differential measurements. Finally, three examples of
dissociative electron attachment (DEA) are presented. HBr is a case which could be treated by the
advanced nonlocal resonance theory. This theory is, however, parametrized and limited to one
dimension of internuclear motion. Acetylene and hydrogen cyanide are examples, where local ab initio
theory was applied, explicitly taking into account three dimensions of the internuclear motion.

2. Instruments
The measurements were performed by three complementary instruments:
(1) Quantitative time-of-flight (TOF) mass spectrometer, combined with a total ion collection tube [2],
used to measure absolute dissociative electron attachment (DEA) cross sections. In this instrument
either the total ion current is measured or the anions are sent into a TOF tube through a slit in the wall
of the target chamber. The TOF tube consists of a three-cylinder electrostatic lens, which images the
ion exit slit onto a MCP detector. The pressure in the collision chamber is measured by a capacitance
manometer. The absolute calibration of the TOF results was against the 4.4 eV band of O− production
from CO2, the ion collection tube experiment is inherently absolute.
(2) Quadrupole mass spectrometer with a trochoidal electron monochromator (QMS) [3, 4]. This
instrument offers higher resolution (60 meV) and higher sensitivity than the TOF instrument. This
instrument measures only relative spectra, which are then normalized to the absolute values obtained
by the TOF instrument.
(3) Electron spectrometer with hemispherical analyzers [5] is used to measure elastic and vibrationally
and electronically inelastic cross sections. This instrument uses crossed gas and electron beams and
absolute values of the cross sections were determined by the relative flow technique using the
theoretical helium elastic cross sections as reference. Angular distributions are measured using
combined mechanical setting of the analyzer and magnetic deflection with the magnetic angle changer
[6].

3. Electronic excitation of rare gases
Elastic and electronic excitation cross sections were measured for neon, argon, and xenon in the near
threshold region [7–9]. The experimental data has been very useful to validate the recent significant
progress in theory, made by means of a B-spline R-matrix method [10–12].
A representative Ne spectrum is shown in figure 1, based on the data of reference [7,9]. The
theoretical and experimental data agree remarkably well above about 17.3 eV, but the experimental
cross section is slightly higher within the first about 0.4 eV above threshold. This difference could be
due to an overestimation of the instrumental response in this low energy range. This error could be a
consequence of using the elastic cross section (in helium) to derive the response function, which was
used to correct deeply inelastic data. To by-pass this problem, it would be useful to have very reliable
theoretical inelastic cross section for helium, which could be used as a secondary standard in
determining the instrumental response function for inelastic scattering near threshold.
Recent calculations in Kr [13] were compared to the early experimental results of Phillips [14], with a
generally favorable result except that the theoretical results were about 50% smaller. We therefore
embarked on new measurements in Kr, and an example of the result is given in Fig. 2.
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Fig. 1. Experimental (line with statistical noise) and theoretical (smooth dashed line) cross section for
exciting the 3P1 state of neon (based on reference [7]).
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Fig. 2. Experimental cross section for exciting the 3P2 lowest excited state of Kr.

4. Carbon monoxide
This work [19] was motivated by the need of data for simulations of the upper atmospheres of Venus
and Mars and cometary comae [20]. Absolute differential elastic and vibrational excitation cross
sections up to v = 11 were measured. Integral cross sections were derived by integrating under the
angular distributions and an example for the excitation of v = 1 is shown in Fig. 3. Below the
resonance region there is a discrepancy between the cross section determined by the present beam
experiment and from drift velocity measurements, the latter being smaller.
The sum of the integral cross sections agrees very well with the available transmission measurements
of the grand total cross section, thus validating the present measurements [19]. The present elastic
differential and integral cross sections are in excellent agreement with the best available measurement
[15], but the v = 1 inelastic cross section is about 25% higher. This could have consequences for
simulations of cometary and planetary atmospheres.
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[22].
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5. HCl and HBr
Absolute DEA cross sections were measured using the TOF instrument [22] in the total ion current
mode. The cross sections for HCl were found to be about 3× smaller than the existing theoretical
prediction, but an improved theoretical model removed the discrepancy [24]. A high resolution DEA
spectrum was obtained for HBr by combining the results from the ELS and TOF instruments, and is
shown in Fig. 4. The agreement with theory, both in terms of magnitude and in terms of the detailed
shapes, particularly of the downward steps at vibrational thresholds, is very good.

6. C2H2 and HCN

The instrument in the total ion collection mode was used to measure acetylene and diacetylene [25],
which are of current interest for two reasons: (i) They are in relation with the first observation of
negative ions in outer space [26] which were of the type C2nH− (n = 1, 2, ...). (ii) Acetylene is a good
testing ground for the development of the theoretical description of dissociative electron attachment.
Chourou and Orel [27] determined the cross sections by calculating both the real and the imaginary
parts of the potential hypersurface using the Complex-Kohn scattering theory and then propagating a
wave packet of the nuclei on this complex potential. Three internal coordinates were taken into
account, representing a great progress in the description of polyatomic molecules.
More recently, Orel and Chourou calculated also HCN and HNC and we embarked on the
corresponding absolute measurements of HCN and DCN to provide suitable comparison data [29].
The study was also motivated by the possible role of HCN as an initiator of abiotic synthesis of
complex organic molecules in interstellar media and atmospheres of extraterrestrial bodies [30, 31].
Relative yields of the CN− anions were recorded under higher resolution (60 meV) with the QMS
instrument and normalized to the absolute values measured with the TOF instrument. The results are
shown in Fig. 5. We interpret the broad structure on both the HCN and the DCN spectra as due to
opening of dissociation channels leading to vibrationally excited CN−. These structures are interesting
because they permit determination of the branching ratios into the different final states and thus open
an additional dimension for potential comparison with theory. Our peak values are 940 pm2 for
CN−/HCN and 340 pm2 for CN−/DCN (with about 20% error bar), that is, the isotope effect is about
2.8. These numbers can be compared to the recent theoretical results of Chourou and Orel, who predict
the values of 2800 pm2 and 215 pm2 for the two cross sections [32].

1000

1

2

3 vCN 2000

E thr

800

1600
-

CN /HCN

n3

600
400

800

CN -/DCN
2n2

200

1200

0

400

VE Cross Section (pm2/sr)

DEA Cross Section (pm2)

0

0
1.0

1.5

2.0
2.5
3.0
Electron Energy (eV)

3.5

Fig. 5. Circles and vertical scale on the left: Cross sections for the yields of CN− from HCN and DCN.
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There is a qualitative agreement between theory and experiment in that the HCN cross sections are
substantially larger than those for the similar process in acetylene [27], but there is only a modest
agreement on the quantitative level. The disagreement in the isotope effect is unexpected in view of
the success of the same theory in the case of acetylene. Similar measurement were performed also for
acetylene.

7. Conclusions
questioned because of the possible dependence of the gas beam profile on the collisional cross section
of the target gas, and of the elaborate procedures for correcting the raw data for the instrumental
response function, both in respect to electron energies, and in respect to scattering angle.
The largest challenge for theory is almost certainly the calculation of ‘chemical change’, in this case
the dissociative electron attachment. The HBr example shows that this problem is essentially solved
by the nonlocal theory for diatomic hydrides. But this example also shows how complex the problem
is for processes near threshold and for molecules having dipole and polarizability bound vibrational
Feshbach resonances. The local complex potential approximation is dramatically insufficient in this
case.
Unfortunately, the theory successful for HBr cannot be extended to polyatomic molecules, at least not
at present. Since the majority of relevant plasmas contains polyatomic molecules, we are left with the
general quest for developing the theory of electron-driven chemistry of polyatomic molecules. This
quest if far more complex than the (already very difficult) strive to develop theory of photochemical
change, because of the additional complications brought by the autodetachment, a process not
intervening in photochemistry. The present collaboration between theory at the University of
California in Davies and experiment in Fribourg represents an important progress in this strive. The
chemistry in the molecules treated here does not occur at very low energies, and they have no
(acetylene) or only small (hydrogen cyanide) dipole moment, so that the complex potential
approximation is applicable.
The agreement of theory and experiment is not quantitative so far, but encouraging in view of how
many orders of magnitude are spanned by DEA cross sections. The trends between acetylene and
hydrogen cyanide are correctly reproduced by the theory: Theory correctly predicts that the cross
section in HCN should be much larger than that in acetylene. The theory revealed very interesting
aspects, namely that the process may be enabled either primarily (in acetylene) by by-passing an
activation barrier, that is, vibronic coupling and the ensuing symmetry-lowering dominate the reaction,
or (in hydrogen cyanide) by tunneling through the barrier.
The agreement of experiment and theory for acetylene was excellent, but our subsequent measurement
of deuterated acetylene with the time-of-flight scheme [2] revealed a discrepancy between experiment
and theory in terms of the isotope affect, which was measured to be about 15, and calculated about 30.
A subsequent calculation, with the same model but taking into account that a significant fraction of the
target acetylene molecules are thermally vibrationally excited at the temperature of the experiment
(60°C) and that the cross section rises rapidly with initial quantum of the bending vibrations, could
resolve the discrepancy in the isotope effect [28], albeit at the price of a somewhat reduced agreement
of the absolute values.
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INTERPLAY OF VOLUME AND SURFACE PROCESSES IN
THE SUSTAINING OF MICRODISCHARGES IN
STEADY-STATE DBD
Yuri Akishev, Gregory Aponin, Anton Balakirev, Mikhail Grushin, Vladimir
Karalnik, Alexander Petryakov, Nikolay Trushkin
SRC RF TRINITI, Pushkovykh St-12, Troitsk, Moscow region, 142190, Russia
E-mail: akishev@triniti.ru
The results of experimental study on a spatial-time behavior of microdischarges (MDs) in steadystate plane-to-plane DBD are presented. It was revealed MDs have a spatial “memory”, i.e. the
every subsequent MD does not jump in an arbitrary point of the barrier surface but appears exactly
at the same place that was occupied by the preceding MD. This memory is derived from slow
recombination of plasma in the MDs channels for a period between two neighbor half-periods
(HPs). In such a case, there is no necessity in newly local avalanche volume breakdowns at every
HP. In the majority of cases (more than 95%) each MD appears at its fixed place by every HP but
only once during the HP. MDs in steady-state DBD have a great scattering with time in their
appearance over the every HP. This scattering is attributed to the local surface breakdowns around
the every MD. Numerical calculations show that namely surface breakdown is responsible for MD
current splash but not an avalanche breakdown of the gap.

1. Introduction
Steady-state plane-to-plane DBD fed with sinusoidal voltage can exist in different current modes. One
of them is non-patterned regime [1] with non-regular microdischarges. There is a wide-spread opinion
that MDs in such DBD are randomly distributed in time and space, i.e. the MDs have no spatial
“memory”, and they appear by each half-period always at new points which have no any relation to
the former places occupied by the MDs in previous HP. According to such view, every MD is newly
formed once an electric field in the gap gets up to the critical value. The formation of alone MD was
studied numerically in many publications [2-3]. However numerical calculations of a steady-state
DBD with the repeating transient MDs are absent in literature.
Use the models based on the idea of newly gap breakdown by every HP meets with a difficulty to
explain the peculiarities of real steady-state DBD. For instance, according to these models, the MDs
have to arise by the every HP at well-defined moments correlated with an appearance of the critical
electric field in the gap. In reality, the MDs exhibit chaotic behavior in time.
Another difficulty for the models assuming the gap breakdown at fixed voltage is a conclusion that
DBD can be sustained only by applying an alternating voltage the amplitude U of which exceeds socalled inception voltage U1 (the inception voltage corresponds to an appearance of the MD due to the
avalanche gap breakdown). However, it is well known that steady-state DBD can exist not only under
higher voltages U ≥ U1 but under lower voltage U1 > U > U2 as well. Here U2 is the extinction voltage
which correlates with a full disappearance of a discharge in the gap (U2 < U1 at that U2 can be as low
as 0.6U1 [4]). Note, a sustaining the DBD under lower voltage U1 > U > U2 has no relation to the
thermal effects increasing the reduced electric field strength. This phenomenon takes place even in the
case of a negligible gas heating by DBD.
This work was motivated by the aspiration to answer two main questions: 1) Is there a spatial
“memory” for MDs in steady-state DBD? 2) What are the reasons for the MD chaotic behavior in time
and space? For this purpose we have done a detailed search on spatial-time behavior of MDs in a
steady-state DBD. Gas discharge was activated between transparent plane electrodes connected to a
power supply with a sinusoidal voltage of variable frequency and amplitude.

2. Experimental setup
The sketch of experimental set up is shown in Fig.1. We have designed four different electrode
geometries destined for study of steady-state DBD with abundance of MDs (No1) and with a single
MD (No 2-4). Geometry No 1 is typical plane-to-plane geometry of 2-dimensional DBD. A spatial-
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time behavior of great number of MDs was observed through transparent plane electrodes (36x36
mm2) fabricated of very thin metallic mesh with a high degree of geometrical transparence of 92% or
vacuum-evaporated Au layer with the optical transparence of 35%. Geometry No 2 enables to realize
DBD with a single MD the parameters of which are practically the same as those of MDs in geometry
No 1. Geometry No 3 allows us to simulate the surface breakdown in DBD without volume
breakdown. Geometry No 4 enables to simulate the volume breakdown in DBD without a surface
breakdown. In all cases, DBD was activated with a sinusoidal voltage of variable frequency (from 50
Hz to 100 kHz) and amplitude (up to 20 kV). Inter-electrode gap was varied from 1.2 to 2 mm. Plasma
forming gas was ambient air and nitrogen of high purity (99.999%) at atmospheric pressure. To
prevent the gas heating in the gap, experiments with steady-state DBD were performed either in gas
flow or in gas at the rest but under DBD excitation limited with time of 1-2 s that is much longer
compared to HP.

a)

b)

c)

Fig.1 The sketch of experimental set up and the electrode geometries used.
a) electrode geometry No1 for excitation of plane-to-plane DBD: 1 – transparent metallic plate; 2 –
glass barriers (ε≈7); 3 – discharge gap varied from 1.2 to 2 mm; 4 – quartz lens (F=112mm); 5 –
photomultipliers equipped with optical fibers or high-speed electronic camera with high image
intensifying; 6 – video-camera Panasonic NV-GS 500 or digital camera Canon EOS 40D;
b) electrode geometry No 2 for excitation of a single DBD microdischarge: figures 1-3 denote the
same as it in a); the length of inter-electrode gap is 2 mm;
c) electrode geometry No 3 for simulation of the surface breakdown of a single DBD microdischarge:
figures 1-2 denote the same as it in a); 3a – metallic cylinder of 1 mm in a diameter and 2 mm in the
length (this cylinder simulates the MD plasma column);
d) electrode geometry No 4 for simulation of the volume breakdown of a single DBD microdischarge:
figures 1-3 denote the same as it in a), 3b – metallic “thumb tacks” tightly fused in the barriers (the
tack base of 2.5 mm in a diameter simulates a plasma sheet on the barrier arising due to surface
breakdown around MD).

3. Experimental results
We have recorded the optical signals of the light collected by two thin fibers from two different but
fixed and very small regions of DBD. The size of the every area was 80 µm in a diameter that is
smaller compared to typical diameter of the MD (about 100-200 µm). It means the acquisition system
of the every photomultiplier will collect only the light emitted from a single MD. Optical signals of
two photomultipliers recorded by the oscilloscope Tektronix TDS 520 are presented in Fig.2.
One can see indeed that MDs appear not always (i.e. randomly) at the fixed place. However if such
event happens, the MDs “stay” at this place over many periods – up to 300 HPs at the frequency of
100 kHz (more precisely MDs slowly move through the fixed area). It means that displacement of MD
during the one HP of an alternating voltage is smaller than 0.25 µm – this value is negligible compared
to the MD diameter.
So this experiment proves unambiguously that MDs in a steady-state DBD have a spatial “memory”,
i.e. the every subsequent MD does not jump in arbitrary point of the barrier surface but appears exactly
at the same place that was occupied by the preceding MD. Further, alone bright point formed with the
repeating MDs will be called a spot.
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d)

Fig.2. Optical signals recorded by two photomultipliers from different small areas of DBD.
Diameter of the every small area is 80 µm. A distance between two points of observation is 10 mm.
Time scale is 5ms/div. The gap is 1.2 mm; ambient air at the rest; average current per HP is 10mA.
If so that MDs have a spatial “memory”, another important question appears – how many breakdowns
can occur at the same local place over a single HP? To answer this question we recorded the light
signal with a high time resolution that allowed us to find out the time behavior of MDs at the fixed
small place (80 µm) during the single HP. The results are shown in Fig.3.

Fig.3. A correlation of the photomultiplier signal from a single MD with the applied voltage.
А1 – photomultiplier signal; А2 – applied voltage waveform. Time scale is 10 ms/div; voltage scale
2.6 kV/div. The gap is 1.2 mm, gas is ambient air at the rest; average current per HP is 10mA.
On closer examination it proved that MD appears at the fixed place every half-period but in the
majority of cases (more than 95%) only once during the single HP. This conclusion is fairly for the
whole frequency and voltage region investigated. Frequency and voltage amplitude were varied from
50 Hz to 100 kHz and up to 17 kV respectively (i.e. maximum voltage amplitude was much in excess
of the inception voltage U1 ≈ 10.4 kV). It may well be true that more essential increase in the
amplitude of an applied voltage can lead to an appearance of the repeated MD breakdown at the same
MDS over a single HP but we did not do such experiments.
A dependence of number of spots (or MDs in HP) on the average current per HP is shown in Fig.4.
The average charge per single MD determined from these data. As it turned out, this charge depends
on the average current: the charge is equal to (0.6 ± 0.05) nC at small current and drops down to (0.3 ±
0.05) nC at higher current. Current dependency apart, the average charge for DBD in the gap of 1.2
mm is equal to (0.5 ± 0.15) nC. This amount is close to that published in [8, 11].

Fig.4. The number of current spots (or MDs in every HP) in steady-state DBD vs average current per
HP. The voltage frequency is 100 kHz; discharge gap is 1.2 mm; ambient air at the rest.
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Both the time spent by alone spot to cross the fixed area and the time between two visits in this area by
different spots vary chaotically. Characteristic time of these variations ranges over 2-20 ms (see Fig.2)
that is much in excess of the applied voltage period. It means that DBD spots travel slowly and
chaotically in the gap. In such a case, it is possible to catch slow movement of the spots by a normal
digital video-camera and trace the trajectories (or paths) of many spots over long time. Such
experiments were performed with DBD sustained in gas at the rest and in gas flow.
Remind: 1) DBD is a steady-state discharge if the amplitude U is equal to or exceeds some critical
value U*<U1, and 2) DBD decays very slowly (characteristic time about 1 s) if the amplitude ranges in
the limits U*>U>U2 (see Introduction about U1 and U2). The results related to the long-time behavior
of MDs in the slowly decaying DBD under voltage amplitude U*>U>U2 are presented in Fig.5.

c)
d)
b)
a)
Fig. 5. Images of the decaying DBD (100 kHz) in ambient air at the rest (a, b) and under airflow (c, d).
The shots are taken with the camera Panasonic NV-GS 500. The gap is 1.2 mm; voltage frequency is;
the averaged current per HP is equal to 6mA. Each line shows trajectory of alone discharge spot. The
arrowed lines in Fig 5b show the motion direction of some points. Airflow direction in Figs 5c,d is
upward; gas flow velocity is 0.2 m/s. a) – superposition of 3 shots; exposure time of the every shot is
40 ms; the first shot was taken with a delay of 40 ms after DBD breakdown; b) - superposition of 7
shots; exposure time of the every shot is 40 ms; the first shot was taken with a delay of 200 ms after
DBD breakdown; c) – a single shot; exposure time of the shot is 40 ms; this shot was taken with a
delay of 40 ms after DBD breakdown; d) - a single shot; exposure time of the shot is 40 ms; this shot
was taken with a delay of 80 ms after DBD breakdown.
An existence of steady-state DBD under lower voltage U1>U>U* is directly related to spatial
“memory” of MDs. This memory is derived from slow recombination of plasma in the MDs channels
for a period between two neighbor HPs. It means in steady-state DBD always there are many plasma
channels shunting the gap. Due to that there is no necessity in newly local avalanche volume
breakdowns at every HP - it is sufficiently to create the plasma only one time in the very first (initial)
breakdown of the gap under U≥U1. After that the decaying plasma of the MD channels can be
supported periodically by the lower applied voltage due to partial surface breakdowns around the ends
of the every plasma channel. This breakdown leads to a quick and short-term increasing of local
barrier capacity providing the transfer of MD current through the barrier. The increase in local
capacity is accompanied with a sharp current pulse and magnification the plasma density in transient
MD to former level. In such an event, the avalanche volume breakdown in a steady-state DBD is of no
importance. Because of that, the first current pulse by HP appears at maximum voltage (if U=U1) but
the pulses by the second and other HPs appear at lower voltage. This statement is illustrated by Fig. 6.

Fig. 6. I-U waveforms showing the first breakdown current pulse and others pulses appearing under
lower gap voltage. DBD (50 Hz) in ambient air at the rest. Gas gap is 1.2 mm.
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Due to both an existence of a “spatial” memory and the MDs confinement within the discharge area,
the number of MDs in steady-state DBD is the same at every HP. However there is strong scattering in
time over HP for an appearance of the every MD at the spot corresponding to this MD. Namely this
scattering results in well-known chaotic behavior of the DBD current pulses the order and amplitude
of which are not reproducible from HP to HP. This scattering is illustrated by Fig.7.

c)
d)
b)
a)
Fig. 7. An illustration of the scattering in time over a single HP for appearance of MDs at their places
formed by previous MDs. DBD in ambient air at the rest; F=8 kHz; gas gap is 1.2 mm.
a) the train of current pulses of steady-state DBD over a single HP (upper line); open circle correlates
with the moment U(t)=0. The lower line shows the moments when the shots 1,3,4 were taken. Time
scale is 2.5 μs/div; current scale is 100 mA/div; b)-d) present the DBD surface shots taken at the
moments 1,3,4 with exposure time 1 μs. Four bright points at the corners of the each shot are the
bench marks.

4. Conclusions
1. MDs in steady-state DBD have a spatial “memory”, i.e. the every subsequent MD does not jump in
arbitrary point of the barrier surface but appears exactly at the same place that was occupied by the
preceding MD. This memory is derived from slow recombination of plasma in the MDs channels for a
period between two neighbor HPs. It means in steady-state DBD always there are many plasma
channels shunting the gap. In such a case, there is no necessity in newly local avalanche volume
breakdowns at every HP - it is sufficiently to create the plasma only one time in the very first (initial)
breakdown of the gap under U≥U1. After that the decaying plasma of the MD channels is supported
periodically by the lower applied voltage due to partial surface breakdowns around the ends of the
every plasma channels. The every current pulse correlated with the surface breakdown raises the
plasma density in the transient MD to the former level.
2. In the majority of cases (more than 95%), each MD appears at the fixed place by every half-period
only once during the HP. It may well be true that more essential increase in the amplitude of an
applied voltage can lead to an appearance of the repeated MD breakdown at the same MDS over a
single HP but we did not do such experiments.
3. Although the number of MDs at each HP is kept constant, there is a great scattering with time in
their appearance over the every HP. This scattering is attributed not to avalanche breakdowns but to
the surface breakdowns around the ends of each plasma channel which occur in the every HP.
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Combination of two old-yet-new technologies (plasma and catalyst) is getting attentions for the
advanced processes in 21 century. This paper reports the complementary combination of
atmospheric pressure nonthermal plasma with catalyst for the air pollution control application. The
most important feature of this complementary combination is that plasma enables catalyst to work
even at room temperature. Up-to-date data on catalyst screening for the cycled system will be
given in terms of enhancement factor and adsorption capacity. Visual observation using ICCD
camera was applied to study how discharge plasma interacts with catalyst at atmospheric-pressure
and ambient temperature.

1. Introduction
Plasma and catalyst processes have a centuries-old history both in academic study and practical use.
Catalytic reaction has long been used as one of key processes in many chemical processes. HaberBosch process for NH3 synthesis is an early example of industrial scale application (the beginning of
1900s) of catalytic reaction. In 1920s FT (Fisher-Tropsch) process was developed to convert gas
mixture into liquid fuel, which is also referred to as gas-to-liquid (GTL) process. The FT process is
still in use in the fuel process using biomass. Catalyst is also indispensible for car industry; three-way
catalyst, NOx-storage catalytic reduction and DPF (diesel particulate filter). The importance of
catalyst is still gathering attentions in next-generation industry such as nano-material synthesis,
renewable energy (biomass) and fuel-cell. It has many mature markets, while still exploring new
applications. On the other hand, plasma-involved commercial market is much less, but its growing rate
is much larger than that of catalytic process. Environmental application of plasma also has a long
history, but its area was limited mostly to ozone synthesis and its application. In recent years, the
application areas of plasma are also expanding rapidly; for example, pollution, semiconductor
manufacturing, chemical and material synthesis, surface treatment, drinking- and waste water
treatment, sterilization, and medical application. In this regards, these two processes can be referred to
as “Old-Yet-New Technology”. At the same time, these two processes are still expected to play a key
role in many cutting edge technologies such as nanotechnology, next generation energy (biomass,
hydrogen and fuel cell), optical use including plasma display panel, environment, biomedical science.
When it comes to air pollution control, catalytic process has a long history of practical use in car
exhaust gas cleaning, catalytic reduction process (SCR) of NOx and VOC oxidation in chemical
industries. The bottleneck of catalytic process is the high operation temperature usually up to several
hundreds oC, where the catalysts exhibit proper activity. On the other hand, one important merit of
nonthermal plasma is low operation temperature. The key feature of the combination lies on the
activation of catalyst by the plasma at low temperature. In spite of the limited information on the
working mechanism, many synergestic effects have been reported by many research groups. Figure 1
summarize three key factors required for plasma processing of VOCs. Decomposition of VOCs has
been started in 1990s in many countries. Except for alkanes (saturated hydrocarbon) plasma was found
to destroy a variety of VOCs. Despite many noticeable achievements in terms of decomposition
efficiency, some critical problems have been raised for the commercial use of plasma technology. One
is the reduction of energy consumption. The other one is the suppression of unwanted byproducts.
Especially, these requirements must be satisfied together with the removal efficiency before the
industrial applications. If one of these requirements is not satisfied, the NTP process may lose its
potential for the commercial use. As a smart way to solve those problems is the combination of plasma
and catalyst. The combination is divided into single-stage and two-stage depending of the position of
catalyst. Plasma-driven catalyst combines palsma and catalyst in a single-stage configuration. Two
important features of the combination are high selectivity of catalyst and high reactivity of plasma at
low temperature. Catalysts are directly placed within plasma zone. This complementary combination
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provides some breakthrough of NTP alone process in various aspects. The understading of the
interaction between plasma and catalyst is still in early stage due mostly to the lack in fundamental
information.
This work reports the current progress on the interaction of nonthermal plasma with catalyst and its
application in air pollution control. The basic characteristics, the expected merits and current R&D
status will be overviewed. An interesting effect of catalyst-packing on the generation of dishcarge
plasma was studied by using microscope-ICCD camera.

Fig. 1. Three key factors in plasma decomposition of volatile organic compounds (VOCs).

2. Early Development
Langmuir, Nobel laureate in chemistry (1932), is well-known that he first coined plasma as technical
term describing the ionized gas mixture. The other important work done by Langmuir is the
fumulation of gas adsorption on surface, which is now known as Langmuir isothermal adsorption
equation. This approach opened a way for the kinetic calcuation of catalytic reaction. It may be no
exaggeration to say that he stand on the contact point of plasma and catalyst.
One of early studies in the surface chemical reactions under the influence of discharge plasma may
date back to the ozone generation using electrical discharge coronas. Although being quantitative,
Anderegg reported the influence of reactor materials on the corona discharge and ozone formation as
well [1]. For given reactor configuration and applied voltage, resulting ozone concentration from
corona discharge changed drastically according to the type of metal wires used as corona electrode.
Newsome reported that the degree in ozone suppression was in the order of Al > Ag > Au > Cu [2],
but the effect varied considerably with time. Similar catalytic effect of corona electrode was also
reported by Davidson et al. for silver and cuppor in positive corona discharge [3]. In recent years
Yehia and Mizuno studied six electrode materials (silver, tungsten, gold, copper, nickel aluinum) and
found that ozone suppression by silver was most prominant [4]. Furthermore the effect of silver was
more promiment in positive corona in dry than negative polartiy or in oxygen. More recently, Petrov et
al. reported nanocrystal formation on the surface of copper that has been exposured to a negative
corona (Trichel pulse) discharge [5]. It is not clear how does it form and how these nanocrystal
interacts with corona plasma, but it remains challenging area. The main drawbacks in using bulk
material as catalyst are the small surface area and the amount used. The smaller the size of metals the
larger the effective reaction sites and resulting in the enhancement of catalytic reaction. In most cases,
the active metals are coated on the surface of substrates (such as γ-Al2O3, zeolite, activated carbon)
having large surface area.
Combination of plasma with catalyst has been studied sporadically in time and space. One of
important landmark in the single-stage plasma-catalyst system may the US patent by Henis in 1976.
He proposed a single-stage plasma-catalyst reactor for NOx removal. The system was tested at 100oC
and the reactor was filled with various catalyst such as Al2O3, zirconium, silicate, cobalt oxide, thoria
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(ThO2), activated carbon, molecular sieve, silica gel. Although the removal efficiency was not high
due probably to the absence of reducing chemicals, this patent obiously went ahead of the times.
The combination of plasma with catalyst became popular in the late 1990s. The limitation of the
plasma alone process has prompted combination of nonthermal plasma with other techniques
including catalyst. Most of recent studies including some commercialized facilities adopt the
combined process of NTP and catalyst.

3. Experimental
3.1 Plasma Reactor

Plasma-driven catalyst reactor packed with various catalysts was made of quartz tube and
stainless steel wire for dielectric barrier and high voltage electrode, respectively. The details
on the reactor are given in the previous paper [6], so only a brief description will be given
here. Chemical activities of the catalysts were tested using a cylindrical barrier discharge
reactor. A stainless steel coil (φ 0.45 mm) was set in a quartz tube and silver paste was painted
on the outer wall of the tube as a ground electrode. Gas flow rates were measured using mass
flow controllers (Kofloc Co., FCC-3000). Benzene and tolene were used as model and their
concentrations were adjusted by changing the bubbling flow rate or the temperature water
bath. A Fourier transform infra red (FTIR, Perkin Elmer Spectrum One) was used for the
determination of both benzene and products. One important advantage of FTIR gas analysis over
the well-established gas chromatography method (GC) is that it does not interfere with ozone. In the
case of GC analysis, coexisting ozone in the sample gas may cause additional decomposition of VOCs
in a column, resulting in the overestimation of decomposition efficiency. A time-base software
(Perkin Elmer Ver 2.0) was used for the continuous measurement of gas concentration at 2 min
intervals by averaging five scans with resolution of 1 cm-1. Power measurement is important in
evaluating the performance of plasma reactor. In this work, Lissajous figure software (Insight Co.,

Lissajous Ver 1.72) was used to measure discharge power (Pdis in watt) and to calculate
specific input energy (SIE in J/L). SIE, the ratio of input energy to unit gas flow rate, is
calculated by the following equation
SIE =

Pdis
discharge power (W)
=
× 60
Qf
gas flow rate (L/min)

(1)

3.2 Catalyst
Table 1 summarizes the properties of catalysts used in this study. Zeolites pellets used in this study
had a diameter of about 1.6 mm and length of about 2.0 -3.5 mm. Silver nanoparticles were coated on
the surface of zeolites by an impregnation method using AgNO3 as precursor substance.
Tab. 1. Catalysts used in this study.
Catalyst
TiO2
MOR
Metal
loading

MS-13X

NaY

HY

Ag
(2 wt%)

Ag, Cu, Zr
(5, 10, 15 wt%)

Ag, Cu, Zr
(5, 10, 15 wt%)

Ag
(10 wt%)

Ag, Cu, Zr
(5, 10, 15 wt%)

1.8 mm

φ 1.6 mm × ~ 4 mm

φ 1.6 mm × ~ 4 mm

φ 1.6 mm × ~ 4 mm

φ 1.6 mm × ~ 4 mm

59

380

540

750

520

Alumina 20 wt%

Alumina 20 wt%

Alumina 20 wt%

Alumina 20 wt%

Alumina 20 wt%

Shape

Size
BET area
(m2/g)
Binder
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3.3 Observation of Discharge Plasma on the Catalyst Surface
Figure 2 shows the schematic diagram of observation system setup. A plate-type DBD reactor was set
on a XY stage. The DBD reactor was made of two glass plates with 4 mm separation. Aluminium
tapes were attached to the outer sides of the dielectrics, which serve as electrodes. ICCD camera
(Hamamatsu Photonics) was used for the observation of surface plasma. Four optical lenses
(Mitutoyo,MPlan Apo series) with different magnification were attached to the revolver. The
observation area can easily be changed according to the condition. In the case of 5X lense (2.0 mm ×
2.6 mm), it is possible to observe the discharge plasma over single catalyst pellet. A digital camera
(Cannon EOS-20D) with a macro lense was also used to image the discharge.

Fig. 2. Microscope-ICCD camera for the observation of discharge plasma on the catalyst surface.

4. Results and Discussion
4.1 Energy-dependent process: PDC
Specific input energy is an important parameter in plasma chemical reaction. There are many different
operating parameters in plasma reactor such as applied voltage, type of power supply, reactor type,
frequency and so on. For a given reactor, the overall chemical changes are proportional to the specific
input energy. In the case of ozone generation, increasing voltage or frequency produces higher ozone
concentration. On the other hand, these trends fall onto a single line when they are plotted in terms of
SIE [7-8]. This energy-dependent behavior of plasma chemical reaction has been reported for many
gas-phase reaction s such as NO reduction in N2 [9], NO oxidation in dry air [10-11], removal of
propane/propene [12]. Figure 3 shows the influence of gas flow rate on the toluene removal. Under
this condition, no chemical reactions occurred in the absence of plasma. In the case of 2wt% Ag/TiO2
catalyst, the numbers of PDC reactor were 1 and 8 for 5 LPM and 100 LPM, respectively. Despite the
difference in space velocity the similar decomposition efficiency of toluene was obtained for 5 LPM
and 100 LPM. The similar results were also reported for the decomposition of benzene by varying
space velocity by a factor of 5 [13]. These results supported that plasma provides a driving force in
activating the catalysts.
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Specific input energy (J/L)

Fig. 3. Energy-dependent properties of plasma-driven catalysis. Decomposition of 150 ppm toluene at 100 oC. In
the test of 100 L/min, 8 reactors were connected in parallel. The space velocities were 26000 h-1 for Pt/γ-Al2O3
or Ag/TiO2, and 65000 h-1 for Ag/TiO2 (100 LPM).

As mentioned in Section 2, the basic way to enhance catalytic performance is to find proper
combination of active metal and substrate. There have been extensive studies on the heterogeneous
catalytic oxidation of VOC for several decades. Especially nobel metals such as Pt and Pd have been
found to be very effective in the total oxidation of VOC even at relatively lower temperature compared
to the other metals [14]. One of the key factors in catalytic reaction is the area of active sites on
surface. The surface area of metal catalyst, usually defined by BET area, can be easily enhanced by
decreasing its size or increasing the loadding amount. As illustrated in Figure 4 the smaller the size the
larger the surface area of active metals for a given amount of use. Considering the cost problem, it is
desirable to make smaller the size of active metals supported on the surface of substrates (TiO2, γAl2O3 and zeolite). For given amount of active metals, for example, reducing the size from 30 nm to 3
nm results in 30 times larger total surface area of metals. In other words, much less amount of metal
will be necessary to get a certain surface area of active metals. Another important advantage in using
metal nanoparticles is to lower the total usuage of metals, which is normaly expensive precious metals.

Fig. 4. The important size effect of metal nanoparticles.
4.2 NOx dilemma in nonthermal plasma decomposition of VOC
Figure 5 shows the NOx dilema in the plasma process and diesel engine. In diesel engine, the
formation of NOx is primarily a function of temperature, which is called as thermal NOx. Engine
operation at low temperature reduces thermal NOx, but it is counterblanced by the enhanced emission
of particulate matter (PM). On the other hand, input energy determines the NOx emission in plasma
process. Since the plasma decomposition of VOC is basically energy-dependent process, higher
energy input leads to a higher decomposition of VOC and a large formation of NOx as well. It is
unadvoidable to produce nitrogen oxide during the plasma processing in air-like gas mixtures [15].
The observed NxOy in plasma process includes NO, NO2, N2O5, HNO2, HNO3, peroxyacetyl nitrate
(PAN, CH3COOONO2), methyl nitrate and methyl ritrite [16]. Except for in-situ measurement, NO is
easily oxidized to NO2 by ozone so it is not detected in the presence of O3. In this regard, cross check
of different measurement techniques is important. Formation and the type of NxOy depends strongly on
the operation conditions such as oxygen content [6], polarity, humidity, SIE, presence of catalyst [17]
or VOC [18-19], dielectric constant [20], temperature and so on. This trade-off between VOC removal
and NOx formation restricts the possible energy input to the plasma reactor. Although the presence of
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catalyst changes the NOx formation, it is still difficult to suppress it completely. NOx decomposition
by plasma is known to possible only if the oxygen content is less than about 4% [21-22], which is
unreal for the exhaust gas containing VOC. In the case of gliding arc discharge, the concentration of
NO2 reaches up to several thousands ppm [19]. Kuroki et al. reported NOx formation problem from
the decomposition of adsorbed xylene on zeolite using AC barrier discharge plasma in air
[23].Microwave plasma is also known to produce high concentration of NO and NO2 when it is
operated at air-like mixuture [24]. The common factor for these two methods is high specific input
energy up to several tens kJ/L. In this regards, suitable application of MW, RF or gliding arc plasmas
will be the decomposition of persistent chemicals with relatively high concentration [25].

Figure 5. NOx Dilemma in nonthermal plasma processing of VOC and diesel engine.
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Fig. 6. Formation of nitrogen oxides (NxOy) in plasma processing in air.
Figure 6 shows the formation of oxides of nitrogen (NxOy) in plasma-driven catalyst reactors packed
with different catalysts. Most abundant species of nitrogen oxides was NO2 and NO was negligible.
The formation of NO2 showed a quadratic function of the SIE. Ag loaded zeolites (HY and MOR)
exhibited slightly lower NO2 formation compared to those with γ-Al2O3 or TiO2. Nitrous oxide (N2O)
is most stable molecules among nitrogen oxides. Humidity slightly reduced N2O formation, which has
been also reported by other studies [26]. It is possible to decompose N2O to N2 in reducing gas
mixtures, but hard to decompose or oxidize N2O in air-like mixture. Regardless of the type of packing
material, the formation of N2O in dry air is a linear function of SIE.
(2)
[N2O]ppm = 0.17•SIE – 7.9
This equation may also be used for the rough estimation of the specific input energy to a plasma
reactor.
4.3 Cycled System
The basic idea of the cycled system originates to the unique behavior of PDC system according to
the oxygen content in gas mixture. [27]. Figure 7 shows an example how oxygen content influence the
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decomposition of benzene in the PDC reactor with 5 wt%Cu/MOR catalyst. When plasma was turned
on after the adsorption saturation, a sharp peak of benzene appeared due to plasma-induced desorption
and leveled off to certain level. Despite of the constant SIE, the concentration of benzene decreased as
the O2 content increased. The resulting reaction products of CO and CO2 aoso increased with O2
content. The reaction immediately stopped as the plasma power was turned off. This highly O2-content
dependent behavior does not appear in the conventinal catalytic reaction or nonthermal plasma alone
process [6]. The authors demonstrated complete oxidation of benzene using the Ag/TiO2 catalyst and
O2 plasma. Recently, Fan et al. reported the complete oxidation of benzene using cycled system [28].
They used Ag/HZSM-5 catalyst with SiO2/Al2O3 ratio of 360. For the optimization of the cycled
system, it is necessary to sort our which materials are beneficial in terms of adsorption capacity of
VOC and catalytic activity under oxygen plasma. We focused on the zeoolites, which have large
surface area and characteristic pore sizes.
800
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Fig. 7. Effect of oxygen content on the VOC decomposition using the plasma-catalyst reactor (5wt%
Cu/ MOR). Applied voltage and frequency were 16 kV and 300 Hz, repectively. Temperature was 100
o
C. Space velocity was 33000 h-1.
Figure 8 shows the schematic diagram of the cycled system. Cycled system is consisited of two
different cycles of adsorption and oxygen plasma. In the adsorption mode, VOCs are removed by
adosrption onto the surface of catalyst in the absence of plasma application. When the catalyst bed
reached adsorption equilibrium, then the gas flow was switched to the other catalyst bed to sustain the
VOC removal. The saturated catalyst bed is purged with oxygen, and then plasma is turned on to
decompose the adsorbed VOCs. To assist the catalytic activity, some nanoparticles of active metals
(Ag, Cu, Zr) other than nobel metals (Pt, Pd) are loaded on the surface of zeolite. A small additional
PDC reactor was set downstream of the main PDC reactor to decompose the desorbed VOC just after
the O2 plasma was turned on. In practical case, it will be beneficial to operate the regeneration mode in
closed system after purging the catalyst bed with oxygen. For medium to small scale application,
adsorption mode in daytime and regeneration mode in nightime will be possible.
The operation of cycled system is quite similar to that in the conventional adsorption process. The
main difference lies in the regeneration process. In conventional adsorption, electrical heating or water
vapor is supplied for the desorption of VOC. The resulting VOC with high concentration needs to be
treated by catalytic oxidation or thermal oxidation. In the cycled system, the O2 plasma decomposition
of adsorbed VOC and theregeneration of adsorbent occur simultaneously. The highly oxygen content
dependent behavior of PDC can enhance energy efficiency. The formation of nitrogen oxides can be
also avoided sicnee the plasma is only turned on under oxygen environment. T he major advantages of
the cycled system can be summarized as follows.
1) O2 plasma exhibits higher energy efficiency than that of air plasma.
2) Free from nitrogen oxides formation
3) High CO2 selectivity (100% for benzene decomposition using Ag/TiO2)
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4) Compact system due to the concentration of dilute VOC with a large volume to a limited space (on
the surface of catalyst)
5) Rapid start-up and shutoff
6) High power operation is possible (same reason in 2)
7) Adaptability to the change of concentration and flow rate

Adsorption mode ( Plasma OFF)
Adsorbent/Catalyst
Clean gas

VOCs

Cycled operation

CO2, H2O

O2

Regeneration mode

（Plasma ON）

Fig. 8. Schematic diagram of cycled system.
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Figure 9. Adsorption capacity of different catalyst at 100oC; (a) 2wt% Ag/TiO2, (b) 5wt% Ag/MOR,
(c) 10wt% Ag/high-S-Y, (d) 5wt% Ag/MS-13X, (e) 5wt% Ag/HY, (f) 10wt% Ag/NaY. Space
velocity was 33000 h-1 except for (a) 2wt% Ag/TiO2 (SV = 22000 h-1).
Optimizing the cycled system requires two different properties of adsorption capacity and catalytic
activity at high oxygen content. We focused on zeolites dut to their large BET area, characteristic pore
size. Some metal nanoparticles were loadded on the zeolites to enhance the catalytic activity. Figure 9
shows the adsorption breakthrough curves for the different catalysts. Adsorption capacity was roughly
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proportional to the surface area and pore size; MS-13X (10Å) ≈ HY (7.4 Å) > MOR (6.7-7.0Å) >
ferrierite (4.3-5.5Å). . Since the tested zeolites had larger pore size than the molecular size of benzene
(5.9Å), benzene is expected to be adsorbed dominately inside the micro-channels. As expect, TiO2
exhibited small adsorption capacity compared to those with the zeolites.
Figure 10 shows the catalysts mapping based on adsorption capacity and enhancement factor, which
are essential parameters for the cycled system. The enhancement factor is determined from the ratio of
DRE at different O2 partial pressure.
DRE Oxygen − DRE Air
Enhancement factor =
× 100
[O 2 ]Oxygen − [O 2 ]Air
where DREOxygen and DREAir indicate the decomposition-removal efficiency in oxygen and air,
respectively. Catalysts with high EF values indicate proper catalyst in the cycled system. In contrast
to the large enhancement factor, the Ag/TiO2 catalyst has small adsorption capacity of about 2 mgC6H6/CAT-cm3, which make less attractive to be used in the cycled system. On the other hand, most of
zeolites have relatively large specific surface area so that they can be served as good adsorbents. It is
interesting to note that the loading of Ag or Cu nanoparticles on zeolites enhanced the EF values by a
factor of about 3. This performance enhancement can partly be explained by the increased in the
surface area by the small sizes of the metal nanoparticles. For the tested zeolites, silver exhibited
slightly larger EF values than those with Cu. The large adsorption capacity together with the high
catalytic activity provides high potential of the cycled system to be applied in the real emission sites.
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Fig. 10. Catalyst mapping in terms of enhancement factor (EF) and adsorption capacity of benzene (100oC, 200
ppm benzene) [6].

4.4 Surface Plasma Observation Using Microscope-ICCD Camera
To study the fundamental mechanism, metal nanoparticles supported zeolites were also evaluated in
terms of physical- and electrical aspects. A microscope-ICCD camera was applied to observe the
plasma generation on the surface of zeolite. Figure 11 shows the ICCD camera photographs of the
discharge plasma in the MS-13X zeolite packed barrier discharge reactor. Zeolite pellets were packed
in a barrier discharge reactor, and the discharge plasma was observed from the top of the reactor.
Discharge plasma was influenced not only by the applied voltage but also by the supported amount of
Ag. The metal nanoparticles greatly changed the plasma generation on the surface of catalysts and the
plasma onset voltage as well. When there was no metal loading, plasma generation was mostly
confined to the vicinity of the zeolite pellets.The discharge is stronger when 10wt% of Ag
nanoparticles were loaded on the surface. Figure 12 shows enlarged photos showing how discharge
plasma propagate on the surface of single catalyst pellet. The Ag nanoparticle helped the surface
streamer to be expanded over a wide area. This change was also supported by the voltage-current
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waforms [29]. The number of microdischarges (i.e. surface streamers) increased with proportional to
the loading amount of Ag nanoparticles, whereas the peak current values were decreased. It is
interesting to note that the streamer-like discharge (surface streamer herein after) propate in different
shape compared to those in gas-phase. Streamer propagate in gas-phase in a straight manner according
to the electric field. As indicated by arrows in Figure 12 (b), however, the propagation of surface
streamers is not straight to the electric field, and divaricate randomly.
barrier

MS-13X

8.6 kV

11.0 kV

14.0 kV

16.5 kV

19.0 kV

10wt% Ag/ MS-13X

Fig. 11. ICCD camera snapshots of the discharge plasma over molecular sieve 13X zeolite (MS-13X)
with or without Ag loading; (Frequency = 50 Hz, 2X lens, 2 mm gap).

(a) MS-13X
(b) 10wt% Ag/ MS-13X
Figure 12. ICCD camera images of discharge propatation on the surface of MS-13X zeolites (19 kV, 50 Hz,
DBD reactor with 4 mm gap, 5X lense). Exposure time was 40 msec.
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Fig. 13. Discharge snapshots of BaTiO3 (s=10000) packed bed reactor; (a)~(d) ICCD camera ((b)
~(d) 40 msec)) and (e)-(f) digital camera ((f)= 15 sec) .
Figure 13 shows the discharge images by the ICCD and digital cameras for the BaTiO3-packed plasma
reactor. Unlike the zeolites packed cases, surface streamers were not observed in the BaTiO3-packed
reactor. Discharge plasma was first appeared with several plasma spots at the contact points of BaTiO3
beads. The number and size of plasma spots became large as the applied voltage increased. However,
plasma did not propagate on the surface of BaTiO3 beads. Photos with long exposure time ,(f), was
consistent with the ICCD camera data.
4.5 Plausible Mechanism
Plasma chemistry consists of complex physical and chemical process, so the clear understanding of
overall processes are often difficunt. The chemical reaction in plasma-catalyst process is even more
difficult to understand, since it contains interactions between them together with those in each
processes. Nevertheless, there have been many papers reporting the synergestic effects in the singlestage plasma-driven catalyst system. Figure 15 summarize the synergy in the complementary
combination of plasma with catalyst.

Fig. 15. Synergistic effect in the complementary combination of nonthermal plasma with catalyst.

53

The combination of nonthermal plasma with Titanium dioxide (TiO2) was first applied for NOx
removal [30-31], then later for the indoor air [32] and VOC [33]. According to the influence of
precedent UV-photocatalyst studies at that time, UV was expected to play an important role in the
plasma-driven catalytic process as well as the high energy electrons, excited molecules and radicals.
Recent studies, however, provided seveal experimental evidence that the role of UV is minor in the
PDC process. For example, UV photon flux was too low activate the TiO2 catalyst [34].
The position of catalyst is also important facotr determining the overall efficiency. Some catalysts
exhibits better performance in a two-stage configuration than in a single-stage configuration. There is
in fair agreement with several independent works that ozone decomposition catalysts favors two-stage
stage configuration [35-37]. Beside the plasma expansion by the metal nanoparticle loading, in
interesting way to generate plasma inside honeycomb configuration. External DC field extracted
plasma area to the outer zone of the AC plasma region [38-39].
From engineering pointview, rapid start-up and shut-down is important for medium- or small-scale
application. Since plasma can activate the catalyst even at room temperature, flick of a switch is
enough to start-up the system and vice versa.

5. Summary
Complementary combination of nonthermal plasma with catalyst is gathering attentions for its merits
over separate process. Current research trends and the state-of-the-art knowledge have been outlined.
For the optimization of cycled system, various metal nanoparticles supported zeolites were prepared
and evaluated in terms of catalytic activity and the physic-chemical interaction. The loading of metal
nanoparticles provided several interesting merits in the plasma-driven catalyst system. As chemical
effects, the active metal nanoparticles enhanced the carbon balance and CO2 selectivity. The
microscope-ICCD camera observation provided some interesting insight into how metal nanoparticle
interacts with plasma. In addition to the chemical aspect, the supported metal nanoparticles expanded
discharge plasma over wide areas on zeolites. A positive correlation was found between the plasma
generation pattern and the catalytic activity in the combined process. The area of discharge plasma
was also increased with the loading amount of silver. The influence of metal nanoparticles on the
plasma generation was also supported by the voltage-current characteristics. It is straightforward to
increase the interaction between the plasma and zeolites as the area of plasma increases. Among tested
active metals, silver showed the most prominent influence on the plasma generation. The expansion of
plasma area was also influenced by the loading amount. This physical property was also found to be
highly correlated with the catalytic activity under plasma activation.
One difficult problem in the study of plasma-catalyst hybrid system is that the well-proven analysis
instruments in the field of catalysis cannot be unless significant modification is made. The main reason
for this is due to the high voltage and the electromagnetic noise from the plasma. The developed
observation system using microscope-ICCD camera can also be used as a rough-but-rapid evaluation
tools for catalyst prior to the chemical performance test in a plasma-driven catalyst reactor. Further
collection of the fundamental information and the understanding the mechanism will accelerate the
technical progress of the plasma-driven catalyst process working at atmospheric pressure and ambient
temperature.

6. References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]

Anderegg F. O. 1923 Trans. Am. Electrochemical Soc. 44 203.
Newsome P. T. 1926 J. Am. Chem. Soc. 48 2035.
Boelter K J and Davidson J H 1997 Aerosol Sci. Technol. 27 689.
Yehia A. and Mizuno A. 2008 Int. J. Plasma Environ. Sci. Technol. 2 44.
Petrov A. A., Amirov R. H. and Samoylov I. S. 2009 IEEE Trans. Plasma Sci. 37 1146.
Kim H. H., Ogata A. and Futamura S. 2008 Appl. Catal. B: Environ. 79 356.
Simek Milan and Clupek Martin 2002 J. Phys. D: Appl. Phys. 35 1171.
Yagi S and Tanaka M 1979 J. Phys. D: Appl. Phys. 12 1509.
Penetrante B M, Hsiao M C, Merritt B T, Vogtlin G E and Wallman P H 1995 IEEE Trans.
Plasma Sci. 23 679.

54

[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]

Yan K., Kanazawa S., Ohkubo T. and Nomoto Y. 1999 T. IEE Japan 119-A 731.
Jani Muaffaq A., Takaki K. and Fujiwara T. 1999 J. Phys. D: Appl. Phys. 32 2560.
Jarrige J. and Vervisch P. 2006 J. Appl. Phys. 99 113303.
Kim H H, Ogata A. and Futamura S. 2005 J. Phys. D: Appl. Phys. 38 1292.
Spivey J. J. 1987 Ind. Eng. Chem. Res. 26 2165.
Yamamoto T. 1999 J. Hazard. Materials B67 165.
Wallington T. J., Hoard J. W., Sulbaekandersen M. P., Hurley M. D., Nakano Y. and Kawasaki
M. 2003 Environ. Sci. Technol. 37 4242.
Song Y. H., Kim S. J., Choi K. I. and Yamamoto T. 2002 J. Electrostat. 55 189.
Futamura S, Zhang Z and Yamamoto T 1999 IEEE Trans. Ind. Applicat. 35 760.
Bo Zheng, Yan Jianhua, Li Xiaodong, Chi Yong and Cen Kefa 2009 J. Hazard. Materials 166
1210.
Ogata A, Shintani N, Mizuno K, Kushiyama S and Yamamoto T 1999 IEEE Trans. Ind. Applicat.
35 753.
Masuda S, Hosokawa S, Tu X, Sakakibara K, Kitoh S and Sakai S 1993 IEEE Trans. Ind.
Applicat. 29 781.
Yan K., Kanazawa S., Ohkubo T. and Nomoto Y. 1999 Plasma Chem. Plasma Proc. 19 421.
Kuroki T., Hirai K., Kawabata R., Okubo M. and Yamamoto T. 2010 IEEE Trans. Ind. Applicat.
46 672.
Rousseau A., Dantier A., Gatilova L., Ionikh Y., Ropcke J. and Tolmachev Y. 2005 Plasma
Sources Sci. Technol. 14 70.
I Y .P., Liu Y. C., Han K. Y. and She T. C. 2004 Environ. Sci. Technol 38 3785.
Futamura S, Zhang Z, Prieto G and Yamamoto T 1998 IEEE Trans. Ind. Applicat. 34 967.
Kim H. H., Oh S. M., Ogata A. and Futamura S. 2005 J. Adv. Oxid. Technol. 8 226.
Fan H. Y., Shi C. S., Li X. S., Zhao D. X., Xu Y. and Zhu A. M. 2009 J. Phys. D: Appl. Phys. 42
225105.
Kim H. H., Kim J. H. and Ogata A. 2009 J. Phys. D: Appl. Phys. 42 135210.
Kim H. H., Katsura S. and Mizuno A.: 1997 2nd International Symposium on Non-Thermal
Plasma Technology (ISNTPT-2), Salvador, Brazil,
Kim H. H., Tsunoda K., Katsura S. and Mizuno A. 1999 IEEE Trans. Ind. Applicat. 35 1306.
Mizuno A., Kisanuki Y., Noguchi M., Katsura S., Lee S. H., Hong Y. K., Shin S. Y. and Kang J.
H. 1999 IEEE Trans. Ind. Appl. 35 1284.
Li Duan, Yakushiji Daisuke, Kanazawa Seiji, Ohkubo Toshikazu and Nomoto Yukiharu 2002 J.
Electrostat. 55 311.
Sano T., Negishi N., Sakai E. and Matsuzawa S. 2006 J. Mole. Catal. A: Chemical 235.
Durme J. Van, Dewulf J., Sysmans W., Leys C. and Langenhove H. Van 2007 Appl. Catal. B:
Environ. 74 161.
Huang H., Ye D. and Guan X. 2008 Catal. Today 139 43.
Ogata Atsushi, Saito Keiichi, Kim Hyun-Ha, • Masami Sugasawa, Aritani Hirofumi and Einaga
Hisahiro 2010 Plasma Chem. Plasma Proc. 30 33.
Sato S., Hensel K., Hayashi H., Takashima K. and Mizuno A. 2009 J. Electrostat. 67 77.
Hensel K, Sato S and Mizuno A 2008 IEEE Trans. Plasma Sci. 36 1282.

55
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Plasma medicine is emerging worldwide as a new independent medical field. First practical
studies have been interpreted to be very promising. For example the plasma treatment of chronic
wounds can enable a selective antimicrobial (antiseptic) activity without damaging the surrounding
tissue, combined with a controlled stimulation of tissue regeneration. Other promising fields are
tissue engineering, treatment of skin diseases, tumor treatment based on specific induction of
apoptotic processes, or dental applications. However, a lot of basic research needs to be done to
minimize risk and provide a scientific fundament for medical therapies. Of course, therapeutic
application of plasmas at or in the human body is not only a task for medicine; it is a challenge for
plasma physics as well. Today, concepts of tailor-made plasma sources which meet the technical
requirements of medical instrumentation are still less developed. To achieve selected effects and to
avoid potential risks, the plasmas must contain certain components in well defined densities and it
is necessary to know how to control them by external operation parameters. Therefore, a profound
knowledge on their physics, chemistry and parameters must be contributed by physical research.
Therapeutic applications required cold, non-thermal plasmas operating at atmospheric pressure.
But these plasmas are a huge challenge for plasma diagnostics, because usually they are small
scale, constricted or filamentary, and transient. Regarding the manageability in everyday medical
life, atmospheric pressure plasma jets (APPJ) and dielectric barrier discharges (DBD) are of
special interest for medical applications. Working on open air atmospheres, an input of nitrogen,
oxygen and water implying complex plasma chemistry must be expected. Considering that, a great
deal of effort combining experimental investigation and modeling will be necessary to provide the
required knowledge on plasma sources for therapeutic applications.

1. Introduction
Progress in life sciences is increasingly caused by utilization of unrelated technologies and knowledge.
In this spirit, microelectronics, optics, material sciences or nanotechnology became key technologies
in modern medicine. A similar trend is expected now concerning plasma technology. Actually, plasma
medicine is emerging worldwide as an independent medical field - comparable to the launch of laser
technology into medicine years ago. Plasma medicine can be subdivided into three main fields:
plasma-assisted
modification
of
bio-relevant
surfaces
and
plasma-based
biodecontamination/sterilization which can be considered as “indirect” medical plasma applications,
because in these fields plasma is used to treat materials and products to allow or improve their
subsequent medical application. However, the central field of plasma medicine is the direct therapeutic
plasma application. Especially for this field, a fundamental knowledge of the mechanisms of plasma
interaction with living cells and tissue is essential as a scientific basis.

2. Plasma sources for medical applications
Therapeutic application of plasmas is not only a task for medicine; it is a challenge for plasma physics
as well. Even if from plasma physical point of view a large “tool-box” of plasma sources is available
(Fig. 1), the intended use in plasma medicine limits the spectrum of useable tools.
Therapeutic applications of plasmas dictate the working in open air atmospheres and thus at
atmospheric pressures. Adjusted plasma sources for different applications are required, and the
proposed selectivity of plasma action implies a thoughtful control of the performance parameters of
the plasma sources. This regards the treatment efficiency but also the potential risks connected with
the direct plasma application at or in the human body. In particular, there are three tasks to fulfil:
1. the assessment of risk factors such as gas temperature, power transfer from the plasma, UV
radiation, radicals, electromagnetic fields as well as the generation of toxic gases and its release
into the adjacencies which could be dangerous for patients or therapists;
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2. the characterization of special biologic effects, e.g., antimicrobial efficiency, cell manipulation, or
blood coagulation, including the estimation of specific adverse or toxic side effects in the close
cell and tissue environment; and
3. the profound understanding and knowledge of processes and physical plasma parameters in order
to provide optimal tools for the achievement of specific effects [1].

Fig. 1. Atmospheric pressure plasmas – “tool-box”
Nevertheless, during recent years a broad spectrum of plasma sources dedicated for biomedical
applications has been reported, for example plasma needle [2], atmospheric pressure plasma plume
[3], floating-electrode dielectric barrier discharge (FE-DBD) [4], atmospheric pressure glow discharge
torch (APGD-t) [5], microhollow cathode discharge air plasma jet [6], microwave plasma torch [7],
helium plasma jets [8-10], dielectric barrier discharge [11], and nanosecond plasma gun [12].
However, this list is far from being comprehensive.
For our own experimental work, up to now we have used mainly three different plasma sources:
- atmospheric pressure plasma jet (APPJ; kINPen 09, neoplas tools GmbH, Greifswald, Germany)
with argon as preferred working gas [13]
- surface dielectric barrier discharge (surface DBD) working in atmospheric air [14-16]
- intermittent negative dc-corona discharge with argon as working gas (hairline plasma) [17]
The APPJ kINPen 09 (Fig. 2) is the most developed plasma tool which has been used for numerous
biomedical investigations so far [1,13]. The device has got the CE marking (electromagnetic
compatibility), thus fulfilling the EU consumer safety, health or environmental requirements.

Fig. 2. Atmospheric-pressure plasma jet (kINPen 09, neoplas tools GmbH,) for experimental
biomedical applications (left: CE approved device; right: schematic set-up) [1,13]
It consists of a hand-held unit for the generation of a plasma jet at atmospheric pressure, a DC power
supply, and a gas supply unit. The whole system works with all rare gases (especially argon) but also
with nitrogen and air and admixtures of molecular gases to the feed gas. The contracted and
comparably cold plasmas allow focused small-spot treatments, even of small size objects, also with
high aspect ratios as well as large-scale treatments by moving the jet over a selected area by applying
blower nozzles [13]. These features make them interesting for the treatment of bodily parts with
complex geometries and cavities, e.g. in operative dentistry or dermatology. Furthermore, plasma jets
can be arranged in arrays to adapt on special geometries [18].
A surface DBD is a useful device for indirect treatment of surfaces or liquids since the complete
electrode design can be incorporated in a single component [1]. The electrode array consisted of
epoxy-glass fiber bulk material for circuit boards serving as dielectric with a high-voltage structured
copper electrode arrangement on the one side and a non-structured flat copper surface served as
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counter electrode at ground potential on the other side (Fig. 3). DBD is performed at ambient air
conditions using a pulsed sinusoidal voltage of 10 kVpeak (20 kHz)[15,16].

Fig. 3. Surface dielectric barrier discharge arrangement [15,16]
This electrode array was mounted by a special construction into the upper shell of a petri dish in that
way that the distance between the high-voltage electrode surface and the surface of the sample in the
lower shell of the petri dish can be adjusted variable. This experimental setup makes it ideal for
biomedical investigations using microorganism cultures on agar surfaces or cell cultures as well as
cells suspended in liquids. Because the plasma is ignited on the surface of the electrode arrangement
which can be brought close to the target, there is neither direct plasma contact to the target nor a gas
flow. Consequently, all plasma effects are assumed to be indirect effects induced by radiation or
diffusion of reactive chemical. Dependent of intended applications other geometries and electrode
arrangements are possible [14].
The hairline plasma schematically shown in Fig. 4 is a specially designed plasma source for the
generation of a nanosecond-pulsed cold plasma using a simple dc-power supply and is able to
penetrate into small and long gaps like tooth root canals [17]. Furthermore, a broad spectrum of other
plasma sources is available which can be adapted for the investigation of special biological effects or
therapeutic needs [1].

Fig. 4. Left: schematic of the hairline plasma setup; right: hairline plasma filament in a prepared root
canal of a human tooth [17].
A decision if an atmospheric pressure plasma source may be useful for biomedical application should
be made using the following 10 questions:
Is the clinical efficacy proved? Is the absence of undesirable local or systemic side effects (mutagenic,
carcinogenic, toxic effects; pains, scars, pigmentation disorders…) proved? Is the medical effect
reliable? Is the medical effect well controllable? Can a quick medical effect be realized? Is it possible
to exclude the development of resistances when treating infectious diseases as well as co-treating
resident flora? Is it possible to exclude inhibitory effects on normal microbiological flora? Is it costeffective? Is it sure that there are no alternative solutions with what it could be done easier? Will the
plasma treatment be accepted both by patients and physicians?
Only if all or at least most of these questions can be affirmed a further development up to clinical
proofs is acceptable. Naturally, the main precondition to deal with these questions is to define an exact
field of intended therapeutic application. The first two questions are playing a key role because plasma
medical research has to guarantee the application of a Tissue Tolerable Plasma (TTP) with proved
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clinical efficacy but without or at most with minimal side effects whose acceptability has to be decided
dependent on the intended therapeutic use [19]. For this purpose, both a comprehensive and careful
physical characterisation and optimization of the plasma sources and a comprehensive characterization
of biological effects is indispensable.

3. Characterization of plasma sources – plasma physics
With regard to medical plasma applications, the estimation of general risk factors is at least that much
important to clarify minimum standards for plasma sources to allow it for direct medical applications
and for comparison of different sources. From the present point of view the minimum set of global risk
factors to be characterized are plasma temperature, UV radiation, and generation of toxic gases and its
release into the adjacencies which could be dangerous for patients or therapists.
Especially from the point of practical manageability as well as with regard to the actual state of
technical development, atmospheric pressure plasma jet (APPJ) is of special interest for medical
applications. Therefore, using the kINPen 09, systematic characterization of global risk factors which
could arise but have to be avoided during application of this tool will be demonstrated. The general
aim being true for all plasma sources intended for therapeutic applications is the setting up of
minimum standards which have to be matched if a plasma source is.
Temperature is one of the most critical factors in connection with plasma treatment of living systems.
Tissue temperature should not exceed a threshold of 40°C in general. Axial temperature profiles of the
plasma jet can be measured by fibre optic temperature measurement (Fig. 5).
First of all, data presented in Fig. 5 indicate plasma jet temperatures between 63°C and 46°C,
dependent on power input and axial distance from the capillary nozzle of the plasma source. But,
secondly, it shows also the variable length of the visible plasma jet dependent on power input
indicated by circular marks. At this tip of the visible plasma jet, temperatures have been measured
more or less constant around 48°C. On principle, these plasma jet temperatures are very close to
biological intolerance. However, plasma-caused surface or tissue heating, respectively, is not only
dependent on gas or plasma temperature but also a function of contact time. So it could be
demonstrated that fast moving atmospheric microwave plasma with a temperature of about 3000°C
can be used for decontamination of heat sensitive hollow packaging materials which are melting above
70◦C [20]. If the APPJ will be used for wound antiseptics or skin treatment, respectively, it will not be
done as a local spot treatment but by moving the plasma jet over the surface to be treated [21].
Therefore, following adequate application techniques, adverse effects of local tissue heating can be
excluded as far as possible. On the other hand, these data demonstrate the necessity of measuring axial
temperature profiles of the jet to decide if during practical applications the distance between jet nozzle
and target surface will be critical. Because of the relatively constant temperature at the tip of the
visible plasma jet independent on its complete length, the visible tip of the plasma jet can be used to
adjust a general treatment distance. Using such adjustment, effective antimicrobial effects can be
realized as it was demonstrated repeatedly [13, 21, 22].
For further minimization of the temperature problem, alternative working modes can be used like
alternating plasma-on/plasma-off phases, net energy input and, subsequently, heating of the plasma
can be further reduced to realize plasma temperatures < 40°C over the whole length of the jet [13].
Because the influence of UV radiation on the skin is another potential risk of atmospheric pressure
plasma treatment, a careful characterization of optical emission spectra of plasma sources which are
intended to use for plasma medical applications is necessary. Especially UV-C around 254 nm is well
known for its direct impact in DNA which is one possible component of antimicrobial plasma
efficiency but also a safety hazard in the case of plasma treatment of mammalian cells and living tissue.
For plasma jets under atmospheric conditions with argon as working gas, the presence of UV-C
radiation and its intensity depends strongly on the working conditions. Whereas with a rf-driven
plasma jet with 7 mm nozzle diameter and argon gas flow of up to 20 slm distinct UV-C radiation can
be measured [23], for the kINPen 09 designated for biomedical applications emission in the UV-A
(320-400 nm) and UV-B range (280-320 nm) was found, only [13].
Besides a permanent exposition of parts of human skin to solar UV-A and UV-B radiation, it is used in
phototherapy and photochemotherapy to treat skin diseases as psoriasis and atopic dermatitis.
Therefore, UV impact on skin is well investigated particularly in dermatology because excess UV
exposure causes detrimental effects on skin. To exclude this, according to guidelines of the
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International Commission on Non-Ionizing Radiation Protection (ICNIRP), non-therapeutic and nonelective ultraviolet radiant exposure of the skin in the spectral region 180-400 nm should not exceed
30 J/m2 or 3mJ/cm2, respectively. This value should be applied for the most sensitive, non-pathologic,
skin phototype (known as “melano-compromised”) [24].

Fig. 5. Gas temperature of the kINPen 09 in the continuous (left) and the burst working mode (right) at
an argon gas flow rate of 5 slm dependent on input power and axial distance [13]
To estimate the UV risk of the kINPen, irradiance in the 260-360nm UV range of the plasma jet was
measured along the plasma jet at different axial distances and with different input power (Fig. 6).
At minimal distance of 5 mm and maximum power of 6W, maximum irradiance of about 5mW/cm2
was measured. With increasing distance from the capillary outlet, drastic reduction of irradiance was
detected reaching values between 1 and 2 mW/cm2. Under these conditions, a local spot treatment over
several seconds will be possible without exceeding the ICNIRP exposure limit of 3 mJ/cm2. As
mentioned already, practical application of the APPJ will be realized by moving the plasma jet over
the wound area, e.g. there are very short contact times at one and the same point. Therefore, with the
APPJ demonstrated here and considering the substantially higher UV irradiance used for
phototherapeutic purposes, UV caused problematic side effects of the plasma jet can be avoided in
principle. However, it has to be noted that all exposure limits and threshold values discussed above are
related to a more or less intact and uninjured skin. For open wounds the situation may be very
different because in this case the UV protective skin barrier is impaired and the tissue is directly
exposed to the UV irradiation. Therefore, UV threshold doses for plasma application for wound
healing have to be estimated separately using biological test models.

Fig. 6. (left): Irradiance (260-360 nm) of the kINPen 09 dependent on input power and axial distance
from the plasma jet nozzle [13].(right): Ozone concentration measured by Dräger tubes at different
radial distances around the kINPen 09
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Besides UV and heat radiation, plasma sources provide a mixture of charged and non-charged reactive
species, above all reactive oxygen species (ROS) and reactive nitrogen species (RNS). Besides its key
role in several biological effects, reactions of these species with each other or with surrounding air,
respectively, can also induce the production of toxic gases which are emitted into the environment and
could harm patients as well as doctors during therapeutic plasma applications. Most important toxic
gases potentially generated by atmospheric pressure plasmas are ozone and nitrous gases as nitrogen
dioxide. Ozone is an air pollutant with harmful effects on the human and animal respiratory systems.
Odour threshold of ozone is at 0.02 ppm or 40 µg/m3 air. In the past, of 0.1 ppm or 200 µg/m3 was
defined as maximum allowable concentration (MAK value). Due to classification as a potential
carcinogen (EG category 3: substances which, because of possible carcinogenic effects, are cause for
concern), such a MAK value is no longer specified. According to EU directives (2002/3/EG) for longterm expositions, usually as daily eight hour time averages, there is no health risk at concentrations up
to 0.055 ppm or 110 µg/m3. To test the ozone emission, measurements using Dräger tubes have been
done at different radial distances around a plasma jet driven with different power input (Fig. 6).
Maximum concentrations between 0.10 and 0.13 ppm have been measured in the close proximity of
the plasma jet, only. More afar, ozone gas concentration did not exceed a concentration of 0.10 ppm.
Consequently, the permissible exposure limit will be exceeded, but because of short term therapeutic
plasma applications not for extended time periods. Nevertheless, designing clinical practicable plasma
based medical device, a surrounding gas exhaustion technique should be planned [13].
Nitrogen dioxide is a prominent air pollutant, too, which has a characteristic sharp, biting odor which
is also toxic by inhalation. Its odour threshold is at 0.4–5 ppm, MAK value was set at 5 ppm or
9 mg/m3, but like ozone it is classified as a possible carcinogen and, therefore, a current MAK value is
not specified. However, using Dräger tubes for nitrogen dioxide detection, no measurable
concentrations of this gas were found around the operating plasma jet [13].
Additional potential risk factors are electromagnetic fields of special frequency generated by the
plasma source, which could induce electrolysis in the tissue or stimulate nerve or muscle cells. This
problem is solved with the kINPen 09 which have passed a technical certification as CE-certification
(electromagnetic compatibility), thus fulfilling the standards for electrical safety in humans. Such kind
of certification should be the preferred way to use plasma sources for biomedical applications.
Summarizing all, these four technical characterizations – plasma temperature, UV radiation,
generation/emission of toxic gases and electromagnetic compatibility – should be realized with all
plasma sources which are designed for biomedical applications independent on their intended use
because these parameters could give a basic overview about the quality of the plasma source.
Additional parameters like power transfer or transfer of different reactive species from the plasma to
the target have to be investigated in close correlation with biological effects of the respective plasma
source with the aim of much more detailed characterization of special safety hazards on the one side
and potential therapeutic issues on the other.

4. Characterization of plasma sources – cell-based test models
Characterization of biologic plasma effects has to be a multi-step program starting with investigations
of plasma-liquid interactions and has to include a broad spectrum of in vitro tests with cells as well as
cell and tissue cultures up to isolated tissues or organs to be proved finally with animal experiments
and clinical trials
Under in vivo conditions, living cells and tissue as well as microorganisms e.g. on wounds are
surrounded by a liquid environment necessary for living tissue and supporting survival and
proliferation of bacteria. Consequently, plasma effects under these conditions should be at least
partially mediated by this vital environment. Recent studies have demonstrated that biological plasma
effects like inactivation of bacteria suspended in aqueous liquids are accompanied as well as supported
by changes of the liquid environment [15,16]. Decrease of pH and generation of species like nitrite,
nitrate or hydrogen peroxide could be measured as a result of atmospheric pressure plasma treatment.
Generation of such species cannot only support bacteria inactivation in liquids, but could also play
important roles in other biological processes e.g. associated with wound healing. Therefore, plasmatreatment of water and subsequent measurement of pH as well as nitrite, nitrate and hydrogen peroxide
can give some basic information about potential biological plasma effects.

61

To get further basic assessment of biological plasma effects, estimation of antimicrobial activity is a
widely used practice. In contrast to the characterization of plasma sources for sterilization or biodecontamination of materials or devices where highly resistant bacteria spores mostly dried on
surfaces are used as test microorganisms, characterization of plasma sources for plasma medical
applications needs preferably vegetative microorganisms under in vivo like, i.e. above all under humid
or liquid conditions. For this purpose, both microorganisms suspended in aqueous liquids or grown on
half rigid media (agar) are used [15,21]. E. coli is a test microorganisms often used for basic plasma
source characterization [13,17]. However, with special microorganisms like wound pathogens or
dermatophytes, characterization of the antibacterial plasma effectivity can also give information about
possibilities of special plasma applications e.g. for wound antiseptics or treatment of skin infections
(Fig. 7) [21,22].The main characteristic of plasma sources for use in medical therapy is its direct
application on or in the human body. Therefore, plasma effects on mammalian cells are of basic
interest. In vitro tests to characterize plasma-cell interactions should include characterization of basic
cellular parameters like morphology, viability or proliferation, characterization of special cellular
responses like influence on DNA or cellular proteins, and estimation of complex cellular responses
like tissue regeneration or selective microorganism inactivation without influence on the surrounding
tissue. In recent years several studies about influences of atmospheric pressure plasmas on different
cell types in vitro have been published [8, 25-39].
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Fig. 7. Results of APPJ treatment of wound-relevant pathogens on agar plates (n=20 each), treatment
area 55 cm2, treatment time 6 min [21]
For our own experiments, so far we are using mainly human spontaneously transformed keratinocytes
(HaCaT) [40]. If these cells suspended in nutrient medium are seeded in cell culture dishes they
proliferate and grow as a two-dimensional (2D) culture forming an adherent cell monolayer. To
investigate plasma effects on cells to characterize basic as well as special cellular responses, two basic
experimental setups are used:
- plasma treatment of cells suspended in cell culture media and subsequent cell cultivation in cellculture dishes
- cultivation of cells in cell-culture dishes and plasma treatment of adherent two-dimensional
monolayer cell cultures
Both setups have special advantages dependent on cell responses that are wanted to investigate as well
as on the plasma source that should be characterized. One of the basic parameters of plasma-cell
interaction is the cell viability after plasma treatment. Using two-dimensional adherent cell cultures,
cell viability can be estimated in the simplest case by microscopy or by cell-staining techniques as it is
demonstrated in Fig. 8.
In the first case, live and death cells are differentiated by morphologic characteristics. In the second
case, mostly fluorescent dyes are used which interact in a specific manner with cellular components of
vital or death cells. Such two-dimensional adherent cell cultures are especially useful to investigate
effects on already grown cell cultures mostly being in the stationary phase. If extended plasmas e.g.
generated by a surface barrier discharge are used, homogeneity of plasma treatment as well as
localized plasma effects can be visualized using such cell cultures.
However, because these cell cultures are covered with a thin layer of cell culture medium it is not so
easy to characterize plasma sources working with a gas flow like atmospheric pressure plasma jets
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(APPJ), because it leads to displacement of medium and subsequent cell death because of drying [41].
In such a case, treatment of cells in suspension is advantageous. Because of the gas flow, stirring of
cell suspensions is given resulting in a complete treatment of the bulk liquid and thus of all cells
contained. Moreover, investigation using cell suspended in aqueous liquids can be very easy correlated
with results of plasma-liquid interactions as described above.

Fig. 8. Adherent human keratinocyte (HaCaT) culture after 20 min treatment by a surface DBD in
atmospheric air. Left: By phase contrast microscopy live (center of the picture) and dead cells (along
the edge of the picture) are distinguishable by its different morphology. Right: Using the propidium
iodide staining technique, brighter colored region in the centre of the cell culture dish indicates death
cells.
As it is demonstrated in Fig. 9, with this experimental setup the extent of cell growth and proliferation,
respectively, dependent on plasma treatment parameters is estimated. Suspended cells are seeded in
cell culture dishes following plasma treatment. After a reasonable time (at least 2 d), the number of
cells grown is estimated in relation to an untreated control. The fewer cells survived the plasma
treatment in suspension, the fewer cells can proliferate. In the experiment demonstrated in Fig. 9, the
number of cells decreased dramatically dependent on argon APPJ treatment time. This becomes
particularly clear with the results 4 d after plasma treatment. However, even after 20 min APPJ
treatment, surviving cells can proliferate which is indicated by an increasing cell number from day 2 to
day 4. Such basic tests of cell viability after plasma treatment have to be the starting point for further
detailed characterizations of biological plasma effects. Both cells in suspension and adherent twodimensional cell cultures can be used to detect the intracellular occurrence of reactive oxygen species
(ROS) as an indicator for oxidative stress. For this purpose, special chemical probes are used which
can diffuse membranes of vital cells and are oxidized by ROS to fluorescent chemical compounds. It
was demonstrated that APPJ treated keratinocytes (HaCaT) showed high levels of intracellular ROS
[41]. Because it is generally assumed that ROS are playing a key role in biological plasma effects,
these investigations will need much more attention in further research and the characterization of
intracellular ROS should be one basic parameter of characterization of biological plasma effects.

Fig. 9. Number of human keratinocytes (HaCaT) 2 and 4 d following argon atmospheric pressure
plasma jet treatment of cell suspensions and subsequent cultivation in cell culture dishes
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A further important field of plasma effects on cells is the examination of interactions with biological
macromolecules. First of all, interactions with DNA are of key interest especially in terms of safety
and estimation of potential risks. To obtain basic information on DNA defects resulting from plasma
treatments single cell electrophoresis (Comet assay) is used [42]. First preliminary results show
significant influences on DNA (mostly single strand breaks) after APPJ treatment of suspended human
keratinocytes (HaCaT), but there was also found a tendency of repair within 4 to 24 h after plasma
treatment (unpublished data). Because of its importance, these investigations have to be forced using
additional techniques as micronucleus assay, flow cytometry, and fluorescence microscopy to get
more detailed information about basic plasma influences on genetic code of cells.
Summarizing this, together with basic technical parameters (see chapter 3), basic biological
characteristics of plasma activity like change of water composition, cell growth and viability using
suspended cells and/or adherent two-dimensional cell cultures, intracellular ROS generation as well as
interactions with DNA are necessary to estimate the potential of plasma sources for therapeutic
applications in relation to the risk-benefit balance. Which special cell-based in vitro models as well as
biochemical and cell biological techniques should be used has to be decided in further experiments.
Finally, a spectrum of basic techniques should be available which make possible reproducible as well
comparable plasma source characterizations.

5. Applied plasma medicine – standardized medical devices for animal
tests, clinical trials and medical applications
The general aim of plasma medicine is to introduce physical plasma into clinical practice. However,
plasma physics is a new and unknown field for biologists and physicians even if biology and medicine
is more or less strange for plasma physicists. This situation needs reciprocal understanding to be able
to realize the full potential of medical plasma applications.
On the other hand, despite the field is very new and mainly in an experimental state of development
yet, there are first signs of its huge economical potential. Internationally, the development and
application-oriented optimization and adjustment of atmospheric-pressure plasma sources to medical
applications are experiencing an enormous upswing. This can be seen at the increasing number of
scientific publications, in which plasma sources are declared as adequate “for biomedical applications”
but also at first companies which are offering plasma sources for medical applications.
To take account of this ambivalent situation, a responsible use of plasma sources which are designated
for biomedical applications is needed. Life scientists as well as physicians have to put in a position to
decide if a given plasma source is really useful for medical applications or biological experiments.
Consequently, a meaningful and mandatory spectrum of indicators has to be compiled to enable a
basic estimation of the potential of a plasma source:
So far, there are no standardized criteria, according to which atmospheric-pressure plasma sources can
be assessed as to their suitability for medical applications. Therefore, definitions of physical-technical
criteria need to be established, which help to evaluate plasma sources for biomedical applications
according to risk analysis. The minimum set of criteria has to include temperature, UV radiation,
emission of gaseous products and electromagnetic compatibility in relation to geometry and operative
parameters
In addition, definitions of basic criteria for the characterization of biological plasma effects (specific
effects on human cells and microorganisms in vitro) need to be set up both in consideration of risk
analysis and estimation of potential applications. The minimum set of biologic criteria should include
influence on aqueous media (pH, generation of stable species), antimicrobial efficacy under in vivolike conditions (wet or humid environment), intracellular occurrence of ROS and influence on
intracellular DNA. Other criteria can be added optionally to characterize special biologic effects
related to special applications or risks, respectively.
Through the transformation of the latest insights in plasma medical research into rules and standards,
the essential prerequisite for the practical application and economic exploitation of research results
shall be created.
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Fundamental problems of high pressure
discharges
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We introduce a DC-driven pulsed discharge named transient spark (TS): a repetitive streamer-tospark transition discharge with short spark duration (~10-100 ns), based on charging and
discharging of internal capacity C of the reactor with repetition frequency f ≈ 1-10 kHz. TS
generates very reactive non-equilibrium air plasma and is applicable for flue gas cleaning, biodecontamination or other applications, since it can be maintained at relatively low energy
conditions (0.1-1 mJ/pulse). Streamer-to-spark transition is governed by the increase of the gas
temperature Tg in the plasma channel. Initial Tg at the beginning of the streamer is ~300 K, though
it increases with frequency up to ~450 K at 10 kHz. The transition to spark occurs at ~1000 K.
This heating accelerates with increasing f, leading to a decrease of the average streamer-to-spark
transition time from a few μs to less than 100 ns.

1. Introduction
Atmospheric pressure plasmas in air generated by electrical discharges present considerable interest
for a wide range of environmental, bio-medical and industrial applications, such as air pollution
control, waste water cleaning, bio-decontamination and sterilization, or material and surface treatment
[1-5]. New types of discharges are therefore still being developed and studied, with a focus on
efficiency, power requirements, stability, reliability and simplicity [6].
A novel type of transition discharge in air at atmospheric pressure named transient spark (TS) is
presented here. TS is a filamentary streamer-to-spark transition discharge initiated by a streamer,
which transforms to a short (~10-100 ns) high current (~1-10 A) spark pulse due to the discharging of
the internal capacity C of the reactor. TS is based on charging and discharging of C and a repetition
frequency of this process from 1 to 20 kHz can be achieved [7].
We observed significant differences between two modes of TS with small and high repetition
frequencies [8], studied by time-integrated optical emission spectroscopy. In order to understand the
fundamental phenomena related to the evolution of TS and its changes due to increasing repetition
frequency, we employed in this study a photomultiplier tube with fast 2.2 ns rise time and appropriate
narrow band optical filters, as well as a 2-m monochromator coupled with ICCD camera with 2 ns
gate, in order to monitor time evolution of the emission of excited species and of the temperature.

2. Experimental set-up
Experiments were carried out at room temperature in atmospheric pressure air with a radial flow of
about 20 cm/s. The distance between stainless steel needle electrode and planar copper electrode
(point-to-plane configuration) was 4 mm. A DC High Voltage (HV) power supply connected via a
series resistor (R = 6.56-9.84 MΩ) limiting the total current was used to generate a positive TS
discharge. The discharge voltage was measured by a high voltage probe Tektronix P6015A and the
discharge current was measured on a 50 Ω or 1 Ω resistor shunt. The 1 Ω resistor shunt was used when
we focused on TS current pulse itself, whereas the 50 Ω resistor shunt was used to measure current
from the streamer. Both voltage and current signals where recorded by a 200 MHz digitizing
oscilloscope Tektronix TDS2024.
The emission spectra were obtained using a 2-m monochromator Carl Zeiss Jena PGS2 covering UV
and VIS (200-800 nm) and providing spectral resolution of 0.05 nm, cuopled with an intensified CCD
camera (Andor Istar). The iCCD camera was triggered by a home-made generator of 5 V rectangular
pulses with rise time less than 5 ns. This generator was triggered directly by the current signal, causing
an additional delay of less than 10 ns. This delay, plus the delay caused by the transmission of the
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signal by BNC cables, was compensated by using 10 m long optical cable (Ocean Optics P400-10UV-VIS ), so that we could see the whole emission profile.
For time-resolved optical emission measurements, a photomultiplier tube (PMT) module with a 2.2-ns
rise time (Hamamatsu H955) was also used in place of the monochromator. Its signal was recorded
using the oscilloscope. The PMT was triggered by the emission signal itself. Whenever it was
necessary to isolate a specific spectral transition for PMT measurements, a band pass interference
filter, e.g. Melles Griot 03 FIU127 for the N 2(C-B 0-0) transition, was inserted into the optical path.
The experimental set-up is depicted in Fig. 1.

Fig. 1. Schematic of the experimental set-up, HV - high voltage, R, r - resistors.

3. Results and Discussion
When the high voltage U00 applied to the stressed electrode is progressively increased, we first observe
a streamer corona. When the breakdown voltage is reached, a transition to TS occurs at the discharge
voltage UTS. The typical current and voltage waveforms are shown in Fig. 2a. During the high current
phase the voltage drops to zero due to the resistive fall on the ballast resistance R. Then, during the
quenched phase, the system capacity C (composed of the internal capacity of the electrodes, the
capacity of the HV cable and of the HV probe) is recharged by a growing potential on the stressed
electrode. For typical R and C, the repetition frequency f of this process is in the order of several kHz
and grows with increasing U00 (Fig. 2b). This is accompanied by changes of TS properties. With
increasing f, current pulses get smaller and broader (Fig. 3a).

Fig. 2a. Typical TS current and voltage waveform, f ~ 1 kHz, R = 6.6 MΩ , C ≈ 26 pF.
Fig. 2b. The dependence of TS repetition frequency on the onset voltage U00.
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Fig. 3. Dependence of TS properties on f : a) peak current Imax, full width at half maximum FWHM of
current pulses and breakdown voltage UTS, b) streamer-to-spark transition time, R = 6.6 MΩ, C ≈ 26 pF.

Fig. 4. Typical PMT emission profiles of TS at 2.5kHz (a) and 6 kHz (b), R = 6.6 MΩ, C ≈ 26 pF.
It is interesting, that UTS also depends on f (Fig. 3a). The decrease of UTS with f was preliminary
explained by the increasing gas temperature Tg, resulting in a decreasing gas density N. Since a certain
threshold, the reduced electric field E/N is sufficient to initiate the TS pulse, E and thus also UTS may
be lowered [5]. Another reason may be memory effects – the gap remains pre-ionized by previous TS
pulses as f increases [7]. Changes of streamer to spark transition time were also observed (Fig. 3b). At
lower frequencies (< 2 kHz), the delay between streamer and spark formation is very random and it
can vary from several μs to a few hundred ns. As f increases, the average delay time shortens and it
becomes more regular.
Significant differences between lower and higher frequency regimes of TS were also observed in timeintegrated emission spectra in VIS region. At low frequencies (<3 kHz), the emission of O, N and N+
atomic lines dominated in the spectra, whereas at higher frequencies these atomic lines almost
disappeared and N2 1st positive system was much stronger. In UV region, N2 2nd positive system
dominated at all frequencies, but its relative intensity compared to atomic lines in VIS region also
increased significantly with f. In order to understand this problem, we measured the time evolution of
the emission from the strongest atomic line, O(5P) at 777 nm, and from 0-0 band of N2 2nd positive
system at 337 nm by PMT with appropriate interference filters. Figures 4 a) and b) show typical
emission profiles at these frequencies, plus the total emission profile at 2.5 and 6 kHz, respectively.
At lower frequencies, we can clearly see two peaks of total emission. The first one is produced by the
streamer, whereas the second one corresponds to the short spark. It is obvious, that N 2(C) species are
produced mainly during the streamer phase and O(5P) species during the spark phase. The emission
profiles also reflect the shortening of the streamer-to-spark delay time with increasing f. The two
emission peaks therefore approach to each other and it is difficult to distinguish them at higher f.
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Fig. 5. The rotational temperature Tr of N2(C) as function of f (a) and time evolution of Tr (b).
The total emission from N2(C), obtained as an integral of PMT profiles, does not change significantly
with f. The reason may be that N2(C) are mostly produced by collisions of energetic electrons with
N2(X) during the streamer phase of TS and the properties of streamers (E/N, density of electrons ne)
do not change significantly with increasing f. On the other side, the total emission of O(5P) decreases
with f quite significantly. This can be explained by changes of the spark pulse phase of TS with f (Fig.
3a), since O(5P) are mostly produced during this period. Another possible explanation might be a more
complicated mechanism of O(5P) generation. We suggest the following three step mechanism:
e + N2(X) → e + N2(B, C)
streamer phase
(1)
N2(B, C) + O2 → N2(X) + 2 O( 3P)
streamer-to-spark transition phase
(2)
e + O(3P) → e + O( 5P)
spark phase
(3)
As the streamer-to-spark transition phase shortens with the growing f, less and less O(3P) atoms
accumulate for the production of O(5P) during the high current phase by the reaction (3). This does not
necessarily mean that the production of O(3P) decreases significantly with f, it could be just shifted to
later phase of TS, after the high current phase. Here, E/N is not strong enough for electrons to gain
energy needed to excite O(3P) to O(5P). However, we cannot exclude other reactions that could be
responsible for the production of O(5P), e. g. reactions including some metastable species such as
N2(A), NO(A), O2(a), O2(b) or O(1D).
As can be seen in Fig. 4, PMT profiles are quite noisy. The reason is that these emission profiles are
from single TS pulses. It was not useful to acquire emission profiles by accumulation of many pulses
due to a random character of streamer-to-spark transition. Data from iCCD camera, where the
accumulation was necessary, were therefore used mainly for the calculation of rotational temperature
Tr of N2(C) species, obtained by fitting the experimental spectra of N2 2nd positive system with the
simulated ones (using Specair program [9]). We further assumed that in our plasma Tr ≈ Tg .
Let us explain the reason of the UTS decrease with increasing f from the measured Tr. At the first
moment it seems that Trinit calculated from the initial 0-20 ns from the beginning of the emission
induced by streamer increases only slightly with f, from about 300 to 450 K, compared to Trtotal
calculated from time integrated emission of TS (typical integration time 300 μs – 3 ms), which
increased to around 700 K (Fig. 5a). However, even this small Tr increase to 450 K is enough to keep
an average E/N in the gap about 70 Td when the gap potential at the breakdown voltage UTS decreases
from about 7 kV to 4.5 kV (Fig. 3a). The value of Trtotal we previously used to describe the increase of
Tg with increasing f has actually no physical meaning. To explain it, let us first look at the dependence
of Tr on the time from the beginning of the streamer (Fig. 5b).
At both f=2.5 kHz and 6 kHz we observed approximately linear increase of Tr with time, from initial
~300 and ~400 K, respectively. This heating is faster at 6 kHz, but in both cases a streamer-to-spark
transition occurs when Tr ~1000 K. We thus suppose that the increase of Tg is a dominant mechanism
responsible for the streamer-to-spark transition, leading to the increase of E/N in the streamer plasma
column from about 60-70 Td to about ~150-170 Td due to the decreasing N, under an assumption of
the constant pressure.
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The reason why the delay between the streamer and spark phase shortens with f can be explained by a
faster growth of Tg with increasing f. However, this will require further research and deeper analysis,
including kinetic modeling to explain why the growth of Tr accelerates with f.
During the spark phase, Tr increases even faster and can reach at least ~2500 K (Fig. 5b), but we were
not able to measure it longer than ~250 ns from the beginning of the streamer, because the 2 nd N2
positive signal became too week.
Finally, relatively significant increase of Trtotal with f can be also explained by a faster growth of Tr
with time at higher discharge frequencies. Despite the fact that the whole N2(C) emission profile
contributes to Trtotal, we suppose that initial ~100 ns with the strongest intensity dominate. Thus, Trtotal
represents only something like average Tr during these ~100 ns after the beginning of the streamer
emission. At 2.5 kHz, Tr increases to about 600 K during these period, whereas at 6 kHz it is already
~1000 K, which gives Trtotal around 400 K and 600 K, respectively. In fact, significant changes of Tr
during these ~100 ns also explains large errors of Trtotal, despite the signal was strong enough during
the measurement of time-integrated spectra. In time-resolved measurements with iCCD gate open for
up to 20 ns, the major sources of uncertainties were a weak signal and a random character of TS.

4. Conclusions
We investigated electrical characteristics and time-resolved emission profiles of a DC-supplied
periodic streamer-to spark transition discharge in atmospheric air, called transient spark (TS). Thanks
to the small internal capacity of the discharge chamber and a limiting series resistor, TS is
characterized by the very short spark pulse duration (~10-100 ns) with peak current 1-10 A. TS can be
maintained at low energy conditions (0.1-1 mJ/pulse) and generated plasma cannot therefore reach
LTE conditions, though the current pulse can lead to temporary increase of temperature to ~2500 K.
The global temperature however remains relatively low, since even at repetition frequencies above 10
kHz, each streamer-to-spark process starts at ~450 K.
Subsequent increase of temperature to ~1000 K, accompanied by the increase of the reduced electric
field strength inside the plasma channel, governs the streamer-to-spark transition. Shortening of an
average streamer-to-spark transition time with increasing TS frequency can be explained by an
acceleration of temperature growth. The reason for this acceleration will require further research.
More research is also needed to explain chemical effects of TS. Emission profiles show that streamer
is responsible for significant part of the total emission and for almost all emission of N 2 2nd positive
system. This proves the importance of streamer in plasma chemistry, but it does not explain why TS
was demonstrated more efficient for bio-decontamination than streamer corona. [5] We suppose that
during the initial phase of the spark pulse, the strong chemical effect can be maintained thanks to the
combination of a relatively strong reduced electric field (>100 Td) and a high electron density.
Acknowledgements. Effort sponsored by the AFOSR, Air Force Material Command, USAF, under
grant FA8655-09-1-3110, Slovak grant agency VEGA 1/0293/08 and Slovak Research and
Development Agency APVV SK-FR-0038-09.
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In this paper a floating interelectrode for DBD plasma actuators is described. The velocity profiles
of the airflow produced by the DBD actuator with floating interelectrode are presented. Also
doubled DBD and multi DBD plasma actuators with floating interelectrodes are presented in this
paper. Each, individual airflow induced in the multi DBD actuator has the same direction which is
unique in multi DBD actuators. The obtained results suggest that DBD actuators with floating
interelectrodes can be useful for many aerodynamic purposes.

1. Introduction
In the last decade interest in dielectric barrier discharge (DBD) [1] plasma actuators significantly
increased. Plasma actuators which use DBD are capable to enhance properties of aerodynamic
elements and allow to control laminar–turbulent flow transition, flow separation, reduce drag and
improve lift of airfoils [2 – 5].
Usually DBD for actuators were composed of two plane electrodes placed asymmetrically on opposite
sides of a dielectric. Typically glass or ceramics of a thickness of a few millimetres were used as the
dielectric. The electrodes were made of copper or aluminium foil covering the dielectric surface. One
of the electrode was a HV electrode connected to an AC power supply and the second was grounded.
Applied high voltage established DBD between electrodes and the plasma appeared on both sides of
the dielectric material. Generated plasma produces ionic wind which induces airflow of several m/s
[6 – 9], which was tangential to the surface of the dielectric plate.
In most cases, using a single DBD the plasma region (on the actuator surface) expands to about 15 20 mm. However, sometimes a longer plasma region is needed, for example, to cover a long surface
by a DBD plasma and produce an aerodynamic effect (e.g. airflow) along it. A possible solution is to
use a set of single DBD actuators (Fig. 1), parallel one to each other. Unfortunately, such an
arrangement requires a distance of a few centimetres between each single DBD to avoid an electric
breakdown between the single sets. The region between consecutive DBDs would not be covered by
plasma (Fig. 1). It is obviously a drawback for a real scale applications because only a small percent of
the surface of an aerodynamic element could be covered by plasma. To get a longer DBD on a surface
innovative DBD actuator configurations, like, for example, three electrodes or multiple DBD actuators
were investigated [10, 11].
In this paper a new DBD with a floating interelectrode is presented. A set of several single DBD with
floating interelectrodes for elongation of airflow on the surface is also described. Such a set may form
a useful actuator for many aerodynamic purposes.

Fig. 1. Schematic view of the classic DBDs sequence used to cover a longer surface with plasma.
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2. Experimental set-up
The experimental set-up for measurements of the airflow generated by DBD plasma actuators is
presented in Fig. 2. It consists of an AC power supply, an oscilloscope and a standard PIV equipment
for measurements of velocity fields. The AC power supply consists of a power amplifier (TREK,
model 40/15) which amplified sinusoidal signal (frequency 1.5 kHz) generated by a function voltage
generator (METEX MS9150). The discharge current was measured by a Pearson current monitor
(Rogowski coil). Voltage and current signals were monitored by the oscilloscope Tektronix TDS
3052B.

Fig. 2. Experimental set-up.
Single DBD with floating interelectrode
Investigated DBD arrangement was made of copper electrodes mounted on opposite sides of a 2 mm
thick glass plate. The single DBD actuator consisted of a HV electrode and a grounded electrode
mounted on one side of the glass plate, and an interelectrode at floating potential placed on the
opposite side of the glass plate (Fig. 3). All electrodes were made from a 50 μm thick copper tape. The
floating electrode was exposed to ambient air, when HV and grounded electrodes were insulated by a
kapton tape. Smooth or saw-like electrode (Fig. 4) was used as the floating interelectrode. The floating
interelectrode and the HV electrode were 6 mm wide while the grounded electrode was 10 mm wide.
The gap between the HV electrode and the floating interelectrode was 1 mm, and between the floating
interelectrode and the grounded electrode was 15 mm.

Fig. 3. Schematic view of a single DBD plasma actuator with floating interelectrode.

a)
b)
Fig. 4. Images of a smooth (a) and saw-like (b) floating interelectrode made of copper tape.
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PIV measurements of the airflow produced by the single DBD plasma actuator were carried out in a
plane defined by the laser sheet, which was placed perpendicularly to electrodes at their half-length.
100 PIV instantaneous measurements were carried out and then averaged, which means that the timeaveraged flow velocity fields were obtained. Using the averaged flow velocity fields, the flow velocity
profiles were determined. The flow velocity profiles were determined in the cross-section placed
20 mm from the floating interelectrode, i.e. from the active blade of the smooth interelectrode or from
saw-tooth tips of the saw-like interelectrode. The position at which the flow velocity profiles were
determined is marked by a broken line in Fig. 3.
Doubled DBD with floating interelectrode and two grounded electrodes
The doubled DBD was used to produce the elongated discharge on a dielectric surface. The crosssection schematic view of a doubled DBD with a floating interelectrode and two grounded electrodes
is shown in Fig. 5. In this configuration the saw-like floating interelectrode was again exposed to
ambient air when two smooth grounded electrodes and smooth HV electrode were insulated. The
widths of electrodes were as follow: the grounded electrodes - 3 mm; floating interelectrode - 4 mm;
HV electrode - 10 mm. The electrode gap between the first grounded (on the left side in Fig. 5) and the
floating interelectrode was 10 mm while between the floating interelectrode and the second grounded
electrode was 4 mm. There was no electrode gap between the first grounded electrode and the HV
electrode, and between the HV electrode and the floating interelectrode.

Fig. 5. Schematic view of the doubled DBD for producing the elongated discharge on a dielectric
surface.
Multi DBD with floating interelectrodes
The presented above doubled DBD with a floating interelectrode and two grounded electrodes is very
easy to multiply on the surface of the dielectric material. To make second doubled DBD three new
electrodes were used: a HV electrode, a floating interelectrode and a grounded electrode. The new set
of electrodes was mounted directly after the second grounded electrode of initial doubled DBD, i.e. the
second grounded electrode of initial doubled DBD was the first grounded electrode of the second
doubled DBD. Geometry and placement of new electrodes were the same like for initial doubled
DBD. The third doubled DBD was also made on the surface of the dielectric material. In this way
a multi DBD was obtained. The cross-section schematic view of multi DBD is presented in Fig. 6.

Fig. 6. Schematic view of the multi DBD with floating interelectrodes.

3. Results
The flow velocity profiles obtained from PIV measurements for the single DBD with floating
interelectrode are presented in Fig. 7. The obtained results showed that the DBD with floating
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interelectrode can produce airflow similarly like a conventional DBD. Moreover, the results showed
that velocities of the airflow generated by the DBD with saw-like floating interelectrode are higher
than for the DBD with smooth floating interelectrode. The highest velocities obtained are 2.9 m/s and
3.4 m/s for the DBD with smooth and saw-like floating interelectrode, respectively.

Fig. 7. Flow velocity profiles measured for the single DBD plasma actuator with smooth (a) and sawlike (b) floating interelectrode.
The image of the discharge obtained for the doubled DBD with floating interelectrode is shown in Fig.
8. The plasma generation was observed between the first grounded electrode and the HV electrode and
between the floating interelectrode and the second grounded electrode. The plasma observed between
first grounded electrode and the HV electrode (both electrodes insulated) was similar like for classic
DBD with the discharge electrode exposed to ambient air.
The image of the operating multi DBD with floating interelectrodes is shown in Fig. 9. The plasma
observed for consecutive electrode sets of the multi DBD was similar as for the doubled DBD
described before. Presented multi DBD allow to cover much higher percent of a dielectric surface
when compared to sequence of classic DBDs (as presented in Fig. 1).

Fig. 8. Image of the discharge obtained for the doubled DBD with floating interelectrode. The applied
voltage was 34 kVp-p. The camera exposure time was 0.5 sec.

Fig. 9. Image of the discharge obtained for the set of 3 doubled DBDs with floating interelectrodes.
The applied voltage was 32 kVp-p. The camera exposure time was 0.5 sec.

77

4. Summary and conclusions
A new type of the DBD with the floating interelectrode for plasma actuators was presented. The
influence of the shape of the floating interelectrode (smooth or saw-like) on the airflow generated by
the DBD plasma actuator was investigated using PIV method.
The obtained results clearly show that the DBD with the floating interelectrode can generate airflow
above a dielectric surface. The DBD with the saw-like floating interelectrode has lower onset voltage
and induces higher airflow velocities then the DBD with a smooth floating interelectrode. It is
especially noticeable at relatively low applied voltages.
Also the doubled DBD and the multi DBD were presented in this paper. Using DBD with floating
interelectrodes generation of the plasma on a large surface of the dielectric material was allowed.
Each, individual airflow induced by the plasma in the multi DBD with floating interelectrodes has the
same direction which is unique in multi DBD actuators.
More investigations are needed to understand the physics of the DBD with the floating interelectrode.
Usefulness of the DBD with the floating interelectrode as an actuator in aeronautic applications should
be a subject of further investigations.
Acknowledgement. The research leading to these results has received funding from the European
Community, Seventh Framework Programme FP7/2007-2013 under grant agreement no.: 234201
(PLASMAERO – Useful PLASMas for AEROdynamic control www.plasmaero.eu).
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We have applied the Ion Mobility Spectrometry/Mass spectrometry (IMS/MS) and the
Atmospheric Pressure Corona Discharge Ionisation/Mass spectrometry (APCDI/MS) techniques to
study the formation of the ions in the positive corona discharge (CD) in highly purified nitrogen
with impurities at 100ppt level. The main products observed were H3O+(H2O)n ions (reduced ion
mobility of 2.15 cm2V-1s-1 ). Additionally, we have observed ions with reduced mobilities 2.42
cm2V-1s-1 and 2.3 cm2V-1s-1. These ions were increasing with the increasing discharge current.
These peaks were associated with NH4+ and NO+(H2O)n. These ions were formed due to presence
of O2 and NH3 impurities in the nitrogen. On other hand this indicates the ability of the IMS
technique and CD ions source to detect impurities below 100ppt level. Using the APCDI/MS
technique we have monitored the time evolution of the ions in the CD.

1. Introduction
Almost 50 years ago Shahin [1] performed first Atmospheric Pressure Ionisation Mass spectrometry
(APIMS) studies of positive corona discharge (CD) in atmospheric gases. He observed H3O+(H2O)n as
dominant ions. Decreasing the humidity and pressure of the gas he was able to observe the primary
ions [2]. Pavlík and Skalný [3] described in details the formation of the ions under different discharge
conditions (high and low values of CD currents) and the formation of NO+ in air.
The ions NH4+(H2O)n, NO+(H2O)n and H3O+(H2O)n were observed in the positive Ion Mobility
Spectrum (IMS) in pure N2 using radioactive ion source [4]. The ions and their water clusters were not
resolved in IMS due to thermodynamic equilibrium between formation and dissociation of the cluster
ions in the drift gas [5]. Tabrizchi and co-workers [6] optimized the CD as a ion source for IMS. The
problems associated with strong production of new molecular species and radicals in CD were solved
by Ross and Bell [7] who suggested the reverse flow corona design. Different solution to this problem
was the implementation of the curtain gas by Tabrizchi et al. [8].
The NO+ production as function of CD current and reverse flow rate in IMS in air was documented in
[9] in the attempt to optimize positive corona ion source for explosives detection. Ketkar and
Dheandhanoo [10, 11] demonstrated IMS as a lower cost alternative to APIMS technique [12] for
monitoring the gas impurities at ppb level.
In this study we present the ability of IMS/MS and APCDI/MS systems to study positive CD. We
demonstrate the ability of IMS and IMS/MS systems to detect trace amounts of H2O, O2 and NH3
down to 100 ppt respectively 10ppt level in high purity nitrogen. Additionally, we have measured IMS
spectra of the positive ions formed in CD as a function of discharge current and identified the ion
peaks in the IMS spectra using the MS. The time evolution of the ions formed in the CD was studied
using the APCDI/MS technique.

2. Experiment
The IMS/MS (Figure 1a) and APCDI/MS (Figure 1b) instruments equipped with point to plane CD
ion source were described in our previous work [13]. In attempt to reduce the penetration of the
neutrals and radicals formed in the CD into the drift region we used single flow IMS system with gas
outlet behind the corona discharge. Two positive power supplies (Heinzinger) were used one for CD
and one for the drift field. The drift field in IMS was 351,8 V/cm while in APCDI/MS was in range
6000-250V/cm with corresponding drift time of ions from 0.1 to 2ms approximately. The corona
current in IMS was varied from 3 to 10μA (limited by HV power supply) while in APCDI/MS was at
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the constant value 10μA. The 5.0 nitrogen (Linde) was purified (MICROTORR, MC190-903FV) to
reduce the concentration of O2, H2O, CO, CO2, H2 impurities under 100ppt and NH3 and amines under
10ppt. The drift tubes of IMS/MS and APCDI/MS instruments were fed by high purity nitrogen with
flow rate 900ml/min.

Fig. 1. IMS/MS (a) and APCDI/MS (b) instruments

3. Results and discussion
IMS/MS study
Three peaks with drift times 11.95 ms, 12.6 ms and 13.4 ms were observed in IMS spectrum using
positive CD in pure N2 at low discharge current of 3μA (Figure 2a). The corresponding reduced ion
mobilities of these peaks are 2.42±0.05 cm2V-1s-1, 2.3±0.05 cm2V-1s-1 and 2.15±0.05 cm2V-1s-1. The
increase of the corona current resulted in increase of the peaks with reduced mobilities 2.42 cm2V-1s-1
and 2.3 cm2V-1s-1 and decrease of the peak with reduced mobility 2.15 cm2V-1s-1 as can be seen from
Figure 2a. In the Figure 2b we show the mass spectrum measured at corona current 8μA. The mass
spectrum is dominated by H3O+(H2O)n clusters.

Fig.2. Ion mobility (a) and related mass (b) spectrum observed by IMS/MS technique. The numbers in
the IMS spectra indicate the values of the reduced ion mobilities in cm2V-1s-1.
We have also measured mass resolved IMS spectra (Figure 3a), which revealed that the dominant peak
with reduced mobility 2.15 cm2V-1s-1 is composed of the ions H3O+(m/z=19), H3O+(H2O) (m/z=37)
and H3O+(H2O)2 (m/z=55). The H3O+ was not detected in this spectrum due to low intensity. The
H3O+(H2O)n are formed from primary ions N2+ through well know reactions [14]:
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N2++H2O→H2O++N2
H2O++H2O→H3O++OH
H3O+(H2O)n+H2O + M→H3O+(H2O)n+1+M

(1)
(2)
(3)

As the equilibrium constants for the reactions (3) are known, we are able to measure the water density
from the intensity ratio of the H3O+(H2O)n ions [5]. The ratio H3O+(H2O)2/H3O+(H2O)=0.35 (Figure
2b) at temperature 295K gives water concentration of 94ppt. This result is in very good agreement
with the values stated by the manufacturer of the purifier, which guarantee the removal of water from
gas at <100ppt level.
The peak with the reduced ion mobility of 2.3cm2V-1s-1 is composed of the ions NO+ (m/z=30) and
NO+(H2O) (m/z=48). Position of the ion NO+ in IMS spectrum is shown in the Figure 3a. Due to low
intensity of the NO+(H2O) we were not able to detect it in mass resolved IMS spectrum. We assume
that the formation and decay of NO+(H2O)n ions is in thermodynamic equilibrium [5] and the cluster
ion NO+(H2O) should be detected at the same position as NO+ [4]. The presence of NO+(H2O)n ions in
positive IMS was in the case of radioactive ion source was well documented by Karasek and Denney
[15]. The mechanism of the NO+ formation was proposed by Dunkin [16]:
N2++N2 → N3++N
N3++O2 → NO++O+N2
→ O2++N+O2
→ NO2++N2

(4)
(5a)
(5b)
(5c)

where the ions NO2+ are not stable under IMS conditions [15].
The N3+ (m/z=42 figure 2b) was observed in MS only at high discharge currents. In the IMS we were
not able to detect a peak which could be assigned to N3+.
The sensitivity of IMS depends generally on the magnitude of the ion current generated in the ion
source. In the case of IMS, the CD ion source is much more intense than the radioactive source, which
results in high detection limit for O2 at 100 ppt level. The intensity of the NO+ peak at high corona
currents was relatively strong so the expected limit for O2 detection could be one order of magnitude
lower. The drawback of the CD ion source is the generation of neutrals and radicals which may
penetrate into the reaction region or drift tube and initiate there chemical reactions.
The first peak in the IMS with the reduced mobility of 2.42cm2V-1s-1 is composed of the ions with
m/z=18 (Figure 3a). Since the H2O+ ions are not able to survive in IMS conditions [4] we assign this
peak to the NH4+ ions. These ions are effectively formed via reaction [17]:
H3O+(H2O)+NH3→NH4++2H2O

(6)

Despite the low concentration of ammonia (10ppt) in our nitrogen we are able to detect this ion in the
IMS system. The ratios of the relative intensities of IMS peaks as a function of the corona current are
presented in the Figure 3b.
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Fig. 3. Mass resolved IMS spectrum (a) and ratio of relative intensities of the peaks in dependence of
corona current (b)
APCDI/MS study
The APCDI/MS technique was used to measure the time evolution of the ions formed in CD. At high
potential of the plate electrode we were able to detect ions in time scale of around 100 μs after the
formation of the primary ions in discharge. At low potential the time window was around 1 ms. At
short time the ions with m/z = 19, 30, 32, 36, 37, 42, 46, 48, 50, 55, 60 were detected (Figure 4a). The
ions with m/z= 19, 37 and 55 belongs to group H3O+(H2O)n. The masses 30 and 48 can be associated
to ions NO+ and NO+(H2O). The ions with m/z=32 and 50 are formed through reaction 5b and belongs
to ions O2+ and O2+(H2O). The fact that NO+ ions are formed via reaction of N3+ with O2 was
confirmed by the appearance of both ions in APCDI/MS spectrum. In the Figure 4b we see the relative
intensities of the ions as functions of the plate electrode potential. This potential is related through the
drift velocity to drift time of the ions. Even at high potential (6000 V) the kinetic energy of the ions is
below the dissociation limit of the ions.

Fig. 4. Mass spectrum at high potential of the plate electrode (a) and the relative intensity of the ions
as a function of the plate electrode potential (b)
We see in the Figure 4b that the intensities of the intermediate ions O2+(H2O)n were decreasing with
the increasing drift time. On the other hand the relative intensities of H3O+(H2O)n were increasing. It is
due to effective conversion of the O2+(H2O)n ions into H3O+(H2O)n [3]. The O2+(H2O)n ions are
therefore not be observed in IMS due to long time scale (~10 ms). On the basis of the disappearance of
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the ions with m/z=36 with increasing drift time (Figure 4b) we assign these ions to (H2O)2+. These ions
are formed through exothermic reaction [2]:
O2+(H2O)+H2O→ (H2O)2+ + O2

(7)

The (H2O)2+ ions are in next collision with water molecule converted into H3O+(H2O) [2]. This
explains the absence of these ions in IMS. (H2O)2+ like the ions O2+(H2O)n contribute to the growth of
the relative intensity of the H3O+(H2O)n with increasing drift time. The ions with m/z=42, 60 and 46
are N3+, N3+(H2O) and NO2+ (reaction 4 and 5c). Evolution of these ions due to their relatively low
concentration is not depicted in the Figure 4b. The fact that ions NH4+ were not observed in this study
suggests these ions are formed later in the drift.

4. Conclusions
IMS are small portable and relatively inexpensive devices with fast response and low detection limits.
Due to relatively low resolution of these instruments and also lack of data on the ion mobilities, the
coupling of IMS with MS is of high importance, increases analytical capabilities of IMS and gives
possibility to measure the mobilities of the ions. Moreover IMS/MS systems could deliver more
insight on the ion-molecule reactions at atmospheric pressure. In this work we have presented the
ability of IMS/MS system to study the CD and to detect O2, H2O and NH3 impurities in N2 at <100ppt
level.
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Results of experimental investigation of electric and optical characteristics of surface
microdischarges over barriers with surface layers of different dielectric materials are presented.
The barriers are piroceramics (polycrystalline aluminium oxide) plates of 1 mm thickness with
different surface layers of SiO2, TiO2, Barium-Strontium Titanate (BST) and Al2O3. The thickness
of the films is in the range 100-1000 nm. The photo of microdischarges made by means of a
Panasonic DMC-FS3 camera, the spatio-temporal distributions of light emission and the most
probable value of the charge formed by individual microdischarges show distinct dependence of
the discharge structure and its characteristics on the surface layer material.

1. Introduction
Surface discharge (SD) appears generally in gas at the edge of an electrode placed on the surface of a
solid dielectric (barrier) while the other electrode is placed at the reverse side of the barrier.
Experimental investigations of SD in such electrode system [1, 2] have shown that the discharge has a
form of discrete microdischarges. An analysis of the surface part of the barrier discharge [3] indicates
that the γ secondary emission coefficient must depend on the “memory” effect connected with the
surface charges. These last appear on the barrier surface during the discharge and practically define the
SD conditions. In its turn the surface charge formation depends on the surface properties of the barrier.
It was shown in [4] that rough surface of the barrier leads to more powerful microdischarges compared
with ones over a smooth surface for the same material and the same thickness of the barrier and the
same other conditions of the discharge. The aim of the present work was to obtain new data about the
influence of the barrier surface properties on the discharge characteristics. Three types of data are
presented for barriers with different films placed on their surface: the photo of the discharge, the
oscillograms of current impulses of microdischarges and pictures of spatially-temporal distribution of
light emission of the discharge. The results of such investigation permit to analyze the degree of the
barrier surface influence on the discharge structure.

2. Experimental conditions and procedure
The electrode system used in the experiments consists of a small aluminium electrode (the grounded
discharge electrode) deposited on one side of a ceramic plate (the barrier, 1.1 mm of thickness) by
means of an ion-plasma sputtering method, while the other electrode made of a piece of metallic
aluminum foil is placed on the back side of the dielectric plate and is a high voltage electrode. The
electrode thickness is about 100-200 μm. This electrode system is placed into a discharge cell made of
Plexiglas with quartz windows. Barriers are piroceramic (polycrystal aluminium oxide) plates 1 mm of
thickness covered by different films of SiO2, TiO2, Barium-Strontium Titanate (BST) and Al2O3. The
films are deposited on the barrier surface by a radio-frequency ion-plasma sputtering method and
cover the whole surface of the barrier together with the discharge electrode. The film thickness δ is
given in table 1. The surface structure of the barrier can be characterised by roughness Δ which is the
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difference between the highest and the lowest value on the profile of the surface (fig.1) and by a value
ς – the distance between peaks. In table 1 there are given the above characteristics for all barrier
surfaces that were analyzed.

Fig. 1. The surface structure of the barrier without a film
For all films the surface structure of the barrier is practically the same as the one without a film. For an
Al2O3 film the roughness of the surface is higher than for the original surface of piroceramics. All
edges of the electrode with SD, excluding a small part 1.5–2.5 mm long, are coated with an epoxy
compound. So only 1–3 microdischarge channels develop from the open edge of the electrode.
Pictures of microdischarges over different surface layers were made by means of a Panasonic DMCFS3 camera.
Tab. 1. Characteristics of films on the surface of the barrier.
Film material
Piroceramics
without film
BST
SiO2
TiO2
Al2O3

ε of the film
δ, nm
material

Δ, μm

ς, μm

8

–

6

20

500
4
80
9

100–200
100–200
100–200
1200

4
–
6
12

20
–
20
50

All measurements were done for a weak flow of dry air (the humidity not more than 0.7%). The gas
flow rate was about 70 l/min, the gas temperature 23–25oC and the gas pressure 730–750 mm Hg. The
optical characteristics of the SD were measured for 2.6 kHz high a.c. voltage, while 14 kHz a.c.
voltage was used for measuring the microdischarge current impulses. The system to register the
spectrally resolved light emission by means of the cross-correlation spectroscopy method [5] includes
two (vertical and horizontal) entrance slits of a MDR-2 monochromator having a high light transform,
an exit vertical slit, a quartz lens and two photomultipliers (PM-106). PM1 serves to start the work of
the system, PM2 counts single photons. The emission intensity I is defined by the quantity of photons
with energy corresponding to 337.1 or 391.5 nm that enters the photomultiplier during 1 second.
To achieve a more detailed picture of the light emission distribution, the integral emission flow
corresponding to whole length of the microdischarge channel, is scanned additionally along the
channel axis with a step length ΔX equal to 0.2 mm. It must be noted that the presented results of
spatially resolved light emission measurements correspond to an integral emission flow of many
microdischarge channels that develop during different half cycles of a certain polarity of the applied
voltage. The possibility to use such method is based on the series of photos of the discharge channels
made with an exposure time 0.125 s. These photos show that the channels do not move along the
electrode edge but stay in the places of their origin. It means that microdischarges that appear at
different time and during different half-cycles, develop along the same path and the places of their
origin are “tied” to certain places at the electrode edge. Such a behaviour of the discharge permits to
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use integral emission image of many discharges, the channels of which coincide, for analysis of an
individual microdischarge.
The current pulses of microdischarges were measured as a signal over a specially constructed 11.5
Ohm shunt consisting of six low inductance resistors in parallel. The charge formed by an individual
microdischarge, is evaluated as an integral of the most probable mean current pulse of at least 40
current pulses measured by means of a Tectronix oscilloscope TDS 2012.

3. Experimental results and discussion
In fig.2 there are presented the most typical photos of microdischarges over barrier without a film and
covered with different films. All photos are done for about 20% overvoltage U≈1.2U0, where U0 is
the voltage value corresponding to the appearance of the discharge. For different films U0=2.0-2.7 kV.
A visible difference in the structure of individual microdischarges for barriers with different layers is
seen. The length of the channels and the brightness of the channels vary as well. There is distinct
branching of microdischarges channels for SiO2 and Al2O3, while the TiO2 film produce the same
length of the channels compared with the case of the barrier without a layer. For BST film the pattern
of the channels is near to one without a film, but the channels on BST are more powerful. An increase
of the applied voltage leads to an elongation of the channels in all cases. It must be noted that the
photos of the discharge give an integral picture of all microdischarges that are formed in both halfperiods of the applied voltage during a number of periods.
The oscillograms of current impulses of individual microdischarges show an increase of the most
probable amplitude value imax of the current for all cases of a barrier with a surface layer compared to
one without a layer. The highest are the amplitudes for TiO2 and Al2O3 and it correlates with the
photos of the discharge. The corresponding charges Q formed in individual microdischarges are
calculated as an integral of the current curve (table 2).
Tab. 2. The most probable Q, maximum values Qmax and parameters of the integral curves I=f(t) and
I=f(S) for different layers.
Film material
Piroceramics
without film
BST
SiO2
TiO2
Al2O3

Q, pCl

Qmax, pCl

τ, ns

S, mm

90

175

5.5

0.8

250
650
125
280

430
1160
500
450

2.5
2.5
2
2.5

1.2
2
–
3
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The same pronounced influence of the surface layer of the
barrier on the discharge is seen in the images of spatio-temporal
distributions (SPD) of the light emission of microdischarges (fig.
3a) for positive and negative polarity of the electrode and for two
wave lengths λ = 337.1 nm and λ = 391.5 nm. Curves of
normalized values of the integral light emission intensity I as a
function of time I=f(t) or of the distance S from the electrode
edge I=f(S) for such SPDs over some films are presented in fig.
3b and fig. 3c. The half-value τ of I=f(t) curve (fig.3b) permits to
characterise duration of a microdischarge and the S value (fig.3c)
for λ = 391.5 nm evaluates the channel length [5]. It is
interesting to point out that for all layers for both polarities and
both wave lengths the half-width τ of I=f(t) curves is practically
the same equal to 2.5 ns and twice less than for the case of the
barrier without a layer (table.2). The smallest value has been
measured for TiO2 and it correlates with fig. 2 B.
As the surface structure of the barrier for all films but Al2O3, is
practically the same as one without a film, it seems reasonable to
state that plasma-chemical processes of interaction between the
surface and the discharge are defined by chemical composition
of the film material and this interaction is concentrated in a thin
layer of the barrier surface. An increase of the surface roughness
caused by the film (as in the case of Al2O3) leads additionally to
an increase of the SD intensity.
It can be supposed that the film material increase the secondary
emission from the surface of the barrier. Such materials as TiO2
or Al2O3 must be analysed additionally as having the most
intense influence on the discharge. There are still a range of
moments that are not clear. The influence of the film thickness,
the distribution of the surface charge over surface of different
films during the discharge, the dimensions of the plasma layer
formed near the barrier surface - must be additionally
investigated to achieve a full picture of plasma-chemical
processes that go on in a SD.

4. Conclusion
The appearence of a thin film on the surface of the barrier leads
to a change in the SD structure and in its electric and optical
characteristics. The most important properties to change the
discharge structure and intensity are the chemical composition of
the surface layer and its structure. Higher roughness of the
surface leads to more powerful microdischarges, longer channels
and their branching. It means that properties of the barrier
surface must be included into the parameters if modelling of the
SD is done.

Fig.2. Photos of the SD for
different surface films. A–
without a film, B–TiO2, C–BST,
D–Al2O3, E–SiO2
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a)

b)

c)

Fig.3. Examples of a spatio-temporal distribution of light emission for Al2O3 film (a)
(λ=391,5 nm) and integral curves I=f(t), positive polarity and λ=337,1 nm (b) and I=f(S) for a set of
films, positive polarity and λ=391,5 nm (c).
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Dielectric barrier discharge in nitrogen at atmospheric pressure was investigated by means of the
electrical measurement, the fast photography and the time-resolved spectroscopy. It was found that
the homogenous discharge in a 2-mm nitrogen gap is not readily produced, but produced in a
limited range in dependence on the amplitude and the frequency of the applied voltage as well as
the gas flow. The homogenous discharge was identified with a Townsend discharge. The Townsend
mode DBD is extinguished while the gas voltage continues rising up. This extraordinary way of
the discharge extinction suggests that the secondary electron emission from the trapped electrons
on the surface of the dielectric plays an important role in maintaining the discharge. It was found
that when a stable Townsend discharge is maintained the lowest breakdown voltage of the nitrogen
gap is only 4.9 kV, much lower than 8.2 kV that is the steamer breakdown voltage of the gap. The
laminar flow effect that had been used to explain the influence of the gas flow on the homogenous
dielectric barrier discharge in nitrogen was proved to be not correct according to the discharge
photos showing a luminous layer close to the anode. The mechanism for the gas flow influencing
the discharge is simpler than the laminar flow effect. With a pure nitrogen flow directly through
the discharge gap, the quenchers of the metastable nitrogen molecule N2(A), especially the density
of oxygen from the impurity, are significantly reduced, which was evidenced by the emission
spectra of the discharge.

1. Introduction
Dielectric barrier discharges (DBDs) can produce non-thermal plasmas at atmospheric pressure and
have found many applications. For some applications it is required to use homogenous DBDs rather
than the usually obtained filamentary DBDs. The homogenous DBD in nitrogen at atmospheric
pressure is not readily produced but produced in a short gap with a gas flow [1-3]. The mechanisms
leading to this homogenous DBD are still not fully understood. In this paper DBD in nitrogen at
atmospheric pressure was investigated by means of the electrical measurement, the fast photography
and the time-resolved spectroscopy.

2. Experimental setup
The experimental setup is sketched in figure 1. The plane-parallel electrodes, 50 mm in diameter, were
covered with a 1-mm thick quartz plate that is of size 100mm × 100mm . A gas gap of 2 mm was
usually used in the experiment. By pumping, a primary vacuum down to 10-2 Pa could be achieved in
the working chamber housing the electrode assembly. After pumping, the chamber was filled with
nitrogen of grade 5.0 (99.999%) up to 1 atmosphere. Then, a nitrogen flow was added and controlled
by a mass flow controller, maintaining the atmospheric pressure by a slightly pumping.

Fig. 1. Schematic diagram for the experimental system
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The voltage from the power source was raised up through a transformer and then applied to the
electrodes. The frequency of the voltage could be continuously changed from 1 kHz to 35 kHz. The
total current was measured with a 50-ohm resistor that connects the bottom electrode and the ground.
The applied voltage was measured with a capacitive divider. Both current and voltage signals were fed
into a digital storage oscilloscope. An intensified charge coupled device (ICCD) camera was used to
take the discharge photographs with short exposure down to 10 ns. The discharge was synchronized
with the ICCD gating by using a step voltage generator. A spectrometer was used to record the
discharge spectrum. The spectrometer is 50 cm in focal length and equipped with a grating that is 1200
grooves per millimeter and blazed at 300 nm. For taking time-resolved emission spectrum, the ICCD
camera was directly installed on the exit of the spectrometer.

3. Results and discussions
Figure 2 shows the typical waveforms and 1-µs exposure photograph of the homogenous discharge in
nitrogen. The measured waveform of the total current, figure 2(a), consists of two parts, a hump
followed by a peak. The hump is the displacement current and the peak the discharge current. Based
on the waveforms of figure 2(a) and by the calculations detailed elsewhere [4], the voltage really
applied to the nitrogen gap as well as the displacement current can be deduced. The discharge current,
figure 2(b), was obtained by subtracting the displacement current from the total current. Since the
homogenous discharge was very weak and with a weakly luminous layer close to the anode, it was
identified with a Townsend discharge.

(a)

(b)

(c)
Fig. 2. Typical waveforms and photograph of homogenous DBD in nitrogen
As we know, DBD is usually extinguished with a rapidly reduced gas voltage as the dielectric charges
up during the gas discharge. However, the discharge shown in figure 2(b) is extinguished while Vgas
continues rising up. This extraordinary way of the discharge extinction suggests that the secondary
electron emission from the trapped electrons on the surface of the dielectric plays an important role in
maintaining the Townsend discharge in nitrogen.
The reason for Vgas rising up rather than falling down during the discharge is that the Townsend
discharge in nitrogen is so weak that the dielectric is charged up slowly as compared to the rising of
the applied voltage. As for why the discharge is extinguished during the rise of Vgas, it may be
explained based on the condition of self-sustaining Townsend discharge [5]:

γ [exp(α ⋅ d ) − 1] = 1

(1)
where γ is the coefficient of the secondary electron emission from the cathode, d is the gap length,
α is the coefficient of the ionization by electron impact and increases with the electric field or with
Vgas when the electric field is uniform in the gap.
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For DBD in nitrogen, the secondary electron emission mainly comes from the electrons that are in the
shallow traps on the surface of the dielectric covering the cathode and had been trapped during the
previous discharge when the electrode worked as the anode [6]. Since the total number of the trapped
electrons is limited [7] and the discharge lasts for quite a long time, γ will decrease as the discharge
goes on. According to formula (1), the discharge will not be sustained if the increase of α due to the
rise of Vgas failed to compete against the decrease of γ .
The Townsend discharge in nitrogen at atmospheric pressure was not readily produced but produced in
a limited range in dependence on the amplitude and the frequency of the applied voltage as well as the
gas flow. The working domain of the Townsend discharge in 2-mm gap with a flow velocity of 21
cm/s is shown in figure 3. Two specific voltages were found, Vmin, the minimum amplitude of the
applied voltage below which the discharge can not be initiated and Vmax, the maximum amplitude of
the applied voltage above which the Townsend discharge transits to a filamentary discharge. The
breakdown voltage of the gap Vb can be determined from the waveforms of the gap voltage. It was
found that when a stable Townsend discharge is maintained the lowest Vb is only 4.9 kV, much lower
than 8.2 kV that is the steamer breakdown voltage of the gap.

Fig. 3. Working domain of Townsend discharge in a 2-mm gap with a flow velocity of 21 cm/s
The effect of the gas flow on the homogenous discharge in nitrogen had been explained based on the
laminar flow effect [1]. It was believed that the N2 metastables are created within the whole discharge
volume whereas the quenchers, the etched products from the dielectric surface, are mainly produced
near the surface. When a laminar flow is added, the probability that a N2 metastable and a quencher
meet each other is much decreased. In this case, the creation rate of the N2 metastable prevails over
their destruction rate. If N2 molecules are involved in a large number of discharges before they leave
the discharge volume with the gas flow, a high concentration of N2 metastables as well as the seed
electrons can be achieved to form a homogenous discharge.
We disagree with the above explanation. For a Townsend discharge as shown in the discharge photo
of figure 2, the most of the excited particles including the N2 metastables are mainly produced close to
the surface of the dielectric covering the anode rather than being created within the whole discharge
volume. Even with a laminar flow, the probability that a N2 metastable and a quencher meet each other
will not be decreased since both particles are mainly produced near the dielectric surface. In this case,
the metastable density is not limited by their creation rate, but by their destruction rate. If N2
molecules are involved in too many times of discharges, the quencher density will be too high to allow
a high concentration of N2 metastables as well as the seed electrons to form a homogenous discharge.
Therefore, the homogenous discharges in our experiment were formed at the applied voltage
frequency lower than 7 kHz, as shown in figure 3, and the discharge evolves in a filamentary character
above this frequency.
The influences of the gas flow on the discharge are more pronounced in the emission spectrum of the
discharge. Figure 4 shows the typical time-resolved emission spectra from the nitrogen discharge
during about one period of the applied voltage. Figure 4(a) is for the discharge without nitrogen flow
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and figure 4(b) for that with a flow velocity of 25 cm/s. Both figures are composed of 35 emission
spectra, each being taken with 1 µs exposure and spaced by 10 µs delay.

(a)

(b)
Figure 4. Time-resolved emission spectra during one period of applied voltage,
(a) without nitrogen flow; (b) with a flow velocity of 25 cm/s.
In the wavelength range from 200 nm to 400 nm, the emissions are those of the NOγ systems with
wavelength of 200 nm ~ 300 nm and the N2 second positive system (SPS) with wavelength of 300 nm
~ 400 nm. It was found that the influences of the nitrogen flow on the intensities of these two spectral
systems are quite different. While the intensities of the N2 SPS were almost unchanged, the intensities
of the NOγ systems were much reduced with the gas flow. For quantitative comparison, we focused
on two spectral bands. The first spectral band is the N2 SPS at 337.1 nm that is the result of the
following excitation of nitrogen molecule (in the ground state) by direct electron impact:
e + N 2 X 1Σ +g v = 0 → N 2 C 3Π u v ' = 0 + e , ( ΔE = 11.0eV )
(2)
and then the transition:

(

(

N 2 C 3Π u

)

)

v' =0

(

(

→ N 2 B 3Π g

)

)

v '' = 0

+ hν

( λ = 337.1nm )

(3)

The second spectral band is the NOγ systems at 236.1nm that is mainly the result of the following

( )
( )
NO (X Π ) + N (A Σ ) → NO (A Σ ) + N (X Σ )
NO (A Σ ) → NO (X Π ) + hν
( λ = 236.1nm )

reaction of the ground state NO X 2 Π molecule with the N 2 A3Σ u+ metastable:
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and then the transition:

2

2

+

v' =0

3

+
u

2

2

+

2

2

(4)

g

(5)

v '' =1

It was found that the intensity of N2 SPS spectral band at 337.1nm keeps almost unchanged after the
addition of a gas flow at a velocity of 25 cm/s, which indicates that the density of N 2 C 3Π u v ' = 0 in the

(
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)

transition (3) and the electron density as well as its energy distribution in the excitation (2) are more or
less the same as those without gas flow. We may conclude that the density of N 2 A3Σ u+ metastable

(

)

(

with the gas flow is also more or less the same as that without nitrogen flow since the N 2 A3Σ u+
metastables are produced by the similar excitation as that described in (2):
e + N 2 X 1Σ +g v=0 → N 2 A3Σ u+ v' =0 + e
( ΔE = 6.2eV )
(6)

(

)

(

)

)

The intensity of the NOγ spectral band at 236.1nm was drastically reduced from 30 to 10 by the

(

addition of a gas flow, it could be derived that the densities of the excited state of NO A2Σ +

(

2

)

)

v' =0

in the

transition (5) and the density of NO X Π in the reaction (4) greatly decrease with the gas flow. As
we know, NO comes from the reaction of nitrogen with the impurity oxygen mainly from the etched
quartz plates by the discharge. With the gas flow, less oxygen will stay in the discharge gap, leading to
the density of NO being reduced.

4. Conclusions
Homogenous DBD in a 2-mm gap of nitrogen at atmospheric pressure could be produced under
specific conditions and was identified with Townsend discharge. It was usually believed that DBD is
extinguished with a rapidly reduced gas voltage as the dielectric charges up during the discharge.
However, the Townsend mode DBD in nitrogen is extinguished while Vgas continues rising up. The
extraordinary extinction of the discharge may be explained with the limited number of the trapped
electrons that could not provide the long-time lasting Townsend discharge with sufficient secondary
electrons. Therefore, the release of the trapped electrons plays an important role not only in initiating
Townsend discharge but also in maintaining the discharge.
The influence of the gas flow on DBD in nitrogen had been explained based on a laminar flow that
keeps the N2(A) quenchers mainly produced close to the dielectric surface separate from N2(A) created
within the whole discharge volume. However, according to the theory of Townsend discharge and the
discharge photos we took, the most of the excited particles are mainly produced also close to the
surface of the dielectric covering the anode. Thus, the N2(A) quenchers can not be separated from
N2(A) by a laminar flow. In fact, the mechanism for the gas flow influencing the discharge is much
simpler. With a pure nitrogen flow directly through the discharge gap, the N2(A) quenchers, especially
the density of oxygen from the impurity, are much reduced, which was evidenced by the emission
spectra of the discharge.
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There are homogeneous discharge modes in dielectric barrier discharge (DBD). So far, we reported
that we can generate an atmospheric pressure Townsend discharge (APTD) at power frequency
range using alumina barrier. In this study, we investigated the discharge at two frequency ranges of
60Hz and 18kHz. As the result, it was found that the APTD observed at 60Hz could not be
generated at 18kHz. The reasons are discussed in this paper, together with the difference of
discharges by a different alumina barrier.

1. Introduction
There are three modes of dielectric barrier discharge (DBD). They are filamentary discharge mode
(FD)[1], atmospheric pressure glow discharge mode (APGD)[2] and atmospheric pressure Townsend
discharge mode (APTD)[3]. The APGD and the APTD are characterized by a uniform discharge. In
our laboratory, we found that we can generate such a uniform discharge in air at the power frequency
range by a DBD device using white alumina barrier[4]. The discharge was considered as the APTD
because the discharge current waveform has no pulse and the gap voltage during discharge is almost
constant. So far, it was known that the APTD mode can be generated in nitrogen, but not be generated
in gases containing oxygen. However, the APTD using white alumina barrier could be generated even
in pure oxygen. Besides, it was also found that the APTD could not be generated with a black alumina
barrier containing different material components. In this study, we investigated discharges using the
same DBD device at a higher frequency of 18 kHz. As the results, we found that the white alumina
DBD device can not generate APTD. We also found that although the discharge using white alumina
at high frequency was not the APTD, but the discharge was different from the FD observed in a black
alumina barrier. Since the APTD and the APGD are reported to be generated at higher frequency than
1 kHz, the result we obtained was apparently different from those results. In this paper, we describe
the detail of the experimental results, and also discuss the reason why the APTD could not be
generated at high frequency range.

2. Experimental setup and experimental conditions
Fig.1 shows an experimental setup. The high voltage source of 60Hz is a neon transformer, and that
of 18kHz is an inverter neon transformer. Applied voltage was changed by a slide transformer, which
was connected to the primary windings of the neon transformers. Fig.2 shows a DBD device. The
DBD device is a parallel plate type, and the barrier materials used are two kinds of alumina with
Slide
transformer

DBD device

Alumina barrier
1.1 mm
Discharge gap

2 mm
2 mm

HV Transformer:
60Hz: Neon transformer
18kHz: Inverter Neon Transformer

I

64cm2

Q

Electrode

V

80

measurement

100

Fig.1. Experimental setup

Fig.2. Barrier discharge device
(DBD device)
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100Ω

80
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Tab.1. Detail of DBD device
NO.
Items
1
Barrier material
2
3
4
5

DBD device 1
White Alumina
(Kyocera A473)
9.0
1.1
100×100
2

Relative permittivity
Barrier thickness (mm)
Barrier size (mm×mm)
Gap length (mm)

DBD device 2
Black Alumina
(Kyocera A440)
9.8
1.1
100×100
2

different material component. Table 1 shows the detail of the DBD devices. The thickness of the
barrier is 2mm. Thin plane electrode is implanted in the barrier (0.9mm from the surface). The
distance between the electrode and the surface of barrier facing to the discharge gap is 1.1mm. The
size of the electrodes is 80×80mm2. The gap length is 2mm. The DBD device was set in a box
(180×240×320 mm3), and air flow was supplied in the discharge gap by a cross flow fan. The applied
voltage V and the current were measured by an oscilloscope using a H.V. probe and a shunt resistor of
100 Ω. An integral of the current (charge q) was measured by measuring the voltage of a series
(integral) capacitor of 44.3 nF.

3. Experimental results
3.1 Experimental results at 60Hz
Fig.3 (a)(b) show the typical oscillogram of the discharges by the two DBD devices. It is clearly seen
that the current of the DBD deice 1 using white alumina barrier is almost continuous and the
magnitude is around 1.5mA. However, it is seen that there are some pulse current. On the other hand,
the current of DBD device 2 using black alumina is pulsatile and the pulse height is around 300mA.By
comparing the two oscillograms, it is understood that the discharge of the two DBD devices are
apparently different.
Fig.4(a) and (b) show the applied voltage and the gap voltage of the two DBD devices. The gap
voltages were calculated by subtracting the barrier voltage from the applied voltage. The barrier
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Fig.4.(a) gap voltage of DBD device 1
Fig.4.(b) gap voltage of DBD device 2
(60Hz)
(60Hz)
voltage was calculated from the voltage of the capacitor inserted in the circuit. As it is seen in Fig.4(a),
the gap voltage of the DBD device 1 is almost constant during discharge period and its voltage is
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about 7.5kV. In the case of DBD device 2, the gap voltage is also almost flat, but there are small drops
soon after the start of discharge. The gap voltage is around 7.5kV, which is almost the same as that of
DBD device 1.
Fig.5 (a) and (b) show the wave forms of the pulse current. As the pulse shapes are not always the
same, these are typical wave forms, which represent the difference between the two DBD devices. In
the case of DBD device 1, the pulse width is wider like 300ns, and the height is 50mA. It is seen that
several pulses are superimposed. As it is seen in Fig.3(a), the pulse current started from the continuous
discharge current. It means that the pulse current is a discharge current and not a displacement current.
Fig.5(b) shows a detail of the pulse current of DBD device 2. The pulse width is around 50ns, which is
shorter than that of DBD device 1 and the height of 1,400mA is higher than that of DBD device 1. It is
also noticed that the pulse current is oscillating. In this way, the pulse current measured in the two
DBD devices are apparently different. We reported a simulation study of discharge current by an
electrical circuit model [5]. The simulation study showed that the oscillating pulse current is not a
discharge current, but a displacement current caused by a sudden drop of gap voltage. We also
reported that the continuous current is a real discharge current and it is an evidence of a homogeneous
discharge. Therefore, the discharge of the DBD device 1 is a homogeneous discharge known as APTD.
Fig.6(a) and (b) show the lissajous figure of the two discharges. The lissajous figure of the DBD
device 1 is an ideal parallelogram, while that of the DBD device 2 is a bit deforming. The discharge
power is 4.59W in the DBD device 1, and that of the DBD device 2 is 5.83W a bit larger than the
DBD device1.
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3.2 Experimental results at 18.2kHz
Fig.7(a) and (b) show the oscillograms of the discharge of DBD device 1 and 2 at 18kHz. As you can
see, the both cases show pulse currents, although the wave forms are apparently different. The big
difference is in their peak current values. In the case of DBD device 1, the pulse height is around
200mA, but that in the DBD device 2 attained to a 400mA level. It is also seen that the pulse current in
DBD device 2 is oscillating, which is similar to the case of 60Hz experiment.
Next, Fig.8(a) and (b) show the gap voltages in both DBD devices. It is interesting to notice that the
gap voltages are flat at the beginning of discharge and in the later period of discharge, they increase a
bit. The gap voltages at the beginning are about 2.5kV in the DBD device 1 and 3kV in the DBD
device 2. However, the gap voltages at the end of discharge increased to 3.3kV and 3.5kV
respectively. As you may notice, these gap voltages are almost the half of those at 60Hz.
Fig 9(a) and (b) show the detail of the pulse current of the two DBD devices. The pulse current in the
DBD device 2 is oscillating with small pulse width and the pulse height is more than 1000mA, but that
in the DBD device 1 is not an oscillating wave and the pulse height is around 200mA. The pulse
duration is around 100ns or more. The pulse current does not show oscillation. Therefore, it is
considered that in the DBD device 1, the discharges in the gap sustained for more than 100ns. On the
other hand, the discharge in the DBD device 2 is the typical micro-discharge characterized by a very
short discharge time of less than 10ns. Because the discharge stops in such a short time, the
displacement current flows in the circuit by a sudden drop of gap voltage.
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Fig10(a) and (b) show the lissajous figures of the two DBD devices. Here, the lissajous figure of the
DBD device 1 is a bit deformed one, but that of the DBD device 2 is a parallelogram. The discharge
powers of the two devices are 43.3 and 44 W, and there were no big difference. What is important in
these experiments are that even we used the white alumina in the DBD device 1, the APTD could not
be generated.

4. Discussion
4.1 Discussion of the discharge current of DBD device 1 at 60Hz
In order to understand the APTD at 60Hz the current was compared with the displacement current.
Fig.11(a) shows a comparison of the discharge current and the displacement current (indicated as
dV/dt) through the DBD device. During the discharge period, the discharge current is about 7 times
larger than the displacement current. Fig.11(b) shows a comparison of the discharge current and the
displacement current through only the capacitance of the barrier. The displacement current coincides
with the discharge current during the discharge period. These results mean that the current flows
continuously through the gap.
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4.2 Conditions of generating APTD
So far, it was known that APTD is generated in gases without containing oxygen and at higher
frequency. As we described in the previous section, the DBD device 1 using white alumina generated
APTD in air and at a frequency of 60Hz. However, different from the previous researches, the APTD
did not generate at a high frequency of 18kHz. Here, we will discuss the reason. As it is seen in
Fig.3(a), the maximum continuous current of DBD device 1 at 60Hz was about 1.5mA. We made a
source voltage(kV)
gap voltage (kV)
barrier voltage(kV)
simulation of a discharge current on an assumption that
device voltage(kV)
discharge current (mA)
the APTD generated at 18kHz. Fig.12 shows the result.
6.0
30.0
It is seen that the DBD device has to carry at least more
4.0
20.0
than 10mA. The reason that the APTD could not be
2.0
10.0
0.0
0.0
generated at 18kHz seems to be this current value,
0.00
0.01 0.02
0.03
0.04
0.05
0.06 0.07
0.08
-2.0
-10.0
because this current has to be sustain by the gamma
-4.0
-20.0
effect. The gamma effect of alumina is larger than the
-6.0
-30.0
other materials, but the material cannot supply such a
time (ms)
high current. The DBD device has an electrode area of
64cm2. Therefore, the maximum current density of Fig.12. Simulation of APTD at 18kHz.
APTD at 60Hz is 23.4 (=1.3mA/64cm2)μA/cm2.
However, in order to generate APTD at 18kHz, the gamma effect has to sustain 156(=10/64) μA/cm2.
When the current density becomes around this level, the gamma effect in the white alumina can no
more sustain the discharge, which leads to the filamentary mode. Since the pulse current had wider
width and the pulse height was smaller than that of the FD mode, the discharge of the DBD device 1
with white alumina is the intermediate discharge between the filamentary and the homogeneous
discharge. On the other hand, the black alumina may have a poor gamma effect than the white alumina.
Therefore, the black alumina can not sustain even the current density of the order of 23μA/cm2, and
the discharge becomes filamentary mode. The black and the white alumina contain some different
components, although the base material is alumina. It seems that the small difference in material
component influenced the discharge mode.

5. Conclusion
Barrier discharge experiments were carried out using two kinds of barrier materials under different
frequency ranges. The DBD device using white alumina generated homogeneous Townsend discharge
at 60Hz, but not at 18kHz. The similar DBD device with different black alumina could not generate
APTD at 60Hz and also at 18kHz. The reason that the APTD could not be generated at 18kHz with the
white alumina seems to be a limit of the current value sustained by gamma effect of the material.
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Negative corona discharge in the Trichel pulse regime, where the corona current consists of
regular pulses of frequency ranging from some 1 kHz to 1 MHz is widely used in applied
electrostatics and high-pressure plasmachemistry. For more than half of century, the scientific and
engineering community has largely accepted a theoretical model of Trichel pulses based on the
Townsend ionization mechanism. In the last two decades, however, experimental evidence is
mounting that the Trichel pulse phenomenon is associated with a positive streamer ionization
mechanism. The experimental evidence for the streamer Trichel pulse mechanism based on the
pulse waveform measurements in O2 + H2 gas mixtures and implications for practical design of
negative corona devices will be discussed.

1. Introduction
When a sufficiently high negative voltage is applied to the point of a point-plane electrode system in
an electronegative gas such as O2 at pressures above of some 25 kPa, after a statistical time lag a
pulsating corona current, the so-called negative corona Trichel pulses (TP), of frequency ranging from
103 to 106 Hz is observed in the external circuit [1]. The pulses are discerned by a peaked current
signal where in several nanoseconds the discharge rises to a current maximum on the order of 1100 mA. An interesting feature of TP (see Fig. 1) observed for cathode curvature radii above say
0.1 mm is a step on the pulse leading edge.
The TP corona discharge finds widespread applications as negative ion source in applied electrostatics
[2-4]. Other practical issues are, for example, elimination of the TP corona discharge formation in high
voltage insulating systems [5] and plasmachemical applications as ozone generation [6, 7] and thin
layer deposition [8]. Since practical significance of the TP corona discharge, it is important that the
phenomenon be well understand theoretically.
The first quantitative model of TP, which is up to the present time sometimes employed in engineering
was develop by Loeb [1] and extended by Alexandrov [9]. According to Loeb the pulse is initiated by
an electron released from the cathode surface by some mechanism such as field emission or positive
ion bombardment, and proceeds by the Townsend ionization in an initial electron avalanche. The
avalanche is produced between the cathode and some position, where the ionization coefficient α is
zero. From the initial electron avalanche further avalanches will result by electron liberation at the
cathode due to photoemission. The TP pulse current rise cannot continue to value higher than some
10-1 A because the electrons rapidly create a negative ion space charge through attachment of the
ionizing zone.
In the past two and half decades the TP mechanism has been under active research and several
computer models have been proposed [10-16]. Nevertheless, despite the abundance of theoretical
models, there is no consensus regarding the discharge mechanism: A quantitative theory of TP, which
is accepted by many workers in the field of corona discharges, was published by Morrow [10, 11].
Recently, however, several mutually inconsistent computer simulation models TP have been published
[12-16], which differ markedly from the Morrow theory. Besides these computer simulations models,
in a series of papers by Černák et al. [17-20] a hypothesis of a positive-streamer like mechanism for
TP was advanced. The hypothesis, when applied to the stepped TP, combines some features of
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Morrow's model with an assumption that a positive-streamer-like ionizing wave plays a decisive role
in the TP formation mechanism.

a)

b)
Fig. 1 a, b). Leading edges of the first TPs in various O2 + H2 gas mixtures using a large cathode
curvature radius of 1.5 mm at a distance of 12 mm from the anode. Other parameters are shown in the
figure.
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As already mentioned, apparently because there is no consensus in the scientific literature on
a detailed TP mechanism and the interpretation of existing computer simulation models appears too
complex for engineers to solve industrial problems from the field of plasma-chemistry and applied
electrostatics. As a result, the present paper is aimed to explain how the application of the positivestreamer like mechanism for TP may lead to better designs of the practical devices. Since the majority
of the recent computer simulation studies were made in oxygen, some results of the effect of electron
detachment on the TP waveforms in O2 will be used to illustrate basic properties of TPs important for
understanding of their mechanism.

2. Experimental and discussion
The first TP waveforms were measured in various O2 + H2 gas mixtures for a wide range of gas
pressures and cathode curvature radii. The experimental apparatus and procedure were the same as
described in [19]. Based on the results by Price et al. [21] it was expected that the relatively small
admixtures of H2 gas used do not change the value of the Townsend coefficient α, however, will result
in a significant reduction of the electron attachment coefficient by the process:
O- + H2 → H2O + e
Thus, if sufficient hydrogen is added into the oxygen, the associative detachment reaction will remove
the O- ions before they can be converted into nondetaching species by other reactions.
The results obtained for sharp cathodes with the diameter less than some 0.25 mm no step on the
leading edge was observed, and the H2 gas admixtures for the content of H2 less than 5% have no
effect on the pulse leading edge shape and the pulse magnitude. These results are not reported here for
brevity.
Using the blunt cathodes the characteristic step on the pulse leading edge was observed, as
exemplified by Fig.1. An interesting observation apparent from Fig. 1 is that in striking agreement
with the theory by Černák et al. [17-20] the reduction in the attachment coefficient has significant
effect on the current rise to the step on the pulse leading edge corresponding to the Townsend
ionization, while no effect on the subsequent current rise to the pulse magnitude, which corresponds to
the streamer ionization mechanism was observed.
We believe that this conclusion and the results obtained can serve as a necessary guide for further
study by experiment or computer simulation.

3. Practical implications
As already mentioned in the Introduction, in applications of negative corona discharges as an ion
source or ozone generator the designers have normally employed the model given by Loeb. As already
discussed, the basic assumption of the Loeb model is that the majority of electrons is attached in the
time scales of the pulse rise just outside the ionization region, inside the zone that extends only a few
mm from the cathode. As a consequence, according to the Loeb theory, no free electrons can penetrate
outside this narrow region. This is why it is believed that the rest of the interelectrode space is filled
solely with negative ions.
Electrostatic precipitators and devices for electrostatic deposition of powders are the most prevalent
applications of negative corona as an ion source for charging of dust and powder particles. In these
applications the ozone generation is an undesired phenomenon. Traditionally, and in line with the
Loeb theory, the charging in the interelectrode space is assumed to be solely due to negative ions, and
the dissociation of oxygen molecules is assumed to occur only in the immediate vicinity of the
cathode. However, such assumptions can be misleading since in air at atmospheric pressure it has been
found [22] that a significant fraction of current can be carried by electrons and that the electrons can
play a significant role in the particle charging and oxygen molecules dissociation several cm away
from the cathode.
A method for electrets preparation is the charging of nonpolar polymer foils by negative corona
discharges. It has been found in ambient air at atmospheric pressure and a cathode to polymer surface
spacing of 10 – 13 mm that vibrationally excited molecules act as energy carriers to the polymer
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surface and are effective injectors of negative charges [23]. Considering the short lifetimes of
vibrationally excited molecules in atmospheric air [23], we hypothesize that these must be generated in
collisions with free electrons present near the polymer surface. This is again in apparent contrast to the
Loeb theory.
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The electron impact excitation of the second positive system of N2 (2nd PS N2) have been studied
in a new crossed electron/molecular beams apparatus. The excited states C 3Πu(v′) (v′=0..4) were
excited using electron beam with high energy resolution. The electron induced optical spectra in
UV/VIS range (290 – 440 nm), the excitation thresholds of particular vibrational states C 3Πu(v′),
the emission cross sections of the 2nd PS and the excitation cross sections of the C 3Πu(v′) states
were measured with high resolution and sensitivity.

1. Introduction
Optical emission spectroscopy (OES) is an important toll to study the properties of the atmospheric
pressure plasmas, or discharges. In the case of air the nitrogen molecule plays an important role in
OES. The OES yields important information about the plasma and electric discharges, e.g., energy of
the electrons, vibrational and rotational temperatures of the gas etc. The second positive system
C 3Πu(v′) → B3Πg(v′′) belongs to the most intensive bands in the emission spectrum of the nitrogen, or
air. Due to this property the electron impact excitation of the N2 state C 3Πu(v′) draws much attention.
The upper excited state C 3Πu is mainly populated directly by the inelastic scattering of the electrons
and in a less extent by the cascading transitions from higher excited states [1].
The process of excitation of the molecules by electron impact and subsequent detection of the photons
is often called “electron induced fluorescence” (EIF). The quantity, which describes the efficiency of
the EIF process, is called emission cross section. The emission cross sections describes a complex
process which consists of the excitation of the molecule into a particular excited state C 3Πu and
subsequent deexcitation of this state by the photon emission:
e(ε1) + N2(X1Σg+) → C 3Πu(v′) + e(ε2)
C 3Πu(v′) →B3Πg(v′′) + hν
(1)
The emission cross section σ ν′′ em is directly measured in the present experiment. On other hand, the
excitation cross sections σν describes only the first part of the process described by the the emission
cross section, the excitation of particular vibrational states of the C 3Πu . The excitation cross section
can be obtained from the measured emission cross sections σvem using following relation:
σν′ = σ ν′′ em A ν′, ν′′ τ ν′
(2)
where A ν′, ν′′ is the transition probability and τ ν′ is the mean lifetime of level ν′. Excitation cross
sections can be measure also by inelastic electron scattering techniques.
The emission cross sections, for the various vibrational bands of the second positive system have been
already measured by researchers in several laboratories [1,2,3,4].Up to now there exists only one work,
where this excitation has been studied using well defined, high resolution electron beam [2]. In spite of
these studies there still exists interest in new data, achieved with high resolution in the electron energy.
High resolution experiments may yield more precise values of the threshold energies and also show
new phenomena in the excitation cross sections such as resonances. Therefore an accurate knowledge
of the excitation cross sections of the C 3Πu(v′) state is the primary interest for the understanding of
several important phenomena in nitrogen.
The emission cross sections for 2nd PS in N2 have been measured by the detection of the photons from
the second positive system in the 290-440 nm spectral range. Excitation functions of several optical
lines have been measured and normalized to obtain absolute values of the emission cross sections. The
present measurements have been carried out with high electron energy resolution and more accurate
electron energy calibration than any previous studies. This has allowed to detect two thresholds in
several emission cross sections. Using calibration method (2) we have transformed the emission cross
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sections into excitation cross sections. Excitations cross sections for the vibrational states (v'=0,1, 2,3
and 4) of C 3Πu(v′) have been determined in present experiment.

2. Experimental setup

We have used a new crossed electron – molecular beams apparatus - EIFA to study the EIF in N2 . The
apparatus is shown schematically in the Figure 1. It consists of i) electron monochromator producing a
collimated beam of electrons, ii) the collision chamber is filled with a target gas, iii) the detection
system detecting spectrally analysed photons.

Fig. 1. Experimental setup.
The incident beam with an energy spread of approximately 150 meV and a typical electron current of
90 nA is produced by the trochoidal electron monochromator (TEM). The photons emitted from the
collision region are collected by a MgF2 lens and transmitted via quartz vacuum window outside of the
vacuum chamber and refocused by second MgF2 lens onto the entrance slit of an 0.25 m optical
monochromator. The photons are detected at its exit slit by the Hamamatsu H8259 photomultiplier.
The photomultiplier works in the photon counting regime and is cooled to -20°C in order to reduce the
noise. The magnetic field (5x10-3 T) is produced by a pair of coils which allow for accurate alignment
of the direction of the field with respect to the electron spectrometer symmetry axis. The
measurements were carried out for pressure range of 1.10-4 mbar in the collision region which gave
linear dependence between detected photons intensity and target pressure. It was also ensured that the
detected photon intensity increased linearly with the electron beam current.

3. Results and discussion
The fluorescence spectrum of the 2nd PS N2 induced by the electrons with kinetic energy of 14.2 eV is
shown in the Figure 2. The (ν′,ν′′) transitions of the second positive system have been identified and
are indicated in the spectrum. The intensities of the observed transitions enable to estimate the
emission cross sections for (ν′,ν′′) transitions of 2nd PS as function of the kinetic energy of the
electrons. The emission cross sections for selected C 3Πu(v′) to B 3Πg(v′′) transitions are presented in
the figures 3a and 3b.
The high energy resolution of the electron beam has been used to estimate the thresholds of the
excitation cross sections for particular emission bands of 2nd PS of N2. The excitation by electron
impact is an endothermic process, thus there exist thresholds for these reactions. We have analysed the
thresholds (Table 1.) in the electron energy range up to 14 eV. In this energy range we have seen two
thresholds in each emission cross sections. We have used fitting procedures described in [5] to obtain
the values of the threshold. The nature of the first threshold is not satisfactory explained. The second
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threshold, where more intense emission starts, is assigned to the direct excitation of the C3Πu state by
the electron [4]. Shemansky et al. [4] suggested that the emission below the second threshold has
origin in the core excited and Feshbach resonances of N2- (E 1Σg+). These resonances have been
measured by Maeau et al [6] and Kurzweg et al [7].

Fig. 2. The fluorescence spectrum of nitrogen 2nd positive system induced by electrons with kinetic
energy of 14.2 eV.
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Fig. 3a and 3b. The emission cross sections for selected transitions of the 2nd PS of N2.
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Tab. 1. The threshold energies of emission cross sections for (v′, v′′) transitions in 2nd PS N2
v′, v′′
1st threshold (eV) 2nd threshold (eV)
0.0
10.60±0.12
11.74±0.1
0,1
10.60±0.1
12,20±0.1
0,2
10.66±0.1
12.20±0.1
0,3
10.72±0.1
11.98±0.1
1,1
11.28±0.1
13.10±0.1
1,2
10.90±0.1
12.49±0.1
2,2
11.27±0.1
13.11±0.1
3,2
11.03±0.1
12.99±0.2
3,3
11.18±0.1
13.10±0.2
The data in the Table 1 indicate that there exist differences in the threshold energies of particular
vibrational states of C 3Πu. This is in contrast to former work by Fons [3], who stated that there is no
difference in threshold for these states. However, his experiment suffered of weak resolution in the
electron energy.
The excitation cross section of the strongest emission band of the 2nd PS C 3Πu(v′=0) to B 3Πg(v′′=0)
(337 nm) is presented in the Figure 4. The excitation cross section has been measured in the energy
region from threshold to 80 eV and it has been normalised to the absolute emission cross section at its
maximum at 14.1 eV. The electron energy range and the absolute value of the cross section have been
calibrated to cross section measured by Zubek [2]. Excitation cross sections of additional transition
lines of the 2nd PS of the N2 have been measured.

Fig. 4. Excitation cross section of the C 3Πu(v′=0,1,2,3,4) N2 and its comparison with the data of Zubek
[2].

4. Conclusions

We have studied the process of EIF in N2 for 2nd PS. We have measured high resolution emission
spectra, emission cross sections and determined excitation cross sections for the excited states C 3Πu
(v′=0..4) of N2. We have determined the threshold energies in emission cross sections for particular
bands of the 2nd PS of N2.

106

Acknowledgments. This work was supported the Slovak Research and Development Agency, project
Nr. APVV-0365-07 and LPP-0143-06. In addition this work was supported by Association
EURATOM-CU. The content of the publication is the sole responsibility of its publishers and it does
not necessarily represent the views of the EU Commission or its services.

5. References
[1] M. Shaw and J. Campos, J. Quont. Speetrosc. Radiat. Transfer 30 (1983) 73
[2] M. Zubek, J. Phys. B: At, Mol. Opt. Phys., 27 (1994) 573
[3] J.T. Fons, Phys. Rev. A, 53 (1996) 2239
[4] D.E. Shemansky, J.M. Ajello, I. Kanik, Astrophys. J., 452(1995) 472
[5] M. Stano, S. Matejcik, J.D. Skalny and T. D. Märk, J. Phys. B: At. Mol. Opt. Phys. , 36 (2003) 261

107

DISCHARGE PROPERTY OF POROUS CERAMIC
ELECTRODE
Yusuke Kano1, Yoshiyasu Ehara1
1

Tokyo City University
1-28-1, Tamazutsumi, Setagaya-ku, Tokyo, 158-8557, Japan
E-mail: ekidenotoko3324koushien1984@yahoo.co.jp
Dielectric-barrier discharge [DBD] is used for generation of ozone. On the other hand, it can apply
for decomposition of volatile organic compound [VOCs]. However, when the discharge
atmospheric area is kept humid, generating discharge is difficult. However, it is known that when
porous ceramic is used for dielectric, discharge is generated higher under humid condition than dry
one. In this experiment, TiO2 is chosen as porous ceramic dielectrode. It is formed to plate and
discharge property is measured. Discharge occurred between TiO2 plates. Discharge current
increased proportional to applied voltage and relative humidity.

1. Introduction
Discharge on atmospheric pressure has been applied for decomposition of VOCs. Recently, DBD is
one of famous example. Reactor has one electrode or both of electrodes attached on dielectrics. A lot
of discharge pulses are generated between the dielectrics by applied AC high voltage. However it has
difficulty in generating stable discharge under humid atmosphere. When porous ceramics is used as
dielectrics, similar discharge can be sustained under DC and AC power supply. In this case, discharge
is similar to corona discharge. In general, porous ceramic [for example, zeolite honeycomb] is applied
for exhaust gas treatment expected effect of additive metallic catalyst. However, it can also apply for
discharge decomposition of VOCs. In this discharge, pulse frequency and current increase in
proportion to humidity of discharge atmosphere. The phenomenon is thought that water molecule is
absorbed on the surface of ceramics, therefore dielectric constant is increased. In this research, ceramic
material was focused, the effect of material on the discharge condition has been experimentally
investigated.

2. The experimental set-up
2.1 Dielectric sample
Dielectric sample is made from powdered TiO2 (15 g ). Water is added 20 ml. Glass-wool is added as
anchor materials. After appropriate mixture, TiO2 is poured into metallic mold ( 50 ×50×5 m3 ) and
pressed. Mold is put into vacuum desiccator; water vapours from internal TiO2 material, and the
vacuum condition is applied one day with rotary pump. After one day’s vacuum, TiO2 material is
sintered at 600℃, 30 minutes in the electric furnace.
2.2 Discharge measurement and system
Configuration of discharge generator is shown in Fig.1. Form of discharge generator is similar to
VOCs decomposition reactor which uses porous ceramic honeycomb [1]. Stainless mesh is used for
metallic electrode. TiO2 sample plates are set in parallel attached to each stainless mesh and
reduplicated three plates. Air gap which can change length arbitrarily is set up between TiO2 plates.
Experimental system is shown in fig.2. Discharge generator is set in the thermostat and humidistat
bath which can control temperature and humidity. DC high voltage is applied to discharge generator.
Applied voltage and discharge current is measured by oscilloscope. Measurement time length is 20
msec which correspond to period of Japanese industrial frequency. One data under one condition is
determined by average of 10 times’ measurement. Numbers of pulse, average pulse current, maximum
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Fig.1. Configuration of discharge generator

Fig.2. Discharge experimental System

pulse current, total pulse current (in 20msec) and DC current are analyzed from the detected current
waveform. By these result mentioned above, discharge property is determined. Experimental condition
is as follows. Temperature is set at 25℃ and air gap is set to 1.0 mm. Applied voltage is every 1 kV
from DC 2 kV to 6 kV. Humidity condition is changed every RH10% from 30% to 60%.

3. The experimental results and discussion
3.1 Discharge generation
When DC high voltage was applied, discharge was generated between plates under every condition of
relative humidity. Fig.3-(a) is normal waveform at RH 60%, 4kV and Fig.3-(b) is normal waveform at
RH 60%, 7kV. The numbers of pulses increase with increasing the applied voltage and the humidity.
Fig.4 shows photographs of discharge luminescence.
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3.2 Applied voltage property
Discharge current as a function of applied voltage is shown in Fig.5. From 4 to 5 kV, discharge started
more or less. Pulse frequency in 20 msec is proportional to applied voltage (a). Since humidity
increased, frequency became higher dominantly. Maximum current show similar property with
frequency (b). Total pulse current and base current indicate same property (c),(d).
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Fig.5. Discharge current property as a function of applied voltage
It is thought that when the humidity of discharge atmosphere becomes high, dielectric constant of
discharge generated area and TiO2 surface increases because of absorbing water molecule. Relative
permittivity of TiO2 itself ε is 83～183, it is higher than that of water(≒80). When the water
molecule attaches to wall (plates), dielectric constant of material became high totally. Therefore,
electric field between plates gets strong and value of ‘applied voltage’ when discharge starts comes
down.
3.3 Humidity property
Discharge current as a function of humidity is shown in Fig.6. All discharge properties are
proportional to humidity. When this discharge generator is applied for decomposition reactor of VOCs,
it can accommodate to humid condition which traditional DBD reactor had difficulty in generating
stable discharge. In addition, it has possibility of taking advantage of decomposing molecules which
have structure of strong binding energy (for example, benzene ring, double bond). Because discharge
generates a lot of water-derived OH radical [2]. Most of VOCs have structure of benzene ring.
Therefore, the property which is proportional to humidity is useful for VOCs’ decomposition reactor.
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4. Conclusion
(1) When sintered TiO2 is applied for dielectric material, discharge is generated in air gap between
TiO2 plates.
(2) Discharge properties are proportional to applied voltage and humidity of atmosphere of discharge
area. It indicates possibility of TiO2 plate of application for decomposing VOCs.
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The DC breakdown in Air, O2 and N2 has been studied in discharge system consisting of two
parallel planar Cu electrodes at separations from 20 to 200 μm and in the pressure range between 6
mbar – 920 mbar. The results are presented in the form of breakdown voltage curves – Paschen
curves. The analysis of the experimental data has been carried out in terms of semi empirical
Paschen law. The effective secondary emission coefficient γ as a function of the reduced electric
field has been estimated from the experimental data.

1. Introduction
In the last decade the microdischarges have attracted much attention as sources of stable and reliable
non-equilibrium high pressure plasma [1-5]. One of the most common methods for generation of
microdischarges represents the discharge tube with planar electrodes scaled down to the electrode gaps
in the micrometer range [6]. Paschen law, which describes the dependence of the breakdown voltage
as function of p.d, where p is the pressure and d is the electrode distance, represents an important
scaling law. The validity of the Paschen Law was confirmed for variety of DC discharge conditions
(pressures, distances, electrode materials) [7, 8]. However, already in fifties of the 20 century, the
departures from the Paschen law have been observed at small electrode gaps [9, 10].

Fig. 1. Experimental setup.

2. Experiment
We have built a system to measure the DC breakdown at micrometer separations between planar
metallic electrodes. The separation of the electrodes can be modified under vacuum conditions. The
schematic view of the apparatus is shown in the Figure 1. The discharge system is located in the high
vacuum chamber. The vacuum is generated by the turbo-molecular pump (Pfeiffer Vacuum TMU
071P) and the background pressure of 2x10-5 mbar has been achieved. The low pressures were
measured by the ionisation gauge (Pfeiffer Vacuum, PKR 261) and the high pressures were measured
by the capacitance gauge (Pfeiffer Vacuum, PCR 260 and MKS 626A 100Torr Barratron). The gases
used in the experiment were O2, N2 (Linde, 5.0 purity) dry ambient air (X13 zeolites) and ambient air
(50% humidity at 20°C).
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synthetic air.
The discharge system for generation of the microdischarges consists of two planar copper electrodes
with diameter of 5 mm. The electrodes were mechanically polished and chemically cleaned in
ultrasonic bath. One of the electrodes was fixed and the other was movable continuously with
micrometer scale linear feed-through. Both electrodes were equipped with dielectric cap (immune to
vacuum, dielectric breakdown strength =13,8 kV/mm) to prevent the ignition of the discharge at
longer path at low pressures. One of the electrodes was earthed; to the second electrode we have
applied DC voltage (ISEG HPp 20 407). The 0 μm separation of the electrodes was established by
checking the electrical contact between the electrodes and then the movable electrode was pulled away
by the means of the micrometer screw. The gap between the electrodes was set to the required distance.
Maximum current was set to 1,6 mA.
The DC breakdown voltage was determined from the time dependence of the potential difference
across the discharge tube, which has been measured using a digital oscilloscope. We have applied very
slowly increasing potential to one of the electrodes (ramp speed 0,05 V/s). The potential across the
discharge tube was increasing until the point of breakdown was reached. Due to discharge breakdown
the potential across the discharge tube decreased rapidly. The breakdown voltage was determined from
the maximum potential achieved across the discharge gap. Using this method we were able to measure
the breakdown voltage with high reproducibility.

3. Results and discussion
The DC breakdown voltage was measured for several discharge gaps from 20, to 200 μm as a function
of p.d (Paschen curves). The pressure was varied in the range from 6 mbar up to 920 mbar. The
Paschen curves have been measured for pure Oxygen (5.0) synthetic Air (78% N2 and 22% O2 both
gases in 5.0 purity), dry ambient air, ambient air and N2 (5.0).
In the Figure 2a we see the Paschen curves for pure oxygen measured at several discharge gaps. The
left site of the Paschen curve is identical for all discharge gaps, however, the left site depends strongly
on the electrode separation. For given value of p.d the DC breakdown voltage is decreasing with
decreasing electrode separation. We attribute this behaviour to field emission and ion enhanced field
emission of the electrons from the cathode and to the low pressure. Under these conditions the
electrons from cathode are able efficiently ionise the gas and develop discharge. On the right site of
the Paschen curve in O2 is characteristic bump is present which was also observed earlier by Meek [7].
This structure in the Paschen curve could be associated with non-dissociative (three body) electron
attachment to O2 which is more efficient at high pressure and low reduced electric fields. With
increasing reduced electric field the probability of the non-dissociative electron attachment is less
efficient the mean free path of the electrons and the kinetic energy of the electrons is increasing which
results in the decrease of the breakdown voltage.
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The Paschen curves for synthetic air are presented in the Figure 2b. For large electrode gaps of
100, 150 and 200 μm the experimental Paschen curves are very similar in the shape and values. This
indicates that at these electrode separations the Paschen law is valid and the breakdown voltage
depends only on the p.d. The Paschen curves for electrode separations 20 and 40 μm show different
behaviour.
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Fig. 3. Comparison of the experimental Paschen curves for DC breakdown at one electrode separation
a) in air, the data in [7] where measured at different electrode gap and different electrode material b) in
N2, O2 and synthetic air
Usually the departures from Paschen law appear on the left site of the Paschen curve and are related to
the field emission and to ion assisted field emission of the electrons from the cathode surface.
However, in this case we observe deviation also on the right site. This effect could be explained by
new surface processes appearing at the cathode in this case initiated by photons. In the Figure 4 a) we
see that the effective secondary electron emission coefficient at low values of the reduced electric field
shows higher values for short electrode gasps. This could support the hypothesis on the role of photons.
In the Figure 3 a) we see the comparison of the Paschen curves measured at electrode separation of
100 μm in ambient air, dry air and synthetic air. The Paschen curves for synthetic and dry air are
practically identical in whole range of the p.d values. The Paschen curve for ambient air shows some
difference to the previous two on the left site of the curve. This difference is resulting from the
humidity of the ambient air (approximately 50% at 20° C).
We have tried to analyse the experimental data in the terms of the semiempirical Paschen law (1):

U ( A, B , γ , pd ) =

B( pd )
A
ln
+ ln( pd )
ln( 1 / γ + 1 )

(1)

where k represents the semi empirical factor equal to k = 1 for molecular gases and k =2 for rare
gases [11, 12]. The A and B are the coefficients which are associated with ionization coefficient α,
which has for the molecular ´gases form [8]:
(2)
α = A. p0 exp(− B( p / E ))
The Townsend’s coefficients α and γ are related each to other via formula [13]:
1+1/γ=exp(αd),
(3a)
which can be rewritten in the form:
γ=1/(exp(αd)-1)
(3b)
We have used the experimental Paschen curves to obtain the effective secondary electron emission
coefficient γ [13,14]. Using the formulae (2) and (3) we are able to derive the dependence of the
coefficient γ on the breakdown voltage U and hence on reduced electric field E/p.

γ=

1
exp A. pd . exp − B

(

(

pd
U

)) − 1

(4)

114

For the calculations of γ we have applied the values of A and B coefficients given by Reiser [8]. From
these calculations we were able to obtain the values of the γ as a function of the reduced electric field
E/p. The results of the calculations for particular gas and electrode separations are displayed in the
Figure 4.
The results show that the γ depends on the reduced electric field E/p and also depends on the electrode
separation. For large electrode separations 100 and 500 μm the γ show similar dependence on E/p in
whole range of the E/p (from 40 up to ~2000 V.cm-1.Torr-1). At narrow electrode gaps (20 and 40 μm)
γ is in very good agreement with those obtained at large separation in the E/p range up to
~300Vcm-1Torr-1. For small electrode separations the γ increases strongly with E/p and the increase is
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Fig. 4. The second Townsend coefficient γ as determined from the experimental Paschen curves for a)
synthetic air at different electrode separations b) in O2, N2 and synthetic air at electrode separation of
100μm.
more pronounce at 20μm than at 40 μm. We associate this behaviour with increasing role of the field
emission, or ion enhanced field emission from the cathode under these conditions.

4. Conclusions
We have measured DC breakdown curves for ambient, dry and synthetic air, oxygen and nitrogen at
micrometer separation of Cu electrodes. The experiment confirmed the validity of the Paschen law for
electrode separation greater than 100 μm. For smaller electrode separation departure from Paschen law
were observed in the left site of the Paschen curve mainly due to field emission and ion enhanced field
emission from the cathode. In the case of air for electrode separations below 100 μm departure from
the Paschen law occurs also on the right site of the Paschen curve.
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Electron attachment rate constant to oxygen was measured in nitrogen buffer gas at ambient
pressure using Ion Mobility Spectrometry (IMS) technique. The range of the values of the reduced
electric field E/n varied from 0.5 to 2 Td and the content of O2 in N2/O2 mixture was 0.1% to
1.6%. The rate constants for electron attachment were obtained using three different methods.

1. Introduction
The electron and ion processes in air attract attention of the scientist not only due to their importance
for the environment, but also due to increasing importance of the atmospheric pressure discharges in
various fields of application [1]. In the case of the electron attachment reactions in air an important
role has molecular oxygen as the electronegative component of the air. At low pressure and
intermediate electron energies, the dissociative electron attachment to O2 is the dominant reaction.

e + O2 → O2-# → O- + O

(1)

This reaction has been studied in crossed beams experiment [2, 3, 4]. At elevates pressures and low
electron energies, different attachment reaction is operative, the non-dissociative (three body) electron
attachment.
e + O2 → O2-# + M → O2- + M
(2)
-#
where O2 is the transient negative ion and M is the third particle (O2, N2,...). The third body stabilises
the transient negative ion by the quenching of the excess energy. Most experiments devoted to the
estimation of the kinetic data for reaction (2) have been carried out in drift tubes at lower pressures
(~10 mbar) and the values of the rate constant were extrapolated toward high pressure [5, 6, 7, 8]. One
exception is the experiment of McCorkle [9] which has been carried out in large range of pressures
starting at 300 Torr up to 104 Torr. The three body electron attachment depends not only on the energy
of the electrons, the density of the gas, the temperature of the gas, but also on the nature of the buffer
gas (third body), which determines the electron energy distribution function and also has the
stabilising effect on the molecular ion. Chanin et al. [5] refers that three body electron attachment to
O2 is the most efficient in O2 and that the efficiency is decreasing in N2 and even more in He. This
paper presents three different methods based on the IMS technique, to measure the kinetics of the
three body electron attachment reactions at atmospheric pressure.

2. Experiment
The work was performed using a home made ion mobility spectrometer. Detailed description of the
instrument is given in [10]. The electrons are generated in discharge in a point-to-plate geometry
(negative potential applied to point electrode) fed by pure nitrogen. In non-electronegative gases as N2
the discharge current is conducted by electrons. The discharge current is measured on the tip electrode
and it was found to be independent on oxygen concentration inside the drift tube. Most of electrons
from discharge are collected on a mesh forming the plane electrode and only a fraction of them drift
through the instrument. After passing an aperture with 6 mm diameter the electrons are released to
drift tube in short pulses controlled by a shutter grid. The current of charged particles (electrons and
negative ions) is measured on a collector with placed on the end of drift tube. it is amplified and
recorded by an oscilloscope. The length of the drift tube is L=11.1 cm and it is fed by nitrogen buffer
gas with small admixtures of O2. Purity of both nitrogen and oxygen gas was 99.999%. The gas
mixture is prepared using MKS® mass flow controllers.
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Fig. 1. The experimental setup.
The speed of a three body electron attachment reaction can be expressed as:

d[M
dt

−

]

=−

d [e ]
=k [ M ] [ e ] [ X ]
dt

(3)

where [e], [M] and [X] are number densities of electrons, electron attaching gas (O 2) and neutral
molecules (N2 and O2). [M-] is the number density of negative ions formed in the reaction and k is the
reaction rate constant. Due to the electron attachment reaction the amount of the electrons in the drift
tube is decreasing with increasing distance from the shutter grid d according to following formula:



[ e ]d =[ e ]0 exp −

k [ M ][ X ] d
we



(4)

where we is electron drift velocity and [e]0 is number density of the electrons just at shutter grid.

Fig. 2: Concentration of electrons in the drift tube.
The amount of produced negative ions is proportional to the amount of the electrons passing the given
location
−

[M ] d =kτ [ M ][ X ][e ]d

(5)

where τ is the shutter opening time. Electron and ion current measured on collector is given by

I e =qe [ e ] w e S

and

I i =qe [ M

−

] vi S

(6)

where qe is the elementary charge, vi ion drift velocity and S cross section of electron and ion beam.
Given equations do not account spreading of the electron and ion beam due to diffusion and space
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charge effects. Typical oscillographic record of the electron and ion current on collector is shown in
the figure 3.

Fig. 3. Oscillographic record of electron and ion current on collector. At t = 0 shutter grid is open for
500 μs.
The first peak at very short drift time originates from the electrons. The next part with increasing
exponential shape represents the ions formed inside the drift tube due to the electron attachment
reaction. The ions formed close to collector arrive first and the ions formed just behind the shutter grid
arrive as last. Finally, we see the ion peaks, which consists of ions formed before the shutter grid and
which have passed the whole drift tube with fixed drift velocity vi. In the figure shown we see several
peaks which we associate with different types of the ions. This oscillographic record gives us
possibility to determine the electron attachment rate constant k using several methods.

3. Evaluation methods
a)
Electron attachment rate constant is calculated from the electron current measured at collector IeL and
the current of ions formed just before the collector IiL. Combinig equations (5) and (6) we can
calculate k as :

k=

I iL we
I eL

1
vi [ M ] [ X ] τ

(7)

Ion drift velocity vi was determined from ion drift time td over drift tube vi=L/td and the values of we
were taken from [11].
b)
The second method for determination of k was previously published by Tabrizchi et al. [12]. The ions
formed along the drift tube drift to the collector with velocity vi. At time t measured from opening of
the shutter grid the collector registers ions initially formed at distance:

d=L−v i t

(8)

from the shutter grid. The concentration profile of negative ions formed along the drift tube is
therefore mirrored in the oscilloscopic record of the ion current on collector. Using the equations (4),
(5) and (8) the shape of ion current waveform is obtained:



I i ∝ exp k [ M ] [ X ]

vi
we

t



(9)

The attachment reaction rate constant is calculated from the fit of an exponential function to the
relevant part of recorded ion current waveform.
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c)
The electron attachment rate constant is calculated using the Lambert-Beer law for electron
transmittance through the drift tube containing electron attaching gas at various concentrations. If I0 is
electron current transmitted when drift tube is filled with pure N2 and I[M] when number density of
electron attaching gas is [M] the rate constant of electron attachment reaction can be expressed as

k=

we
L [ M ][ X ]

ln

I0
I [M ]

(10)

The electrons were released into drift tube in pulses so that electron and ion current on collector could
be distinguished. Unlike in previous two methods where k could be determined from a single
measurement, at least two measurements at different concentration of electronegative gas are
necessary.

4. Results
The rate constants for electron attachment to oxygen obtained using the three methods described
above are shown in the figures 4 and 5. The rate constant can be evaluated only if some electrons
survive the drift and reach the collector. This limits the maximal O2 concentration to 0.2% at 0.5 Td,
1.4% at 1 Td and 1.6% at 2 Td. The results obtained using different methods at the same conditions
differ by up to factor of 4. The highest differences are at very low concentration of O 2 while
agreement becomes better with increasing concentration of O2. Most of present values are higher than
previously reported values [5, 9] at given E/n or at corresponding mean electron energy, see the Table
1. In agreement with previous studies the average rate constant is decreasing with increasing E/n in the
studied range.
Differences in values obtained by different methods indicate their relatively low accuracy. The results
of all three methods can therefore be considered as approximate values only. The inaccuracies may
result from several effects depending on the method used. If electron current is higher than ion current
by several orders of magnitude, the ion current waveform may be deformed by the tail of electron
peak. The use of methods a) and b) is limited in such situation. The problem can be suppressed by
choosing a lower amplification and a higher bandwidth of the amplifier. However, the amplification
must be still sufficient to measure the ion current. The inaccuracies may also arise from diffusion and
coulomb repulsion of the electron and ion beam. Although these effects don't influence the results of
the method a) their role in the method c) based on the Lambert-Beer law needs further investigation.

Fig. 4. Rate constants for electron attachment to O2 at 0.5 Td (left) and 1 Td (right) obtained using
methods a) b) and c).
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Fig. 5. Rate constants for electron attachment to O2 at 2 Td obtained using different methods.
Tab. 1. Rate constants of electron attachment for O2 in N2 buffer gas.
k, cm6s-1
k, cm6s-1
k, cm6s-1
<e>, eV
E/n, Td
Method a) Method b) Method c)
[11, 13]
-31
-32
-31
0,5
3.010
6.3x10
2.0xE
0,19
1
1.2x10-31
1.3x10-31
9.5xE-32
0,36
2
5.8x10-32
2.1x10-31
3.8xE-32
0,6

k, cm6s-1
[5]
9,7x10-32
4,6x10-32
2,0x10-32

k, cm6s-1
[9]
~5x10-32
3,2x10-32
---
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We have applied the methods of Molecular Dynamics (MD) to calculate the reduced ion mobility
of the NO3- ion in N2 gas. The NO3- is an important atmospheric negative ion and thus there exist a
deep interest in the transport properties of this ion. The calculations have been performed using
the MD computational code DL_POLY 3.09. The molecular bonds and the intermolecular
interactions were described by the forcefield with the parametrization developed in our group.

1. Introduction
The Ion Mobility Spectrometry (IMS) is an ion separation method based on the fact that different ions
have different drift velocities as they drift in a drift gas in a weak homogeneous electric field. IMS has
many advantages, e.g., small size, fast response, high sensitivity and that IMS can operate at
atmospheric pressure. One of the difficulties in the IMS is the identification of the ions, as there exists
only small and very limited number of data linking ion mobilities to the mass of the ion.
One of the possibilities to link ion mobilities to the mass of the ions is to calculate the ion mobilities
using the Molecular Dynamics methods. The molecular dynamic methods are based on the classical
newton mechanics of the studied system. The differential equations of the motion are solved by
numerical integration. The number of particles (atoms, molecules, ions) in the model system are
limited only by performance of the computer. The known trajectories of the ions can be used to
calculate the diffusion coefficient for selected ion. The mobility of the ion in the buffer gas is obtained
using the Einstein equation for diffusion coefficient.
The Ion mobility spectrometer at Department of Experimental Physics, Comenius University is used to
analyse the ions produced in the corona discharge at atmospheric pressure. One of the last studied
systems was the formation of the ions in the negative corona discharge in the O2/N2 mixtures in the
nitrogen drift gas. In this experiment the NO3- is the most stable negative ion [1].

2. Numerical Model
The present numerical model consisted from 70 of the studied ion and 7000 molecules of the buffer
gas. The edge of the simulated cell was 6.61x10-8 m long. We have used the cubic periodic
boundaries. The size of the simulated cell was chosen to obtain atmospheric pressure at the
temperature 300 K with respect to ideal gas law. We were not able to establish exactly the normal
conditions because we have used NVE ensemble to preserve system energy and volume. NVE
ensemble can't set up exact temperature and pressure, only maintain total system energy. The exact
temperature and pressure depend on initial velocities and positions of the molecules, which were
defined randomly. Calculations were performed in program DL POLY 3.09 [2]. The evolution of the
system was lasted for time period 20 ns.
Previous calculation has shown, that the general forcefield parametrization (e.g. UFF [3]) is yields not
accurate results. We have decided therefore to create our own forcefield parametrization for NO3- - N2
potential based on the quantum chemical calculations. We have performed B3LYP density functional
method with basis 6-311+G(3d). We have calculated the energy dependence on the distance from 42
different directions equally spread. We have acquired these directions from tessellation of the sphere.
One point of the shell was calculated by the minimization of the contributions to the energy caused by
the rotational freedom of the N2 molecule. The values of the one shell were averaged by equation:
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E r =

∑


Ee

E0 −E i
kT

i

i

∑


e

E 0 − Ei
kT


(1)



i

Where E0 is the minimal energy of the shell, Ei is the energy from the i-th direction, T is the
thermodynamic temperature 300K and k is the Boltzmann constant.
The calculated dependence of the interaction energy on the distance of the molecules has served as a
input data for parameters fitting. To describe the interaction we have chosen Morse potential in form
(2)[4,5].
Er = E 0 {[ 1−e −k r− r ] − 1 }
0

2

(2)

where E0 is the energy of the minimum, r0 is the equilibrium distance and k is parameter describing the
“slope” of the potential. This potential has been the most accurate representation of the calculated
data. The fitted parameters are in Table 1
Tab. 1. Fitted parameters of the Morse potential
Value
5.2936 10-2
E0 [eV]
R0 [Å]
3,87
K [Å-1 ]
8.0476 10-1

Std error
1.0768 10-3
1.8474 10-2
2.1848 10-2

The result of the MD calculation of the above described system using the DL_POLY 3.09 package
was the time dependence of the mean square displacement of the NO3-. In Fig. 1 is showed this
dependence of the mean square displacement (MSD) on the time for NO3-.
The dependence has quadratic and linear part. The slope of the linear part of the dependence defines
the diffusion coefficient as:
1  MSD
D=
(3)
6 t
where MSD means change of the mean square displacement during the time interval t.
As we can see in Fig. 1, the curve is superposition of a linear part with some noise. The noise results
from the chaotic movement of the ions and molecules. It can be reduced by increasing of the particle
quantity, but this also increases the computational cost. In order to reduce this noise, the slope was
obtained by least-square fitting of the linear part of the curve.
Using the Einstein equation (4) we obtain the mobility of the ion from the diffusion coefficient D:
Dq
=
(4)
kT
where q is charge of the ion, k Boltzmann constant and T temperature.

3. Results and Discussion
The results are shown in the Fig. 1. We have used the linear part of the curve from 2ns to 20ns to
obtain the slope and to calculate the diffusion coefficient. According to (4) we need the temperature of
the gas to calculate the ion mobility. We have used the average temperature of the system on interval
from 2ns to 20ns. The average temperature of the system was 300.22 K. The value of the ion mobility
was 2.758 ± 0.004 cm2 s-1 V-1. This is the ion mobility at temperature 300.22 K and gas pressure of
1.001 atm. As the mobility depends on the collisions of the ion with the drift gas it depends also on the
density of the drift gas. Therefore a correction to the standard conditions (T 0=273 K, p0=101.3 kPa) is
made and resulting value is reported as reduced mobility K0 given by the formula:

K0 = K

T0 p
T p0

The calculated value of the reduced mobility of the NO3- in nitrogen is 2.512 ± 0.004 cm2 s-1 V-1.
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(5)

The most relevant work concerning the ion mobility of NO3- in nitrogen drift gas was performed by
Viehland et al. [6]. They determined the experimental value of the reduced mobility of 2.33 cm2 s-1 V-1.
The experiment has been carried out at relatively low pressures (0.12 and 0.2 Torr) and lowest value
of the reduced electric field E/N of 5 Td. The reduced ion mobility of NO3- has been estimated by
extrapolation of the ion mobilities measured under these conditions to the standard conditions. In
different experiment Eisele et al. [7] measured the ion mobility of the NO3- in nitrogen in the
temperature range from 217 to 625 K and and in the gas pressure range from 25 to 40 Torr. The value
of the reduced ion mobility was ~2.3 cm2 s-1 V-1, which is similar to previous one. Recently Stano et al.
[8] measured drift of the negative ions generated in negative corona discharge in nitrogen and detected
in the IMS spectrum dominant ion with the ion mobility of 2.21 cm 2 s-1 V-1, which they assigned to
NO3-.
The experimental values of the reduced ion mobilities of NO3- are considerably lover than our
calculated one. The differences may arise from several factors. One of the is the limitation of the
present model e.g., short calculation time and/or unbalanced interaction potential between ion and
gas. In future we plan to continue our work on the MD modelling in order to get better agreement
with experiment. We will focus on improvement of the interaction potential for the system NO3- - N2.
The differences between calculated value and experimental values, but also between the experimental
values may arise from the fact that in the experiment, the drift gas always contains trace amounts of
H2O (typically 5 ppm for 5.0 N2). In such case the clustering reactions:
(6)
NO3-(H2O)n + H2O + N2 ↔ NO3-(H2O)n+1 + N2
may play an important role. The peak observed in the IMS spectrum can not be assigned to one ion,
but rather to equilibrium mixture of two or more cluster ions, probably NO3-, NO3-.(H2O). In our future
studies we plan to figure out the exact reason for the differences in the experimental value and present

Fig.1: Mean square displacement (MSD) of the NO3- anion in N2 on the time. The calculated mobility
was 2.758 ± 0.004 cm2 s-1 V-1 at pressure 1.001 atm and temperature 300.22 K. The reduced mobility is
2.512 ± 0.004 cm2 s-1 V-1
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NEGATIVE ION MOBILITY IN O2/O3 MIXTURES
MEASURED BY VARYING O3 CONCENTRATION AT
ATMOSPHERIC PRESSURE
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In this paper, we describe the experimental results of negative ion mobility in O2 containing O3 at
atmospheric pressure. The negative ion mobility was measured using a high-pressure ion drift tube
with a Geiger counter that acts as a negative ion detector. It was observed that the mobility
decreases from 2.31 cm2/V･s in pure O2 to 2.0 cm2/V･s with an increase in O3 concentration in
O2/O3 mixtures under a constant reduced electric field E/p0 = 0.1 V/cm･Torr. Moreover, a lower
mobility of approximately 0.7 cm2/V･s was observed in an ozone concentration region of more
than 1401 ppm (3 g/Nm3). These results suggest that there are at least two species of negative ions
in the O2/O3 mixtures.

1. Introduction
Negative ions are particles that constitute a discharge plasma, and many studies on their fundamental
properties and wide range of applications have been performed. For example, it has been reported that
air pollutants, such as HNO3 and H2SO4, are formed from O2－, which acts as nuclei in the atmosphere.
Another property of negative ions in air is that they preserve perishable foods. Furthermore, it has
been reported that negative ions have some physiological effects on humans and are used in home
electric appliances. However, their behaviours are never understood sufficiently in the atmosphere.
Mobility is one of the fundamental properties of negative ions under an electric field. The behaviour of
negative ions in an ozonization gas including an ozonizer can be understood by investigating their
mobility in O2/O3 mixtures. Therefore, the negative ion mobility is measured in O2/O3 mixtures using
a negative ion detector that operates at atmospheric pressure. This negative ion detector is a Geiger
counter that consists of a point-plane gap. A stabilized DC voltage Vp is applied to the point electrode
P. The region of Vp is considered in the use of the negative ion detector of G2 for the mobility
measurement. Thus, the optimum Vp for the measurement is investigated in O2/O3 mixtures, and then
the negative ion mobility is measured in the same mixtures by varying the O3 concentration. As the
results, the observed negative ion mobility is 2.31 cm2/V･s in O2. In contrast, the observed negative
ion mobilities at an O3 concentration of more than 1401 ppm (3 g/Nm3) are 2.0 cm2/V･s and 0.7
cm2/V･s.

2. Experimental method
2.1 Principle of experiment
Figure 1 shows the (a) schematic diagram for the explanation of the principle used in the measurement
of negative ion mobility and (b) observed pulse waveform. G1 is an ion drift space consisting of
parallel plane electrodes A and C. Electrode A is an anode and also acts as a cathode of G2. G2 is a
negative ion detector consisting of a point-plane gap (P - A). A positive voltage Vp is applied to P, and
Vp is adjusted to match the voltage range called the Geiger counter region [1]. The center of A is mesh
electrode M; thus, pulsed UV light or negative ions can pass through from G2 to G1 or from G1 to G2,
respectively. A constant voltage V is applied to cathode C to form a uniform electric field in G1. The
chamber is filled with high-purity oxygen (99.9999%) to measure the mobility in O2. Under such a
condition, electrodes C and M are irradiated with the pulsed UV light from the outside of the chamber.
The pulsed UV light is radiated from a spark gap contracted by a pair of spherical electrodes with a
diameter of 10 mm and a gap distance of 1 mm. Then, photoelectrons are released from the surfaces of
electrodes C and M. This time is defined as t = 0. The photoelectrons immediately collide with O2
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molecules and form two groups of negative ions of O2－. The negative ions belonging to the first group
are formed in front of M and begin to drift toward P in G2. When these negative ions arrive at a certain
point near P, electrons detach from them and electron avalanches develop with the collisional
ionization of the electrons. Then, the first burst pulse BP1 is formed and observed as a current pulse on
the oscilloscope at time t1. On the other hand, the negative ions belonging to the second group formed
in front of C begin to drift in G1 and G2 after passing through M. Then, an electron avalanche develops
in G2 and the second burst pulse BP2 is formed. It builds up at time t2. These burst pulses BP1 and BP2
(hereafter, denoted as BPs) are observed successively on the oscilloscope with a current detecting
resistor r (300 k Ω ), as shown in figure 1 (b). Therefore, from the difference in arrival time between
the BPs, which is equal to the flight time τ in G1, the negative ion velocity v and mobility μ－ in G1
are obtained using Eqs. (1) - (3).
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Fig. 1. Schematic diagram of apparatus (a)
and observed burst pulse for measurement
of negative ion mobility (b).

In this manner, the negative ion mobility is
determined in pure O2. The results of this
experiment are reported in previous papers [2][3].

voltage (V)

2.2 Modified method of measuring negative ion mobility in O2/O3 mixtures
Figure 2 shows an example of the observed pulse
3.0
τ13
waveforms of BPs at Vp = 4000 V at an O3
BP 3
τ
12
concentration of 4670 ppm (10 g/Nm3) in pure O2.
BP1 BP 2
2.0
In O2/O3 mixtures, only a single BP was formed
by pulsed UV light irradiation, as shown in figure
1.0
2. Therefore, a pair of BPs scarcely appeared, as
shown in figure 1 (b). During the experiment, it
0
was observed that the appearance time t1 of BP1
formed by negative ions started from M with V = 4000 (V)
pulsed UV light irradiation and typically remained
0 t1 20 t2
40
60 t3 80
the same despite the low appearance probability of
time (ms)
BP1 compared with the case of pure O2. In contrast,
the second group of BPs formed by negative ions
Fig. 2. The pulse wave form of BPs in O
p

3

concentration of 4670 ppm (10 g/Nm3) at
Vp = 4000 V.
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started to appear from C with pulsed UV light
irradiation. The appearance times of this group of
BPs varied widely. Moreover, these BPs could be separated into the following two groups according
to their appearance time: one group appeared at t2 of approximately 20 ms and the other group
appeared at t3 from 30 ms to 80 ms. Therefore, three groups of BPs appeared in the oscilloscope. Then,
we denote the first group of BP and its appearance time as BP1 and t1, respectively. Similarly, we
denote the second and third groups of BPs, and their appearance times as BP2 and t2, and BP3 and t3,
respectively. Thus, we can estimate the mobility using Eqs. (1) – (4) from the flight time τ12 = t2 − t1
or τ13 = t3 − t1 . Therefore, we determine the flight times τ 12 and τ 13 of the negative ions in G1 from the
observed waveform. Ozone is produced by an ozone generator and is fed to the chamber. The
concentration of ozone is observed using a monitor, which is based on the HgI (254 nm)
photoabsorption method.

3. Experimental results and discussion
3.1. Pulse waveform
Firstly, the pulse wave form is described because that is an important factor for mobility measurement.
Figures 3 and 4 show the variations in the observed pulse waveforms plotted against Vp under a
constant reduced electric field of E/p0 = 0.1 V/cm･Torr at O3 concentrations of 4670 ppm (10 g/Nm3)
and 14010 ppm (30 g/Nm3), respectively. In O2/O3 mixtures, a new BP appeared at time t3, which is
later than t2, with low probability.
Each BP is observed at 3750 ≦ Vp ≦ 4000 V in figure 3 and at 4000 ≦ Vp ≦ 4500 V in figure 4. The
pulse heights of the burst pulses BP1, BP2 and BP3 increase with Vp. In the same figures, simple pulses
without successive pulses are observed and the flight time τ takes a constant value in the same Vp
region. The appearance probabilities of the BPs increase against Vp. However, if Vp > 4000 V in figure
3 and Vp > 4500 V in figure 4, successive pulses of BP2 and BP3 are observed, and the appearance
times t2 and t3 of BP2 and BP3 become shorter with Vp, as shown in the same figures. Therefore, only
the regions of Vp ≦ 4000 V in figure 3 and Vp ≦ 4500 V in figure 4 are acceptable for the mobility
measurement at the above-mentioned O3 concentrations. Therefore, it is thought that these variations
in waveforms and appearance times are caused by the distortion of the electric field in front of mesh
electrode M [2].
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Fig. 3 Observed pulse waveform at
E/p0 = 0.1 V/cm•Torr at O3 concentration
of 4670 ppm (10 g/Nm3).
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Fig. 4 Observed pulse waveform at
E/p0 = 0.1 V/cm•Torr at O3 concentration
of 14010 ppm (30 g/Nm3).

3.2 Variations in flight times τ 12 and τ 13 with Vp

100

around 70 ms are observed. The flight time τ 13 of

O3: 14010 ppm (30 g/Nm3)

τ13

flight times τ 12 ,τ13 (ms)

Figure 5 shows the flight times τ 12 and τ 13 of
negative ions plotted against Vp at O3
concentration of 4670 ppm (10 g/Nm3) and 14010
ppm (30 g/Nm3). Each plot is shown using the
mean value of 30 measurements. The flight
times τ are plotted on the vertical axis on a
logarithmic scale. The measurement of mobility is
carried out under a constant reduced electric field
of E/p0 = 0.1 V/cm･Torr. During this measurement,
O3 concentration gradually decreases with time.
Therefore, this measurement is carried out within
the period in which O3 concentration decreases to
90% of the initial O3 concentration. The period is
about 10 min. Thus, it is necessary to end the
measurement within 10 min from the start of the
experiment. It was found that two mean values of
the flight times τ 12 of around 20 ms and τ 13 of

O3 : 4670 ppm
(10 g/Nm3)

τ12

O3: 14010 ppm
O3 : 4670 ppm

10
4000

4500

5000

Vp (V)

Fig. 5 Variations in flight times τ of
negative ions with Vp and upper limit of Vp.

BP3 is not observed in pure O2. In the same figure, two values of the flight times τ 12 and τ 13 remain
constant in the same Vp region, as observed in figures 3 and 4. In other word, these Vp conditions do not
affect the flight times τ for the mobility measurement. Only the regions of Vp ≦ 4000 V at an O3
concentration of 4670 ppm (10 g/Nm3) and Vp ≦ 4500 V at an O3 concentration of 14010 ppm
(30g/Nm3) are acceptable for the ion mobility measurement. The upper value of Vp is limited by the
distortion effect of the electric field caused by the mesh. A more detailed investigation might be
conducted.
3.3 Determination of flight times τ 12 and τ 13 of negative ions
Figure 6 shows an example of the observed appearance times of BPs during the mobility measurement
by 1000 pulsed UV light irradiations at an O3 concentration of 4670 ppm (10 g/Nm3) at Vp = 4000 V.
Plots of open rectangles, triangles and circles show the appearance times t1, t2 and t3, respectively. In
the same figure, three couples of BP1 and BP2 appear at the times labelled as (b), (d) and (g) in the
periods. Another couple of BP1 and BP3 appear at times labelled as (a), (c), (e) and (f) in the same
period. These appearance probabilities are low compared with the case of pure O2. The appearance
time t1 of BP1 takes a constant value of 0.6 ms. Therefore, it is reasonable to use the t1 of BP1 as the
starting time for all drifting ions from C in G1. This time can be used to determine the flight times τ 12

and τ 13 of negative ions in G2 at an O3 concentration of 4670 ppm (10 g/Nm3).
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Fig.6. An example of appearance times of BPs at O3 concentration of 4670 ppm (10
g/Nm3) at Vp = 4000 V.
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1000

BP 2
BP 1

3.4 Results of negative ion mobility
Figure 7 shows the observed negative ion mobility in O2/O3 mixtures introduced in figure 6. Each plot
indicates the mean value of 100 measurements. Figure 8 shows the observed frequency distribution of
negative ion mobility obtained using the results shown in Fig. 7. In pure O2, the observed negative ion
mobility is 2.31 cm2/V･s. This value agrees well with that indicated in the previous paper [3]. The two
curves varied with O3 concentration; however, their mean mobilities are measured to be 0.7 and 2.0
cm2/V･s. The mobility decreases from 2.31 cm2/V･s as a value of O2－ to 2.0 cm2/V･s with an increase
in ozone concentration. Although the mobility is almost equal to that in pure O2, we consider the
mobility of a particular cluster ion whose nucleus is O2－ [2] [3]. The decrease in mobility suggests that
some cluster ions are formed with an increase in ozone concentration in pure O2. In contrast, the
mobility of 0.7 cm2/V･s appeared suddenly at an ozone concentration of 1401 ppm (3 g/Nm3). The
appearance of this mobility suggests that the formation of some cluster ions starts when the ozone
concentration increases. Matejcik et. al. [4] reported the presence of cluster ions in O2/O3 mixtures,
such as O2 －/(O2)(O3), O4－/(O2)(O3), O5 －/(O2)(O3) and (O3)－m/(O2)(O3), (where m=1, 2, 3, and 4,
respectively). A more precise investigation is now under way to understand the ion transport
phenomenon.
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Fig. 7 Measured negative ion
mobilities in O2/O3 mixtures.
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Investigations of the optimum values of Vp in an
ion detector that determine the sensitivity for the
Fig. 8 Observed frequency distribution of
mobility measurement in O2/O3 mixtures are
negative ion mobility in O2/O3 mixtures at
carried out as the first step of the study.
E/p0 = 0.1 V/cm•Torr.
Subsequently, the measurement of negative ion
mobility is carried out by varying the ozone
concentration from 0 to 18680 ppm (40 g/Nm3)in
pure O2 at atmospheric pressure. As the results, the observed mobilities are 0.7 and 2.0 cm2/V･s.
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In this paper results of investigations on the saw-like electrode for DBD and comparison of plasma
actuators with smooth and saw-like discharge electrodes are presented. Obtained results showed
that for the plasma actuator with saw-like electrode the discharge starts at lower voltage, produces
more homogenous DBD plasma and generated airflow velocities are higher than for the actuator
with smooth electrode.

1. Introduction
Since the middle of the 1990s when ‘One Atmosphere Uniform Glow Discharge Plasma’ (OAUGDP)
was patented by Roth et al [1], interest in plasma-based devices using dielectric barrier discharge
(DBD) is growing. OAUGDP is a surface DBD established between electrodes set asymmetrically on
top and bottom side of a dielectric material. One of devices using OAUGDP are plasma actuators
which are capable to enhance properties of aerodynamic elements modifying airflow around them.
Plasma actuators are useful to control laminar–turbulent flow transition, flow separation, reduce drag
and improve lift of airfoils [2–5]. Also aeroacustic applications are known [6–8].
In the past ten years lots of plasma actuator configurations were investigated. The greatest research
effort was to develop actuators composed of two plane electrodes placed asymmetrically on opposite
sides of a dielectric plate. As a dielectric ordinarily glass or ceramics were used and their thickness
was around a few millimetres. Electrodes were usually made of copper or aluminium tape mounted on
the surface of a dielectric material. One of the electrode was a HV electrode connected to an AC power
supply when the second was grounded. When a high voltage was applied DBD established between
electrodes and plasma appeared on both sides of the dielectric. In most cases the plasma region
expanded to about 15 – 20 mm.
Plasma generated by DBD can produce ionic wind which induces airflow with velocities up to several
m/s [9–12] tangential to the surface of the dielectric plate. Often to avoid plasma on one side of the
dielectric plate the grounded electrode is insulated.
Actuator properties like size of the plasma region or generated airflow velocity strongly depend on e.g.
distance between electrodes, dielectric material properties or applied voltage. Thus many actuator
configurations and voltage characteristics were investigated to optimise DBD actuators operation.
Usually sine waveform voltage of a magnitude between several kV to tens of kV and frequency ranged
from hundreds of Hz to tens of kHz is used. Smooth electrodes with typical distance from 0 to 30 mm
are used.
In this paper we propose to modify the shape of electrodes to enhance the DBD. We propose to test the
usefulness of a saw-like electrode for generating DBD that is to be used for flow control. To our
knowledge, saw-like electrode has not been used for DBD generation, although various kinds of sawor spike-like electrodes have been used to produce corona discharges. We present results of the
investigations on the saw-like electrode and comparison of plasma actuator operation with smooth and
saw-like discharge electrodes.

2. Experimental set-up
The apparatus used in this experiment for measurements of the airflow generated by DBD plasma
actuators consists of a function voltage generator and a high voltage power amplifier, forming an AC
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power supply, an oscilloscope and a standard PIV equipment for the measurement of velocity fields
(Fig. 1).
DBD plasma actuators used in our investigations consisted of two electrodes mounted on both sides of
a 2 mm thick glass plate. The electrodes were made from a 50 μm thick copper tape. Electrodes were
connected to the AC power supply. The HV electrode, on the upper side of the actuator was exposed
to ambient air when the grounded electrode was insulated to eliminate discharge on the bottom side of
the actuator. Two types of DBD plasma actuators were studied: first, in which the electrode gap was
20 mm and the grounded electrode was 10 mm wide; and second, in which the electrode gap was
0 mm and the grounded electrode was 25 mm wide. Both types of actuators were made in two
variants, with a smooth HV electrode and with a saw-like HV electrode (Fig. 2). The width of the HV
electrodes was always 6 mm.

Fig. 1.

Experimental set-up.

a)
b)
Fig. 2.

Images of a smooth (a) and saw-like (b) HV electrode made of copper tape.

The experiments were carried out in ambient air at atmospheric pressure in an end-opened flow
channel. Air humidity was 36% and temperature was 20°C. There was no external flow forced in the
flow channel. Sinusoidal high voltage (frequency 1.5 kHz) applied to the actuators was generated by
the power amplifier (TREK, model 40/15) which amplified signal from the function generator
METEX MS9150. Discharge current was measured by a Pearson current monitor (Rogowski coil).
Voltage and current signals were controlled by the oscilloscope Tektronix TDS 3052B. The example
waveform of the applied voltage and the discharge current are presented in Fig. 3.
PIV measurements were carried out in a plane defined by the laser sheet which was placed
perpendicularly to the actuator electrodes at their half-length (Fig. 1). 100 PIV instantaneous
measurements were carried out and then averaged, which means that the time-averaged flow velocity
fields were obtained. Using the averaged flow velocity fields, the flow velocity profiles were
determined.

Fig. 3.

Example of voltage (1) and current (2) waveforms.
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3. Results
The cross-section schematic view of the first type plasma actuator with electrode gap 20 mm is shown
in Fig. 4. Both AC HV electrodes, smooth or saw-like, were used. For this type of plasma actuator the
flow velocity profiles were determined in the cross-section placed 25 mm from the HV electrode, i.e.
from the active blade of the smooth electrode, or from the saw-tooth tips of the saw-like electrode. The
position at which the flow velocity profiles were determined is marked by a broken line in Fig. 4.

Fig. 4.

Schematic view of the plasma actuator with electrode gap 20 mm.

Fig. 5 shows flow velocity profiles obtained for the first type plasma actuator with smooth and sawlike discharge electrodes for five different applied voltages. As can be seen, the velocities of the flow
generated by the actuator with saw-like electrode are higher than for the actuator with smooth
electrode. The most distinct difference in flow velocities is for the lower voltages. For voltages of
40 kVp-p and 44 kVp-p (pik-to-pik voltage) the maximum flow velocities obtained for the actuator with
smooth electrode were 1.3 m/s and 1.8 m/s, while for the actuator with saw-like electrode were 2.2 m/s
and 2.7 m/s, respectively.

a)

Fig. 5.

b)

Flow velocity profiles measured for the plasma actuators with electrode gap 20 mm and with
smooth (a) and saw-like (b) discharge electrode.

We observed that for the plasma actuator with saw-like electrode the discharge started at lower voltage
than for the plasma actuator with smooth electrode. At the same applied voltage, the discharge current
was higher for saw-like electrode case. The lighting of the plasma along the smooth electrode was
clearly non-uniform. The discharge spots occurred irregularly. For the plasma actuator with saw-like
electrode the discharge spots occurred on every saw-tooth, i.e. much more regularly than for the
smooth discharge electrode. This phenomenon can be clearly observed in Fig. 6 which shows images
of the discharge obtained for the plasma actuators with 300 mm long smooth (Fig. 6a) and saw-like
(Fig. 6b) discharge electrode.
The cross-section schematic view of the second type plasma actuator without electrode gap is shown
in Fig. 7. As before, smooth and saw-like AC HV electrode was studied. For this type of plasma
actuator the flow velocity profiles were determined in the cross-section placed 12 mm from the HV
electrode (Fig. 7).

133

a)
b)
Fig. 6.

Images of the discharge obtained for the plasma actuator with smooth (a) and
saw-like (b) discharge electrode. The electrode gap 20 mm, the applied voltage was 52 kVp-p,
and the discharge current was 90 mA for smooth (a) and 150 mA for saw-like (b) discharge
electrode. The camera exposure time was 2.5 sec.

Fig. 7. Schematic view of the plasma actuator without electrode gap.
Fig. 8 shows flow velocity profiles obtained for the second type plasma actuator with smooth and sawlike discharge electrode for five different voltages applied. Similarly to the first type actuator, the flow
velocities generated by the actuator with saw-like electrode are higher than for the actuator with
smooth electrode. The most noticeable difference in the flow velocities is again for lower voltages, i.e.
for 16 kVp-p and 20 kVp-p. At these voltages, the maximum flow velocities obtained for the actuator
with smooth electrode were 1.5 m/s and 2.25 m/s, while for the actuator with saw-like electrode were
2.4 m/s and 3.25 m/s, respectively.

a)

Fig. 8.

b)

Flow velocity profiles measured for the plasma actuators without electrode gap and with
smooth (a) and saw-like (b) discharge electrode.

4. Summary and conclusions
The two types of the DBD plasma actuators were presented. The first type with electrode gap 20 mm
and the second type without electrode gap. The influence of the HV electrode shape on the airflow
generated by the DBD plasma actuator was investigated for several applied voltages using PIV
method.
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The obtained results clearly show that for all applied voltages the airflow velocities were higher for the
actuator with saw-like HV electrode, especially when relatively low voltages were applied.
It was observed that for the plasma actuator with saw-like electrode the discharge starts at lower
voltage and produces more homogenous DBD plasma than the actuator with smooth electrode. At the
same voltages, the discharge current is higher in the saw-like electrode case. These could be reasons of
higher flow velocities generated by the actuators with saw-like electrode.
More investigations are still required for better understanding the influence of the saw-like electrode
on the generated DBD and induced airflow. Also the saw-like electrode optimisation should be done.
Acknowledgment. The research leading to these results has received funding from the European
Community, Seventh Framework Programme FP7/2007-2013 under grant agreement no.: 234201
(PLASMAERO – Useful PLASMas for AEROdynamic control www.plasmaero.eu).
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Negative ions formed in negative corona discharge in high purity O2 have been studied using the
Drift Atmospheric Pressure Corona Discharge Ionisation Mass spectrometry (APCDI/MS) and Ion
Mobility Spectrometry/Mass Spectrometry techniques (IMS/MS). The negative ions formed in the
negative corona discharge in high purity O2 have been detected and identified using APCDI/MS
technique. The ion mobilities of the negative ions were determined from mass selected IMS
spectra. In negative corona discharge in pure O2 the spectra have been dominated by negative ion
with reduced ion mobility of 2.52±0.05 cm2V−1s−1 and m/z=60 assigned N2O2-. The presence of
this ion in IMS and MS spectra is attributed to N2O which is efficiently formed in the negative
corona discharge in the reaction of O2 with N2 present in trace amounts (~0.5ppm).

1. Introduction
Formation of negative ions in the negative corona discharge (CD) in air has been studied using mass
spectrometry by several authors [1, 2, 3]. The pioneering work of Shahin conducted over a widepressure range (up to 100 kPa) found NO2- and NO3- ions were dominant in negative corona discharge
fed by dry air at low pressures [1]. These results were subsequently contradicted by of Gardiner and
Craggs [2] who at 1 kPa observed predominately CO3- ions, whose abundance was more than double
that of O3-, O- and CO4-. Only traces of O2- ions were detected. Skalny et al. [3] studied the negative
ion formation in a negative CD using both dry and ‘wet’ air at pressures between 5 and 27 kPa. In dry
air the dominant ion observed was CO3-. In the presence of water this ion was converted to cluster ions
containing one or more water molecules. Nagato at al. [4] studied ions formed in negative corona in air
at ambient pressure at different reaction times (1 ms and 10 ms). They observed that after 10 ms the
number of the ions was significantly reduced and the only ions significant intensity appears at masses
62, 124 and 125 amu. They attributed these masses to NO3−, HCO3− .HNO3 and NO3-.HNO3 ions.
When the humidity of air was limited to 25 ppm of H2O the only ion observed was the NO3-.
Gravendeel and Hogg [5] studied mass spectrometrically negative corona in N2/O2 mixture with ratio 5
to 1. Although they used high purity gases with less than 5 ppm H2O and 0.1 ppm CO2 they observed
numerous negative ions with O3-, OH-, NO3- and CO3- being the most intense ones. In this case,
however, the time between formation of ions and their entrance to vacuum was short (in order of
10 μs) and thus the primary ions formed directly in discharge were detected.
Hill et al. [6] measured IMS/MS spectra of pulsed corona discharge in positive and negative polarities
in air containing water. In negative polarity they detected large variety of negative ions dominated by
mass 60 (N2O2-, or CO3-) and its water cluster, HCO3-, NO2-, NO3- and large amount mixed cluster
ions.
Recently Ewing et al. [7] performed IMS/MS study of mechanism of negative reactant ion formation
in atmospheric pressure corona discharge in air. They used conventional radioactive 63Ni source of
ions. The 63Ni ion source in air generated O2- as major negative ion in air. After introduction of the
admixture of gas generated in the corona discharge in air into IMS they detected NO3- as a major
negative ion, followed by CO3- and NO2- and O2- ion disappeared. They attributed this behaviour to the
presence of NO2 in the gas generated by corona discharge.
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2. Experiment
The IMS/MS (Figure 1a) and APCDI/MS (Figure 1b) instruments equipped with point to plane CD
ion source were described in our previous work [8]. In attempt to reduce the penetration of the neutrals
and radicals formed in the CD into the drift region we used single flow IMS system with gas outlet
behind the corona discharge. Two positive power supplies (Heinzinger) were used one for CD and one
for the drift field. The drift field in IMS was 351,8 V/cm while in APCDI/MS was in range 6000250V/cm with corresponding drift time of ions from 0.1 to 2ms approximately. The corona current in
IMS was varied from 3 to 10μA (limited by HV power supply) while in APCDI/MS was at the
constant value 10μA. The 6.0 oxygen (Linde) was purified (MICROTORR, MC190-203FV) to reduce
the concentration of H2O, CO, CO2, H2 impurities under 100ppt and NH3 and amines under 10ppt. The
drift tubes of IMS/MS and APCDI/MS instruments were fed by high purity O2 with flow rate
900ml/min.

Fig. 1. IMS/MS (a) and APCDI/MS (b) instruments

3. Results and discussion
The IMS spectrum of negative ions formed in the negative corona discharge in pure O2 is presented in
the Figure 2. The spectrum shows main peak at 11.95 ms drift time, which corresponds to the reduced
mobility of 2.52(±0.05) cm2V−1s−1. The present experiment shows, that the corresponding IMS/MS
mass spectrum (Figure 4, the total drift times of the ions were ~20 ms) is dominated by an ion with
m/z=60 and that the O3- (m/z=48) has only very weak intensity close to the detection limit. We assign
the ion with m/z=60 to N2O2-. The m/z=60 has also important atmospheric ion CO3- which has also
very similar value of reduced ion mobility (2.5 ±0.07 [9] and 2.51±0.07 [10]). So it is difficult to
distinguish between these two ions by MS and also IMS. he argument against CO3- is the low initial
CO2 concentration in the O2 in present experiment (according to the data of the getter trap
manufacturer, the CO2 density should be below 100 ppt). We have performed kinetic simulations that
show, that at this low value of CO2 concentration, the CO3- can not dominate the mass spectrum.
In previous mass spectrometric studies [5] it was reported that dominant ion in negative corona in O2
is the O3-. The O3- ions are effectively formed by several reaction channels. The negative corona
discharge in O2 is source of neutral molecules and radicals one of the most important is the O3 [11].
Additionally, to the neutral products, primary negative ions O- and O2- are formed in the corona
discharge via electron attachment reactions to the O2 [12]:
e + O2 → O− + O k= f(E/N)
e + O2 + M → O2- + M k=3.4 x 10-30 cm6s-1

(1)
(2)
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Fig. 4. Mass spectrum of the negative CD in O2 after drift of the ions in the drift tube filled with O2.
These primary ions may further undergo binary reactions with O3 forming O3- ions [12]:
O− + O3 → O3− + O
k= 5.3 x 10-10 cm3s-1
−
−
O2 + O3 → O3 + O2 k = 4 x 10-10 cm3s-1

(3)
(4)

As the electron affinity of O3 (2.10 eV) exceeds those of O (1.46 eV) and O2 (0.45 eV) both reactions
are exothermic. Formation of the O3− is possible also via three body reactions [12]:
e+O3+M→O3-+M

k=4.6x10-28cm6s-1

(5)

which represent the electron attachment reaction. O3- may be formed also via ion-molecule reactions
[12]:
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O− + O2 + M → O3− + M

k = 3.3 x 10−31 cm6s-1

(6)

The simulation of the negative corona discharge in pure oxygen in wire to cylinder geometry shows
that at large distances from the wire, O3- is the dominant ion [13]. Analogical situation should exist
also in point to plane geometry as it is in present experiment.
This model is confirmed also by present APCD/MS results. In the Figure 5 we see the APCDI/MS
mass spectra for two different drift potentials Ud, between the plane electrode of the corona discharge
and the ions collector with pinhole. High value of Ud=4kV (reduced electric field of 28 Tausend)
correspond to short drift time (100μs) of the ions in the drift region. In this case we see that the mass
spectrum is dominated by O3- (m/z=48) and also relatively strong signals for O- (m/z=16) and
O3-.(H2O) (m/z=66) were detected. The O2- is also present, however, very weak and the m/z=60 is the
second strongest peak in the mass spectrum. In the case of Ud=200V and thus much longer drift time
(1 ms), we see that the mass spectrum is already dominated by ion m/z=60.
The nature of the ion with m/z=60 we associate with the most abundant admixture in oxygen, N2. In
the case of N2 presence in oxygen, the N2O is efficiently formed [14]. The m/z=60 amu could
correspond to stable negative ion N2O2- [15]. The electron affinity of this ion has high value of
3.351±0.010 eV [16]. This ion could be formed by ion molecule reaction of O- with N2O:
O- + N2O → (N2O2-)# → NO- + NO

(7)

However, we believe that at high pressure the molecular ion complex could be stabilised by collision
with a molecules:
O- + N2O → (N2O2-)# + M → N2O2- + M

(8)

Additionally we suggest that following reaction could play an important role:
O3- + N2O + M → N2O2- + O2 + M

(9)

The reaction (9) is confirmed by the APIMS data, where the fast disappearance of the O3- from the
mass spectra supports introduction of this reaction into the kinetic scheme.

4. Conclusions
Present experiments showed that negative CD in point to plane geometry in high purity O2 the primary
ions are efficiently converted into negative ions with m/z=60 and reduced ion mobility of 2.52(±0.05)
cm2V−1s−1. This ion has been assigned to N2O2-, formed in reaction of O3- ions with N2O. N2O is
efficiently formed in negative CD in O2 from the main impurity N2.
Acknowledgements. This work was supported by the Slovak research and development agency
projects LPP-06-0146, SK-CN-0015-09 and the VEGA grant No. 1/0051/08.
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Fig.2. APCDI/MS mass spectra of negative CD in pure O2 at two different drift fields, corresponding
to different potentials Ud.
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In this work a planar dielectric barrier discharge system is investigated. The discharge cell is
characterised by a very short discharge gap of less than 1 mm in length and a wide lateral
extension with a diameter of 40 mm. At a gas pressure of about 100 hPa helium a sinusoidal
driving voltage in the range of a few hundred volts is used. A special feature of this set-up is the
use of an electro-optic crystal as the single dielectric barrier. This crystal allows for an optical insitu measurement of the surface charges in the running discharge. Both global and spatio-temporal
surface-charge measurements are presented. In the global measurement it is found that the amount
of surface charge after the positive and the negative half-cycle is not equal, i.e. a bias charge
emerges. In the spatio-temporal surface-charge measurement an inner structure of the current
filaments can be revealed. Beside a pure image of the breakdown as it is seen in the emitted
luminescence distribution, the surface charge measurement shows different radial shapes for the
filaments in the positive and the negative charge distribution.

1. Experimental set-up and type of discharge
The assembly of the discharge cell is sketched in figure 1. On the very right there is the grounded
metal electrode. It is covered with a BSO-crystal acting as the dielectric layer. A spacer consisting of
an insulating material encloses the BSO-crystal. As the spacer is thicker than the crystal, a discharge
volume emerges. The counter electrode is formed by glass plate coated with ITO (Indium Tin Oxide)
that is electrically conductive and at the same time transparent. Thus, the discharge can be observed
through the electrode in current direction. The discharge cell is driven with a sinusoidal driving
voltage.

Fig. 1. Discharge cell. Typical parameters: aBSO = 0.7 mm, d = 0.8 mm, D = 40 mm, p = 100 – 300 hPa
helium, U = 300 – 1000 V sin, f = 70 – 300 kHz.
The typical current-voltage behaviour of the discharge is shown in figure 2(a). The graph shows both
the sinusoidal supply voltage (solid) and the real current (dashed) through the discharge that is
separated from the capacitive displacement current by a Wheatstone bridge. There is exactly one
current peak per half-cycle of the driving voltage; hence, the discharge is a glow like discharge.
However, in contrast to common glow-like dielectric barrier discharges, the discharge is not laterally
homogeneous but filamentary. Typical patterns are exemplary shown in figures 2(b) and (c) and
comprise hexagonal, dense filament arrangements as well as loose filament arrangements. All these
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(a)

(b)

(c)

Fig. 2. (a) Supply voltage (solid) and typical real current (dashed) through the discharge. The grey bars
depict the time for the surface charge measurement after the negative half-cycle. (b) Hexagonal
arrangement of filaments. (c) Typical irregular arrangement of filaments.
patterns are subject to a certain degree of motion. For certain cases the mechanism of motion has been
investigated in [1,2].
The principle of charge measurement is sketched in figure 3. On the right hand side the discharge cell
is shown. The metal electrode acts as an optical mirror. The discharge cell is illuminated with
effectively circular polarised light from an LED (light emitting diode). The incident light passes the
transparent electrode and the BSO-crystal. It becomes reflected at the mirror (i. e. the metal electrode)
and passes the BSO-crystal and the transparent electrode again. As the BSO-crystal becomes
birefringent in presence of an electric field, the reflected light from the discharge cell is elliptically
polarised, locally depending on the voltage over the BSO-crystal. The reflected light is coupled out via
a beam splitter and is observed through a linear polariser. In this way the lateral voltage drop
distribution over the BSO-crystal becomes transferred to the brightness of the camera image.
To assure that the voltage drop across the BSO-crystal originates from the deposited surface charges
alone, the measurement has to take place at times where the applied voltage vanishes, i. e., in the zeros
of the driving voltage. This condition is realised by illuminating the BSO-crystal only during the zero
of the driving voltage after the breakdown of interest. An example of the LED timing for charge
measurement after the negative half-cycle is given in figure 2(a).

Fig. 3. Sketch of the optical surface charge measurement system.
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(a)

(b)

(c)

Fig. 5. Sketch of the voltage Ugas at the gas gap
for a cell with (a) small, (c) large, and (b)
asymmetric g. Additionally, the supply voltage
U (a, c) and the biased supply voltage Ueff = U +
Ubi (b) is displayed. The transfered charge DQ
increases from (a) to (c). The vertical arrows
indicate the time shift of the ignition in the
asymmetric discharge.

Fig. 4. (a) Evolution of the overall surface
charge during 2.8 s. At t = 1 s the measurement
is switched from the negative to the positive
half-cycle. The average surface charge for both
half-cycles is depicted. (b) Paschen curves for
helium and different g-values. Both the
minimum voltages and the ignition voltages for
pd = 8 m×Pa are depicted. The parameters for
the Paschen curves are taken from ref. [5].
(c) Sketch of DQ in dependence of m.
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2. Global charge measurement – asymmetry
In figure 4(a) the temporal evolution of the overall surface charge is shown. At t = 1 s the optical
measurement pulse according to figure 2(a) is shifted from the negative to the positive half-cycle.
Apart from some noise, the surface charge deposited after one breakdown stays stable over time.
However, the amount of surface charge differs significantly between the negative and the positive
half-cycle. The essential difference in the experimental set-up for both half-cycles is the different
electrode material. To understand the arising charge bias, the charge transfer ΔQ per half-cycle has to
be estimated, especially its dependence on the electrode material (described by the γ-value) and the
ignition phase relative to the driving voltage (described by the voltage slope m). Remember that during
a breakdown in a DBD surface charges accumulate on the dielectric surfaces which decrease the
voltage drop across the discharge gap until the breakdown extinguishes.
To estimate the dependence of ΔQ on the γ-value, the DBD is regarded as a periodically ignited
discharge with an ignition voltage and an extinguishing voltage related to the Paschen-curve as shown
in figure 4(b). The ignition voltage is read form the Paschen curve in the usual way at the
corresponding pd-value, 8 m⋅Pa in this case. As in the burning discharge the positive column is a
nearly ohmic conductor, the extinguishing voltage is closely related to the Paschen minimum. As can
be seen form figure 4(b), with an increasing γ-value both the ignition and the minimum voltage
decrease. However, the difference between ignition and minimum voltage increases. Hence, the
transferred charge ΔQ necessary to extinguish the discharge increases with increasing γ-value.
To estimate the dependence of ΔQ on the slope m of the driving voltage, think of a newly ignited
breakdown in the DBD. The discharge current accumulates charges on the dielectric surface and hence
the gap voltage decreases. However, at the same time the applied driving voltage increases with the
slope m and hence compensates the voltage drop due to the emerging surface charges partly.
Consequently, the breakdown lasts a little longer and more charge has to be transferred to extinguish
the discharge. The dependence of the charge transfer ΔQ on the voltage slope m is shown in figure
4(c). C is the capacitance of the discharge cell and R is the resistivity of the discharge system. For m =
0 the transferred charge ΔQ solely has to compensate the voltage difference of the ignition and the
extinguishing voltage. ΔQ(m) has a pole when the supply voltage rises as fast as the discharge current
can charge the dielectric surfaces. In this case the discharge never would extinguish. A more detailed
calculation describing the dependence of ΔQ on γ and m can be found in [3].
In figure 5 the voltages in a DBD are shown for different γ-values. In figure 5(a) the voltage at the gas
gap (solid) and the supply voltage (dashed) are plotted. The situation is sketched for a rather small
γ-value leading to a small charge transfer ΔQ. In figure 5(c) the same situation is shown for a large γvalue and hence a large charge transfer ΔQ. For an asymmetric γ−configuration as it is used in the
experiment, the charge transfer in both half cycles has to be the same. This is achieved by varying the
voltage slope m via a bias voltage Ubi resulting in the charge bias known from the experiment.
According to figure 5(c) the bias voltage shifts the ignition in the positive half-cycle to an earlier point
in time, thus the small charge transfer due to the small γ-value is increased. At the same time, the
ignition in the negative half-cycle occurs later than in the symmetric case and thus the voltage slope
becomes smaller. Consequently, the large charge transfer due to the large γ-value is decreased. In this
way a bias voltage arises that levels the charge transfer difference due to the asymmetric
γ−configuration.
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3. Spatio-temporal charge measurement – filament interaction

Fig. 6. Column (a) shows in the upper row the luminescence density of a typical patterned discharge as
seen with the bare eye. Columns (b) and (c) show the positive and negative surface charge density σ
after the corresponding breakdown. The image (c) is taken at the same time as image (a). The graphs
in the second row show the radial profile of a filament in the corresponding quantity averaged over all
filaments in the image above. For each quantity characteristic filament diameters are depicted.
In figure 6 a patterned discharge (a) along with the corresponding surface charge distributions for
positive (b) and negative (c) surface charges is shown. The images (a) and (c) are taken at the same
time and it can be seen that the surface charge distribution is basically an image of the preceding
breakdown. However, the apparent filament size seems to be larger in the charge images (b, c) than in
the visual appearance in (a). For a more precise investigation the radial profile of a filament was
calculated for all three quantities. The second row of figure 6 shows the radial filament profile
averaged over all filaments in the corresponding image above. For the luminescence density (a) and
the positive surface charge (b) the width at 1/3 of the maximum hight was taken as the filament width,
denoted with wld and wpos respectively. In the negative surface charge density (c) the radial profile
shows a smaller second maximum, i. e., the filament is surrounded by a ring of negative charge. This
ring defines two characteristic filament diameters, one at the charge minimum between filament core
and ring (wmin) and one at the maximum of the charge ring (wmax). The negative charge ring is a
remarkable discovery as it reveals the inner structure of a filament. In [4] it has been shown, that this
inner filament structure coincides well with characteristic distances during a filament collision.
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Experimental investigation is carried out on the destruction processes of metastable nitrogen
molecules N 2 ( A 3Σ u+ ) by xylene using a theoretical procedure that is possible to take into account
the reflection of metastables at the boundary. The collisional quenching rate coefficient of
N 2 ( A 3Σ u+ ) by m-xylene (C8H10) is determined in the Townsend discharge region.
During the repeated experiment, it is observed regular shift of the current-voltage curves to the
higher-E/p0 region. These changes caused by thin film deposition on the cathode surface with
hydro-carbon that is one of the by-products of decomposed xylene.

1. Introduction
The metastable nitrogen molecule N 2 ( A 3Σ u+ ) plays an important role in Air plasma [1]. We have
previously determined the collisional quenching rate coefficient of N 2 ( A 3Σ u+ ) by the air pollutant gas,
such as CO, CH4, and NO, CCl2F2 and CH2FCF3 [2]-[4]. Recently, the collisional quenching rate
coefficients of N 2 ( A 3Σ u+ ) by the gas that causes the sick building syndrome such as benzene (C6H6),
acetone ((CH3)2CO), toluene (C6H5CH3), and formaldehyde (CH2O) have been determined [5][6].
This paper deals with the determination of the collisional quenching rate coefficient of N 2 (A3Σu+ ) by
m-xylene (C8H10). Xylene is used as a solvent and a diluent in adhesives and paints. Among the three
isomers of xylene, m-xylene, which has the weakest binding strength with methyl groups, is examined
in our first attempt. The collisional quenching rate coefficients of N 2 (A3Σu+ ) by xylene (o-xylene, mxylene, and p-xylene) have not yet been reported to the best of the authors’ knowledge. Therefore, this
is the first report in which the quenching effect of N 2 (A3Σu+ ) by xylene is described.
Furthermore, when measurements of the current-voltage curves in N2/m-C8H10 mixture are repeated,
we observe that the curves gradually move to the high-E/p0 side with time. This is described because
of the decomposition product of the xylene attached on the cathode surface by discharge.

2. Experimental apparatus and method
A schematic of apparatus used the study is shown in Fig. 1. A discharge chamber was evacuated
down to pressures around 10-8 Torr by a turbo molecular pump. A pair of gold plated plane parallel
electrodes was mounted on the central part of chamber and a stabilized DC high voltage was applied to
the anode. The UV light driven by the pulse lighting of period about 0.4 Hz was irradiated on the
cathode through a quartz window and holes on the central part of anode. It was observed the transient
ionization current by a fast current amplifier after turning off the UV light. A typical transient current
waveform is shown in Fig. 2. This is drawn in the semilogarithmic graph as averaging of 64 times
measurement. At the turning off the UV light, a stepwise decrease in the current Ip is found first from
the total current I. This component is multiplification current by collisional ionization of electron for
photoemission current by UV light and the secondary electron emission current caused by the positive
ions and photon so called fast γ action. Then, it was followed by a gradually decreasing current im(t)
with initial amplitude Im and a time constant τ m due to the decay of the electrons released by
metastables striking the surface, so-called γm process [7]-[10]. By using the observed I , Im and τm,
the effective lifetimeτ1 of N 2 (A3Σu+ ) was given [2] by
⎛

τ 1 = τ m ⎜⎜ 1 −
⎝

Im ⎞

⎟.

(1)

I ⎟⎠
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In contrast, the effective lifetime τ1 is introduced from the analysis [2,4,11] which can take account
of the reflection of N 2 ( A 3Σ u+ ) on the surface of electrodes. It consists of the diffusion term and the
collisional quenching term by N 2 ( X1Σ g+ ) and C8H10 as follows:

1

τ1

= Dm1

μ12 1

d 2 p0

+ (ak + bk ') N 1 p0 .

(2)

Here, Dm1 (=Dm･p0/p1) cm2s-1 is the diffusion coefficient of N 2 ( A 3Σ u+ ) at 0 ℃ under p1 Torr, k =
1.79×10-18 cm3s-1 [4] is the collisional quenching rate coefficient of N 2 ( A 3Σ u+ ) by N 2 ( X1Σ g+ ) , k' cm3s-1
is the collisional quenching rate coefficient of N 2 ( A 3Σ u+ ) by C8H10, N1 cm-3 is the density of gas
molecules at 0℃ under p1 Torr, d cm is the gap length, a and b (=1 - a) are the number of gas
molecule of the fraction of N2 and C8H10 against the total number of gas molecules in the chamber. p0
is the reduced gas pressure at 0℃. p1 is taken to
UV
R
HV
be 1 Torr. μ1 is the first order constant that
W
PMS
describes the density function of the
metastables, that is to say, the first root of
Fourier Radiation series given by the reflection
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coefficient R of metastable nitrogen molecules
A
at the surface of electrode.
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3. Experimental results
3.1 The fundamental constants of N 2 ( A 3Σ u+ )
The transient current waveforms are observed by copper disc and gold plated cathode. Figure 3 shows
the gas pressure dependence of the observed effective lifetime τ1 of N 2 ( A 3Σ u+ ) using the copper disc
cathode. The effective lifetime τ1 is given from the inverse of the slope of the decreasing transient
current waveforms as shown in Fig. 2 and according to the equation (1). The obtained effective
lifetime is plotted with the error bar of the standard deviation in log-log scale. The solid lines are given
by the curve fitting procedure using the equation (2) based on our theory [6]. The curves are
proportional to the gas pressure up to 3 Torr after that they takes peak and are inverse proportional to
the gas pressure. From these curves, the diffusion coefficient Dm1, the collisional quenching rate
coefficient k' of N 2 ( A 3Σ u+ ) by m-xylene and the reflection coefficient R are determined as 151 cm2/s,
4.8×10-9 cm3/s and 0.01, respectively.
Figure 4 shows also the effective lifetime of N 2 ( A 3Σ u+ ) measured by using the gold plated cathode. As
well as Fig. 3, from the curve fitting procedure, we determine the diffusion coefficient Dm1, the
collisional quenching rate coefficient k' of N 2 ( A 3Σ u+ ) by m-xylene and the reflection coefficient R. The
values are 152 cm2/s, 4.0×10-9 cm3/s and 0.1, respectively. Consistent values are obtained in the both
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results in Figs. 3 and 4, except for the reflection coefficient of N 2 ( A 3Σ u+ ) at the cathode surface. The
result suggest that the diffusion coefficient and the collisional quenching rate coefficient are good
agreement to the theoretical curves which are represented by the equation (2). This means the obtained
effective lifetimes are well depended to the two process, diffusion of N 2 ( A 3Σ u+ ) in N2/(1 ppm) mC8H10 and collisional quenching of N 2 ( A 3Σ u+ ) by m-C8H10 correctly. We have never found the fact
which a latter process appears clearly in Figs. 3 and 4. This is considered that the m-C8H10 is
decomposed easily by receiving the potential energy from N 2 ( A 3Σ u+ ) by the two body collision.
Moreover, the decomposition products which is produced as a by-product through the collisional
quenching of N 2 ( A 3Σ u+ ) by m-C8H10 have never discomposed again by N 2 ( A 3Σ u+ ) . These
investigations would be continued to expand the both cause of o- and p- xylene by the same procedure.
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Fig. 4. Effective lifetime of N 2 ( A 3Σ u+ ) .

Fig. 3. Effective lifetime of N 2 ( A 3Σ u+ ) .

3.2 Variation of current voltage curve after repeated measurements
3.2.1 Experiments using on Au plated cathode
Certain fluctuations are found in the repeated transient current waveform in N2/(1.00ppm)C8H10
mixture. Therefore, the values of τ1 are deviated as shown in Fig. 5 and it is impossible to estimate the
values in the high gas pressure region which is indicated by dotted lines in the same figure. In this
case, the current-voltage curve is observed as shown by (×) in Fig. 6. The curve is jumped up from
1×10-9 A to 2×10-6 A discontinuously. In contrast, the current-voltage curve shown by (○) in the same
figure is carried out at the same time when the results are obtained using Au plated cathode as shown
in Fig. 4. The current-voltage curve is varied continuosly with smooth line as a typical curve in the
Townsend discharge region. These results suggest that certain obstructions in the electron
multiplication process are caused in the gas phase or the surface of the electrode.
3.2.2 Repeated measurements of current-voltage characteristic using copper disc cathode
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Fig. 6. Current voltage characteristic at
1 Torr, 1 cm in N2/(1.00ppm) m-C8H10.

Fig. 5. Effective lifetime of N 2 ( A 3Σ u+ ) .
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Current I (A)

The current-voltage curves and the observation of the
10-4
transient current waveforms in N2/(1.00 ppm) m-C8H10
1.0Torr
mixtures are adapted again using a new copper disc
0.5Torr
2.0Torr
cathode. To observe the difference between the new one
5.0Torr
-6
10
and the old one, the comparison of the current-voltage
curves is examined using a new copper disc cathode and
10.0Torr
the old Au plated cathode. Here, the purpose of this
10-8
experiment is to check the surface condition of the cathode
that influence the current-voltage curves. The Au plated
electrode is the same as the electrode used for the effective
N /m-C H (1.0ppm)
10-10
d=1.0cm
lifetime measurement as shown in Fig. 3. Remarkable
Au plated cathode
changes are found in Fig. 7. Firstly, the initial photocopper disc cathode
-12
electron current by UV irradiation is recovered to 2×10
10-12
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A at E/p0 = 10 V/cm･Torr. In contrast, the same current
Reduced electric field E/p0 (V/cmTorr)
-12
value of 2×10 A are obtained at last at E/p0 = 100 V/cm･
Fig. 7. Current voltage characteristic
Torr under the use of the Au plated cathode which are
at 1 cm in N2/(1.00ppm) m-C8H10.
indicated by (△). Secondary, each of the current-voltage
10-4
curves shifts to low E/p0 compare with the curves
Cu cathode
0 min.
obtained under the use of Au plated cathode. These facts
10min.
20min.
give us the assumption that it would be caused some
30min.
40min.
-6
10
60min.
surface change of the cathode to prevent a current flow
90min.
120min.
between the electrodes. Therefore, we observe the
150min.
180min.
temporal variation of the current-voltage curve by the
220min.
240min.
10-8
270min.
repetition measurement in the same condition. The
300min.
330min.
experiments are carried out by using the copper disc
360min.
420min.
cathode with 1cm in the gap length and 1 Torr in gas
10-10
pressure.
po=1.0Torr
d=1.0cm
Figure 8 shows the temporal variation of currentN2/m-C8H10(1.00ppm)
voltage curves that we experiment every 10 min. During
10-12
0
200
400
600
800
the interval of the current-voltage curve measurement,
Reduced
electric
field
E/p
(V/cmTorr)
0
the constant ionization current of about 40 μA is flowing
Fig. 8. Current voltage characteristic at 1
with the change in the applied voltage for the activation
Torr, 1 cm in N2/(1.00ppm) m-C8H10.
in the gas phase. The current-voltage curves move to
right side gradually with the time. It is also found that
the no variation of the current-voltage curves is found from 220 to 420 minutes. Therefore, it is
thought that the xylene would be decomposed perfectly under the action of the ionization current 40
μA, and certain decomposition product seems as some hydro-carbon attached on the cathode surface
[12].
8 10

Current I (A)

2

4. Discussions

4.1 The Fundamental coefficients of N 2 (A3Σu+ )

It is confirmed that the difference of the fundamental constants on N 2 ( A 3Σ u+ ) are not found except for
the reflection coefficient of N 2 ( A 3Σ u+ ) under the two kinds of cathode materials. The diffusion
coefficient Dm1 is 151.5±0.7 cm2/s on the average of two each material. The collisional quenching rate
coefficients k' of N 2 (A3Σu+ ) by m-C8H10 is (4.4±0.6)×10-9 cm3/s on the average of two kind of cathode
material as shown in Table 1. It is also proved that N 2 (A3Σu+ ) surely disappears by quenching through
two body collision with m-xylene and N 2 (A3Σu+ ) never again decompose the by-products which is
produced from m-xylene. These investigations are now continued to the case of o- and p- xylene.
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4.2 Variations of the reflection coefficient of N 2 (A3Σu+ ) and current-voltage curves with the
cathode condition
The reflection coefficients on the electrode surface is
0.01 in the Au plated cathode, and 0.1 in copper disc
cathode. We will confirm whether the difference of the
reflection coefficient is depends on the difference of
the film thickness or it is the difference of the
different material.
The gradually variation of current-voltage curves
disappear after several hours from the starting time of
the experiments. It is necessary to make clear this
cause by the experiment.
4.3 Variation of current-voltage curves by repeated
measurements
In N2/(1.00 ppm)m-C8H10 mixtures, when the
measurements of the current-voltage curves are
repeated, the curves move to right side gradually with
the time. It is thought that the decomposition product
of the xylene attached on the cathode surface by
discharge of the ionization current 40 μA. The
investigation of the decomposition product will also be
necessary.

Tab. 1. Collisional quenching rate
coefficients k’ of N 2 ( A 3Σ u+ ) by air
pollutions.
Gases
m-C8H10
CF4
CH4
CH2FCF3
C2F6
CO2
CO
CCl2F2
CH2O
NO
(CH3)2CO
C6H6
C6H5CH3

k’ (cm3s-1)
(4.4±0.6)×10-9
(6.9±0.9)×10-16
(1.6±0.1)×10-15
(2.9±0.6)×10-15
(2.9±1.0)×10-15
(3.8±0.4)×10-13
(5.9±1.7)×10-13
(8.3±0.2)×10-13
(4.7±0.4)×10-12
(4.8±0.2)×10-11
(2.2±1.3)×10-10
(3.0±0.3)×10-10
(6±3)×10-10

5. Conclusions

The diffusion coefficient Dm1 of N 2 ( A 3Σ u+ ) in N2/(1ppm)m-C8H10 mixtures and the collisional
quenching rate coefficient k' of N 2 ( A 3Σ u+ ) by m-C8H10 is determined as 151.5±0.7 cm2/s and
(4.4±0.6)×10-9 cm3/s, respectively. The collisional quenching rate coefficient k' of N 2 ( A 3Σ u+ ) by mC8H10 was the largest value in those values of N 2 ( A 3Σ u+ ) by air pollution gases that have been
measured so far. The experimental result of the effective lifetime is consistent to the theoretical curve
very well within the new surface electrode. However, the current voltage curve moved to high E/p0
region because of certain decomposition product of the xylene attached on the electrode surface. More
detailed studies including the surface analysis of the cathode are being carried out.
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An investigation of Townsend’s secondary ionization coefficient γ of MgO is carried out
experimentally, considering the effect of the accumulated charge on the MgO film electrode.
Sinusoidal voltage is applied between the MgO film electrode and the stainless steel electrode in
the frequency range of 0.1 Hz - 2 kHz. Breakdown voltage is determined from the waveforms of
applied voltage, discharge current and accumulated charge on the MgO film electrode. The
Lissajou figure is observed simultaneously. The obtained γ of MgO is compared with other
results and it is discussed.

1. Introduction
It seems that Auday et al. [1][2] were the first to experimentally determine the secondary ionization
coefficient γ of MgO. MgO is utilized as a protective layer on the metallic electrode for the plasma
display panels and cold cathode fluorescence discharge lamps. However, MgO is an insulator and not a
conductor; thus, it is important to clarify the role that MgO plays as the cathode in this discharge cell.
Auday et al. [1][2] experimentally determined the breakdown voltage Vs and then estimated γ by
investigating Townsend’s criterion. They applied DC voltage between the aluminum electrode and the
MgO film electrode, but presented no detailed description of the discharge phenomenon in their paper.
Firstly, we investigated the procedure for determining γ from breakdown voltage. For this purpose, the
breakdown voltages observed by Shiokawa et al. [3] were used in our investigations [4][5]. We then
experimentally determined γ under a 0.5 Hz sinusoidal voltage, and compared with the experimental
results of Auday et al. [6]. In our experiment, the effect of the induced voltage on MgO films by the
accumulated charge was not considered as the same as Auday et al. The obtained γ showed a similar
tendency to that in Auday et al. at a reduced electric field intensity E/p0 < 60 V/cm･Torr (E: electric
field, p0: 0℃ reduced gas pressure). Thus, it was considered that the effect of the voltage induced by the
accumulated charge on the dielectric electrode at 0.5 Hz could be disregarded.
In the present study, an investigation by the V-Q Lissajous figure method [7] [8] is used to determine
the breakdown voltage Vs of a MgO film electrode at frequencies up to 2 kHz. From the results, it is
evident that no accumulated charge effect appeared at frequencies lower than 50 Hz of the applied
sinusoidal voltage, because the accumulated charge on the MgO film electrode vanished with a time
constant of about 40 ms in this case.

2. Experimental apparatus and method
Figure 1 shows the schematic diagram of the experimental apparatus. The sinusoidal voltage generated
by a high-speed bipolar power supply is applied to the stainless steel electrode. The stainless steel
electrode with a diameter of 20 mm is installed in the glass cylinder with an inner diameter of 20.3
mm mounted on the MgO film electrode to maintain the discharge in the central part of this cylinder
space. The applied voltage waveform is monitored using the oscilloscope through a potential divider
with the probe. At the same time, the accumulated charge on the MgO film is detected by the capacitor
C connected between the MgO film electrode and the ground. The capacitor C is switched to the
resistor R when current is measured. In preparation for the experiment, the MgO film electrode is
heated using a ceramic heater for at least two hours at 400℃, in accordance with the experiment of
Shiokawa et al. [5], and the discharge chamber is evacuated to vacuum by a turbomolecular pumping
system. The purity of the Ar used is 99.9995%.
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3. Experimental results

Voltage V(t) (V)

Charge q(t) (×10 -8 C)
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Current i(t) (mA)

Voltage V(t) (V)

3.1 Voltage and current, voltage and charge waveforms
Figure 2(a) shows waveforms of the applied
gas
W
R=5MΩ
voltage V(t) whose frequency is 500 Hz and the
discharge current i(t). In this case, the capacitor
HV
C in Fig. 1 is changed to a current-detecting
resistor (500 kΩ). The MgO film electrode acts
as a cathode when the applied voltage V(t) has a
W
S
I
positive polarity, then, the breakdown voltage in
MgO
Glass tube
M
vacuum
Glass
this polarity is measured carefully. Current topump
A
board
CH
begins to flow at the time A indicated in Fig.
G
HV probe
2(a), and this point is considered as the
I
breakdown voltage of discharge between
electrodes. Figure 2(b) shows the waveform of
the accumulated charge q(t) in the capacitor C.
Figure 2(c) shows the waveforms of applied
C
Oscilloscope
P
voltage between the gap V(t), voltage induced by
the accumulated charge on the MgO film
Micrometer
electrode Vw(t), and the gap voltage between the
MgO film electrode and the stainless steel Fig. 1. Schematic diagram of experimental
setup. HV: high voltage, S: stainless steel
electrode Vg(t). Here,
electrode, G: gold film electrode, I: insulator,
Vg(t) = V(t) - VW(t)
W: quartz window, M: meshed copper wire, A:
= V(t) – q(t)/CMgO.
CMgO is the electrostatic capacity of the MgO aluminum foil, CH: ceramic heator, P: power
film, which is estimated from the slop of the supply for ceramic heator.
straight line in the discharge period of the
500
0.3
Lissajou figure. Thus, we can determine the
(a) A
d=0.2 cm
B
V(t)
p0=50 Torr 0.2
breakdown voltage between the discharge gap,
250
f=500 Hz
0.1
i(t)
which consisted of MgO film electrodes as to be
0
0
about 300 V.
-0.1
3.2 Breakdown voltage
-250
-0.2
Figure 3 shows the relationship between the
-0.3
4
breakdown voltage Vs and the frequency f of applied
(b)
sinusoidal voltage. The parameter is a product of gas
2
q(t)
pressure and the gap length p0d. It is evident that the
observed breakdown voltage is independent of the
0
freqency of applied voltage, as shown by the broken
-2
lines (d = 0.3 cm) and solid lines (d = 0.2 cm) in the
figure. Therefore, breakdown voltage is regarded as
-4
dependent on only p0d. Thus, the relationship between
(c)
V(t)
the breakdown voltage Vs and p0d, so called the
250
Paschen curves, are obtained, as shown in Fig. 4. The
Vw(t)
0
breakdown voltage curves obtained at gap lengths d =
Vg(t)
0.2 cm and 0.3 cm are indicated by the solid and
-250
broken lines in Fig. 4, respectively. The breakdown
A
B
-500
voltages Vs in the range of 3 < p0d < 20 Torr･cm at d
0.01
0.011
Time t (ms)
= 0.2 cm are slightly lower than that at d = 0.3 cm.
Fig.
2.
Voltage
current,
voltage and charge
Then, the results of the comparison of the Paschen
waveforms
in
500 Hz.
curves in Fig. 4 and other values including those
obtained in our previous investigations are shown in
the same figure. The dotted line indicates the obtained values of Vs under the AC 0.5 Hz voltage applied
in our previous measurement [6]. Vs is slightly higher than the present value at a p0d lower than 3 Torr･
cm; it is slightly lower at a p0d higher than 7 Torr･cm, compared with our present values. Vs is also
determined as the voltage when the discharge current begins to flow on the order of 10-7A. In addition,

the accumulated charge effect is not considered in this case, and the V – q curve never forms a closed
loop. In contrast, as shown in Figs. 2(a) and 3, the discharge current at the breakdown occuring in the
present data is on the order of 10-4A. Then, the region of current is markedly different.
Furthermore, the breakdown voltages Vs observed by Shiokawa et al. are also shown in the same figure.
The values of Vs observed by Shiokawa et al. are higher than our values in the range of 1.5≦E/p0 ≦60
V/cm･Torr. They described that breakdown voltage is determined by the voltage immediately before
the beginning of the collapse of the applied voltage waveform observed using the oscilloscope. Thus,
it could be concluded that Shiokawa et al. did not consider the accumulated charge effect in
determining breakdown voltage.
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Fig. 3. Relationship between frequency f and Fig Fig. 4. Paschen curves of MgO cathode in Ar.
ure
breakdown voltage Vs.
5
shows the average number of ionization collisions between the gap per an electron, ∫0d α( x )dx , obtained
by MCS against a reduced electric field. The electron collision cross section set of the Ar used is
reported by Kurachi and Nakamura [10]. The MCS code used in this calculation is one of the flight time
integral methods [3][4][11]. The value of the integration of α(x)dx from 0 to d is sometimes called the
ionization index and currently is in the range of 2.2 - 3.6.
Generally, the boundary between Townsend discharge and streamer discharge is given by the ionization
index of about 18～20 [12]. Therefore, we consider that the discharges observed in our experiment are
Townsend discharges. Then, it is possible to estimate the secondary ionization coefficient γ from
Townsend's criterion using breakdown voltage and the gap condition [3][4][6].
p0d = 30 Torr ・cm

Breakdown voltage Vs (V)

Breakdown voltage Vs (V)
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γ =

1
⎛ d
⎞
exp⎜ ∫ α ( x)dx ⎟ − 1
⎝ 0
⎠

.

(1)

d

∫α(x)
dx
0

Thus, γ is determined according to equation (1) and the results are shown in Fig. 6. At E/p0 < 35 V/cm･
Torr, the present γ at d = 0.2 cm increases rapidly with an increase in E/p0. After that, γ reaches its
maximum and decreases gradually against E/p0. The present γ at d = 0.3 cm shows almost the same
5
variation at d = 0.2 cm. However, the curve is shifted to
an E/p0 region lower than that at d = 0.2 cm.
4
The γ obtained by Auday et al [2] is shown by a dotand-dash line for comparison. Their value is obtained in
3
DC voltage. At E/p0 < 60 V/cm･Torr, Auday et al.’s γ
almost agrees with the γ that we which is determined
2
[4] using Vs of Shiokawa et al. [5]. However, Auday et
Ar, MgO cathode
al.’s value increases at about E/p0= 60 V/cm･Torr and
1
0.1 ～ 1 kHz (d=0.2 cm)
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decreases from E/p0 = 160 V/cm･Torr. At E/p0 > 160
V/cm･Torr, Auday et al.’s value agrees with the value
0
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that we determined under a 0.5 Hz sinusoidal voltage
Fig. 5. Ionization index.
[6].
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Secondary ionization coefficient γ

In contrast, our previous value obtained using Vs of
Ar, MgO cathode
Shiokawa et al. decreases monotonically up to E/p0
= 160 V/cm ･ Torr. This breakdown voltage is
10-1
Present (0.1～ 2 kHz)
obtained using a practical plasma display panel
d=0.3 cm
(PDP), which is driven by a 23 kHz square wave
d=0.2 cm
voltage between gaps of 160 μm in Ar from 5 to
0.5 Hz (d=0.2 cm)
400 Torr. In addition, before the experiment, they
performed the out gas treatment from the MgO
10-2
Au (d=0.4 cm)
Auday et. al.
surface at 400 ℃ for at least two hours
St. St. (d=0.4 cm)
DC (d=0.2 cm)
Square wave
continuously. This rigorous preparation before the
Nonequilibrium condition
(Vs by Shiokawa et al.)
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condition
experiments and the procedures suggest the validity
20 kHz (d=0.016cm)
of utilizing the breakdown voltage obtained using
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Reduced electric field E/p 0(V/cm・Torr)
the procedure for our determination of γ .
Breakdown voltage was determined by the collapse Fig. 6. Secondary ionization coefficients of MgO
film cathode in Ar.
of the waveform, which is monitored using the
oscilloscope. Using the breakdown voltage, we
have estimated the values of E/p0 and p0d for the calculation to obtain the average number of electron
collisional ionizations per an electron, which starts from the cathode in the gap, by a Monte Carlo
simulation. The obtained γ- E/p0 curve was almost similar to those determined by Auday et al.,
however, our γ was larger than that of Auday et al. in a reduced electric field less than 80 V/cm･Torr.
Furthermore, we discussed the effects of the spatial nonequilibrium of electron energy distribution and
electron backscattering in front of the cathode on γ.
Auday et al.’s γ is considered to be divided into two regions; an E/p0 lower than E/p0 = 60 V/cm･Torr
and an E/p0 higher than 160 V/cm･Torr. At E/p0 < 60 V/cm･Torr, a good agreement between Auday et
al.’s γ and Shiokawa et al.’s γ is observed. The difference between both is in the frequency of applied
voltage with DC and a 23 kHz square wave; also, is both, the accumulated charge effect is not
considered. At E/p0 > 160 V/cm･Torr, a good agreement between Auday’s γ and our γunder a 0.5 Hz
sinusoidal voltage is found. The gap lengths of both are the same here. We do not consider the
accumulated charge effect. The result obtained at 0.5 Hz and d = 0.2 cm in our case that no accumulated
charge is considered. Note that, in Auday et al.’s experiment, the accumulated charge was not considered.
Therefore, it seems that it is not necessary to consider the effect of the accumulated charge under applied
sinusoidal voltages of low frequency, including DC voltage. This is consistent with the result of other
experiments showing that the accumulated charge on MgO film electrode vanished with a time constant
of 40 ms.
In addition, the γ values of the metallic electrode (gold (Au) and stainless steel (St.St.)) shown in a
previous paper [6] and the γ of the MgO film electrode are compared. The γ values of Au and St.St.
are shown by the thin solid line and thin broken line, respectively. The γof the metallic electrode is near
the γ obtained by Auday et al. at E/p0< 75 V/cm･Torr, and the curve that approaches the γ of MgO is
drawn at a higher-E/p0. It is clear that the γ of the MgO film at all E/p0 values is larger than the γ of
the metal electrode. It is considered that this is due to the difference in material between the film and the
electrode.
3.4 Effect of accumulated charge on measurement of breakdown voltage
The ranges of the frequencies f of applied voltage and the gas pressures p0 in which the accumulated
charge on the MgO film should be considered in the measurement are shown in Fig. 7. The gas pressure
range in which the accumulated charge on the MgO film is considered is comparatively high at about 40
Torr at a frequency of about 50 Hz. Furthermore, when the frequency exceeds 50 Hz, the effect of the
accumulated charge on the MgO film approaches the low gas pressure range.
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The frequency dependence of γ was not observed in the parameter range in the present experiment.
Moreover, the effect of the accumulated charge appears in the frequency range higher than about 50
Hz, and in the gas pressure range higher than 5～40 Torr.

4. Discussion

Gas pressure p0 (Torr)

From the results of Vs shown in Fig. 4, it is interesting remarkable to see that Vs dose not depend on the
change in the frequency of applied voltage. The discharge phenomenon is investigated using a Lissajous
figure to understand the change in the frequency of the high-voltage power supply. The ranges of f and p0
in which the accumulated charge of a MgO film should be considered are confirmed, as shown in Fig. 7.
From the result, a difference is seen between Auday et al.' s γ measured using DC voltage and the
present data, although the effect of the accumulated
100
charge can be ignored in DC voltage. It is necessary
to investigate the difference between the γ values
80
determined under a high-frequency voltage and a lowfrequency voltage including DC voltage in the future.
60
Furthermore, we found that the γ of MgO is larger
than the γ values of metallic electrodes (Au and
40
St.St.). On the other hand, Auday et al.’s γ almost
corresponded to the γ values of our metallic
20
electrodes (Au and St.St.) at a low E/p0. At present,
the reason for the difference in γ depending on the
0.1
1
10
100
1000
Frequency f (Hz)
presence of the accumulated charge even if the same
MgO film electrode is used canot be sufficiently Fig. 7. Range to consider accumulated charge.
understood. However, we have taken attention of our ○: The accumulated charge affects the applied
voltage. ×: The accumulated charge dose not
interest to Massine’s proposal [13] on the shallow
trap [14] in the dielectric of the cathode.
affect the applied voltage.

5. Conclusions
The γ of the MgO film electrode was investigated. The present data determined from Vs at 2 kHz was
relatively higher than other previously reported values. It is confirmed that it is not necessary to consider
the effect of the accumulated charge under applied voltages of low frequency, including DC voltage.
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A new set-up was installed which for the first time allows spatio-temporally and spectrally resolved
spectroscopic measurements (cross-correlation spectroscopy) in combination with the quantitative
detection of residual surface charges. The charge detection succeeded by the application of the
optoelectronic Pockels effect in combination with ICCD camera technique. For this a plane BSO crystal
operated as one of the dielectric electrodes of the barrier discharge. In the contribution first results on
the discharge development and surface charge measurements in pure He and mixtures with N2 at
atmospheric pressure are presented.

1. Introduction
Non-thermal plasmas at atmospheric pressure are effective sources of radicals and excited species.
Therefore, they have found many technical applications in the plasma chemistry and lighting. In this
group the barrier discharges (BDs) have a key position [1]. It is well-known that BDs can operate in
different discharge modes, mainly controlled by the feeding gas, frequency, dielectric electrode
material and the reactor geometry (gap spacing). Many investigations in the past have contributed to a
deeper understanding of the discharge breakdown and development [2][3]. Finally, the discharge
operation mode (filamentary or diffuse) is related to the ratio of the secondary processes at the
electrodes (e.g. exoemission of electrons) to the ionization in the gas bulk (Townsend and Penning
ionization). Furthermore, the residual surface charge distribution controls the position of the next
discharge breakdown. In the last decade the activities of our group have been focused on the spatiotemporally and spectrally resolved investigation of the discharge development in the volume in
different gas mixtures, using the method of cross-correlation emission spectroscopy (CCS). Now we
started to combine the CCS-technique with the quantification of the residual charges on the dielectric
surfaces in a common set-up. The charge detection succeeded by the application of the optoelectronic
Pockels effect in combination with CCD camera technique [4][5]. For this a plane BSO crystal was
used as one of the dielectric electrodes. In this way we want to contribute to a deeper understanding of
one aspect of the interaction of relevant volume and surface processes. In this contribution first (i.e.
preliminary) results after the installation of the new set-up are presented.

2. Experimental Setup
The experimental set-up is sketched in fig. 1. Part (A) illustrates the necessary installation for the
surface charge measurements, based on the optoelectronic Pockels effect [4][5], and part (B) the wellknown scheme for the CCS measurements (details, e.g. in [3]). The discharge cell (located in the
center) has two plane dielectric electrodes. A side-view with more details is shown in fig. 2. The upper
electrode is made from glass, covered by a conducting ITO layer. The second one is an optoelectronic
Bismuth Silicon Oxide crystal (BSO), located on a polished aluminium mirror. The properties and
dimensions of the dielectrics are summarized in table 1.
The surface charges are detected on the dielectric BSO crystal. For this it is necessary to illuminate the
crystal with a stabilized monochromatic LED light source (λ = 634 nm). The temperature of the LED
is controlled by a Peltier element. For the homogeneous illumination of the BSO crystal two lenses
and apertures in front of the LED (Koehler illumination) are used. A polarizing beam splitter transmits
only one polarized direction of the non-polarized LED light which is reflected to the BSO crystal.
Behind the beam splitter a telescopic system enlarges the beam diameter by a factor five up to 30 mm.
Between the two lenses of the telescopic system a λ/8-wave plate is placed. Thereby the linear
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polarized light becomes elliptic polarized caused by a phase shift of 45° when the light is passing the
wave plate.

Fig. 1. Scheme of experimental setup with installations for surface charge measurements (A) and
spatio-temporally and spectrally resolved spectroscopic measurements in the volume with CCS (B).
CCS-setup: PM – photomultiplier, MC – monochromator, Delay – delay generator, CFD – constant
fraction discriminator, TAC – time to amplitude converter, ADC – analog-digital converter, PPG –
pattern generator, MEM – memory.
Tab. 1. Properties of dielectrics.

diameter [mm]
thickness [mm]
dielectric const. εr

BSO
Bi12SiO20
22.5
0.7
56

glass
plate
22.5
0.7
7.6

Fig. 2. Side-view of the discharge cell.
When the light is passing the BSO crystal twice there is a phase shift and the ellipticity of the light is
changing. After that the light passes the λ/8 wave plate and the beam splitter again before the
highspeed camera MIRO 4 detects the radiation. In front of the camera a polarizing filter is installed
which transmits only linear polarized light. The colored filter (transparent from 620 to 640 nm) is
necessary to fade out the light emission of the BD. In this way the camera detects only the intensity
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change of the reflected light caused by surface charges. The BSO crystal is isotropic without an
electric field and becomes birefringent with surface charges on top of the crystal, causing an electric
field. At first, the measurements require a reference photo of the BSO crystal without residual charges.
After that, the charges can be calculated from the relative ratio of the intensity with surface charges
I(x,y) and the intensity without surface charges Ir(x,y). The surface charge density σ(x,y) [C/m2]
depends on the position on electrode. It can be calculated with the following formula [5]

,

(1)

where is the wavelength,
is the refraction index,
is the optoelectronic coefficient,
is the voltage drop over the BSO crystal without any surface charges, is the vacuum
dielectric constant and
is the dielectric constant of BSO.

3. Results and discussion
In pure helium the barrier discharge operates in the diffuse (glow-like) mode and is characterized by
discharge durations in the microsecond scale. With a rising admixtures of nitrogen the mechanism of
the electrical breakdown changes. In dependence on the N2 admixture and/or driving voltage the
discharge can operate in the Townsend-like diffuse mode or filamentary mode, respectively [3].
An overview spectrum (range 200-800 nm) for the diffuse discharge operation in He with 0.1 vol.%
nitrogen admixture is given in fig. 3. The spectrum is dominated by the first negative system of N2+
and second positive system of N2, the NOγ emission and He lines.
The intensive N2+ emission results from an effective Penning process between metastable He* atoms
and N2 in the ground state, producing excited N2+(B) molecules via He* + N2(X) ・・He + N2+(B),
followed by the emission of the first negative system by N2+(B) ・・N2+(X) + hυ. With increasing N2
concentrations the N2+ emission is drastically reduced because of much less He*. Furthermore, the
intensity of the second positive system of nitrogen from lower than from higher vibration levels
becomes more intensive.
Fig. 4. shows the temporally resolved light emission profiles for a “pure” helium discharge with small
nitrogen impurities. It operates in the glow-like diffuse mode. Despite a long pumping times it is
inevitable to have certain impurities inside the discharge cell.
The helium emission (here the 706 nm line) is most intensive at the cathode (glow-like) while the
emission of nitrogen second positive system (0-0 transition) is most intensive at the anode (Townsendlike). These investigations are in agreement with former measurements [2,3]. The temporal
correlations between the discharge current and the emission of He at 706 nm and N2 at 337 nm are
summarized in fig. 4 (right). The excitation of both lines (gap position 0.6 nm in front of anode) shows
a good correlation with the discharge current.
In the diffuse He- BD it was possible to acquire values for the dielectric surface charges in every phase
of the applied voltage. Fig. 5 shows some first measurements at different phase positions. The integral
positive and negative surface charges follow the discharge breakdown, and change therefore every half
period. The charges are nearly constant over one half period. It was found that the total positive
charges (integrated over the dielectric area) are greater than the negative ones. Typical values for the
positive surface charges are +
C to
C the negative charges are about
C, a
little depending on the applied feeding voltage.
The positive surface charges could originate from the neutralization of positive ions on the surface,
hereby collecting electrons. The negative surface charges can be identified with electrons collected on
the BSO crystal. After turning off the discharge, the positive and negative charges exist nearly stable
for a long time (Fig. 6.). To acquire surface charge decay constants, future investigations have to be
extended to several hours. The realization of surface charge measurements in the filamentary mode,
required an 10 vol.% N2 admixture to He. For these conditions in fig. 7 the surface charges (spots) are
shown. It can be distinguished clearly between negative (dark) and posive (light) surface charges.
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Fig. 3. Overview spectrum from the barrier discharge in helium with 0.1 vol.% nitrogen admixture.

Fig. 4. Spatio-temporal development of the helium diffuse BD. 706 nm line of He (left), 337 nm line
of N2 (middle), discharge current and both lines in 0.6 mm distance to the anode (right).

Fig. 5. Surface charge densities in pure He over Fig. 6. Time dependence of the positive
one period (f = 2 kHz) for different feeding residual surface charges after turning off the
voltages.
discharge in pure He.
Their distribution functions are significantly different. They mark the momentary footprints of the
discharge filaments. The negative surface charge density is about
C/m2. Their profile can
be approximated by a gaussian function. The surface charge (integrated over one single distribution) is
about

C. The spot has a width of about 1 mm. For the positive surface charges the
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situation is similar. Their density amounts approximately
C/m2, , the total charge of a
C. Their width is up to 2 mm. Furthermore, it was observed,
single filament is up to
that some of the negative surface charges exist up to three full periods. These filaments are spatially
stationary. Surprisingly, on the dielectric electrode charges of both polarities can exist at the same time
(fig. 7, right). This can be explained with the existence of residual charges from former breakdown
commonly with charge distributions from filaments of the recent half period.

Fig. 7. Surface charge distributions on the BSO dielectric electrode. BD operation in the filamentary
mode, He with 10 vol.% N2 admixture, f = 2 kHz. Left: Negative surface charge density (dark spots) in
the minimum of the voltage (-1.5 kV) with a section (white line) through one negative charge
distribution. Right: measurement of the positive surface charge density (bright spot) in the maximum
of the voltage (1.5 kV). Section through a positive charge distribution. Exposure time: 10 µs.

4. Conclusion
After the successful installation of the new setup which combines the surface charge diagnostics and
the cross-correlation spectroscopy, first results have been presented. An important goal for the future
will be the measurement of surface charges with a higher temporal and spatial resolution, and thus a
direct correlation to the discharge development.
Acknowledgement. The work was supported by “Deutsche Forschungsgemeinschaft, SFB TR 24,
‘Complex plasmas’ ”. The authors express their gratitude to P. Druckrey, U. Meißner and L.
Stollenwerk for their technical support and helpful discussions.

5. References
[1] U. Kogelschatz, Plasma Chemistry Plasma Process. 23(2003)1
[2] F. Massines, A. Rabehi, Ph. Decomps, Ben Gadri, P.Segur, Ch. Mayox, J. Appl. Phys.
28(1998)2950
[3] H.-E. Wagner, K.V. Kozlov, R. Brandenburg, Cross-correlation emission spectroscopy applied to
non-equilibrium plasma diagnostics, vol.1, 385, in R. Hippler, H. Kersten, M. Schmidt, K.H.
Schönbach (Eds.), Low Temperature Plasmas: Fundamentals, Technologies and Techniques. WILEYVCH Weinheim 2008
[4] A. Yariv, Quantum electronics, Viley New York 1989
[5] L. Stollenwerk 2007 Physicl Review Letters, PRL 98, 255001

160

Topic 2
Modelling and diagnostics
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Gaseous Helium at 300K and pressure (0.1-3)MPa was excited using a corona discharge both for
negative and positive high voltages. The light emitted from the ionization zone of the discharge
was analyzed. Asymmetric shape of atomic line 706nm was recorded. Blue wing of the line is
more intensive than its red wing. The line shape is described as a convolution of Lorentz profile of
the line center and a quasi-statistical profile of a blue wing of the line. Such analysis predicts a
weak heating of the gas in the ionization zone for positive corona and considerable heating for
negative corona.

1. Introduction
Spectroscopic observations of the light emitted by ionization gases can be used to determine
conditions surrounding the emitted atoms or molecules. Corona discharge is characterized by strong
spatial inhomogeneity. The corona current is determined by mobility of electrons or positive ions in
low-field drift zone but the current density increases strongly with approaching to the region with
strong electric field near a tip electrode. This region (ionization zone) is a source of a light emitted by
the corona. Excited atoms interact with environment and feature of their spectra gives information
about properties of a gas in the ionization zone.
The pressure broadening of spectral lines depends on the gas density. The “impact” interaction of
radiator with surrounding atoms determines the Lorentzian profile of spectral lines emitted by a
discharge in low pressure gases [1-4]. In this case the width Δλ (Full Width Half Maximum) of a line
and the line shift S relative its non-perturbed location is proportional to gas density. The analysis of the
line broadening and shift has been made in [5] for the Lennard-Jones potential of an interaction
between excited atom and surrounded atoms in the ground state. The shift sign (“red shift” for the shift
toward longer wavelengths and “blue shift” for the shift toward shorter wavelengths) depends on
character of radiator-perturbator interaction. The red shift corresponds to significant attraction. Growth
of the density of a gas is accompanied by distortion of the “impact” Lorentz profile of a line. It has
been shown [6] that the van der Waals attraction between a radiator and perturbators results in
increasing of the intensity of a “red wing” of a line as compared with its “blue wing”. The asymmetry
of a spectral line shape was described using “quasi-static” approach where perturbators are assumed
stationary. The quasi-static profile of a line has non-zero intensity for wavelengths which are larger
than the wavelength of non-perturbed line. It is due to attractive interaction between radiator and
surround atoms.
The corona discharge in helium under pressures up to 5MPa allows us to observe lines of He I in these
conditions. It was originally supposed to calculate temperature and density of a gas in ionization zone
of corona, using the impact approximation for treatment of the width and the shift of spectral lines.
But measurements have detected considerable asymmetry of observable lines. Their “blue” wings have
more intensity than “red” wings. It has demanded to include both impact approach and quasi-static one
in the analysis of the shape of spectral lines. The impact profile of a line depends on both the gas
pressure and the temperature. The quasi-static profile depends on the density only. Ideal gas relation
between the density and the temperature at fixed pressure is appended to analysis of the line shape
based on impact approximation. The impact approximation describes the central part of the line while
the quasi-static approximation describes its wing. The different density and temperature dependences
of these mechanisms allow us to treat the experimental data more definitely.
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The objective of the report is to predict the gas temperature in the ionization zone using the
experimental data on spectral line emitted from the zone. It is shown that the gas is heated in the
negative corona but does not in the positive corona

2. Experiments and results
Experiments have been carried out in gaseous He at the fixed temperature 300K of the gas and
different pressures in the cell from 0.1MPa up to 3MPa. The corona discharge (ionization of gaseous
He) occurred in a vicinity of a tip electrode under high voltage. The discharge domain (ionization
zone) had a volume less than an inter-electrode space (drift zone). The corona current has been
measured for different temperatures and pressures in a space-charge-limited regime. This regime is
characterized by an electric current as a quadratic function of the applied voltage V. Electrons with
high mobility are the charge carriers in the drift region of the negative corona and it results in large
negative corona current. Positive ions with low mobility are the charge carriers in the positive corona.
Therefore the current of the positive corona is lower than that of the negative one.
The gaseous sample was produced from helium at the grade N 60 (Air Liquide) with an impurity
concentration of about 0.1 ppm of oxygen. The gas was further purified by a series of traps that were
filled with a mixture of molecular sieves (3-10 Å) and charcoal, activated under vacuum typically at
350°C for 3 days. The corona discharge cell included a point electrode and had a characteristic
impedance of 50 Ohm and it could withstand pressures up to 10 MPa. Before filling the cell was
pumped to about 10-4 Pa using a turbo-molecular pump. Tungsten tips with a radius of 2.5µm were
prepared by electrolytic etching. The electrode spacing was 8 mm. All metallic electrodes were
supported by Macor insulators. The high voltage from a stabilized dc power supply (Spellman
RHSR/20PN60) was connected to the point electrode. In the cell the temperature of the gas could be
adjusted to 300 K at a fixed pressure P for each series of measurements.
Light emitted from the region close to the point electrode was analyzed by a spectrograph through a
sapphire window. The spectrograph (Acton Research Corporation of 300 mm focal length) was
equipped with 3 plane gratings: one with 150 gr./mm and two with 1200 gr./mm that were blazed at
750 nm and 300 nm, respectively. The 2D-CCDTKB-UV/AR detector is located directly in the exit
plane of the spectrograph. Its dimensions are 12.3x12.3 mm with 512x512 pixels of 24x24 µm for
each pixel. In order to reduce the dark current, the detector was cooled to a temperature of 153 K (dark
current <1 e/pixel/hour at 153 K). In our conditions, the instrumental broadening measured by
recording profiles of argon lines from a low pressure discharge lamp is Δλinstr=0.1 nm for a 1200
grooves/mm grating.
The light emitted from the corona region was collected and spectra in the range 500 - 1080 nm were
recorded. Figure 1 shows a representative spectrum observed. Most of atomic lines and molecular
bands were identified. These lines correspond to radiative transitions between excited states of He*
atoms and He2* excimer molecules. At low pressure the lines are sharp and their peak position match
the atomic lines and molecular bands of helium from gas phase experiments, Table 1.
Tab. 1. Transitions observed in Helium corona discharge (300K, 0.1MPa).
Atomic lines
λ (nm)
492,19
587,56
706,52
728,13
1083,02

Molecular bands
λ (nm)
464,95
573,49
575
577
639,6
659,55
913,61
918,3

Upper-Lower
4d 1D-2p 1P
3d 3D-2p 3P
3s 3S-2p 3P
3s 1S-2p 1P
2p 3P-2s 3S

Upper-Lower
e3Πg- a3Σu+
3
f Δu(v=0)-b3Πg(v=0)
3
f Δu (v=1)- b3Πg (v=1)
f3Δu (v=2)- b3Πg (v=2)
d3Σu+- b3Πg
D1Σu+- B1Πg
C1Σg+- A1Σu+
c3Σg+- a3Σu+

A strong background continuum from 490 to 1100 nm appears in spectra at high pressures above 4.0
MPa. Moreover, the width of the lines increases with pressure and their relative intensity decreases.
The noise superimposes on the line shape at high pressures. Though, the qualitative characteristic of
the line shape can be recorded for pressures up to 2.5 MPa. Blue shift of line maximum and more
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appreciable broadening of lines are observed. Atomic lines manifests asymmetric of their profile
which increases with pressure. The skewness of the line shape is exhibited as larger intensity of its
blue wing compare with a red wing. This effect is due to interaction of a radiator with surrounding
atoms. The treatment of the phenomena is presented below and some properties of the corona
ionization zone are predicted based on the treatment. We concentrate our attention on the analysis of
shape of the atomic line 706nm. Figures 1 and 2 show the atomic 3s3S -> 2p3P line at 706 nm being
broadened and shifted with increasing pressure towards smaller wavelengths (blue shift).
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Fig. 1. Experimental spectra obtained for Fig. 2. Experimental spectra obtained for 706nm
706nm line in negative corona under different line in positive corona under different pressures.
pressures.
The shapes of the line observed in negative and positive corona are different, but both spectra exhibit
the blue shift and more intensive blue wing. The figures present very interesting phenomenon of
“satellites” observed at both 696nm and 715nm. Their intensity increases with pressure and the effect
is more appreciable in the positive corona. Here we analyze the shape of the central line and give an
explanation in the framework of the classic theory of pressure broadening of spectral lines.

3. Theoretical treatment
The theory of “impact” broadening of spectral lines predicts symmetric Lorentzian profile of the line
with shift and width being proportional to a gas density N [1, 2]. The analysis of the line distortion due
to model Lennard-Jones potential of the interaction between radiator and perturbators [5] showed that
the shift of the line depends on the nature of the interaction. If the van der Waals attraction prevails
over the short range repulsion, the shift is toward long-length side. If the repulsion is prevailed, the
“blue” shift is predicted. The blue shift has been observed in our experiments and this allows us to
assume the repulsive interaction (U(r) = C12r-12) between a radiator and perturbators. Within the
“impact” approximation for the repulsive interaction, the expressions for the line broadening ΔλL and
the line shift SL are given by:

⎛ λ 2 ⎞ 9 / 11
⎟⎟ w |C12 |2 / 11 N ,
ΔλL = 6.44⎜⎜
⎝ 2πc ⎠

⎛ λ 2 ⎞ 9 / 11
⎟⎟ w |C12 |2 / 11 N
S L = 0.922⎜⎜
⎝ 2πc ⎠

(1)

Here λ =706nm is the wavelength of the line, w = 104*T0.5 is the relative velocity in [cm/s] of the gas
atoms with T being the gas temperature in [K], C12 is the repulsive Lennard-Jones parameter in [cm12
s-1] and N is the gas number density in [cm-3]. The impact approximation predicts the symmetric
Lorentz profile of the line with a ratio of the shift and the width of 0.143, which is indeed close to
what we find in our experiments with He gas at 300K and low pressures. The theoretical calculations
with more realistic description of the interaction than L-J potential [7], gave for the 706nm line shift
and broadening at 300K
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,
S L = 0.384 ⋅ 10− 21 ⋅ N ⋅ (T 300)
(2)
Here T is in K. Using the theoretical value for the broadening (2) and its treatment with the repulsive
potential (1) one can estimate the repulsion constant value C12= 1.6*10-72 cm12/s.
It has been shown in [6] that the asymmetric line can be obtained in the quasi-static approximation in
the frame of the pressure broadening theory. The approximation assumes zero velocity of atoms and it
becomes significant for large density of a gas. The profile of a line I(Δω) as a function of detuning Δω
from the line centre is described by the formula [8]

ΔλL = 2.9 ⋅ 10− 21 ⋅ N ⋅ (T 300)

9 22

I (Δω ) =

1
2π

9 22

∞

∫ exp[iΔωρ − 4πNV ( ρ )]dρ

(3)

−∞

Here a red wing corresponds to Δω<0 and the blue wing is for Δω>0. The interaction between the
radiator and perturbators ΔU(R) as a function of their spacing R is described by the term V(ρ)
∞

⎡
ΔU ( R) ⎞⎤ 2
⎛
V ( ρ ) = ∫ ⎢1 − exp⎜ − iρ
⎟ R dR
h ⎠⎥⎦
⎝
0⎣

(4)

The property V(-ρ)=V*(ρ) allows us to rewrite Eq.(4) in the form [6]

I (Δω ) =

1
2π

∞

∫ (exp[− iΔωρ − 4πNV

∗

]

)

( ρ ) + exp[iΔωρ − 4πNV ( ρ )] dρ

(5)

0

Below we shall use the simple form of the repulsive potential ΔU(R) = C12/R12 with one parameter C12.
It allows us to describe the line profile using dimensionless variables
∞

(

)

I wing ( x) = ∫ exp(− 2.41 y ) ⋅ cos x ⋅ y 4 − y y 3dy

(6)

0

Here x = Δω (15.02 ⋅ N 4C12 ). The integral in Eq.(6) differs from zero for x>0 (a blue wing of
the line) due to positive sign of the repulse interaction. The quasi-static profile Eq.(6) has the
blue shift and describes the long frequency wing of the line. The center of the line is described
by the Lorentzian profile with the impact broadening
⎛ Δλ ⎞
I L (λ ) = ⎜ L ⎟
⎝ 2 ⎠

2

2
⎛
⎞
⎜ (λ − λ0 + S L )2 + ⎛⎜ ΔλL ⎞⎟ ⎟
⎜
⎝ 2 ⎠ ⎟⎠
⎝

−1

(7)

with the shift S and the width Δλ are according to Eq.(2). In order to combine the central profile
Eq.(7) and the wing-profile Eq.(6), the convolution operation was used in a manner as it been done in
[6]
λ0

I (λ ) = ∫ I wing ( x)I L (λ − x)dx

(8)

0

Here the integration variable x is the difference between the wing wavelength and the wavelength of
the line center λ0, x = (λ0 − λ ) > 0 . The analytical expression has been used for the total shape of the
line, Eq.(8)

z 0.9 exp(− 0.1 ⋅ z )

∞

I (λ ) = ∫

2
⎛
⎞
0
⎜ (Δλw + λ ⋅ z )2 + ⎛⎜ ΔλL ⎞⎟ ⋅ z 2 ⎟
⎜
⎟
⎝ 2 ⎠
⎝
⎠

dz

(9)

Here λ is a wavelength from the shifted center of the line, λ0 –SL . The total profile depends on the
impact broadening of line center (FWHM is ΔλL, Eq.(2)) and on the quasi-static parameter Δλw

15.02λ0 N 4C12
= 2.48 ⋅ 10− 2 [nm /( MPa) 4 ] ⋅ p 4
(10)
2πc
These parameters have different density dependence. The parameter of impact width of the
line center is proportional to gas density, Eq.(2), while Δλw has strong density dependence as
Δλw =

2
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N4. Figures 3 and 4 show the result of calculation of the 706nm line shape for pressures 1.5
MPa and 2.3 Mpa observed in positive and negative coronas using Eq.(9).
For simulation of the line for the positive corona the gas density was calculated using the pressure
values and the temperature 300K in the ionization zone of the discharge. The accordance between
experiment and simulation shows that there is no heating of the gas in corona zone in the positive
corona, Fig. 3.
λ0=706.5nm

Positive
corona

0,8

1,0

P=2,3MPa;
300K
P=1.5MPa;
300K

Intensity, arb.units.

Intensity, arb.units.
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0,6
0,4
0,2

Negative
corona
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T=500K
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T=500K
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0,6
0,4
0,2

0,0
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Fig. 3. Simulation of the 706nm line emitted by Fig. 4. Simulation of the 706nm line emitted by
positive corona at 300K and 1.5 MPa and 2.3MPa negative corona at 500K and 1.5 MPa and
– solid and dashed lines; dotted lines – Lorentzian 2.3MPa – solid and dashed lines.
profiles
The line observed in the negative corona has less broadening than predicted by its simulation for the
gas density calculated using the pressure values and the temperature 300K in the ionization zone. The
heating of a gas in ionization zone was assumed. The heating leads to decreasing of gas density under
fixed pressure. The impact broadening of the line centre decreases proportional to the density and
increases with the temperature according Eq.(2). The more significant effect is attenuation of the
asymmetry of the line shape due to weakening of the quasi-static parameter Eq.(10). The most
adequate agreement between the experimental line profiles and their simulation occurs if the
temperature 500K is assumed for the ionization zone of the negative corona, Fig.4. Indeed, the
negative corona currant in the space-charge-limited conditions is larger than that in the positive
corona, because higher electron mobility in the drift zone of the negative corona. The larger current
results in possibility of considerable heating of the gas near a tip electrode.
Authors from Russia (V.A. and V.S.) thank Russian Foundation of Basic Researches for support of
their work; grant 08-08-00694
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Recently, spatio-temporally resolved studies of single microdischarges in a surface barrier
discharge arrangement were realized. As diagnostic techniques an intensified CCD camera
equipped with a far field microscope for two dimensional spatial imaging, as well as CrossCorrelation Spectroscopy for the spatio-temporal development of the discharge within a subnanosecond and sub-millimetre scale have been used. In these studies, the surface barrier discharge
was driven in order to generate only one microdischarge per half period (single-microdischarge
mode). The discharge was driven at conditions resulting in several microdischarges per half
period. The CCS setup enables the recording of microdischarge development for different phases
of the applied voltage. Distinct differences between the subsequent phase channels in the positive
half period are carried out, while the first channel shows similar behaviour as in the singlemicrodischarge-mode surface discharge.

1. Introduction
Surface barrier discharges (SBDs) in air at atmospheric pressure consist of single constricted
microdischarges (MDs) visible as distinct filaments. Due to the erratic appearance, short duration time
and small size the investigation of single MDs is a challenging task. Using the method of CrossCorrelation Spectroscopy (CCS), the spectrally resolved luminosity of MDs can be recorded with a
high temporal (sub-ns) and spatial (sub-mm) resolution. This has already been demonstrated for
different discharge types, e.g. volume barrier discharges (VBDs) and coplanar barrier discharges
(CBDs) [1, 2]. Recently SBDs in an asymmetric point-to-point SBD configuration were investigated
by means of CCS as well as iCCD-camera enhanced with far field microscope [3]. In these studies the
plasma was driven sinusoidal with low voltage amplitudes closed to the burning voltage, resulting in
the generation of only one or at most two MDs per half period (single-MD-mode).
However, in many applications barrier discharges will be driven at voltage amplitudes generating a
large number of MDs within the same half period. Since CCS offers a phase resolution, too, the
development of MDs at different phases within the period of applied voltage can be studied. In case of
sinusoidal driven VBDs the MDs development was found to be independent on the phase, i.e. the
development is the same for all MDs generated at the same polarity [2]. In CBDs differences due to
residual charges on the dielectric surface have been investigated [4]. In this contribution a phase
resolved analysis in the positive half period of the applied voltage is made for the SBD arrangement
studied in [3]. The aim of the study is (1) to compare the MD development in the single-MD-mode
with multiple appearing MDs at higher applied voltage amplitude and (2) to compare MD
development for different phases of applied voltage in case of multiple appearing MDs. Such a
comparison should give first general facts on the phase dependence of MDs in SBD arrangements.

2. Experimental setup
The discharge was generated in an arrangement consisting of two needle electrodes (syringe hollow
needles made of chrome-nickel-steel alloy) placed on the opposite sites of a 0.6 mm thick Al2O3
dielectric plate (see Fig. 1). The tips of the electrode faced each other with a gap of d = 1.15 mm. To
prevent a parasitic discharge one side was covered in silicone glue (covered electrode). This
configuration granted long time stability of well-localised MDs, which is required for CCS studies [5].
The electrode configuration was set in a Plexiglas chamber flushed with dry air. The power supply
generated a sinusoidal voltage of several kVpp at frequency of about 60 kHz which was applied to the

168

covered electrode. The applied voltage and current were measured by probes (see [3] for details) and
recorded by a digital storage oscilloscope.

Fig. 1. Scheme of SBD pin-to-pin Fig. 2. Scheme of the division of the applied voltage into
electrode configuration (left side view; 16 phase channels for a selected wavelength and spatial
position of the CCS measurement
right top view)

MDs were investigated by means of short exposure time photography (gated iCCD camera) and CCS.
The iCCD camera was equipped with a far field microscope to enable spatial resolution of 4 μm. The
light of the discharge could be projected by a UV achromatic lens to the entrance slit of a
monochromator. On one exit, a CCD camera was located for classical optical emission spectroscopy.
On the other exit, a photomultiplier (PMT) behind an exit slit was installed. The combination of the
monochromator, two highly sensitive PMTs, a time-correlated single photon counting board and the
routing procedure board (DDG - digital delay and pattern generator) made up the CCS, which is
described in detail elsewhere [2]. The temporal resolution was 12 ps. The routing procedure of the
DDG provided a course time scale, which was synchronized with the phase φ of the applied voltage.
This made it possible to differentiate between the positive and negative half period. Nevertheless, the
cycle duration of about T = 1/60 kHz ≈ 17 µs was divided into 16 intervals (ΔtDDG = T/16 = 1.07 µs), so called phase channels - to realise phase resolved measurement in one period (see Fig. 2).

3. Experimental results and discussion
Single-microdischarge mode
If voltage with amplitude slightly higher than the burning voltage is applied, only one MD in each half
period occurs (so-called single-MD mode). From time to time a second MD appears which could be
verified by current measurements. By investigating this with the iCCD camera, different structures for
the two individual MDs could be observed. The first MD in each half period propagates on direct path
between the electrodes (see Fig. 3 a). The second MD spares the region of the first MD and develops
around it (see Fig 3 b). Obviously, the first MD leaves positive charge on the surface decreasing the
electric field in this region. Therefore, the next MD is forced on a path outside the low field region [5].
The development of MDs was investigated by the measurement of the spatio-temporal distribution of
radiation intensity of the 0-0 vibrational transition of the second positive system of molecular nitrogen
(SPS at λ = 337.1 nm; 11 eV excitation energy) with the CCS technique. This molecular band is the
most intensive in the optical emission spectrum and represents the convolution of the reduced electric
field with the electron density. The pictures in Fig. 4 show the development of the SPS in the
subsequent phase channels 1 and 2 (a and b), respectively. The first emission of light appears at the tip
of the exposed anode (positioned at 0 mm), followed by a discharge channel propagating in the
direction of the covered cathode (position at 1.15 mm) with decreasing velocity. The overall
development can be explained similar as in VBDs or CBDs [1]. In the so-called pre-phase, at the tip of
the anode a positive charge is generated by means of successive electron avalanches. Reaching a
certain threshold of the local electric field, more and more charge carriers are generated in front of the
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positive charge and the MD develops as a cathode directed ionization front (positive streamer). In the
first phase channel (Fig. 4 a) the velocity of the light emission maximum is about 3.4 · 105 m/s. The
decrease of the discharge front velocity might be explained by the configuration of the initial electric
field. In the considered geometry, the MD channel propagates into a region of decreasing applied
electric field which may lead to a decreasing ionization rate and thus ionization front velocity.
However, surface processes and effects caused by residual charges need to be taken into account, too
(see [3] for details).

a)

0.0

mm

1.0

a)

b)
Fig. 3. Negatives of iCCD photos of a) the first
and b) the second MD in the positive half period.
Exposed anode on the left, covered cathode on
the right. (Both photos are accumulated over 20
cycles). [5]

b)
Fig. 4. Spatio-temporal development of the SPS
for the a) first and b) second phase channel of the
positive half period.

In the second phase channel (Fig. 4 b), the discharge activity is about one order of magnitude lower
(1800 vs. 220 counted photons). Obviously, less MDs are generated in the second phase interval,
which is in agreement with the current measurements. From the iCCD photo (Fig. 3 b) one can suggest
that the second MD within the same half period propagates on a different and longer pathway. Here,
the CCS recording is one-dimensional along the electrode axis. I.e. the curved shape of the second MD
channel is somewhat projected on the electrode axis and the actual velocities of light propagation can
not be determined properly from the plot. Furthermore, the signal in Fig. 4 b may contain photons
from first MDs (if they appear later), too. These facts hinder a profound description of the second MD,
but at least a similar mechanism as for the first MD can be concluded from these results, namely the
pre-phase and cathode-directed ionization front with decreasing velocity.
Multiple-microdischarge mode
At a higher value of voltage amplitude, multiple MDs occurred during the positive half period. At the
voltage amplitude of about 10 kVpp, between four and six MDs per half period took place. As already
seen in the single-MD mode, the MDs form a structure, in which the path of a previous MD is spared.
These patterns emerge very regular, so that they can be observed over multiple cycles of positive half
period of the applied voltage via iCCD photography (see Fig. 5). In Fig. 6 the results of the CCS
measurement of the SPS for first four subsequent phase channels are shown, covering the first 4 µs of
the positive polarity. The CCS measurements were focussed on the anode region and therefore don’t
show the complete discharge gap.

170

Fig. 5. Negative of iCCD photo showing the emerging pattern of subsequent MDs in the positive half
period at higher applied voltages (10.5 kVpp) accumulated over 20 cycles. Exposed anode on the left,
covered cathode on the right [5]

a)

b)

c)
d)
Fig. 6. Spatio-temporal development of the SPS for the first four phase channels (a) to (d) of the
positive half period at a voltage significantly larger than the burning voltage (11.4 kVpp).
The overall development in the first time channel (Fig. 6 a) shows the pre-phase and the cathode
directed ionization front with a velocity of 3.8 · 105 m/s. In contradiction to the single-MD mode
results behind the ionization front a second maximum of light emission is investigated at the anode tip.
In the following phase channels the first maximum (correlated with the head of the ionization front) is
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shifted towards the cathode. The anode light emission grows up and shows a cathode directed
propagation, too (see Fig. 6 c and d). The velocity of the first MD event in a subsequent channel
increases from 3.8 · 105 m/s via 5.4 · 105 m/s (channel 2) and 6.5 · 105 m/s (channel 3) to 7.7 · 105 m/s
in phase channel 4. The velocity of the anode light emission in channels 2 to 4 also increases at a
similar rate (from 1.6 · 105 m/s to 2.4 · 105 m/s to 2.8 · 105 m/s). It has to be mentioned that the actual
velocity is higher than determined from the plots in Fig. 6, since the MD channels after the first MD
have a curved shape and longer pathway. In fact, the inaccuracy increases with the channel, i.e. that
the velocities increase stronger than suggested by the CCS results.
The reason for the second, slower front of luminosity is still to debate. Photons from slower and faster
MDs may overlap in one phase channel. In this case the results for all phase channels should be
similar, but as mentioned above the velocities are significantly different in the different phase channels.
Another explanation is the so-called “backward discharge” as already observed by Gibalov and Pietsch
[6] and Starikovskii et al. [7]. In the cited papers, the backward discharge was always observed at the
decreasing slope of the applied voltage (discharge mainly generated by pulsed DC) which is a different
situation than here (sinusoidal AC, discharge activity investigated only at positive slope of applied
voltage). Further investigations supported by numerical simulation are necessary to understand this
behaviour. But the results show that the MD development is influenced by the applied voltage
amplitude. Furthermore, there is a clear phase dependence, which is already known for CBDs but not
for VBDs.

4. Conclusion and Outlook
In this contribution, subsequent MDs in an asymmetric needle-needle SBD arrangement in the positive
half period were investigated by iCCD camera, enhanced with a far-field microscope and CCS
diagnostic. The results for the multiple-MD mode at overvoltage were compared with the results of the
single-MD mode closed to burning voltage.
It was found, that the first MD propagates on the direct way between the pin-electrodes, while the
subsequent discharges spared the region of the previous MD, due to positive residual charge on the
surface. The CCS results showed, that the first MD event developed in a similar way (pre-phase and
cathode directed ionization front) as in other barrier discharge arrangements. If a second MD appears
in the same half period a similar mechanism as in the first one was suggested from the results. In case
of multiple-MD mode - unlike VBD results - there was a clear dependency on the phase and value of
applied voltage. A second maximum of light emission at the anode was observed. Its origin is not clear.
Future experiments and simulations are needed to clarify the mechanism. These have to include the
influence of the actual electric field and surface processes.
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The objective of this work is to study the propagation of an air discharge at atmospheric pressure
with radial geometrical constraints. These constraints are introduced by placing a capillary glass
tube around the discharge area. The problem is studied using a fluid model which allows variation
of different physical processes and parameters. Two surface processes are included on the
dielectric surface: secondary electron emission by impact of ions and photoemission.The influence
of the inner radius of the glass tube, applied voltage shape and the photoemission coefficient on
the structure and velocity of the discharge are presented. Two methods are used to calculate the
discharge current.

1. Introduction
In recent years, there has been an increasing interest for systems and processes using atmospheric
pressure electrical discharges inside random or organized two-phase media such as porous solid,
monoliths or foams [1,2,3]. To understand and characterize the discharge dynamics in these complex
media, as a first step we propose to study the discharge propagation in a capillary tube.
Recently we have studied the influence of a radial geometrical constraint on the discharge dynamics in
air at atmospheric pressure for a constant applied voltage of 9 kV for a dielectric tube of permittivity
ε=1 and for different values of the dielectric constant for a constant applied voltage of 6 kV [4]. The
objective of this work is to study conditions closer to experiments carried out in LPGP, Orsay [5].
Then we present discharge simulations for a pulsed applied voltage with a maximum of 9 kV in a
capillary glass tube with permittivity ε=5.

2. Model description

Fig. 1. Sideview and topview schematics of discharge set-up for a capillary tube with an inner radius
of 100 μm.
The studied configuration is shown on Fig. 1. A metallic point anode on a plane holder is set at 5 mm
of a metallic cathode plane. The tip of the point is a semisphere with a radius of curvature r = 25 mm.
The point is immersed in a capillary tube of inner radius varying in range 75-250 mm and 1 mm thick.
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A 2D fluid model is used to simulate the discharge propagation in the tube: continuity equations for
charged species are coupled to Poisson's equation using cylindrical coordinates. Kulikovsky scheme
[6] has been used for drift - diffusion part of continuity equations and a direct solver MUMPS [7] for
Poisson's equation. Transport parameters and source terms including photoionization are taken from
[8]. On the dielectric interface, we considered secondary emission due to positive ion impact and
photoemission [9]. On the metallic cathode, Neumann boundary conditions are used for species fluxes.
More detailed description of the numerical procedure is given in [4]. To model the applied voltage
shape used in experiments a sigmoid function is chosen (i.e. a smooth function with steep rise and
plateau). The rise time of the voltage is 2 ns and the duration of the plateau is 20 ns. To describe the
discharge propagation the axial velocity of the discharge is calculated based on movement of the
position with the maximum electric field. In this work the velocity is calculated every 0.5 ns.
To compute the discharge current, two different methods are used. First the current is determined from
total power:

I=

1
∫ J ⋅E dV ,
U V

(1)

where V is the volume of the computational domain, U is the applied voltage, 
J is total current flux

and E is electric field. This approach of current calculation is presented in [10] but without
dielectric interface. The presence of dielectrics requires the calculation of the time derivative of
electric field. With small time step and then very small changes in electric field, this part is the most
computational demanding one. It is important to note that the use of iterative solver for Poisson's
equation does not allow to have an accurate calculation of the capacitive current. In this work we have
used a direct solver to solve Poisson's equation. In this case the accuracy of solution is the truncation
error of used variables which allows an accurate calculation of the current.
The second method to calculate the current is the integration of the current flux over a surface:
I =∫S 
J ⋅
dS ,
(2)
where S is a surface (cut through the whole domain) described by equation {x = Const.}. Taking into
account two different surfaces, with conservation of the current, the difference between them is equal
to the current flux out of the domain. When the current flux out of the domain is zero, the integrated
current is independent on the surface of integration defined by {x = Const.}.

3. Results
In this section, we present simulation results of the discharge propagation in capillary glass tubes with
ε=5. First photoemission is not included and its influence is discussed at the end of the section. The
discharge starts with very fast expansion phase around the point [4] and then reaches a stable structure
with a stable axial propagation. The study of the stable propagation is the main target of this work.
One time snapshot representing electric field and electron density spatial distribution in the discharge
front at a given time when the discharge is around the middle of the gap for a tube with an inner radius
100 μm is shown on Fig. 2. Maximum of electric field is observed out of axis in the region between
the tube interface and the discharge. Its maximum value is over 450 kV/cm. Then electric field is
decreasing towards the axis. Electric field on the axis is still higher than usual maximum electric field
for an air discharge propagation at atmospheric pressure without capillary tube. Contours of electron
density higher than 1014 cm-3 show a tubular structure of the discharge. First experimental results seem
to confirm this tubular structure [5]. Contours of electron density lower than 1013 cm-3 are more
homogeneous.
Then we study the influence of the inner radius of the glass tube on the discharge dynamics. On Fig. 3
(left) is shown the time dependence of the axial velocity for different inner radii of the capillary glass
tube in the range of 75 to 250 μm. The axial velocity is calculated when the stable axial propagation of
the discharge is obtained, which corresponds to t > 3 ns. We note that the velocity dependence is not
monotonic with the inner radius of the tube and a higher limit is reached for radius lower than 150 μm.
This is in good agreement with experimental results for the same applied voltage even if the absolute
value of velocity is different [5]. Tab. 1 shows that the maximum electric field in the tube is increasing
with decreasing inner radius. Smaller inner radius means that the capillary tube is in contact with
discharge earlier after initiation and let the discharge propagate with higher maximum electric field.
More detailed explanation is presented in [4]. Velocity of the discharge is strongly dependent on the
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electron impact ionization. The total ionization is a combination of Townsend ionization coefficient
and the area where the ionization takes place. These two parameters have opposite behaviours for a
varying inner radius. With decreasing radius the Townsend ionization coefficient is increasing and the
area where the ionization took place is decreasing.

Fig. 2. Electric field and electron density spatial distribution in the discharge front at a given time
when the discharge is around the middle of the gap for a capillary glass tube (ε=5) with an inner radius
of 100 μm.

Fig. 3. Axial velocity of the discharge front as a function of time for tubes of inner radii 75 μm, 100
μm, 150 μm and 250 μm (left figure) and for different applied voltage shapes: with constant voltage,
sigmoid voltage and sigmoid voltage without plane holder of the metallic point anode are presented
(right figure).
The influence of the shape of the voltage pulse is shown on Fig. 3 (right). Constant voltage pulse is
compared with the sigmoid voltage pulse with a rise time of 2 ns. With the sigmoid voltage pulse, the
discharge is ignited during the voltage rise at a value lower than the maximum voltage. The first
nanosecond of the propagation, when the discharge is becoming stable, velocity is decreasing. During
this phase the velocity with the sigmoid voltage is slower. When the propagation becomes stable with
constant velocity no difference can be observed. Also a comparison with the configuration without
plane holder of the metallic point anode (Fig. 1) is shown. It is observed that without plane holder the
discharge propagates faster. This corresponds to the increase of the maximum electric field and the
maximum electric field on the axis shown in Tab. 1. Without plane holder the electric field
enhancement close to the discharge front or point electrode is higher than with plane holder. In the
experiment, the geometry of the point anode holder is rather complex with dielectric parts. Therefore
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we consider the two configurations with and without plane holder as limit cases to estimate the
influence of the holder on the results.
Photoemission is studied separately to clearly demonstrate its influence on the discharge. Due to
uncertainity of the photoemission coefficients two values k=5.10-4 and k=5.10-3 are used [4]. The case
with r=100 μm is used for comparison. It is seen from Tab. 1 that the discharge velocity is unchanged
with and without photoemission. Based on electron density and electric field values we note that the
discharge becomes more nonhomogeneous with increasing photoemission coefficient. With the
increase of nonhomogeneity, the discharge propagates slower [4] but the increase of free electrons in
front of the head of the discharge compensates it. The discharge is adjusting itself to finally have
almost the same axial velocity. This is very interesting for comparison with experiment since axial
velocity of the discharge can be used even without exact knowledge of surface emission processes.
Tab. 1. Overview of presented results for 9kV applied voltage and permittivity ε = 5. First 4 lines
corresponds to inner radius variation. Next 2 lines are for variation of applied voltage for r=100 μm.
For first 6 lines photoemission is not included. Last 2 lines show the photoemission coefficient k
variation for r=100 μm. Axial velocity v, maximum electron density nmax, ratio of maximum electron
density to maximum electron density on the axis, maximum electric field E max and maximum electric
field on the axis Emax,axis are presented. Time when discharge passes the middle of the gap (2.5 mm
from grounded electrode) is chosen for comparison.
conditions

v [107cm/s]

nmax[cm-3]
14

nmax/nmax,axis

Emax[kV/cm]

Emax,axis[kV/cm]

350

395

76

r=250 μm

5

7.0 . 10

r=150 μm

5,5

8.2 . 1014

35

425

117

r=100 μm

5,5

9.7 . 1014

9,5

450

175
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Fig. 4 shows the current as a function of time for a discharge with a glass tube of inner radius 100 μm.
Only one current is presented because both (from power and integration over surface) are equal with a
relative error of order 10-2. We have checked that the integration of current over different surfaces
{x=Const.} are also equal with relative error under 10-6. The first current peak at 2 ns corresponds to
the capacitive current due to the voltage rise. The current from the expansion phase is much smaller in
amplitude and is hidden in this peak (small asymmetry after the maximum of the peak). The current
peak corresponding to the impact of the discharge on grounded electrode is shown in zoomed right
figure. Maximum value is 0.13 A. These current results have the purpose to verify the calculation
procedure. Independent choice of surface to calculate equation (2) shows that conservation of current
is valid and equality of two approaches (equations (1) and (2)) shows physical consistency of the
procedure. Finally the results show physical behaviour with reasonable values.
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Fig. 4. The current as a function of time for a discharge with a glass tube of inner radius 100 μm. Right
figure is a zoom for time corresponding to discharge impact on the grounded electrode.

4. Conclusion
In this work, we have studied the propagation of an air discharge at atmospheric pressure for an
applied voltage of 9 kV in a glass tube with permittivity ε=5. These conditions are studied
experimentally in LPGP, Orsay. The density and electric field profiles show a tubular structure of the
discharge which seems to be in agreement with first experimental results. The axial propagation
velocity of the discharge decreases as the inner radius of the glass tube decreases and reaches a higher
limit for a radius lower than 150 μm. This is in good agreement with experimental results even if the
absolute value of velocity is different. The influence of the shape of applied voltage is shown but has a
negligible impact for an applied voltage of 9 kV. The influence of the electrode holder is studied by
considering two limit cases with and without plane holder. We note that the discharge propagates
faster in the configuration without plane holder. Photoemission has strong effect on the discharge
structure but appears to have a negligible influence on the discharge velocity. Current calculation is
validated by comparing two different approaches – from total power and integration over surface.
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Spatially and temporally resolved plasma diagnostics of the barrier discharge plasma torch was
carried out by means of the technique of cross-correlation spectroscopy. The discharge was
generated in humid argon flowing out from the quartz capillary into the ambient air. The feeding
voltage frequency and amplitude were equal to 2.6 kHz and to 4.8 kV, respectively. The emission
spectrum of the discharge was found to consist of the argon lines, and of the bands of OH-radical
(A-X transition) and of molecular nitrogen (2nd positive system). The spatio-temporal distributions
of the radiation intensity for several selected wavelengths (spectral indicators) were recorded with
the spatial resolution of 0.2 mm, and temporal resolution in the nanosecond range. Experimental
data analysis shows that the torch outside the electrode system appears due to the propagation of
the periodical ionization waves moving inside the capillary and coming out of it. The role of the
metastable states of argon in the observed radiation kinetics is discussed briefly.

1. Introduction
Non-thermal atmospheric pressure plasma torches (often referred to as plasma jets, and sometimes as
plasma plumes or plasma pencils) are playing an increasingly important role in various plasma
processing applications. This is because of their practical capability to provide plasmas that are not
spatially bound or confined by electrodes [1]. Barrier discharge plasma torches (BDPTs) belong to this
particular type of low temperature high pressure plasma sources. As it is known from the literature [1],
they can be generated in helium or in argon flowing through a capillary into ambient air. We decided
to undertake an experimental investigation of the BDPT in humid argon for the following reasons.
Barrier discharges in humid argon can be regarded not only as prospective plasma chemical generators
of the OH-radicals [2], but also as useful UV-radiation sources [3]. An improvement of their efficiency
is hardly possible without deep understanding of the discharge mechanism and dominant chemical
pathways leading to the reaction products of interest. To achieve this, a complete plasma diagnostics
including electrical measurements, spatially resolved kinetic spectroscopy, and chemical analysis of
stable reaction products has to be carried out. Recently, the authors [4-6] reported the results of
successful implementation of the technique of cross-correlation spectroscopy (CCS) for spatially
resolved kinetic measurements of the light emission of the localized microdischarges in pure and
humid argon. The latter item has become an addition argument in favour of the choice of humid argon
as a working gas for the BDPT.

2. Experimental
All the experiments were carried out in an open gas-flow system with argon flow rate of 10-15 l/h at
atmospheric pressure. Argon humidity was varied within the range 0.5-10% of relative humidity (RH),
corresponding to the range 200-4000 ppm of the water vapor concentration.
General scheme of experimental setup is shown in fig.1. By means of a quartz lens 2, the discharge
zone is imaged onto the optical slit. By appropriate adjustment and movement of this slit, the
discharge area can be scanned in vertical as well as in horizontal direction with the resolution not
worse than 0.1 mm. Thus localized radiation (MAIN signal) is resolved spectrally by a
monochromator and detected by the high-gain photo-multiplier (PMT 2) operated in a single photon
counting mode. The second detector (PMT 1) provides the synchronizing (SYNC) signal necessary for
the CCS measurements (see [4] for the details).
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Fig. 1. Schematic drawing of experimental setup. Abbreviations: PPG – pulse pattern generator; OSC
– oscilloscope; SVG – sine voltage generator; CA – current amplifier; PMT – photomultiplier tube;
kVm – kilovolt-meter; HVT – high voltage transformer; HVE – high voltage electrode; HM –
hygrometer; GE – ground electrode; MC – monochromator; PC – personal computer; CCS-Board –
data processing system of the CCS-measurements (“Fluor99”, see [4] for the details).
Plasma torch was generated in argon flow coming out from the quartz capillary (the inner diameter of
about 1 mm) into the ambient air. Two metallic ring electrodes were placed on the outer surfaces of
the quartz tube (high voltage) and of the quartz capillary (ground). The feeding voltage frequency and
amplitude were equal to 2.6 kHz and to 4.8 kV, respectively. Under these operating conditions, a
stable plasma torch a few mm long outside the capillary was clearly seen by a naked eye. The device
presented in fig.2 was placed inside the special metallic discharge cell with two quartz windows as it is
shown in fig.1. In order to avoid an accumulation of argon inside the discharge cell (but outside the
capillary), an additional gas inlet (not shown on the drawing in fig.1) for air was provided, and the
volume flow rate of dry air was maintained at the level at least one order of magnitude greater than the
flow rate of argon through the capillary.
HIGH VOLTAGE
ELECTRODE

SURFACE DISCHARGE

Y

CAPILLARY

QUARTZ TUBE

X

PLASMA
TORCH

GROUND
ELECTRODE

Fig. 2. A scheme of the electrode arrangement (left), and a photo of the discharge with the indication
of two different plasma zones and with the definition of the coordinate system used hereafter (right).
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3. Results and discussion
The overall emission spectra of the discharge inside the capillary as well as in the torch were found to
consist of the peaks of argon, the bands of OH(A2Σ+) radical, and the bands of molecular nitrogen
(2nd positive system), although the concentration of N2 in argon was about 10 ppm, only. The most
intensive lines corresponding to the mentioned above species were chosen as their spectral indicators
(i.e. λ=309 nm for OH(A) radical, and λ=337 nm for N2(C) molecule). For the radiating states of Ar,
we have chosen two lines (696 nm and 772 nm), since the energies of the corresponding excited states
differ from each other by a noticeable quantity (about 0.2 eV), therefore they can posess different
radiation kinetics.
N 2 (C 3 Π u )υ '=0 → N 2 ( B 3 Π g )υ ''=0 + hν
(λ = 337 nm)
(1)

OH ( A 2 Σ + )υ '=0 → OH ( X 2 Π )υ "=0 + hν

(λ = 309 nm)

(2)

Ar → Ar + hν
Ar *** → Ar * + hν
**

*

(λ = 696 nm)
(3)
(λ = 772 nm)
(4)
Here Ar* are metastable excited states of argon, Ar** and Ar*** denote two corresponding radiating
states. These excited species can be produced by direct electron impact as follows:
e + N 2 ( X 1Σ +g )υ =0 → N 2 (C 3 Π u )υ '=0 + e
(∆E = 11 eV)
(5)

H 2O + e → OH ( A2Σ + )υ '= 0 + H ⋅ + e

(∆E = 9,2 eV)

(6)

Ar + e → Ar + e
Ar + e → Ar *** + e
**

(∆E = 13,33 eV)
(7)
(∆E = 13,15 eV)
(8)
Since the radiation lifetimes of the spectral indicators (1-4) are within the range 60-700 ns, while the
linear velocity of the working gas in the capillary during all the experiments was less than 20 m/s, the
observed spatial distributions of the radiation intensities for the selected wavelengths reflect the
corresponding distributions of the radiating species.
A comparison of the temporal distributions of the radiation intensities of the selected spectral
indicators recorded in the central part of the plasma torch and in the middle of the capillary (see fig.3)
demonstrates a noticeable asymmetry of the discharge with respect to the polarity of the feeding
voltage (i.e. the polarity of the high-voltage electrode in fig.2). Namely, in the torch, radiation is
detected mostly during the positive semi-wave of the sine voltage, while in the middle of the capillary
the radiation intensities for both polarities appear to be comparable, the maximum values during the
negative semi-wave being even greater. It means that from the point of view of plasma chemical
efficiency of the discharge being considered, the plasma torch itself is much more active during the
positive semi-wave of the applied voltage than during the negative one.
a) In the middle of the plasma torch
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OH (309nm)
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b) In the middle of the capillary
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Fig. 3. Temporal distributions of the radiation intensity of the selected spectral indicators recorded in
the central part of the plasma torch (a) and in the middle of the capillary (b). RH = 1.2%. The entire
time scale (385 μs) corresponds to one cycle of the feeding sine voltage.
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Fig. 4. Spatio-temporal distributions of the radiation intensity of Ar** (λ = 696 nm) recorded for
positive (left) and negative (right) polarity of the high-voltage electrode (see fig.2). RH = 1.1%.
Position of the capillary end is indicated by the dashed line.
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The results presented in fig.3 are partially averaged over time (Δt=35μs). Actually, they describe the
discharge development within the frame of a coarse time scale related to the feeding voltage frequency.
To investigate the mechanism of electrical breakdown, the CCS-technique providing a fine time scale
was used. Such measurement data obtained with a spatial resolution over the axial coordinate X (see
fig.4) allow to evaluate the real duration of the breakdown event and to visualize its mechanism. The
waves of luminosity are clearly seen in fig.4. They move from the ground electrode through the
capillary and come out into the torch. In the case of negative polarity, light emission in the torch starts
40-50 ns before the luminosity wave from the ground electrode reaches the end of the capillary. These
luminosity waves can be interpreted as ionizing wave images. Therefore, the velocities of the ionizing
waves can be determined from the plots shown in fig.4. Such estimations give the values in the order
of magnitude of 105 m/s.
The plots in fig.4 characterize an axial structure of the discharge being considered. To study its radial
component, we carried out several measurements of the two-dimensional distributions of the emission
intensity for selected spectral indicators. In fig.5, such distributions are shown for OH(A)-radicals
(309 nm) and for N2(C) molecules (337 nm). It should be noted that these results are integrated over
time and they are not polarity resolved. On both plots in fig.5, the radial axes of symmetry are slightly
leaned to the left from vertical direction due to the corresponding deviation of the discharge cell from
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Fig. 5. Two-dimensional distributions of the radiation intensity of OH(A) radicals (left) and N2(C)
molecules (right). RH = 10%. Position of the capillary end is indicated by the dashed line.
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the optical coordinate system for spatial scanning. However, this imperfection of experimental
arrangement does not disturb the shapes of the real 2D intensity distributions. The axial intensity
distribution for OH(A) radicals reaches its maximum near the ground electrode (X=0 on fig.5). From
this point the intensity decreases gradually until the end of the capillary and further in the torch. Axial
distributions of the radiation intensity for both argon lines (696 nm and 772 nm) exhibit the same
characteristic features. In contrast to this, the axial distribution of the radiation intensity for N2(C)
signal (337 nm) appears to be bimodal with the first sharp peak near the ground electrode and the
second more diffuse maximum in the torch (see fig.5, the right plot). This peculiar structure of the
radiation intensity distribution for N2(C) can be explained as follow. The first sharp maximum near the
ground electrode is caused by a
surface discharge burning in air
1,0
outside the capillary (see fig.2).
X = 1.8 mm
This weak discharge could be
0,8
X = 11.6 mm
observed by a naked eye. The
radiating species in this area are
0,6
formed by direct electron impact
(see reaction (5)). The second
0,4
diffuse maximum in the torch is
caused by the N2(C) molecules
0,2
formed by the reaction between
argon metastable states and N2
0,0
molecules in their ground states
(see reaction (9) below), the
334
335
336
337
338
latter coming from ambient air
Wavelength (nm)
outside into the torch.
Fig. 6. Comparison of the emission spectra fragments recorded in two different points of the
discharge: near the ground electrode (X = 1.8 mm), and in the middle of the torch (X = 11.8 mm).

Ar * + N 2 ( X 1Σ +g )υ =0 → N 2 (C 3 Π u )υ '=0 + Ar

(9)

To verify this hypothesis, we compared the fragments of the emission spectra of the 0-0 band of the
2nd positive system of nitrogen. As it is known from the literature (see [9] and [4]), reaction (9) results
in the formation of so-called “hot nitrogen” which can be identified by broadening of the spectral
bands of the 2nd positive system of nitrogen. Such broadening is clearly seen on the plot in fig.6.

4. Conclusions
The macroscopic spatio-temporal structure of the DBPT in humid argon is similar to the structure of
well-known filamentary barrier discharges, i.e. the DBPT consists of a number of the following one
another microdischarges of short duration (a few hundred nanoseconds). The torch outside the
electrode system appears due to the propagation of the periodical ionization waves moving along the
capillary (and coming out of it) at a velocity of about 105 m/s.
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Diffuse DBD in helium was investigated using time-space resolved optical emission spectroscopy.
Using emission spectroscopy technique based on the polarization-dependent Stark splitting and
shifting of He I 492.19 nm line and its forbidden component, the electric field distribution in the
cathode region of DBD in helium is measured during evolution of the discharge. During the whole
discharge development period the length of the cathode fall region decreases. Interesting result
was that in the period of current decrease, the maximum of the electric field distribution shifts
away from the cathode showing the accumulation of negative charge near the cathode surface.

1. Introduction
Experimental and theoretical studies of dielectric barrier discharges (DBDs), which are convenient
plasma sources for the generation of non-thermal plasmas at atmospheric pressure, have received
much attention on account of numerous industrial applications [1]. At atmospheric pressure DBD
often occurs in the form of large number of short-lived tiny micro-discharges (filaments) hence that
type of discharge is called filamentary. Under special operation conditions in certain gases, a filamentfree and transversely uniform mode of the DBD is formed. This diffuse type of discharge is also called
homogeneous DBD or atmospheric pressure glow discharge (APGD). The APGD is advantageous
compared to the filamentary DBD for applications that require uniform plasma treatment such as the
deposition of uniform thin films or surface treatment. [2-4].
Although uniform APGDs have been demonstrated in different atmospheres like helium [5], neon [6]
and nitrogen [7] in this article we focused on helium, in which the APGD was firstly obtained. APGD
in helium is characterized by the narrow current pulses (~ 1 μs) of large amplitude (tens of
milliamperes) and the spatial structure which resembles that of a dc glow discharge at low pressure.
The cathode fall, Faraday dark space, and positive column develop in the time instant of maximal
current [5]. The cathode fall is characterized by a strong electric field, which is responsible for the
maintenance of the discharge. Therefore, detailed knowledge of electric field time-dependent
distribution is necessary for better understanding of the processes in DBD and their practical
applications.
Using emission spectroscopy technique based on the polarization-dependent Stark splitting and
shifting of visible helium lines and their forbidden components, we proposed the method for
measurement of the electric field distribution in the cathode region of DBD in helium [8]. In this
article we present time resolved measurements of electric field distribution during evolution of current
pulse in the DBD in helium, obtained by this method.

2. Experiment
The experimental set-up is schematically shown in Fig. 1. The discharge is generated in a parallel
plane discharge configuration consisting of two metal electrodes (50 x 50 mm) both covered by a
0.65 mm thick alumina dielectric plates (105 x 105 mm; εr = 9.4). The electrode edges are rounded in
order to reduce electric field at sharp edges. The fixed discharge gap of 2 mm is obtained using glass
space holders. The discharge cell is placed in a vacuum chamber which is firstly evacuated down to
10-2 mbar, and then filled with helium (purity 99.996 %) at 200 mbar or 800 mbar pressure. The gas,
with a flow rate of 2 l/min, is injected into the discharge volume through ten equidistant holes to
ensure homogeneous gas flow, see Fig. 1. The discharge is driven by a home made pulse voltage
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power supply. One electrode is kept at ground potential, while on the other a pulse potential with
amplitude of 1.5 kV and a frequency of 5 kHz is applied. The applied voltage Ua is measured via a
1:1000 P6015A Tektronics voltage probe; the external total discharge current is monitored using
current probe. The applied voltage and the discharge current are measured by Tektronics TDS 3032
(300 MHz bandwidth, 2 GSamples/s) oscilloscope.

The gap voltage Ug is calculated according to the procedure described for unipolar-pulsed
DBD in Ref. 9:

⎛ Cg
I g (t ) = ⎜⎜1 +
⎝ Cd

⎞
dU a (t )
⎟⎟ I t (t ) − C g
dt
⎠

(1)

t

Cd
1
U g (t ) =
U a (t ) −
I g (τ )dτ
C g + Cd
C g + C d ∫0

(2)

where Ua(t) is the external voltage applied to the DBD cell; Ug(t) the voltage across the
discharge gap; It(t) the total external current through the DBD cell; Ip(t) the discharge current
in the gap. Cd and Cg are equivalent capacitances of the dielectric barrier and the discharge
gap, respectively.
For space resolved emission measurements, projection optics is placed at a distance of double focal
length 2f from the centre of the electrodes and a discharge gap region, displayed on a bottom picture,
is imaged 1:1 onto the entrance slit of a 1-m spectrometer, see Fig. 1. Radiation from the DBD was
polarized in the electric field direction (π-polarization) using a plastic polarizer and detected using an
ICCD (PI-MAX2, Princeton Instruments) with 256 × 1024 pixels (pixel dimensions: 26 µm × 26 µm).
ICCD is triggered with a time delayed pulse, generated initially by the power supply. Each recorded
image is made of 50 accumulations, each made of 50 000 gates per exposure. The gate duration of
100 ns limits the time resolution for investigation of discharge development [10,11]. The gate duration
was imposed by the low intensity of the forbidden component of He I 492.19 nm line which is crucial
for the electric field measurement. Namely, electric field was calculated using peak-to-peak
wavelength difference between fitted profiles of forbidden and allowed components of He I 492.19 nm
spectral line, consequently the results are very sensitive to the exact position of forbidden line
maximum. With entrance slit of 30 μm instrumental Pseudo-Voight profile (sum of Gauss and Lorentz
profiles) width was 0.028 nm.
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M

HV Power
Supply
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ICCD
Gas in
To Computer
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Gas out
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D

M

Fig. 1. Schematic picture of experimental set-up with a top view of DBD. M - Metal electrode, D dielectric layer, VC – vacuum chamber, ID – iris diaphragm, PO – Projection optics, P – polarizer.
Bottom picture is a side view of DBD.
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3. Results and discussion
One entire period of typical applied voltage signal is presented in Fig. 2(a) while Fig. 2(b) and
Fig. 2(c) present external total current density jt, external applied Ua and internal gap Ug voltages of
DBD in 2 mm discharge cell for 200 mbar and 800 mbar pressures. The external applied voltage was
pulsed, with voltage drops during the current pulses. These voltage drops originate from the
limitations of the power supply. The breakdown voltage was evidently different for different pressures
with the same applied voltage. As can be seen from the figure, negative, current pulse is higher and
lasts shorter in the discharge at lower pressure.
Using the mentioned spectroscopic method we have measured electric field distributions in several
time intervals during the development of the discharge. Results of measurements in the discharges at
200 mbar and 800 mbar are presented in Fig. 3. For those experimental points for which the electric
field has evidently linear dependence on the distance from the cathode, we used linear extrapolation as
an approximate experimental method for determination of the length of the cathode fall region.
Analyzing the Fig. 3a, the following phases of the breakdown may be distinguished: (i) 100 ns before
the maximal current, densities of charged particles are low so the external field is not significantly
distorted. The cathode fall region is not yet shorter than the length of the discharge gap. (ii) In the next
time interval, the electric field continues to grow nearby the cathode and drops more steeply due to the
space charge approaching the cathode therefore decreasing the cathode fall length. This time interval is
characterized by the maximal external discharge current and the maximal electric field at the cathode
of ~8 kV/cm. (iii) In the following three time intervals that belong to the falling edge of the current
pulse, the cathode fall length continues to decrease as well as the electric field at the cathode surface.
Furthermore, the electric field distribution in the vicinity of the cathode changes the sign of its slope
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Fig. 2. (a) Example of applied voltage signal of DBD in helium. jt – external current density, Ua – applied voltage, and Ug – gap voltage oscillograms for (b) 200 mbar and (c) 800 mbar pressures.
and the maximum of the electric field continuously shifts from the cathode. Similar development of
the electric field distributions is observed in the discharge at 800 mbar, see Fig. 3b. As expected, the
length of the cathode fall region is shorter in the discharge at higher pressure. On the other hand the
electric field at the cathode is ~11 kV/cm, which is higher than in 200 mbar discharge.
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Fig. 3. Development of the electric field spatial distribution in BD in helium at (a) 200 mbar and (b)
800 mbar. Enlarged graphs present current signals.
According to the profiles of the electric field distributions, in the decreasing current phase the overall
electric field is reduced and, near the cathode the rising slope of the field is created implying negative
charge build up.
Finally in Fig. 4 we present the results of plasma density in two time intervals calculated using
corresponding electric filed distribution by using the Poisson equation. It can be clearly seen that at
low voltage, when the discharge is in the extinguishing phase, a layer of electrons forms near the
cathode. Namely, in this period the voltage is reduced and therefore the extraction of the electrons
formed by secondary emission is diminished causing a build up of negative space charge near the
cathode. This negative space charge corresponds to the rising slope of the electric field in Fig. 3. Such
shapes of electric field and charge density distributions may be found in literature concerning cathode
fall of low pressure glow discharge. [12,13]
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ICCD MICROSCOPY AND SPECTROSCOPY OF A SINGLE
SURFACE COPLANAR DBD MICRO-DISCHARGE DRIVEN
IN N2, O2 AND IN SYNTHETIC AIR AT ATMOSPHERIC
PRESSURE
Milan Šimek
Institute of Plasma Physics v.v.i., Czech Academy of Sciences,
Za Slovankou 3, 182 00 Prague 8, Czech Republic
E-mail: simek@ipp.cas.cz
Techniques of the ICCD microscopy, ICCD spectrometry and multi-channel photon-counting with
nanosecond time resolution were employed to study basic radiative characteristics of a single
isolated micro-discharge generated in a surface DBD reactor with nanosecond time resolution. Fast
ICCD was utilized to register images and spectrally-resolved emission of individual microdischarges synchronously either with high voltage waveforms or with micro-discharge current
pulses. Build-up and decay time constants of several excited states together with streamer channel
diameter were obtained for an isolated micro-discharge which is essentially free of an interference
that might be caused by reactive species produced and left by preceding discharges. Such
characteristics provide important benchmarks for more complex surface DBD geometries where
accumulation of species capable of affecting the physical chemistry of micro-discharges readily
occurs.

1. Introduction
Atmospheric-pressure, non-equilibrium plasmas generated by surface dielectric barrier discharges
(SDBD) produce highly reactive environment which is suitable for various applications (e.g. pollution
control, sterilization, ozone generation, surface modification). Major part of reactive species is in the
case of SDBD produced in a very thin plasma layer close to the surface of the electrode system.
Primary radicals produced by electron impact processes then either induce secondary reactions inside
the plasma layer or they can diffuse away from the surface initiating various chemical reactions in the
bulk gas. SDBD discharges driven in nitrogen are characterised by substantial quantities of long-living
energy carriers (e.g. N2(A3Σu+), N(4S), N2(X1Σg+,v>5) capable of affecting the physical chemistry of
the discharge, however the production and relaxation of such species is still not fully explored.
In this work we inspect build-up and decay of UV-vis-NIR emission produced by electronically
excited N2, N2+, O2+, OI and NO species generated by a single CSDBD micro-discharge in nitrogen,
oxygen and in synthetic air during first 10 microseconds of the micro-discharge evolution. Especially,
we focus on basic radiative characteristics of an isolated micro-discharge which is essentially free of
potential interferences that might be caused by residual reactive species produced and left by
preceding discharges. Such radiative characteristics provide important benchmarks for understanding
more complex discharge geometries where accumulation of long-living species (e.g. N2(A3Σu+), N(4S),
N2(X1Σg+,v>5) capable of affecting the physical chemistry of micro-discharges readily occurs due to
high repetition frequency of the discharge events and/or due to long residence time.

2. Experiment
The single micro-discharge reactor consists of a discharge system placed in a Plexiglass chamber
equipped with quartz windows for optical diagnostics, gas feed input/output ports and a high voltage
interface. The discharge is produced on the surface of a ∅ 25.4 mm disk (5 mm thick) made from
MACOR® machineable glass-ceramic (AC dielectric strength 9.4 kV/mm, dielectric konstant εr =
6.03 at 1 kHz and 25°C). The micro-discharges initiate due to electric field formed by high-voltage
waveforms imposed on two thin round (∅ 4 mm) silver electrodes embedded ~ 0.4 mm below the
disc’s surface as shown schematically in figure 1. The surface exposed to micro-discharges was
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polished while the opposite side containing high-voltage contacts and leads was filled and covered
with Torr Seal Resin Sealant and with insulating RTV silicone.

Fig. 1. Single surface coplanar dielectric barrier micro-discharge generator: a) principle of the
electrode geometry, b) sketch of the electrode system and c) photograph of the micro-discharge
produced in nitrogen.
The discharge is powered by an AC high voltage power supply composed of the TG1010A Function
Generator (TTi), Powertron Model 250A RF Amplifier and a high-voltage step-up transformer. Microdischarges were produced by sine-wave high voltage waveforms (fAC =1-10 kHz) applied with fixed
repetition frequency fM producing high-voltage ON/OFF periods. A fast digitizing oscilloscope was
used to record voltage-current discharge characteristics. Current pulses produced by individual microdischarges were monitored simultaneously through the voltage drop on a non-inductive shunt resistor
(R = 1.7 Ω) inserted between grounded electrode and grounding lead (measured by Tektronix P6139A
high voltage probe, 10:1@10MΩ, bandwidth 500 MHz) and by the Model 2877 Standard Current
Monitor (Person Electronics, Inc.). Typical record of voltage-current characteristics (with one single
micro-discharge current pulse produced per one AC half-cycle) is shown in figure 2.
Emission produced by a micro-discharge is collected perpendicularly to the discharge surface by the
quartz optical fibre bundle through the pair of iris diaphragms, colour-glass filters and pair of quartz
lenses. The output of the fibre bundle is coupled to the iHR-320 (Jobin-Yvon) imaging spectrometer
equipped with the DH740i-18U-03 iStar ICCD camera (Andor) to register spectrally-resolved PIE
with time-resolution defined by the ICCD gate. Alternately, the output of the fibre bundle is coupled
to the HR-320 (Jobin-Yvon) monochromator (1200 G/mm grating, symmetric input/output 100 μm
slits) which is used as a narrow-band filter (FWHM ~0.35 nm) at pre-selected wavelengths. The HR320 output is coupled with a fast Hamamatsu R2949 photomultiplier (PMT) and “monochromatic”
PIE waveforms are sampled by the digitizing oscilloscope and by a gated 200 MHz MSA-200
(Becker&Hickl) multi-channel photon counter (MPC) synchronously with the micro-discharge current
pulses. To collect magnified micro-discharge images, the reactor can be fixed on the specimen stage of
Zeiss Jenavert microscope (equipped with the iStar ICCD) with the discharge surface placed in the
focal plane. Andor iStar ICCD camera is therefore utilized to register either images or spectrally-
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resolved emission of individual micro-discharges (synchronously either with high voltage waveforms
or with micro-discharge current pulses).

Fig. 2. Typical voltage and current waveforms in the case of four consecutive AC cycles (fAC =5 kHz)
applied with repetition frequency fM = 100 Hz in synthetic air.

3. Results and discussion
Any micro-discharge is a source of intense emission produced in the UV-vis-NIR spectral range. In
the case of pure nitrogen or synthetic air, we have registered strong discharge emissions of three
electronic systems:
• N2+(B2Σu +→X2Σg+) first negative (1.NG),
• N2(C3Πu →B3Πg) second positive (2.PG),
• N2(B3Πg →A3Σu+) first positive (1.PG).
Other weaker emissions can be observed in pure nitrogen during micro-discharge extinction and decay:
• N2(C’’5Πu →A’5Σ+g) Herman infrared (HIR),
• N2(C’3Πu →B3Πg) Goldstein-Kaplan system (GK),
• NO-γ (A2Σ+→X2Π) system,
• OH (A2Σ+→X2Π) system.
In pure oxygen most important emission is produced by neutral atomic oxygen and O2+ molecular ion:
• OI(3p 5P → 3s 5S0) at 777 nm and OI(3p 3P → 3s 3S0) at 844 nm,
• O2+(b4Σg- → a4Πu) first negative system (1.NG).
UV-vis-NIR emission produced by electronically excited species was acquired and analyzed during
the first 10 microseconds of the streamer micro-discharge evolution. Figure 3 shows spectral regions
used to sample the N2+-1.NG (0,0) and N2-1.PG (2,0) band emission waveforms. Bandpass of detected
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emission was determined by the input/output slits (100 μm) and by dispersion grating (1200 G/mm) of
the HR-320 monochromator. The build-up and decay of 1.NG and 2.PG emissions produced by the
streamer micro-discharge in synthetic air is shown in figure 4.

Fig. 3. Typical voltage and current waveforms in the case of four consecutive AC cycles (fAC =5 kHz)
applied with repetition frequency fM = 100 Hz in synthetic air.

Fig. 4. Build-up and decay of 1.NG and 2.PG emissions produced by the streamer micro-discharge in
synthetic air.
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Build-up and decay of emissions produced by the streamer micro-discharge in nitrogen is shown in
figure 5. Initial decay of N2+ 1.NG emission is again comparable with the decay of N2 2.PG emission
intensity. Long tail (0.1-20 μs) of N2 2.PG, N2 1.PG and N2 HIR emissions is caused by
N2(A3Σu+)+N2(A3Σu+) energy pooling. Concerning the NO-γ bands, the NO(A2Σ+) electronic state is
produced through the well-known resonant energy transfer process N2(A3Σu+)+NO(X2Π) →
N2+NO(A2Σ+).

Fig. 5. Build-up and decay of emissions produced by the streamer micro-discharge in nitrogen.

4. Conclusions
Temporal evolutions of observed emission systems induced by a single micro-discharges generated
during one AC half-cycle prove that most intense observable emissions are produced by a) energetic
electrons through direct electron impact excitation/ionisation/dissociation of N2/O2 molecules in the
case N2 2.PG, N2 1.PG, N2+ 1.NG, O2+ 1.NG bands and OI lines, and b) N2(A) metastable species
through N2(A)+N2(A) energy pooling and N2(A)+NO resonant energy transfer processes in the case of
N2 HIR, N2 GK and NO-γ bands. Microscopic images of individual micro-discharges allow improved
evaluation of characteristics streamer dimensions (streamer channel diameter).
Acknowledgments. This work was supported by the Czech Science Foundation (GAČR contract
no. 202/08/1106).
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AN EXPERIMENTAL AND MODELLING STUDY OF
ACETALDEHYDE OXIDATION BY AN ATMOSPHERIC NONTHERMAL PLASMA DISCHARGE
C. Klett, S. Touchard, A. Vega, M. Redolfi, X. Duten, K. Hassouni
Laboratoire d’Ingénierie des Matériaux et des Hautes Pressions,
CNRS-Université Paris 13, 93430 Villetaneuse, France
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Acetaldehyde (CH3CHO) is a well known indoor pollutant, but recent development of agrofuels,
oxygen rich carburant, has led to a new interest in aldehyde abatement researches. This paper
reports our results obtained for the degradation of acetaldehyde by an atmospheric plasma corona
discharge in a wire to cylinder (WTC) configuration. The process efficiency has been
characterized in term of acetaldehyde removal efficiency as a function of the input energy. Main
degradation products CO, CO2, CH3OH have been identified and quantified. A homogenous 0D
chemical model has allowed us to simulate the studied experimental conditions. Simulation results
are in a quite good accuracy with experiments.

1. General
Acetaldehyde (CH3CHO) is a well known atmospheric and indoor pollutant, coming from natural
emissions or human activities. But recent development of agrofuels, for which incomplete combustion
produces great amounts of aldehydes, has strengthened the necessity of new abatement researches on
this type of molecules [1-7].
Among the air and industrial exhaust gas possible treatments, atmospheric plasma processes have
raised a particular interest and demonstrated a quite good efficiency [6-7] particularly for acetaldehyde
removal with [8-10] or without a catalyst [11-13].
This work is an experimental and modelling study of acetaldehyde degradation by an atmospheric
pulsed plasma reactor device in a wire to cylinder (WTC) configuration.

2. Experimental part
The reactor used in the present work consists in a 100 µm diameter tungsten wire anode placed in a
20 mm diameter cylindrical steel cell (Figure 1).
The atmospheric pressure pulsed corona discharge investigated is generated with the help of a onestage Marx generator. It produces voltage pulses with durations in the range 50-350 ns. The rate of the
voltage increase is of the order of 1-2 kV per ns, while the peak values achieved may be as high as
25 kV. The discharge repetition rate can be varied between 1 and 100 pulses per second.
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Fig. 1. Experimental setup for investigation of oxidation acetaldehyde in WTC corona discharge
The specific input energy parameter (SIE) corresponds to the energy deposited per unit volume of inlet
gas mixture in the discharge cell. It is obtained from the discharge pulse frequency, the energy
deposited per pulse and the inlet gas flow rate using the following expression :
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-1

SIE (J.L

)=

Pulse energy (J) × Frequency (Hz) × 60
-1

Flow rate (mL.min )

The energy deposited during one discharge pulse is estimated from the measured current and voltage.
Figure 2 shows typical voltage and current waveforms associated to the pulsed corona discharge. In
the example shown here, the discharge current reaches a maximum of 60 A and is equal to 0 A after
200 ns. The energy absorbed by the discharge during a single pulse was evaluated by integrating the
product of voltage and current over the discharge duration. The typical value for the energy deposited
in the discharge ranges between 20 and 60 mJ per pulse, which corresponds to an average power of 1
W for a frequency of 1 kHz.
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Fig. 2. Typical tension and current temporal profile during one pulse
The feed gas consists of N2/O2 mixtures with a small amount of CH3CHO. The base values of oxygen
and acetaldehyde concentrations in the feed gas are 5% and 500 ppm, respectively. The oxygen
contents in the feed gas is varied in the range 0-20%.
Acetaldehyde removal efficiency has been evaluated by measuring the pollutant residual concentration
as well as the CO and CO2 one in the cell outlet. Residual acetaldehyde measurements and oxidation
by-products identification and quantification are achieved via a Shimadzu GC-2110 Gas
chromatography device. The continuous monitoring of CO, CO2 and H2O concentrations is realised
with a multi gas-analyser (Environnement S.A.) and ozone amounts are monitored by a UV analyser
(IN USA).
When the residual fraction of acetaldehyde varies exponentially with the specific input energy SIE, the
discharge efficiency for VOC’s conversion may be evaluated through the energy cost β as follows:
ln

[CH3CHO]in
SIE (J.L-1)
=−
[CH3CHO]out
β(J.L-1 )

[CH3CHO]in and [CH3CHO]out are the concentrations of acetaldehyde in the feed gas and in the gas
flow leaving the discharge cell, respectively.

3. Experimental results
Experimentally, the acetaldehyde removal efficiency has been evaluated by studying the following
parameters :
•
Residual acetaldehyde as a function of the SIE
•
Detection and quantification of by-products.
•
Carbon balance and CO2/CO yields ratio
3.1 Pollutant removal efficiency
Concerning the acetaldehyde removal efficiency, the results reported on figure 3 lead to two main
observations. The first one is a change of energetic cost between low and high SIE values. Indeed for
SIE values under 100 J/L, the energetic cost β is around 103 J/L, whereas for SIE values over 100
J/L, β decreases to 50 J/L. Considering that, in our conditions, higher SIE values are correlated to
higher values of pulse frequency, one explanation could be the higher influence of pulse chemistry in
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acetaldehyde conversion at high SIE values comparing to post-discharge chemistry which is
predominant at low SIE values. The second observation is that our process is more efficient for an
initial gas mixture containing O2 than for a pure N2 plasma.
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Fig. 3. Residual acetaldehyde as a function of SIE for different O2 concentration in the inlet gas
mixture
Indeed small addition of O2 in the inlet gas flow increases drastically the efficiency of the discharge,
since less than 200 J/L is necessary to obtain 90% of acetaldehyde conversion for a the inlet gas
mixture containing 5% of O2, whereas more than 250 J/L is needed in pure N2 to reach the same
conversion. Adding more oxygen has a real benefit on the acetaldehyde conversion, but mainly for the
highest value of SIE. Indeed, on the one hand, for a specific input energy equal to 35 J.L-1 the
conversion of acetaldehyde increases only by 10% when the percentage of O2 increases from 5 to
20%, whereas, on the other hand, at 150 J/L, acetaldehyde is almost totally converted with 20% of O2,
20% of the initial acetaldehyde staying in the gas outlet for 5% of O2.
3.2 Main detected by-products
The second part of this experimental work deals with the identification and quantification of the
acetaldehyde decomposition by-products. In addition to CO and CO2, methanol, methane,
formaldehyde and acetic acid have been identified by gas chromatography, but only methanol and
acetaldehyde have been precisely quantified.
Concerning the CO and CO2 production ratio after conversion of acetaldehyde, it has been estimated
by following their yields in initial carbon percentage as a function of SIE. This yield is computed by
the following expression:
Yield of CO (%C ) =

[CO ]
× 100
2 × [CH 3CHO ]initial

Figure 4 illustrates the evolution of CO and CO2 yields as a function of the specific input energy for
two experimental conditions, without or with 5% of O2 in the N2/acetaldehyde inlet mixture.
CO and CO2 production results show clearly a difference between plasma with O2 and plasma without
O2 for the CO/CO2 ratio. In a first analysis, it is not surprising that addition of O2 leads to an inversion
in the CO/CO2 ratio, CO2 concentration being predominant on CO one in oxygenated plasma, whereas
in pure N2 plasma, CO amounts are greater than CO2 ones with a 2,5 factor. The interesting point is in
the relative great amount of CO2 formed in pure N2 conditions, whereas the only source of O atom is
in the C=O bond and the C=O bond energy is around 10 eV. As the electron energy in our plasma
doesn’t exceed 3-4 eV, the O source can’t come from C=O bond breaking. An analysis on possible
other pathways of formation of O or OH active species is still in progress.
Influence of the specific input energy, gas temperature and oxygen content in the initial mixture will
be presented and discussed during the oral presentation.
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Fig. 4. CO and CO2 yields in percentage of initial C as a function of SIE

4. Modelling part
4.1 Description of the model
To understand the chemistry and to confirm suspected pathways of decomposition of acetaldehyde as
well as to identify other minor by-products , a 0D model of the discharge cell has been developed for
this work. It consists in a quasi homogeneous model which is a adaptation of a former model
developed for the study of acetylene discharge in a pin to plane configuration [14].
Concerning the chemical scheme, our model includes 90 species reacting in 450 elementary processes.
In this chemical scheme some essential reactions often reported in the literature for acetaldehyde
decomposition at atmospheric pressure [8-11] have been introduced:
• Electronic impacts for CH3CHO decomposition, even if the 200 ns discharge time is quite small
comparing the post discharge time (100 to 1000 ms).
• Collision of acetaldehyde with N2 molecules at the first electronic excited state, (mainly
N2(A3 +U)and N2(a’1 -u)); even if these species have a short life-time in the post-discharge, they seem
to play a great role in the pollutant removal when the pulse frequency is high enough.
• Metathesis CH3CHO decomposition reactions by main active species (O, OH, H, CH3O), which
play the major role in the pollutant removal due to their long lifetime in the post-discharge.
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Figure 5. Residual acetaldehyde as a function of
SIE for 500ppm of acetaldehyde and 5% of O2.

Figure 6. Evolution of ozone concentration as a
function of SIE for a 5%O2 inlet mixture.

4.2 Comparison between model and experiments
Simulated results for conversion of acetaldehyde are shown in figure 8. A quite good accordance
between results and simulation for acetaldehyde conversion can be noticed. The selected model has
allowed us to reproduce the change of energetic cost β observed experimentally for an SIE exceeding
100J.L-1.
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Concerning the simulation results obtained for main by-product concentrations, comparison between
experiments and simulations has shown a very good accordance for O3 (see figure 5) and CH3OH (see
figure 6). This globally means that chemistry of active species like O and O2 is well described by the
model.
Comparisons between experimental measurements and calculated values of main by-products will be
presented and discussed, as well as main pathways of production and consumption of those species.

5. Conclusion
The combined experimental and modelling studies presented in this paper has allowed us to have a
first picture of the performance of a pulsed corona discharge working in the nanosecond regime in a
wire to cylinder configuration for acetaldehyde removal.
It has been demonstrated that our WTC configuration allows a quantitative oxidation of acetaldehyde
(more than 90% conversion) for a specific input energy around 200 J.L-1 at ambient temperature and at
low oxygen concentration (5%) in the inlet gas mixture. This efficiency can reach a total removal of
the 1000 ppmc of acetaldehyde introduced initially, if they are mixed with 20% of O2. and with only a
150 J.L-1 specific input energy .
The quasi-homogeneous model proposed in this study has permitted to have a first approach of the
reactivity of acetaldehyde and has allowed us to reproduce with a quite good accordance the main byproducts concentration for CO, CO2, O3 and CH3OH.
Acknowledgement. This work has been financially supported by “Agence Nationale de la
Recherche“ (JCJC BIOPAC).
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Corona Trichel pulses in ambient air are investigated by ICCD recording and cross-correlation
spectroscopy. Preliminary results of cross-correlation spectroscopy measurements show that the
discharge starts in the volume, approximately 100 µm away from the negative point under given
conditions. Results further suggest that a cathode directed as well as an anode directed ionization
front appear during Trichel pulse development.

1. Introduction
Negative corona discharges are of considerable importance as a source of active and charged particles
in many applications for surface treatment or in plasma chemistry. They present an infinite variety of
forms depending on gap length, on gas pressure, or the value of the applied dc voltage [1]. At
atmospheric pressure, in the pulsed regime, the luminous emission of these discharges is faint and
their duration is very short. In spite of the extensive number of experimental studies, there is still no
agreement about the physical mechanisms responsible for the current pulse rise. Negative coronas
remain a real challenge for experimental investigations and computational models. The common way
to study negative coronas is to use a point to plane electrode system. The point electrode is connected
to a DC power supply generating a sufficient high voltage for discharge ignition. The generated
discharge typically passes through different stages, by slowly increasing the applied voltage [1]: (1)
Field intensified dark current; (2) Trichel pulse corona, mainly in electronegative gases, (3) Negative
streamer corona, or directly; (4) Spark breakdown. Trichel pulse corona usually consists of single
current pulses at a very regular frequency, up to several MHz. If the voltage is increased, the pulses
get larger, and finally a regular current pulse is superimposed to a continuous current. When
increasing the voltage, the pulse amplitude decreases whereas the continuous current value increases,
finally leading to a pulse less glow regime. If the voltage gets higher, spark occurs.
Because of its application, negative coronas have been widely studied, however some open questions
still remain. One of the most important is: What kind of physical mechanism can be responsible for the
ignition and development of the pulse in the early stage of the current growth [2, 3]. An answer can be
given by recording the luminous emission of discharge generated excited states of nitrogen during the
complete current pulse. In this context, cross-correlation spectroscopy technique (CCS) can give a
sufficient resolution in time, to measure the emissions during the pulse rise of 1.5 ns, and in space, the
discharge develops in a zone close to the cathode of roughly 100 µm long.

2. Experimental setup
The corona discharge in a point to plane electrode system (the radius of curvature of the point was
320 µm or 270 µm, the gap length is 0.7 cm or 1 cm, see Fig.1a) was investigated. The DC positive
voltage was applied to the plane electrode. Thus the point served as cathode. The current measurement
were done by the voltage probe on a 50 Ω resistor connected to the negative point. For short exposure
time images iCCD DiCam Pro SVGA (PCO Imaging) was used combined with the Questar QM 100
far-field microscope with resulting spectral sensitivity in range of 300 to 1300 nm and spatial
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resolution down to 4 µm. The iCCD camera was operated in single shot mode, i.e. iCCD photos show
individual discharge events. The set-up of the CCS apparatus is given in Fig.1b.

a)

b)

Fig. 1. A scheme of the investigated corona setup a) and the CCS arrangement b).
A detailed description of the method is given elsewhere [4], here only the main features should be
given. The CCS is based on single photon counting procedure and the real-time measurement of the
discharge event is substituted by the statistically averaged determination of the cross-correlation
function between two optical signals, both originating from the same source (microdischarges). The
first signal is the spatially and spectrally resolved main signal. For spectral resolution a
monochromator (Acton Spectra Pro -500i) is used. In the set-up used here the discharge area is
optically magnified by an achromatic lens and directly imaged onto the entrance slit of the
monochromator. Spatial resolution is realized by moving of the whole electrode arrangement. The
monochromatic light of the main signal is detected by highly sensitive photomultiplier PMT#1
(Hamamatsu, type H5773-04) operating in the single photon counting mode. The second signal is the
so-called synchronizing signal. It is received from the entire discharge (taken from the side) and
detected by the second photomultiplier PMT#2 (Hamamatsu, type H5773-04) which is set at a lower
gain and consequently not operating in the single photon counting mode. The electric pulses of the
PMTs are analyzed by means of time-correlated single photon counting module (TC-SPC 150, Becker
& Hickl). In order to select pulses with correct amplitude and to determine the exact time of detection,
constant fraction discriminators (CFD) are used for both signals. The pulses from the main signal start
a linear rise of the voltage of the time-to-amplitude converter (TAC), which is stopped by the
synchronizing pulse from the second CFD. The measured voltage amplitude is a measure for the time
delay between both pulses and therefore gives the time-information of the detected photon regarding
the complete light pulse of the discharge event. This value is converted to the memory address by an
analogue-to-digital converter (ADC) and a unit is added to a channel within the memory block
(MEM). Consequently, from more than 104 counted photons a time histogram representing the
spectrally resolved light pulse for a distinct spatial coordinate in the electrode arrangement is
accumulated. Indeed a good reproducibility of the light source must be fulfilled and to achieve
complete spatio-temporally resolved discharge development the accumulation must be done for all
spatial coordinates. The CCS set-up used here enables the achievement of a high temporal resolution
of almost 0.01 ns and spatial resolution of 10 µm.

3. Results and discussion
In the described set-up, depending on the value of the applied voltage, the negative corona discharge
operates in two different regimes. At lower values of the voltage amplitude the Trichel regime with
regular current pulses of 300 ns duration and amplitudes of about 7 mA are investigated. If the voltage
exceeds a value of U = 17.8 kV, a continuous current of 0.2 mA is investigated. The iCCD photos are
taken with one single exposure gate in order to distinguish between the two different regimes. The
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light emitted by the discharge in the visible spectral range for point radius of 320 μm and gap distance
of 1 cm is presented in Fig. 2. The exposure time of the CCD sensor covers the whole pulse period
(window shown by the dashed line).

a)

b)
Fig. 2. Current measurement as a function of time with the exposure time of 1.5 µs (left) of the picture
of the discharge (on the right) at 12.4 kV a) and 17.8 kV b).
At voltage of U= 12.4 kV (Fig. 2a) there is no continuous current and regular current pulses are
investigated. In spite of the weak luminous emission, one can consider that the discharge develops in a
zone of a plume shape. In the continuous current regime (Fig. 2b) a thin luminous canal forms in the
vicinity of the point followed by a weaker plume shape zone. The canal is separated from the cathode
surface by a non-luminous zone of about 20 µm which is in the same order of magnitude than a
cathode sheath length at this conditions. The more intense light is emitted by this canal, rather than by
the plume.
Because of the regularity of the Trichel pulses, one can attempt to make spatio-temporally resolved
CCS measurement for this regime. The optical triggering of the single photon counting on the same
discharge event in CCS method is beneficial since the frequency of light pulses fluctuates as a whole
although the time delays between direct subsequent pulses are negligible [5]. The CCS measurements
are done with a smaller point radius of 270 µm since in this geometry the spatial stability was better
than for 320 µm. Considering these experimental conditions, one can observe the light emitted by the
discharge as a function of the distance from the cathode and the time. The head of the spectral band of
0-0 vibrational transition of the second positive system of molecular nitrogen (at the wavelength of
337.1 nm) was chosen since it is the most intense emission and reveals a high ionization rate activity
in the gas. The result is presented in Fig. 3.
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Fig. 3. Spatio-temporally resolved emission of the second positive system of molecular nitrogen at
337.1 nm of regular Trichel pulses at 7 kV. For the iCCD picture see the Fig. 2a).
It can be clearly seen that under given conditions the discharge starts to develop in the gas,
approximately 100 µm far from the point position (located at 0 mm). This light emission can be
attributed to the electron multiplication phase predicted by Alexandrov [6], observed by Sigmond [1],
and numerically simulated by Morrow [7]. Morrow showed that the subsequent phases are associated
with a movement towards the cathode of the peak of electron density, positive ion density and light
emission. The electron multiplication phase develops in the time window below 15 ns, which is not
completely shown in Fig. 3. After the electron multiplication phase (from 17 ns on) one can see an
ionizing wave propagating towards the anode forming a 500 µm long zone of intense light emission.
The development of a cathode directed ionization wave can be suggested, too but not exactly resolved
by this preliminary CCS data. The results are consistent with the suggestion that the ionization
mechanism controlling the pulse formation is a positive ionizing wave–like mechanism, as already
been proposed in electronegative gases, and gas mixtures, mainly at lower pressure [8].

4. Conclusions
Two different modes of DC negative corona discharges were investigated by iCCD camera photos and
current measurements, depending on the applied voltage: Trichel pulse regime and continuous current
regime. The first CCS results for Trichel pulses give first impressions on the discharge development at
these conditions. An electron multiplication phase as well as cathode and anode directed ionizing
waves can be suggested. However, the preliminary CCS data do not allow to exactly resolve the
propagation and to clarify the development completely. Therefore additional efforts on discharge
stabilization for further CCS studies will be made.
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The spectroscopic study of the dielectric barrier discharge operating from homogenous to
filamentary regime is presented. The investigation was focused on the correlation of the temporal
behavior of the emission spectra with the different character of the discharge. We used the planar
configuration of the reactor with electrodes covered by the Al 2O3 dielectrics and the gap of 1 mm
length. The discharge was generated in pure nitrogen flow with controlled amount of oxygen
traces at near atmospheric pressures (80-120 kPa) using the sinusoidal high voltage generator (710 kV voltage and 4.85 kHz frequency). We realized time resolved spectroscopic measurements in
a broad spectral range (from UV to near infrared 200-1000 nm) with 5 s time resolution. The
emission spectra contained systems from molecular nitrogen (2 nd positive, Herman Infrared) and
oxy-nitrogen compounds (NO gamma, O-N2 green) systems.

1. Introduction
Dielectric barrier discharges (DBD) represent an example of high pressure discharges with unique
combination of non equilibrium and quasi-continuous behavior. Plasma created by this manner
became utilized in numerous applications [1].
It’s commonly known, that DBD can be generated in two regimes: filamentary and homogenous (also
known as diffuse or glow regime). Under normal conditions (e.g. in air) we generate the filamentary
mode, which is characterized by streamer mechanism of ignition, presence of multiple
microdischarges with nanosecond durations and low degree of ionization. In comparison, the
homogeneous operation mode is significant with one current pulse under each half cycle. This uniform
discharge works at relatively low supply voltages. Recently, because of its advantages from an
industrial point of view the interest toward it started to grow [2, 3]. The glow regime is formed under
specific conditions only. It depends on the properties of the feeding gas and the feeding voltage
frequency as was showed previously [3, 4]. Besides it is difficult to prevent the conversion to the
unfavorable but much more stable filamentary mode. Therefore there are a lot of works, in which the
transition between these two regimes, the generation of the homogenous mode [5-9] and the origins of
its destabilization are discussed [10]. Such a diagnostic and modeling is very helpful to determine the
parameters of stable glow regime in industrial conditions (often lower gas purity). As it is described
for example in [4] a glow DBD in N2 is characterized with a Townsend breakdown. In order to
generate only one current pulse instead of streamers the existence of Penning ionization (thus the
presence of metastables), high gas purity and suitable excitation frequency is needed [4]. In our
previous work [11] we studied the microdischarge mode of DBD in N2. Now within the same
discharge reactor, but with planar electrodes we succeed to generate the glow mode, then with
admixture of O2 traces we achieved a transient (appearance of current spikes, coexistence of the two
regimes) and after that a filamentary regime. This is due to the fact, that oxygen is highly
electronegative gas and very effective quencher of N2(A3u+) metastable state. We follow the path of
Brandenburg et al. and Kozlov et al. [12, 13] and other authors [14, 15] who studied DBD in mixtures
N2/O2.
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2. Experimental set-up

Fig. 1. Experimental set-up

Fig. 2. DBD reactor with two types of dielectric
barrier used

0,003

3

0,001
0,000

0

-0,001

-3

-0,002
-0,003

voltage (kV)

discharge current
voltage

0,002

discharge current (A)

The experimental arrangement is
presented in Fig. 1. The discharge
reactor (Fig. 2), made of a rigid steel
construction, is suitable to work at
both low and high pressures (up to 3
atm.). We used parallel configuration
of electrodes covered with Al2O3
plane dielectrics of 1 mm thickness
(Fig. 2 (a)). The length of a discharge
gap during the measurements was set
to 1 mm, but it is variable up to
several mm. The gas was injected
directly into the discharge zone.
For powering the discharge a
sinusoidal high voltage generator
operating at 4.85 kHz with
configuration of one grounded electrode was used.
To measuring the power consumed by the
discharge a capacitor (150 nF) in serial connection
was used. It was managed by measuring the phase
shift of the voltage drop over the discharge and the
capacitor. The gating period of the intensified CCD
camera was monitored on the oscilloscope together
with discharge voltage and current (Fig. 3).
For optical diagnostic we utilized spectrometer
Andor Mechelle ME5000 equipped with an iCCD
detector (Andor iStar camera). It provides the
construction of highly resolute spectra (/=4000)
in range from 200 to 1000 nm. The emitted light
was focalized by an MgF2 lens into the optic fiber
and after that to the entrance slit of the
spectrometer.
In this paper we present the study of the effect of
oxygen traces (0.01–0.04 %) on the character of the
discharge in nitrogen glow DBD. Time-resolved
spectra were observed with 5s windows for a
whole period (~200 s). We report a comparison
with our previous work [11], where we used Al2O3
barriers (Fig. 2 (b)) in a form of a round cup (with 2
cm bottom diameter and 2 mm dielectric thickness).
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Fig. 3. Discharge current and applied voltage

3. Results and discussion
3.1 Emission in glow DBD
It is well known, that with presence of oxygen even a few ppm beside the systems from molecular
nitrogen - second positive (R1) and Herman Infrared (R2) - a high excitation of oxy-nitrogen species
occur - NO system (R3) and ON2* green transition (R4). Even in pure nitrogen we can observe these
species, also in our discharge reactor. They may come from impurities; namely for example from
water vapor. Although these impurities are undesirable in the experimental setup, we can get of them
valuable results.
N2 C3 Πu v´ → N2 B 3 Πg
+ hν(2+ )
(R1)
N2 C´´5 Πu

v´

→ N2 A´5 Σg+
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v´´

v´´

+ hν(HIR)

(R2)

NO A2 Σ+ v´ → NO X 2 Π v´´ + hν(NOγ )
(R3)
∗
1
1
(R4)
O S N2 → O D + N2 + hν(ON2 )
The upper states of mentioned transitions are strongly excited by metastables states (R5 – R9):
NO X 2 Πr + N2 A3 Σu+ → NO A2 Σ+ + N2
(R5)
3 +
3 +
´´5
N2 A Σu + N2 A Σu → N2 C Πu + N2
(R6)
3
1
3 +
1 +
O P + N2 A Σu → O S + N2 X Σg
(R7)
O 1S + 2N2 → O 1S N2 + N2
(R8)
3 +
3 +
3
N2 A Σu + N2 A Σu → N2 C Πu + N2
(R9)
In our case, the assumption of the most probable kinetic scheme (R5 – R11) is based upon [6, 13]
(experiments with parallel plate electrode arrangement and two semi-spherical electrodes,
respectively). In [6] there was observed a complete match between the emission curve of 2+ and the
discharge current. In [13] there was find a slight deviation between them, which is thought to be due to
the two dimensional geometry [13]. In fact, according to the authors, 2+ system is formed exclusively
through reaction (R10) while pooling reaction (R9) is not considered as a probable way of excitation,
contrary several types of nitrogen discharges at low pressure. As we will see below, we also noticed a
difference between the current and the 2+ system emission shapes (Fig. 3 and Fig. 5 (a)). Both are
similar in pure nitrogen at 80 kPa pressure, start to differ with increasing gas pressure and with oxygen
addition become completely different. The latter has a form of a parabola, while the current is
characterized by a broke shape in the afterglow region. Meanwhile, we don’t exclude reaction (R9).
A more supported model will be developed later.
N2 + e → N2 C 3 Πu + e
(R10)
1 +
3 +
(R11)
O2 + N2 A Σu → N2 X Σg + O + O
The pictures Fig. 4, 5 and 6 represent the emission intensity of the studied systems normalized to its
maximums. Emissions were calculated by integrating the area under the following peaks: transition 02 (247,4 nm) for NO, transition 1-0 (752 nm) for HIR, transition 0-0 (337,1 nm) for 2+ and ON2*
transition at 557 nm. During the measurements we kept the power constant.
When comparing the emission profiles with the discharge current (Fig. 3) we can distinguish the
difference between radiative states and long-living states or states repopulate by other metastable
states. 2+ system roughly copies the current and achieves the greatest value at its maximum. The other
states reach their maximum and decay later (N2(C´´5u) and NO(A2+) states). However, ON2* is the
longest radiant system in the plasma, but its signal was far worse in the glow regime comparing to the
results of our previous work in the case of filamentary DBD in pure nitrogen [11]. This is in contrast
with the results in [6], where it vanished just in the filamentary mode. In fact, the signal to noise ratio
is low enough to see a clear behavior. Fig. 7 (a) presents the cases of 0.03 and 0.04 % O2 traces, where
gas mixture with 0.04% is in the transient regime. The excitation of ON2* is entirely controlled by
metastables unlike NO [6] (creation of NO(A2+)is possible by a small contribution of direct electron
excitation from NO(X2r) state too). So in the case of O2 presence only as impurity another
mechanism has to be present, by which the ON2* state is effectively quenched before that it can be
radiated. According to a model published by Brandenburg et al. [12] the destruction of the metastable
oxygen is caused by quenching by NO and O3. So if these processes are very effective, this can
explain the low intensity of ON2* emission in the case of nitrogen with O2 only as impurities.
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Fig. 4. Comparison of emission systems at different pressures in pure nitrogen (glow DBD)
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Fig. 6. Evolution of emission systems, depending on the concentration of O2 at 80 kPa
With increasing pressure the 2+ system is more intense (Fig. 5 (a)) but on the contrary its less intense
with increasing concentration of O2 (Fig. 6 (a)). Unlike the 2+ system (Fig. 5 (a)), there is no change in
the emission of HIR and NO with pressure (Figure 5 (b) a (c)). However, with the addition of oxygen
we can see decreasing character as in the case of the 2+ system (Fig. 6). This is due to more important
quenching of these states by the increasing amount of O2 (R11). As we can see, reaction (R9) can be
important, because the intensity of the 2+ system is decreasing in the same way as the other systems
affected mainly by metastables.
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Fig. 7. Evolution of ON2 emission with pressure in mixture N2/O2 (glow discharge)(a) and in pure
nitrogen (filamentary DBD)(b)
3.2 Comparison of emissions in glow and filamentary DBD
It’s interesting to compare the emission of the studied systems under different discharge mechanism
(filamentary regime - our previous publication [11] and transient and glow regime – present results).
In the next figures we present the integrated areas of the same transitions as were used in chapter 3.1.
These emissions in the filamentary DBD were obtained under the positive half cycle of the period of
the supply voltage unlike the glow regime (Fig. 3). The measured power was kept constant and
reaches higher values than in the glow regime. The most obvious result is that we observed the same
radiation delay in the afterglow region in the case of NO and HIR as in the glow mode, which
indicates the effect of metastables (R5, R6).
In the emission of HIR and NO there is a small peak around 100 s, which correspond to the position
of microdischarge initialization (Fig. 8 (b), (c)). At the same place we can see a maximum for 2 +
system (Fig. 8 (a)). We assume that this point refers to the excitation by direct electron impact, which
is considered as a main process in the creation of N2(C3u) state. The maximum of the other systems
is shifted, what is an indicator of the presence of metastables. In the case of ON2* there is a relatively

205

high signal to noise ratio (Fig. 7 (b)). As Fig. 4 – 6 show, in the glow regime the emission curves are
more continuous around 100 s, which indicate a reduced effect of electron excitation. This is in a
good agreement with the theory, that N2(A3+u) concentration is higher in the glow mode, same as its
contribution to excitation. At lower pressure (80 kPa) there are some variations (Fig. 8). The
contribution of electrons is higher, because a sharper peak appears at the start of the radiation.
Simultaneously the intensity of 2+ system decreases more monotonously.
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Fig. 8. Evolution of emission systems with pressure in pure nitrogen (filamentary DBD)

4. Conclusion
As we recently made the study of a filamentary DBD we decided to repeat it for the glow regime. We
used the same discharge chamber for both. In N2 plasma with admixture of O2 traces we observed a
simultaneous transition between them. The aim of this paper was to observe the differences between
the radiation curves in a glow and a filamentary DBD. The emissions of nitrogen and oxy-nitrogen
compounds are presented (2+, HIR, NOON2*). In glow regime we noticed a very low radiation of
ON2* excimer molecule in contrast to the filamentary working mode. We proposed a simple kinetic
model, which we want to extend and confirm in the frame of future works.
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The coplanar barrier discharge in synthetic air at reduced pressure was studied by cross-correlation
spectroscopy and intensified CCD camera technique. At certain experimental conditions the
discharge operated in a regime with two temporally and macroscopic spatially localized
microdischarges occurring within one half of applied voltage period. In comparison to the previous
experiments at atmospheric pressure and burning voltage, distinct differences in the
microdischarge development were observed. In particular, an additional cathode directed streamer
was detected on dielectric surface far from the electrode gap during the second microdischarge
formation. This streamer prolongs significantly the discharge area above cathode. The expansion
of the second microdischarge area over the anode was observed, too. This effect is supposed to be
caused by the presence of the residual surface charge deposited onto the dielectric surface by the
first microdischarge.

1. Introduction
Barrier discharges (BDs) are used in various industrial applications such as ozone generation, plasma
display panels, exhaust or surface treatment [1]. There are several geometrical modifications of BDs,
namely the volume barrier discharge (VBD), surface barrier discharge (SBD) or coplanar barrier
discharge (CBD). The great advantage of the one-sided geometry of the CBD is, that it is suitable for
the one-side surface treatment of textiles, paper and other materials [2, 3]. In these industrial
applications a high overvoltage is applied to macroscopically homogenize the plasma and increase the
active area of the discharge with positive influence on the treatment effectivity. Thus, several
subsequent microdischarges (MDs) occur on the pre-charged surface in the same half-period. Further
macroscopic homogenization of the discharge can also effectively be achieved by a pressure reduction
down to several tens of kPa, too. The evolution of the single MD in CBD configuration, where only
one MD appeared during the half-period (i.e. burning voltage treshold), was investigated in [4]. Three
phases of the discharge development were described which are similar to the VBD development.
These are namely, the pre-breakdown phase, phase of the streamer propagation and the decay phase. It
has been also found, that the CBD propagates between the electrodes in a bow-like form in volume at
the distance of 0.1 mm above the dielectrics [5] and that the streamers after the impact onto the
dielectrics create surface discharges with Lichtenberg figure structures, both facts are similar to VBD
(see Fig. 1).

Fig. 1. A scheme of the spatial plasma distribution above the dielectric surface in CBD.
This contribution (comparing the results in [4]) is focused on the study of the CBD operating at
overvoltage and reduced pressure where exactly two MDs occurs within one half-period of applied
voltage (Fig. 2a). The experimental conditions were found, where these two MDs appear subsequently
during one half-period with almost constant time lag in between and they are localized on almost the
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same spatial coordinates (by means of pin-to-pin electrode configuration). The role of the residual
surface charge is expected to be crucial, if one takes into account that the indispensable part of the MD
in CBD develops on the surface [4,5]. The influence of the residual surface charges on the discharge
ignition and behaviour in VBD has been shown experimentally as well as theoretically in [5,6]. Here,
the CCS technique is applied in order to temporally resolve the propagation of the streamers during the
MD development on pre-charged surface. Furthermore, iCCD measurements with high spatial
resolution are presented.

2. Experimental setup
The experimental setup is the same as in [4]. The same pin-to-pin coplanar electrode discharge
configuration and cell was used (Fig. 1b). The tips curvature was r = 0.25 mm for both electrodes and
their mutual distance was 1 mm. Circulating transformer oil was applied to electrically insulate and
cool both electrodes. The copper electrodes were deposited by vacuum evaporation on one side of a
0.7 mm thick alumina ceramic (96% pure Al2O3). The coplanar discharge cell was situated inside the
stainless steel chamber. Before each experiment the flow of 500 sccm of synthetic air (20% O2 and
80% N2) was applied for 20 minutes to ensure the composition of working atmosphere. The same flow
rate of 500 sccm was used also during experiments. Furthermore, before each experiment the steel
chamber was evacuated down to the pressure of 10 kPa. Measurements were carried out at the reduced
pressure of 30 kPa. The corresponding voltage for one MD per half-period at this pressure was 7.6
kVp-p. The applied voltage in these experiments was 14.4 kVp-p (90 % overvoltage), which corresponds
to the discharge regime of two MDs per half-period. The sinusoidal voltage signal at a frequency of 11
kHz from a function generator was amplified by a 400 W power amplifier and transformed to a high
voltage signal by means of two automotive ignition coils connected in parallel (see Fig. 2b). The
overview measurement of the current pulses were provided by the Pearson current monitor and
measured by the oscilloscope. Two iCCD cameras were used. The first iCCD camera setup was used
for overview measurements and comprised the gated nanosecond multi channel plate intensifier unit
with controller and a digital CCD (Deltatekh ltd., Moscow & Bastler). For short shots without
accumulation the iCCD DiCam Pro (PCO Imaging) was used combined with far-field microscope
(Questar).

a)
b)
Fig. 2. The voltage and current characteristics for this experiment a) and the experimental setup of the
discharge cell with the coplanar electrode arrangements (views from the side and from the top) b).
The principle and setup of used CCS apparatus is given in more detail in [4,7]. The CCS is based on
single photon counting procedure. This method allows the substitution of the real-time measurement
of the discharge event by a statistically averaged determination of cross-correlation function between
two optical signals, both originating from the same source. These two signals are the so called main
(spatially and spectrally resolved single photon from the MD) and the synchronizing signal (integral
light pulse of the same MD). The time between these signals detections is measured. Consequently, a
time histogram of about 105 counted photons for all positions is accumulated. A complete
measurement is supposed to correspond to the actual light emission of the single MD filament. Of
course a condition which has to be fulfilled is the reproducibility of the light source. In this case, this
procedure enables to achieve a high temporal resolution of 0.05 ns.
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Fig. 3. PPG timing during the TC-SPC measurement. The picture for two temporally stable MDs
(right) corresponds to this experiment.
An additional unit of CCS device used in these experiments is the PC Pattern Generator (PPG) unit.
The PPG provides segmenting of the applied voltage period in microsecond time scale. This process is
triggered by the TTL pulse from the power supply and managed by the computer software. This
software generates (based on the TTL pulse detection) TAC channels (12 horizontal lines in Fig. 3), in
which the TC-SPC accumulating procedure is initiated. In the experiments presented 32 channels were
used resulting in the PPG temporal resolution of tPPG = 2.8 µs.

3. Results
It was shown in [6,8], that with increased applied voltage amplitude the size of the VBD or SBD
increases stepwise with increasing number of MDs per half-period. Similar behaviour was found here,
for the CBD. For the CCS measurements, the studied MD events have to be reproducible and stable.
This was established by varying both pressure and applied voltage. The goal was to find two
temporally and sufficiently spatially stable MDs appearing within one half-period. The sufficient
spatial stability was provided by the pin-shape of both electrodes. Finally, a stable regime was found
for 30 kPa and 90 % overvoltage. The time interval between two subsequent MDs was approx. 11 µs.
Thus, it was expected that the deposited surface charge from the first MD would have a strong
influence on the second one (within the same half-period).

Fig. 4. Accumulated iCCD photos (4500 loops, 500 ns exposure time) of CBD operating at reduced
pressure of 30 kPa and burning voltage of 7.6 kVp-p a) and 90 % overvoltage of 14.4 kVp-p b). The
white selection rectangles show the area of interest for more precise iCCD measurements in Fig. 5.
From the Fig. 4. one can see the enlargement of the active emitting plasma area at overvoltage, when,
instead of one a), two MDs b) are burning during the applied voltage half-period. The emission at
overvoltage is significantly higher. In order to understand the enlargement more precisely, the pictures
of the first and second individual MD burning at overvoltage were taken separately (Fig. 5). Here, the
gate width of 20 µs was used in order to temporally distinguish subsequent MDs within the applied
voltage half-period. From presented images one can realize, that the spatial structure of the second MD
is more extended. The signal emitted from the anode side shows more intensive and diffuse structure
and covers larger area during the second MD, contributing significantly to the homogenization of the
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discharge. Moreover, an additional luminous spots appear on the cathode side of the surface. The spot
is situated on discharge axial axis (approx. 1 mm from the left edge in the mean high of the picture in
Fig. 5 b)) which is also visible in Fig. 4 b) at the corresponding coordinate of 2.5 mm.
cathode area

anode area

a)

b)
Fig. 5. A typical single shot (1 loop) iCCD pictures of CBD operating at overvoltage from areas of
interest, see the white rectangles in Fig. 4. The cathode area of the first MD a) left and its anode area
a) right. It is shown similar for the second MD b): cathode left, anode right.
The CCS measurements for both MDs were done for the spectral wavelength of 337.1 nm which
corresponds to the emission of the 0-0 vibrational transition of the second positive system (SPS signal)
of molecular nitrogen. The results for the first and second MD are shown in Fig. 6. The luminosity of
SPS represents the spatio-temporally resolved distribution of the convolution of electric field and
electron density [7]. It is evident that the structure of the first MD development remains the same as in
atmospheric pressure CBD [4]: The discharge starts by the Townsend phase of long duration. During
this phase, a sufficient charge is accumulated allowing the streamer ignition and start of the phase of
ionizing waves or streamer propagation, likewise in the VBD [7]. The cathode directed streamer
(CDS) propagates from the area above the anode edge towards the cathode. Also a propagation of the
second wave (SW or second streamer) of the enhanced luminosity is visible. SW starts later above the
anode dielectric surface and propagates above the anode away from the electrode gap. The streamers
spread over the dielectric surface and create surface discharges. During the first MD (see Fig. 6 a) on
the anode side, the luminosity ends at the area at about x = 8.5 mm and on the cathode side at the
coordinate of 3.5 mm approximately. This is an important fact for the development of the second MD
luminosity distributions. At these coordinates the typical shape of the luminosity distributions is
changed. Firstly, the CDS starts to propagate from the anode edge (see Fig. 6 b)). Several tenths of
millimetre behind the cathode edge it reaches its maximum velocity, impacts the surface and starts to
slow down. The first CDS is disrupted at about x = 3.5 mm. The propagation follows through the area
from 3.5 to 2.4 mm, where two luminous traces are observed simultaneously and decay at the position
of about 2.5 mm. At this coordinate a luminous tail of longer duration of about 50 ns is created. This
luminous tail corresponds to the elevated light intensity spot above the cathode at the same coordinates
on iCCD pictures in Fig. 4 b) and Fig. 5 b). At the same time, the second CDS originates at the
coordinate of about x = 2 mm. It propagates away from the gap and decays at x = 0.5 mm. On the
anode side the change is not so well pronounced. Generally, the length of the emission traces above
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the anode as well as above the cathode is significantly increased in comparison with the first MD
luminosity.

a)

b)

Fig. 6. SPS spatio-temporal resolved luminosities for the first MD a) of the CBD operating in synthetic
air at reduced pressure and at overvoltage and for the second MD b). The electrode edges are
presented by the vertical black lines at x coordinate of 5.9 and 6.9 mm.

4. Conclusion
According to above mentioned measurements it is concluded that the residual surface charge deposited
by the CDS onto the dielectric surface above the cathode (during the first MD) disturbs the
propagation of the CDS during the second MD and triggers the ignition of the second CDS which
propagates further away from the electrode gap. This additional streamer than causes the increase of
the active plasma area and contributes to the macroscopic homogenization of the plasma.
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In this work, we present numerical simulations of discharges in air at atmospheric pressure at
1000K and 300K between point electrodes to better understand and optimize the conditions to
obtain a glow-like regime. An important step in the glow to spark transition of the discharge is the
time of connection of discharges propagating in the gas gap. In this work we have shown that the
voltage rise time and the maximal value of the applied voltage have a significant impact on the
connection time. Conversely, the radius of point electrodes appears to have only a small influence
on the connection time and the discharge dynamics.

1. Introduction
Low temperature plasma discharges are studied for an increasing list of applications such as ozone
generation, pollution control, biological decontamination, plasma assisted stabilization of lean flames,
flow control and thin film coatings. Among the different types of discharges at atmospheric pressure,
nanosecond repetitively pulsed (NRP) discharges are particularly promising. For ambient air
temperature of 1000K a glow-like regime is observed in a thin voltage range of 6-7 kV [1,2]. This
regime has an emission which fills the gap in a diffuse manner. For voltages higher than 7 kV, the
spark-like regime with significant gas heating and an intense emission is observed [1]. The glow-like
regime is particularly interesting for applications as it produces efficiently active chemical species
without heating the neutral gas. However, experimentally, the glow-like regime appeared to be very
sensitive to several parameters [1,2]: applied voltage, electrode geometry and interelectrode gap
distance, pulse repetition frequency, and neutral gas temperature. Then to better understand and
optimize the conditions to obtain a glow regime at room temperature (300K), in this work we carry out
simulations of the discharge dynamics and structure as a function of the applied voltage, gas
temperature and electrode radius of curvature.

2. Model formulation
The studied configuration is a point-to-point geometry with two hyperboloid electrodes (radius of
curvature is R=300μm) separated by 5 mm. In this work we carry out 2D axisymmetric simulations of
the discharge dynamics of one of the nanosecond pulsed discharges. As many discharges have
occurred before the simulated one, we have estimated that the density of the seed charges in the
interelectrode gap is on the order of 109 cm-3 for the 10-30 kHz frequency range studied
experimentally. A fluid model is used to simulate the discharge propagation: continuity equations for
charged species (electrons, positive and negative ions) coupled to Poisson's equation. Further details
on the discharge model can be found in [3,4]. To take into account the fact that the discharge occurs at
atmospheric pressure in preheated air at T=1000 K, we have simply changed the value of the total
density N=N0T0/T where N0 is the air neutral density at ground pressure and ambient temperature
(T0=300 K). This decrease of the total density by a factor 3, increases by the same factor the local
reduced electric field E/N and then has a direct impact on transport parameters and reaction rates in
air which are assumed to be functions of E/N.

212

3. Influence of applied voltage
In [4] a constant voltage was applied to the anode at the beginning of the simulation. Experimentally,
the applied voltage has a 5ns rise time before reaching a plateau of 10ns followed by a decrease of
about 5ns. Then in this work, we have considered a sigmoid function to model the experimental
applied voltage. This function ensures the continuity of the voltage and its derivative (Figure 1).

Fig. 1. Evolution of applied voltage with time for 300K (15kV) and 1000K (5kV).
Figure 2 shows the evolution of electric field and electron density on the axis of propagation for
T=1000K, and an applied voltage of 7kV with sigmoid shape. In comparison to the results obtained in
[4] for a constant voltage of 7kV, we note that with a sigmoid voltage the propagation of the
discharges in the inter-electrode gap is slower. It is important to note that after the connection of both
discharges a conducting channel is formed between the electrodes. If this channel is formed before the
power supply switches off, fast heating processes may take place which may lead to the transition
from a glow-like discharge towards a spark. To have a glow-like regime, we assume that the
connection time has to be close to 15ns, that is the end of the voltage plateau. On Fig. 2, with a
sigmoid voltage, the connection between positive and negative discharges occurs between 7ns and 8ns,
while it is at 4ns for a constant applied voltage [4]. In experiments, a glow-like regime is observed at
1000K almost up to 7kV. Then, with the use of a sigmoid voltage, our simulations results are in better
agreement with experiments. With a constant applied voltage, propagation starts almost immediately
after applying the 7kV potential at the anode. With the sigmoid voltage, the applied voltage has to
reach a critical value (around 4.5kV) to allow the discharge propagation to start. This critical value is
reached at about 3.5ns with the sigmoid voltage, which corresponds to the delay between the
connection times of the discharges for a constant and sigmoid voltage. It is interesting to note that the
time evolution of the peak electric field in the positive streamer head is different for a sigmoid voltage
and for a constant applied voltage. With a constant applied voltage of 7kV, the peak electric field on
the axis is maximum at t=0ns. Then, the peak electric field in the positive streamer head decreases as
the discharge propagates, to finally reach some constant value close to 50kV/cm. This decrease of the
peak electric field in the discharge head at the beginning is certainly due to the decrease of the
Laplacian electric field as the discharge propagates and then leaves the region of high electric field
close to the electrode tip. Conversely, with a sigmoid voltage the peak electric field in the positive
streamer head is increasing during the first 5ns, that is the voltage rise time. In fact, even if the
distance between the positive streamer head and the point electrode increases, the fast rise of the
applied voltage produces a higher Laplacian field in front of the discharge. Once the applied voltage
has reached the plateau, the peak electric field in the positive streamer head starts to decrease
significantly and converges towards the value of 50kV/cm, obtained for a constant applied voltage.
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Fig. 2. Electric field (left) and electron density (right) on the axis of symmetry at different times for
T=1000K, sigmoidal voltage with a plateau value of 7kV, and R=300μm.
Figure 3 shows the evolution of the electric field and the electron density on the axis of symmetry for
a sigmoid voltage with a plateau value of 5kV. We note that the propagation velocity is significantly
reduced in comparison to the one obtained for a higher voltage. Then, the decrease of voltage has a
significant impact on the connection of positive and negative discharges which occurs at 14ns (to be
compared to 8ns for 7kV case on Figure 2). Then for 5kV, in agreement with experiments, we observe
a glow-like discharge. It is interesting to note that the peak electric field in the positive streamer head
is increasing during all the propagation, even after the time for the applied voltage to reach its plateau
value. This behavior could be explained considering the evolution of electron density with time on
figure 3. It appears that during the first 4ns when there is no positive discharge propagation, the
electron density is increasing close to the anode point. Then, when the propagation of the positive
streamer starts, the peak electric field in the head is less than the one required for stable propagation in
the gap (50kV/cm). As the positive streamer moves from the point anode, the peak electric field in the
positive streamer head increases due to the rise of the applied voltage up to 5ns and then increases to
reach the value of 50kV/cm just before the connection of positive and negative discharges.
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12ns

Fig. 3. Electric field (left) and electron density (right) along the axis of symmetry at different times for
T=1000K, sigmoidal voltage with a plateau value of 5kV, and R=300μm.

4. Influence of gas temperature
In this section, we study the influence of the gas temperature on the discharge structure and dynamics.
At 1000K, we have checked that the lowest applied voltage (with a sigmoid shape of 5ns rise-time) to
have the propagation of positive and negative discharges in the gap was 5kV. At 300 K, we have
checked that this minimal voltage is 15kV. It is interesting to note that these minimal voltage values
follow the scaling of gas density with temperature (the total density at 1000K is about 3 times less than
the one at 300K). This result is in good agreement with the fact that the reduced breakdown field in air
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is almost constant from room temperature to almost 2000K as explained in [5]. Figure 4 shows the
evolution of electric field and electron density on axis for a discharge propagating in air at T0=300 K
for 15kV. As expected, the peak electric field in the positive streamer head during the stable
propagation phase is around 150kV/cm at 300K (50kV/cm at 1000K as shown in figs. 2 and 3).
2ns

11ns
11ns
9ns
8.5ns
6ns

8ns

8ns

7ns

4ns

6ns
5ns
4ns
3ns
8.5ns

2ns

Fig. 4. Electric field (left) and electron density (right) along the axis of symmetry at different times for
T=300K, sigmoidal voltage with a plateau value of 15kV and R=300μm.
Figure 5 shows the electric field and electron density evolution at 300K with a higher voltage of 21kV.
This value has been chosen because its ratio with 15kV is the same as the ratio between the 5 and 7kV
cases studied at 1000K (Figs 2 and 3). Comparing Figs. 4 and 5 (and as already observed on Figs 2
and 3 at 1000K) it appears that the discharge propagates faster with a higher applied voltage and the
ratio between the two propagation times is about 0.7 and is the same as the one observed at 1000K
between 7 and 5kV cases. For 300 K and 15kV, the peak electric field in the positive streamer head is
increasing up to 6ns, that is to say after the end of the rise of the applied voltage. Conversely, for 300
K and 21kV, the peak electric field in the positive streamer head decreases after 4ns while the voltage
is still increasing. So there seems to be a strong competition between the increasing rate of the voltage,
which tends to increase the peak electric field in the positive discharge head, and its propagation
velocity that increases with the applied voltage and tends to decrease the peak electric field in the
positive streamer head as the discharge moves farther from the point electrode.
8ns

1ns
2ns

7ns

7ns
6ns

6ns

8ns

3ns

5.8ns
4ns

5ns
5.8ns

5ns
4ns
3ns
2ns

Fig. 5. Electric field (left) and electron density (right) along the axis of symmetry at different times for
T=300K, sigmoidal voltage with a plateau value of 21kV and R=300μm.

5. Influence of the radius of curvature of point electrodes
In this section, we study the influence of the radius of curvature of point electrodes on the discharge
structure and dynamics. Figure 6 shows the evolution of electric field and electron density on axis for
T=300K, a 15kV sigmoid voltage with 5ns rise-time and a radius of curvature of electrodes of 100μm.
A smaller radius of curvature for the points increases the peak electric field at the points but reduces
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the spatial expansion of the high Laplacian field region close to the electrodes. Then the positive
discharge may escape faster from this area which may result in a stronger decrease of the peak electric
field in the positive streamer head. This is clearly observed on Fig. 6. We note that the peak electric
field in the positive streamer head is decreasing sharply between 4 and 5ns while it was increasing for
the case of electrodes with a 300μm radius of curvature in the same conditions (fig. 4). It is interesting
to note that the decrease of the radius of curvature influences the ignition phase of the discharge and
slightly decreases the peak electric field in the positive streamer head during the stable propagation
phase. However it appears that the change of the radius of curvature of electrodes has a small
influence on the average velocity of the positive discharge and on the connection time of positive and
negative discharges in the gap.
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Fig. 6. Electric field (left) and electron density (right) along the axis of symmetry at different times for
T=300K, sigmoidal voltage with a plateau value of 15kV and R=100μm.

6. Conclusions
In this work, we have carried numerical simulations of discharges in air at atmospheric pressure
between point electrodes to better understand and optimize the conditions to obtain a glow-like regime
with no gas heating. An important step in the glow to spark transition of the discharge is the time of
connection of positive and negative discharges propagating in the gas gap. In this work we have
shown at 1000K that the voltage rise time has a significant influence on the connection time. At
1000K and 300K, we have noted that the maximal value of the applied voltage has a significant impact
on the discharge dynamics. We have observed that a small increase of the applied voltage significantly
decreases the connection time. However, it is interesting to note that the change of radius of point
electrodes has only a small influence of the connection time.
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The computer algorithms were used for reconstruction of streamer 3D structure. We propose the
3D tree structure model of corona discharge streamer composed with nodes and edges between
chosen couples of nodes, which enables easy computation of some important parameters of
streamers. The 3D model can be derived directly from two projection images by global methods
like evolutionary searching or particle simulations. In this paper however, we focused on another
type of methods named local methods. Here, the morphological image operations are used for
creation of two 2D models and later 3D model determination after simple computation. As a result,
the 3D image of streamer is reconstructed and can be used for measuring of the streamer features
such as branching angle and branching length..

1. Introduction
Positive streamers are widely used in the field of air pollution control such as NOx or SOx removal
and VOCs decomposition based on plasma chemical reactions. Although the streamers have been
studied for many years, they are still not fully understood due to their complex nature. One of such
unexplored issue in streamer research is the breakup of single channels, called streamer branching.
Streamer branching is commonly seen in experiments [1,2]. Multiple streamer branching actually
determines the gas volume that is crossed by streamers and consecutively chemically activated for
plasma processing purposes. However, up to now, only the conditions of the first branching event have
been resolved in microscopic models. On the other hand, the distribution of branching lengths and
angles is an ingredient of models for the complete branching tree on larger scales [3]. Therefore, there
is a need for experimental data of streamer branching lengths and angles. For imaging of streamer
discharges digital cameras (CCD cameras) or intensified cameras (ICCD) are used. The result of the
imaging is two dimensional (2D) representations of what is actually a three-dimensional (3D)
phenomenon. These 2D representations can be difficult in the interpretation and measurements of i.e.
branching angles can lead to false conclusions. For this purpose, we have implemented
a stereophotography method which makes it possible to image streamer discharges in 3D. The
stereographical method we used is commonly used for imaging sparks [4], flames [5], dusty plasmas
[6] and pulsed streamers [7]. However, in previous experiments (including our own research [8])
reconstruction of 3D structure was done manually what is difficult and time consuming. The limited
number of images which are possible to obtain in that way reduce significantly the value of
experimental data. To increase the statistics we decided to develop computer algorithms for automatic
reconstruction of 3D structure of streamers.

2. Computer algorithms
To reconstruct the 3D streamer structure several numerical methods were applied and compared.
3D streamer reconstruction methods
We can divide 3D reconstruction methods into 2 groups: global and local approaches which is related
to global and local error minimization. In the first approach the 3D discharge model is created and
subsequently modified to stereophotography matching using particle simulations or evolutionary
searching methods [9]. The comprehensive description of global methods used for 3D streamer
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reconstruction problem can be found in [10]. In the local approach broadly described in this article in
the first step two 2D models are created separately for each of projection photography. In the second
step 3D model is built based on 2D projection models. The first step can be divided into image
preprocessing stage and lines (curves) + nodes detection which can be named as vectorization stage.
The modular structure showed in Fig. 1 provides the possibilities of different methods compositions.

Fig. 1. Modular structure of 3D stream reconstruction
The first step can be accomplished as full manual, semi automatic (interactive) or full automatic
process. In the first case the user can draw lines and nodes by hand based on original images. In the
second case the user can accept or correct the algorithmical suggestions. In the third case the process is
the quickest but demands knowledge incorporation which is the most difficult challenge. The
knowledge about physical phenomenon in the most simple approach can be represented by curve
continuity and curvature limitation. In more advanced approach the learning based on manually
obtained examples can be used to acquire human knowledge from manual and semi automatic
methods to full automatic one. The decisions whether any point belongs to node or to a line can be
treated as learning objectives. The problem arises from the fact that such tasks are always difficult for
computer programs although easy for human, like face detection task.
In this work we have concentrated on full automatic morphological and histogram based 2D model
creation methods without learning as a first step of 3D model reconstruction.

Fig. 2. Morphological operations: a) original images, b) after binarization, c) after closing, d) after
skeletonization with short curves reduction.
Morphological method
The main advantages of morphology usage for image preprocessing stage is their generality, speed,
and easy nodes detection. It seems that the simplest approach to image preprocessing is to use the well
known image processing methods like morphological operations to obtain a skeleton of an image. The
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example sequence of operations with example parameter values and on example couple of images
were showed in Fig. 2.
The binarization operation (Fig. 2b) changes each image into monochromatic one using chosen
threshold value. The morphological closing operation (Fig. 2c) at next step is used for empty areas
closing and to cancel the noise spots which are placed rather out of streamer channels. The operation
is composed with dilation and erosion and was repeated several times. In this example the dilation
determined each pixel value as ,,1'' if more than 3 pixel values from 3x3 adjacent pixels were equal
to 1. The erosion worked in the same way but the threshold was equal 7. The skeletonization process
(Fig. 2d) is used to obtain the net composed of thin curves which helps to find single curves and nodes.
In presented example the thinning algorithm with two structural elements showed at Fig. 3 was chosen
from several other methods. Each pixel value on an image was fixed to zero if its 3x3 adjacent pixels
matches first structural element (Fig. 3a) (empty squares can be matched to any value) and next after
whole image transformation, the second structural element (Fig. 3b) is treated in the same way. Then,
this two transformations was repeated for rotated structural elements by 90, 180, and 270 degrees.
Simultaneously, during nodes and curves detection stage, the reduction of short curves takes place.
The reduction decision is based on the observation if the short curve to be eventually removed belongs
to streamer channel or to noise spot.

Fig. 3. Structural elements for thinning operation
As can be seen in Fig. 2d the number of nodes and its vertical position are quite different in each
projection which makes the 3D stream model reconstruction a difficult task. Other drawbacks of
standard morphological operations in discharge 3D streamer reconstruction can be listed as following:
• limited number of node branches ,
• information loss related to binarization operation,
• branch leaving related to discontinuity of stream channel image,
• difficulties with distinguishing branching nodes from line crosses.
Therefore, all operations should be chosen in proper order and with proper parameter values to make
2D models most reliable to human expert e.g. each model should be consistent with human expert
knowledge. We can reach high level of consistency using learning system in which several
morphological operations with different threshold values are tested using human expert subjective
estimation or any consistency criterion between two images.
Another approach to increase object detection quality is connected with direct expert knowledge
incorporation by using dedicated image preprocessing methods prepared specially for streamer
channel modelling. Histogram based object detection method is considered as an example of such
approach..
Histogram based method
For each analysed pixel, histogram based on circular area is calculated. In a simple version each pixel
which belongs to area was classified to one histogram bar related to particular angle. The weighted
average pixel intensity value for each considered angle was calculated. The weight value is invertly
proportional to distance between analysed pixel and considered pixel circular area e.g. when distance
is higher the weight is lower. Fig. 4 presents example diagram after normalization and smoothing.
Each branch can be detected as peak in the diagram, each straight line can be detected as two peaks
shifted by the distance of about 180 degrees. Appearing of more than two peaks (see Fig. 4) suggests
the node existence. The learning decision system can be used to classify histogram features using
human expert decision. The peaks can be observed in different scales in many area diameters or by
distance weights manipulation, providing much information for learning system purposes.
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Fig. 4 Histogram-based nodes and lines detection : weighted pixel intensity related to direction angle
diagram and diagram calculation area

3. Conclusions
Two methods of image preprocessing and object detection were presented as a local method
component. Local methods help to overcome high computational complexity related to global ones by
direct application of real streamer features during 2D models creation and simple nodes matching
algorithm.
The morphological operations help to detect nodes and curves quickly but not so precisely. Histogram
based method is specially prepared for 3D streamer model reconstruction. The main difference
between considered methods is due to knowledge incorporation method. In morphological method the
parameter optimization techniques can be used based on human expert subjective estimation or any
consistency criterion between two images. In histogram based method the knowledge is directly
included with optional histogram features interpretation learned from human expert decision examples.
During initial experiments the histogram based method seemed to be more accurate but the way of
knowledge incorporation makes this method less general than morphological. Moreover, the
knowledge used for preparing algorithms may be uncertain or incomplete because physical
phenomenon is under investigation.
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Energetics and structure of clusters of NO3- ion with HNO3, N2O, NO2 and N2 molecules are
studied by means of different quantum-chemical methods. Calculated results in the case of NO3- nHNO3 hydrogen bonded clusters are in good agreement with available experimental data. For the
NO3- … N2 system the parameters of More-type and Lennard-Jones 6-12 potentials were obtained
for further use in molecular dynamics (MD) simulations.

1. Introduction
The nitrate ion has a significant importance in the chemistry of negative ions. Because of its
stability it is a terminal negative ion in N2/O2 mixtures and can be further stabilized via formation of
associates with neutral molecules. For a long time there are known clusters of NO3- with HNO3 and
H2O [1]. Besides of primary interest for atmospheric chemistry, these association reactions are also
important for detailed understanding of processes in drift tube of Ion Mobility Spectrometer (IMS).
For the modeling of ion mobility by means of the MD simulations it is necessary to have reliable
potential functions. In the case of ion-molecule interactions, parameters for these functions are not
generally available, so we tried to obtain these parameters for NO3- … N2 system from ab initio
calculations.

2. Results and discussion
The enthalpies of association reactions
+ HNO3 ĺ NO3-.nHNO3

(1).

for n=1 to 6 were calculated and compared with available experimental data [1-4] (Figure.1).
Calculated enthalpies are in reasonable agreement with available experimental data, but generally
they predict smoother trend than actual experimental data. For n >3 the two shell structures of the
type NO3-.3HNO3.(n-3)HNO3 are calculated to be more stable. Nevertheless, experimental data are
more consistently fitted with one-shell model.
Another important quantity, showing stability of anionic cluster formed – vertical detachment
energy (VDE) – was calculated for whole series (Table 1). It is clear that stability increases with
clustering – as the number of electronegative atoms in the system increases.
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Clusters of NO3- with NO2 and N2O are
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Fig. 1. Experimental (points) and calculated (solid lines)
enthalpies for reaction NO3-.(n-1)HNO3 + HNO3 ĺ NO3.nHNO3. Corresponding experimental points are connected
with dashed line.

following parameters: ε=0.05 ҏeV and ̓rmin=3.97 A
Tab. 1. Calculated (using 6-311+G** basis set) VDE [eV] for NO3- and its clusters with HNO3.
Entries labelled "extrap." are values extrapolated to complete basis at CCSD(T) level.

NO3B3LYP
mPW1B95
MP2
extrap.

4.11
4.09
3.48
4.19

+HNO3 +2HNO3 +3HNO3 +4HNO3 +5HNO3 +6HNO3
5.61
5.68
4.99
5.34

7

6.45
6.60
5.95

7.10
7.24
6.57

7.45
7.70

7.74
8.01

7.97
8.20
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A new method for temperature measurements of near-LTE plasmas generated in air at atmospheric
pressure was developed and tested. It is based on the combination of microwave and corona
discharge. The gas temperature of the MW discharge is determined as the rotational temperature
of N2* produced in the corona discharge. The temperature was measured by the corona probe
method and the thermocouple simultaneously. We found a fairly good agreement between the two
methods, with a slightly higher temperatures measured by the corona method. The difference
(~100 K) is small relative to the measured plasma temperatures (close to or above 1000 K). This
verifies that the corona probe method can be applied to determine the temperature of the near-LTE
air plasma and contrary to the thermocouple it can be used also for the high plasma temperatures.

1. Introduction
Atmospheric pressure microwave (MW) plasmas present considerable interest for various industrial or
environmental applications such as surface treatment [1], carbon nanotube synthesis [2,3], trace
element analysis [4], air pollution control, various biomedical applications [5] etc. The main advantage
of MW plasma is electrodeless operation, availability of cheap microwave sources at 2.45 GHz, good
microwave to plasma energy coupling and no need of vacuum devices if the discharges are generated
at atmospheric pressure. In addition, the operation of such plasmas is cheap, when operated in air.
In general it is very important to know the characteristics of the generated discharge in order to ensure
its suitability for a desired application. Optical emission spectroscopy (OES) is a good, reliable and
non-intrusive method of plasma diagnostics. It enables identification of active species and radicals in
the plasma, as well as temperature measurements (vibrational and rotational temperatures). We
introduce a novel temperature-diagnostic method of near equilibrium (near-LTE) air plasmas.

2. Corona probe method
The gas temperature Tg in the plasma, one of the key plasma parameters, can be determined by OES
by comparing measured and simulated atomic and molecular emission spectra of the generated
plasma. This method is very convenient but sometimes overestimates the temperature if emission
spectra of radicals are considered. The radicals can gain energy in the chemical processes of their
production, which can contribute to the elevated temperature. This phenomenon was observed by
several authors [6,7, 8]. This implies that the best way to determine the plasma temperature by OES is
to use the spectra of the particles that are a direct part of the feeding gas. In air plasma, the most
convenient is to determine the gas temperature from N2 spectra, since N2 molecules are present in the
feeding gas and are not produced by chemical processes in the plasma.
In discharges generated in air at atmospheric pressure, the emission of the first and second positive
system of N2 is usually observed. In near-LTE MW plasma generated in air, however, the excitation of
N2 takes place only at the temperatures above 6000 K [9]. Such high temperature is not reached in our
plasma; therefore there is no N2 emission. Furthermore there is even no (or too weak to detect)
emission of NO, OH or O2 that are usually present in LTE air plasmas. With no appropriate radiation it
is not possible to perform OES temperature diagnostics of the generated air plasma.
However, it is known that N2* is produced in non-equilibrium air plasmas, e.g. in the corona discharge.
In this strongly non-equilibrium discharge, Tg is low (close to room temperature) but the high
temperature of electrons is sufficient for the excitation of N2. In the discharges at atmospheric
pressure, the rotational temperature balances with the temperature of the surrounding gas Tg. So we put
corona discharge directly into the MW plasma. N2* is then produced by electron-impact excitation but
its rotational temperature equilibrates with the surrounding gas temperature – in our case, the
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temperature of the MW plasma. The cold corona discharge (when operated in ambient air, Tg =
300±50 K) does not significantly contribute to the increase of Tg. By using the corona probe, i.e. by
combining the MW plasma with corona discharge, we can determine the temperature of MW plasma
(as the rotational temperature of N2*).
To test the reliability of this new corona probe method, we also measure the temperature by the
thermocouple and the probe simultaneously and compare the two measurements. Use of
thermocouples to measure the temperature of the plasma generated at low pressures and high
temperatures is affected by the heat transfer processes and the method is considered not very reliable
in this case. At atmospheric pressure in general, thermocouples can be used for temperature
measurements if the gas temperature and the gas flow rate are not too high. It is also suitable to use the
thermocouple with the smallest probe diameter possible so that it does not affect the gas flows and the
discharge itself. In some cases, the thermocouple is placed in a ceramic tube to prevent the heat losses
along the thermocouple wires and also to support the thermocouple in a desired position. Plasma
temperature was measured by a thermocouple for example in [10-12].

3. Experimental setup

Fig. 1. Experimental set-up. Corona discharge combined with the MW plasma and OES diagnostics.
Litmas Red MW plasma torch powered by a 900 W magnetron, supplied from Richardson Electronics
switching power generator SM1050, was used to generate atmospheric pressure air plasma with
properties close to LTE. Microwaves generated by a magnetron are focused to the cylindrical plasma
chamber made of a hardened teflon or Al2O3. A thin teflon tape is placed in the waveguide between the
plasma chamber and magnetron to prevent the contamination of the magnetron or the resonant
circulator by dust or gases which could cause its malfunction.
The MW discharge is ignited by pneumatic insertion of a metal igniter into the plasma chamber. The
brush-shaped igniter (synchronized with microwaves from the magnetron through the electronic unit)
causes a local enhancement of the electric field resulting in a discharge ignition. The whole system is
externally cooled with water and air. Contrary to the typical MW torch systems, in our case the gas is
inserted downstream and tangentially through the two holes of the nozzle into the cylindrical plasma
chamber. This is causing the swirl flow in the cylinder and the generated swirling plasma is
consequently blown out upstream through the central orifice of the nozzle. Blown-out plasma is then
analyzed by optical emission spectroscopy. Emitted light is guided through the optical bench
containing an aperture, a fused silica lens and optical fibre holder. Ocean Optics SD2000 spectrometer
covering the spectral range of 200-1100 nm is used. The optical bench is movable horizontally and
vertically. Experimental set-up and the basic torch characteristics are described in more detail in [13].
For the combination of MW plasma with the corona discharge (figures 1,2), the electrode and power
supply for the corona were added.
We use a special 75 mm long hollow syringe needle with a diameter 0.9 mm as a corona electrode. It
is very important to be able to get the spectra from the very exact point (the tip of the needle) where

224

the corona discharge is applied. For this reason, the corona needle is placed in the micrometric
movable holder which enables the vertical and horizontal movement.

Fig. 2. Corona probe in the MW air plasma.

4. Results
We applied the corona discharge probe into the air MW plasma to measure its temperature. We
determined Tg of the MW plasma as a rotational temperature of N2 generated in the corona discharge.
We used SPECAIR [14] for the spectral simulations that were then fitted to the measured spectra. The
typical measured N2 (C3Πu–B3Πg) spectrum is shown in figure 3.
By this method, we measured the temperature profiles (temperatures at various lateral positions x, i.e.
distances from the vertical plasma axis) of the MW plasma at various conditions – power P and gas
flow rate Q in various heights z. The maximum temperature was not found directly in the centre of the
plasma (at the vertical z-axis) as expected but it was shifted to the side. This is a result of the plasma
shape which depends on the gas flow conditions. At lower gas flow rates, the generated plasma has
a symmetric conical shape and the maximum temperature is usually at (or very close to) the z-axis,
which is the case of Q=5 l/min (figure 4).
With the higher gas flow rates, the shape of the plasma was not symmetric, because plasma was being
strongly blown out. We would need to increase the power if the conical shape should be maintained
but the magnetron power is quite low so in the case of Q=8 or 11 l/min (figure 5) it was not possible to
maintain a stable conical-shaped plasma. We also measured the vertical temperature profiles
(dependence on the height z above the nozzle). The results show that the temperature is mostly
decreasing with z (figure 6).
To test the reliability of the corona probe method we measured the MW plasma Tg by the corona probe
and the thermocouple simultaneously. This means that the thermocouple and the corona electrode
were placed at the same movable holder and the holder was shifted during the measurement in such
a way that either the corona electrode or the thermocouple was in the desired measuring position. The
time delay between the corona probe and the thermocouple measurement was only a few seconds
(untill the holder was moved from one position to another). During this time, the parameters of the
plasma did not change significantly. These experiments were done at two various gas flow rates Q=5
and 8 l/min and constant power P=367 W. We measured the temperature profiles of the MW plasma in
the height z=16 mm above the nozzle because it enabled us to measure the whole temperature profile.
In the positions z<16 mm, the temperature (in the middle of the plasma, at x=0 mm) was above the
thermocouple measuring range (max ∼1300 K). In the positions z>16 mm, the N2 emission was quite
weak, especially at the sides of the plasma. The maximum temperature for Q=5 l/min measured by the
corona probe was 1450±50 K and by the thermocouple 1350±20 K (figure 7). For the Q=8 l/min, the

225

maximum temperature measured by the corona probe was 1180±50 K and by the thermocouple
1090±10 K (figure 8).
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thermocouple at air flow 8 l/min and MW power
367 W. Corona1 and 2 were two sets of

measurements.

The results show that the temperatures measured by the corona method were slightly higher (up to 150
K) than the thermocouple temperature, but the difference is small relative to the measured plasma
temperatures (Tg close to or above 1000 K). This verifies that the corona probe method can be applied
to determine the temperature of the plasma and contrary to the thermocouple it can be used also for
high plasma temperatures.

5. Summary
We developed and tested a novel diagnostics method of temperature measurements of near-LTE MW
air plasma. A strongly non-equilibrium corona discharge applied inside the atmospheric pressure MW
air plasma is used as an excitation source for N2* suitable for OES diagnostics. The gas temperature
lateral and axial profiles of the MW plasma were measured. The comparison of the temperatures
measured by the new method and the thermocouple showed a good agreement, with the temperatures
measured by the corona probe slightly higher. Nevertheless, the corona probe can be applied even to
higher temperature plasmas, out of the typical range of thermocouple use.
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This paper presents the results of experimental and theoretical investigations of the process
plasma-assisted reforming of aqueous ethanol solutions in the dynamic plasma liquid systems
using the DC electric discharges in a reverse vortex gas flow of “tornado” type with a "liquid"
electrode (TORNADO-LE). Volt-ampere characteristic of discharge in the current range from 200
to 400 mA and gas flow range from 0 to 110 cm3 per second for distilled water were measured.
The experiments show possibilities and efficiency of low-temperature plasma-chemical conversion
of liquid ethanol into hydrogen-rich synthesis gas in different regimes. Plasma emission spectra
were registered by the CCD-based spectrometer “Plasma Spec” in the range of 200-1100 nm with
spectral resolution 0,6 nm. Excitation temperatures (electronic Te*, vibrational Tv* and rotational
Tr*) were measured.

1. Introduction
Today, hydrogen is considered as one of the most perspective energy sources for the future that can be
renewable, ecologically clean and environmentally safe [2]. Among possible technologies for
hydrogen (H2) production, including steam reforming and partial oxidation of hydrocarbons [3], a lowtemperature plasma-assisted reforming of biomass-derived ethanol (ethyl alcohol C2H5OH) is believed
to be a good alternative approach [4].
There are various electric-discharge techniques of plasma conversion of ethanol into H2 using thermal
(equilibrium) and nonthermal (nonequilibrium) plasmas: arc, corona, spark, MW, RF, DBD, etc.
Among them, one of the most efficient is the plasma processing in the dynamic plasma-liquid systems
(PLS) using the DC discharge in a reverse vortex gas flow of „tornado“ type [1] with a "liquid"
electrode (TORNADO-LE) [5]. Advantages of this technology are high chemical activity of used
plasma and selectivity of plasma-chemical transformations, providing high enough productivity and
efficiency of conversion at relatively low power consumption on the high-voltage discharging in the
flow at atmospheric pressure. The highly developed plasma-liquid interface with the large surface-tovolume ratio and the deep injection of plasma particles into the liquid also favor to the intensification
of the ethanol conversion in the system.
In this paper we report new results of our experimental studies of the plasma parameters and plasmaassisted reforming process of ethanol in the PLS with the DC TORNADO-LE using available methods
of diagnostics.

2. Experimental Setup
PLS reactor was prepared with the DC discharge in a reverse vortex gas flow of tornado type with a
"liquid" electrode (TORNADO-LE) as is shown in Fig. 1.
It consists of a cylindrical quartz vessel (1) by diameter of 9 cm and height of 5 cm, sealed by the
flanges at the top (2) and at the bottom (3). The vessel was filled by the work liquid (4) through the
inlet pipe (5) and the level of liquid was controlled by the spray pump. The basic cylindrical T-shaped
stainless steel water-cooled electrode (6) on the lower flange (3) made from stainless steel is fully
immersed in the liquid. The electrode on the upper flange (2) made from duralumin had a special
copper hub (11) with the axial nozzle (7) by diameter 2 mm and length of 6 mm. The gas was injected
into the vessel through the orifice (8) in the upper flange (2) tangentially to the cylinder wall (l) and
created a reverse vortex flow of tornado type, so the rotating gas (9) went down to the liquid surface
and moved to the central axis where flowed out through the nozzle (7) in the form of jet (10) into the
quartz chamber (12). Since the area of minimal static pressure above the liquid surface during the
vortex gas flow is located near the central axis, it creates the column of liquid at the gas-liquid
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interface in the form of the cone with the height of ~1 cm above the liquid surface (without electric
discharge).

Fig. 1. Schematic of the PLS reactor with the DC discharge in a reverse vortex gas flow of tornado
type with a "liquid" electrode.
The voltage was supplied between the upper electrode (2) and the lower electrode (6) in the liquid with
the help of the DC power source powered up to 10 kV. Two modes of the discharge operation were
studied: the mode with “liquid” cathode (LC) and the mode with “solid” cathode (SC): “+” is on the
flange (2) in the LC mode, and “-” is on the flange (2) in the SC mode. The conditions of breakdown
in the discharge chamber were regulated by three parameters: by the level of the work liquid; by the
gas flow rate G; and by the value of voltage U. The ignition of discharge usually began from the
appearance of the axial streamer; the time of establishment of the self-sustained mode of operation was
~1-2 s. The range of discharge currents varied within 100-400 mA. The pressure in the discharge
chamber during the discharge operation was ~1.2 atm, the static pressure outside the reactor was ~1
atm. The elongated ~5 cm plasma torch (10) was formed during the discharge burning in the camera.

3. Diagnostic methods
Diagnostics of the PLS TORNADO-LE plasma was conducted by means of optical emission and
absorption spectroscopy. A high-speed CCD-based spectrometer “Plasma-spec” with a spectral
resolution ∼0.6 nm was used for the spectra registration in the range of wavelengths 200-1100 nm.
The characteristic temperatures corresponding to excited states of atoms (electronic temperature Te*),
and molecules (vibrational Tv* and rotational Tr* temperatures) in discharge plasma were determined
by different methods. The electronic temperature Te* was determined by relative intensities of
emission of oxygen multiplet lines (777.2; 844.6; 926.6 nm). To determine vibrational Tv* and
rotational Tr* temperatures, an original technique with using the SPECAIR [6] was used [7].
Diagnostics by mass-spectrometry using a monopole mass-spectrometer МX 7301 and by gas-phase
chromatography using a gas chromatograph 6890 N Agilent with the calibrated thermal conductivity
detectors were utilized for the analysis of the component content of output gas products after the
processing in the plasma-chemical reactor.

4. Results and discussion
The typical current-voltage characteristics of the TORNADO-LE in the mode with "solid" cathode
working in water at different airflow rates are shown in Fig. 2. In our system it was glowing discharge
type.
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Fig. 2. Current-voltage characteristics of the TONADO-LE with solid cathode working in water at
different airflow rates.

Fig. 3. Typical emission spectrum of discharge plasma inside and outside of system in the
TORNADO-LE: I=300 mA; G=110 cm3/s; U=2,6 kV; working liquid – distilled water; gas flow – air;
polarity – „liquid“.

Fig. 4. Experimental plasma emission spectra of TORNADO-LE working on distilled water at
3
different discharge currents I, G=110 cm /s, U=2,6 kV.
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Typical emission specra of plasma in TORNADO-LE inside and oustide of system are shown in Fig. 3.
Nitrogen band N2(C-B) only outside of system was presented. Also, outside of system copper lines
was present. Inside copper lines and nitrogen was absent.
Experimental emission spectra of discharge plasma at different currents and air flows are shown in Fig.
4. And Fig. 5 respectively. Their temperatures are close.

Fig. 5. Experimental plasma emission spectra of TORNADO-LE working on distilled water at
different air flows G.

Fig. 6. SPECAIR simulation of OH (A-X) emission bands in the range of wavelengths 270-350 nm at
temperatures Tr*=4000 K, Tv*=4000K and Te*=5000 K and experimental emission spectrum at I=300
mA, G=110 cm3/s, U=2,6 kV (distilled water).
Experimental and calculated by SPECAIR emission spectra are shown in Fig. 6. Temperatures
Tr*=4000 K, Tv*=4000K and Te*=5000 K for calculating was used. Te* was obtained by lines og oxygen.
Plasma inside of system was isotermic.
Coefficient of energy transformation for the ethanol reforming in the PLS with the TORNADO-LE of
the ethanol concentration 25% in the ethanol-water solution is α=0,86. Speed generation of synthesis
gas is 0,2 m3 per hour.
The results of mass-spectroscopic measurements of the hydrogen concentrations in output gas
products after the ethanol processing in the TORNADO-LE are shown in Fig. 7.
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Fig. 7. Mass-spectrometry of gas products after the reforming in the TORNADO-LE with liquid
cathode. Voltage 2 kV, current 320 mA, air flow rate 55 cm3/s, mixture C2H5OH/H2O = 1/7.
Thus, our results of preliminary studies demonstrate that the glow discharge in the reverse vortex flow
of Tornado type with the liquid electrode is very perspective for the plasma-assisted reforming of
liquid hydrocarbon fuels.

5. Conclusions
The dynamic plasma-liquid systems with the dc discharge TORNADO-LE is quite efficient in plasmachemical reforming of liquid ethanol into hydrogen-rich synthesis gas.
Two type of plasma attended in PLS TORNADO-LE were isothermic – inside and nonisothermic
(decay plasma) – outside.
Molecular nitrogen band N2(C-B) and copper line Cu were presented only outside of system.
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Plasma pencil is a special type of plasma nozzle working at atmospheric pressure, which is
interesting for possible applications such as local treatment of surface, deposition of thin films,
change surface energy, cutting in surgery, sterilization, etc. Through this nozzle, which is made
from quartz tube with typical inner diameter 2 mm, flows working gas (typically argon ). The
powered electrode is connected through the matching unit to the rf generator.
In this contribution, we present diagnostics of unipolar and bipolar discharge channel generated by
the Plasma pencil. For different conditions the parameters of the plasma channel were estimated
from optical emission spectra in the spectral range 200 - 900 nm, rotational temperature from OH
rotational lines and concentration of electrons from Stark broadening of hydrogen and argon lines
were estimated.

1. Introduction
Low-temperature plasmas are extensively used for the plasma processing [1], light sources, various
plasma technologies [2] etc. Therefore, the interest for plasma diagnostics is growing. The optical
emission spectroscopy (OES) technique is of particular interest, especially if standard spectroscopic
instrumentation is available in laboratory. Barrier discharges at atmospheric pressure are intensively
studied for possible industrial applications [1,6,8]. In this paper diagnostics of radio frequency
discharge by optical emission spectroscopy will be presented.

2. Experimental set-up
The schematic diagram of the experimental arrangement is shown in Fig.1 and photograph is shown in Fig.2.
The powered electrode is separated by the dielectric tube (nozzle with the inner diameter of about 2 mm) from
plasma. In this experimental device a quartz tube with length 5 cm and 10 cm were used. Through the nozzle
flows working gas. Working gas was argon with purity 99.996 %. Note, that the working gas flowing from the
nozzle stabilizes the discharge. The detail description and discussion of the several variants of the nozzle were
also presented in [6,7]. The electrode is connected through the matching unit to the rf generator Cesar - 1310 by
Dressler driven at frequency 13.56 MHz. This type of discharge has a lot of applications [5,6].

Unipolar configuration means that not affect the plasma channel to the ground electrode. Bipolar
configuration means that the plasma channel is directly connect to the ground electrode. Both
configurations could be used for different applications.
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Fig.1. Experimental setup: 1 - nozzle, 2 - ground electrode, 3 - matching unit, 4 - rf generator, 5 working gas (argon), 6 - spectrometer

Fig.2. Photo of plasma pencil.
Optical emission spectroscopy of the plasma channel was realized by means of the monochromator
FHR1000 by Jobin -- Yvon -- Horiba (grid were 2400 gr/mm and 3600 gr/mm, CCD detector
Symphony cooled by four stages Peltier cooler). The spectra were recorded perpendicularly to the
plasma channel for different discharge parameters and different positions.
Rotational temperature were calculated from rotational lines of OH. Rotational temperature were
calculated from Boltzmann plot [3,4].
The most frequently used technique for determination of electron concentration Ne is based on the
half-width and shape of the hydrogen Balmer beta (Hβ = 486.13 nm) spectral line. Electron
concentration also was estimated from broadening of Ar line at 549 nm. Electron concentration was
estimated by approximate formula by Wiese et al. [9,10,11,12].

3. Result and discussion
Rotational temperature was calculated from rotational lines of branch Q1. The dependence of the rotational
temperature on the distance from end of the nozzle for 5 cm length of nozzle and for rf power 100 W and
working gas flow rate 1 slpm is shown in Fig.3. Negative distance was in nozzle, positive distance was out of
nozzle.
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Fig.3 Rotational temperature for unipolar configuration from OH, rf power 100 W, working gas (Ar)
flow 1 slpm. Negative distance was in nozzle, positive distance was out of nozzle.
The dependence of the concentration of electron on the distance from end of the nozzle for 5 cm
length of nozzle and for rf power 125 W and working gas flow rate 1 slpm, for unipolar configuration
is shown in Fig.4. Negative distance was in nozzle, positive distance was out of nozzle.
The dependence of the concentrations of electron on the distance from end of the nozzle for 10 cm
length of nozzle and for rf power 125 W and working gas flow rate 1 slpm, for unipolar and bipolar
configuration are shown in Fig.5. Negative distance was in nozzle, positive distance was out of nozzle.
Concentrations were estimated from Hβ and from Ar line 549 nm.
Error of rotational temperature was about 10%. The rotational temperature was approximately same
from power electrode (position -50 mm) to the end of the nozzle (position 0 mm). Working gas
(argon) was mixtured with air at atmospheric pressure in range from the end of the nozzle (position 0
mm) to end of plasma channel (position 15-20 mm). Estimated dependence of rotational temperature
on rf power show that if rf power is increase than rotational temperature is increase too.
The concentration of electron was in order 1020 m-3 from broadening of hydrogen line and in order 1021 m-3
from Ar line. Estimate error of this value is from this first measurements problematic. New measurement and
calculation will be done in near future. Effect of Doppler broadening and instrumental broadening were counted.

The Abel transformation of cylindrical symmetry of discharge was not taken into account for very
small diameter of plasma channel(smaller than 1 mm).
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Fig.4 Concentration of electron calculated from broadening of Hb, rf power 125 W. Negative distance
was in nozzle, positive distance was out of nozzle.

Fig.5 Concentrations of electron calculated from broadening of Hb and Ar line, rf power 125 W.
Negative distance was in nozzle, positive distance was out of nozzle.

4. Conclusion
In this article results of electron concentration and rotational temperature in discharge generated by
plasma pencil at atmospheric pressure were presented. In calculation of electron concentration other
broadening mechanism such as resonance and Van der Waals broadening were ignored, because Stark
broadening was dominant.
In this contribution the single nozzle was used, but several nozzles can be applied simultaneously in
one device [5], which is more convenient for industrial application.
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To get a better understanding of plasma-catalyst interactions, the effects of different packing materials
(Zeolite 4A, TiO2 and quartz wool) on the electrical and spectroscopic characteristics of a cylindrical
double-dielectric barrier discharge (DBD) in nitrogen have been investigated. It is found that both
the amplitude and number of the current pulses significantly decrease when the catalyst pellets are
packed in the gas gap. The N2DBD with no packing can be characterized as a typical filamentary
discharge, while the discharge with the packing materials (Zeolite 4A and TiO2) is a combination of
surface discharge on the surface of the solid pelletsand weak microdischarge generated in the void
space between the pellets and the quartz. In addition, optical emission spectroscopy has been employed
to determine the rotational and vibrational temperatures of the discharge by using N2 (C3Πu→B3Πg)
molecular bands.

1. Introduction
Atmospheric pressure non-thermal plasmas have been widely used in various applications such as
surface treatment, pollution control and biological decontamination [1]-[4]. In the past decade, the
application of hybrid plasma-catalysis technology for the abatement of pollutants and hydrocarbon
reforming has attracted considerable interest [5]-[8]. Highly reactive species generated in non-thermal
plasmas are favourable for both the initiation and propagation of chemical reactions. Meanwhile, the
combination of plasma and heterogeneous catalysis could generate a synergistic effect, which may
provide a unique way to separate the activation steps from the selective reactions. Recent works have
also reported the treatment of supported metal catalysts using non-thermal plasmas [9][10]. A
significant enhancement in the dispersion, low-temperature activity and stability of the catalysts has
been shown. Up until now, extensive works have been focused on the plasma-catalytic reactions to
maximize the process performance, while less attention has been paid on the interaction between
plasma and catalyst, especially the influence of catalysts on plasma properties [11][12]. In this paper,
the effect of different packing materials (catalysts and quartz wool) on the characteristics of the
nitrogen DBD has been investigated by means of electrical and spectroscopic diagnostics.

2. Experimental setup
Fig. 1 shows a schematic diagram of the experimental setup. The experiment is carried out in a
cylindrical DBD reactor consisting of two quartz tubes, both of which are covered by a stainless steel
mesh electrode. The inner electrode is connected to a high voltage output and the outer electrode is
grounded. The discharge length is 50 mm and discharge gap is fixed at 1.5 mm. Nitrogen is used as the
working gas. The nitrogen flow rate is controlled by a mass flow controller and varied between 0.1
L/min and 1L/min. The DBD reactor is supplied by an ac power supply with a maximum peak-peak
voltage of 22 kV and a variable frequency of 30-40 kHz. Catalyst pellets (zeolite 4A and TiO2) with
diameter between 500 and 850 μm fill the whole discharge gap. The applied voltage is measured by a
home-made high voltage probe, while the total current is measured by a Rogowski-type current
monitor (Pearson Model 110). An external capacitor (42.4 nF) is used to measure the transferred
charge in the discharge. All the electrical signals are sampled by a four-channel digital oscilloscope
(Tektronics TDS 2014). A LABVIEW system is used for the measurement of discharge power by the
area calculation of Lissajous figures [13]. A thermocouple is fixed on the surface of the outer electrode
to measure the surface temperature of the DBD reactor. Emission spectra of the discharge are recorded
by an optical fiber connected to a Jarrell-Ash MonoSpec 27 spectrometer with a wide spectral range

238

from 250 to 900 nm.

Fig. 1. Schematic diagram of experimental setup

3. Results and discussion
3.1 Electrical characteristics
Fig. 2 presents the electrical signals of the nitrogen discharges with and without packing material at a fixed
discharge power of 70 W. We can see that the total current is composed of the quasi-sinusoid displacement
current superposed by numerous current pulses per half-cycle. In the experiment, the filaments
perpendicular to the electrodes are randomly distributed in the gas gap, while the jumping filaments can
be observed with the naked eye. The duration of a single micro-discharge is about 40 ns. The nitrogen DBD
without packing material can be characterized as a typical filamentary mode. It is worth noting that both
the amplitude and number of the current pulses greatly decrease when the catalysts (zeolite 4A and TiO2)
are packed within the discharge zone. Introducing the catalysts into the discharge leads to a transition of
the discharge mode due to a decrease of volume fraction in the gas discharge gap. It is found that the
discharge with the catalysts is a combination of surface discharge on the surface of the catalyst pellets and
weak microdischarge generated in the void space between pellets and pellets/quartz wall. The behaviour
of the discharge mode is dependent on both particle size and volume fraction of the packed materials. In
the case of nitrogen DBD filled with the pellets, microdischarges can be observed between the pellets atlow
volume fraction of the solid particles. In addition, the current profile of the discharge filled with quartz
wool exhibits a similar behaviour as the discharge with no catalyst. Compared with the discharge without
packing material, the presence of the metal oxide catalysts (zeolite 4A and TiO2) in the gas gap requires
more input power to sustain the discharge at the same discharge power. In contrast, we found that the
presence of a reduced Ni/Al2O3
catalyst in the gap leads to the lowing of the input power for plasma due to the presence of conductive
Ni metal phase in the gap.
(a)
(b)
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(c)

(d)

Fig. 2. Time evolution of applied voltage, gas
voltage and current in the nitrogen discharges with and without packing material (a) no packing; (b)
zeolite 4A; (c) TiO2; (d) quartz wool (N2flow rate=0.1 L/min, discharge power=70 W)
Lissajous figures of the nitrogen discharges with and without packing material are shown in Fig. 3. The
capacitances of the dielectric material (quartz tube) and gas gap can be derived from the Lissajous figure
[1][14]. We can see that the packing materials have a weak effect on the capacitance of the dielectric tube,
as shown in Table 1. However, the capacitance of the gas gap greatly increases when the catalysts are
introduced into the discharge zone. In the discharge with the catalysts, more charges can be deposited on
the catalyst surface, which can be confirmed by the increasing peak-to-peak charge and reduced breakdown
voltage.
In the nitrogen discharge with no catalyst, the gas breakdown voltage is about 2.29 kV. When the catalyst
pellets (zeolite and TiO2) are packed in the gap, the breakdown voltage of the nitrogen discharge greatly
decreases to about 1.4 kV. The presence of the catalyst pellets in the discharge zone essentially decreases
the breakdown voltage due to significant non-uniformities of the electric field and local overvoltage, especially around the contact points between the pellets. We also found that the presence of reduced supported
metal catalyst Ni/Al2O3further decreases the gas breakdown voltage.
Tab. 1. Parameters of the nitrogen DBDs at a fixed discharge power of 70 W
Cd (pF)
No packing
Zeolite 4A
TiO2
Quartz wool

47.5
45.18
39.1
44.88

Cg (pF)
19.02
41.38
37.34
21.42

Breakdown
Voltage (kV)
2.29
1.36
1.43
2.27

(b)

(a)
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Charge
discharged (nC)
318.00
439.00
330.00
290.00

Total transferred
charge (nC)
232.00
226.00
190.00
214.00

(c)

(d)

Fig. 3. Lissajous figures of nitrogen DBDs (a) no
packing; (b) zeolite 4A; (c) TiO2; (d) quartz wool (N2flow rate=0.1 L/min, discharge power=70 W)

3.2 Spectroscopic diagnostics
The spectroscopic technique is performed to measure the emission spectra of the nitrogen discharges
under different operating conditions. The spectra are clearly dominated by intensive molecular band N2
(C3Πu→B3Πg) second positive system (Δv = –3, –2, –1, 0, 1) within the range of 300 - 450 nm. The (0,
1) molecular band of second positive system at 357.69 nm is chosen to determine the rotational and
vibrational temperatures of the discharge by fitting with the simulated spectra. The intensity of the N2+
(B2Σu+→X2Σg+) first negative system at 391.4 nm is very weak. Compared with the nitrogen discharge
without packing material, the intensity of the N2bands in the discharge is much weaker in the presence of
the catalysts, especially for the photocatalyst TiO2. It suggests that these wavelengths in the UV range are
probably absorbed by the catalysts. In addition, weak filamentary discharges resulting from the transition
of discharge mode in the presence of the catalysts may also leads to the decrease of the intensity of
molecular bands.
(b)

(a)

Fig. 4. (a) Comparison between the simulated N2 molecular band and experimental one (N2 flow
rate=0.1 L/min, discharge power=70 W); (b) Effect of discharge power on the rotational temperature
of the nitrogen DBD with no catalyst (N2 flow rate=0.1 L/min, Upk-pk=15.8 kV)
Fig. 4 (a) shows a comparison between the experimental molecular band N2 and simulated one. It can
be seen that both spectra fit very well with each other. Thus the rotational and vibrational temperatures
in the nitrogen DBD with no catalyst are found to be 630 and 3100 oC, respectively. The difference
between the vibrational and rotational temperatures indicates a significant level of non-equilibrium
state in the nitrogen DBD. It can be seen that the rotational temperature of the nitrogen DBD with no
catalyst increases with the rising in discharge power from 38 W to 70 W, as presented in Fig. 4 (b). In
addition, we found that the presence of the catalysts in the gas gap greatly increases the vibrational
temperature of the discharge from 3100 oC to 3900 oC (for zeolite 4A) and 5000 oC (for TiO2). In
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contrast, the catalyst pellets packed in the plasma has weak effect on the rotational temperature of the
nitrogen discharge.

4. Conclusion
In this paper, the effect of different packing materials on the characteristics of the nitrogen discharges
has been investigated by means of electrical and spectroscopic diagnostics. Introducing the catalysts
into the gas gap leads to a transition of the discharge mode, as shown by the lowering of both the
amplitude and number of the current pulses. The N2 DBD with no catalyst can be characterized as a
typical filamentary discharge, while the discharge packed with the catalyst pellets is a combination of
surface discharge on the surface of the catalyst pellets and weak microdischarge generated in the void
space between the pellets and the quartz. The catalysts packed into the nitrogen DBD greatly decrease
the gas breakdown voltage due to a significant enhancement of the local electric field and increase
charge deposition on the catalyst surface. In addition, the results show that the presence of the catalyst
pellets in the N2 discharge greatly increases the vibrational temperature of N2 and has only a weak
effect on the rotational temperature.
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In order to understand common processes for surface modification, it is crucial to know the
concentration and spatial distribution of the most prominent intermediates. In case of the
amination of various polymers the most important species are assumed to be the NH and NH2
radical. In our setup a micro-structured electrode (MSE) is used to generate a RF-driven glow
discharge in different mixtures of argon N2, H2 and ammonia at pressures between 10 and 100
mbar. Two well-established spectroscopic techniques are employed to obtain the absolute
concentration as well as the spatial distribution of the radicals. The spatial distribution can be
determined using a PLIF setup where a lasersheet is introduced to the plasma area. An intensified
CCD-camera is used as a position sensitive detector. Time resolution is limited by the laser pulse
width, which is between 3-5 ns. To minimize the influence of the plasma emission a 5 ns gate is
used for the image intensifier and band pass filters are mounted in front of the lens. This approach
provides access to relative radical densities. A second method is needed to measure absolute
quantities. Absolute concentrations were obtained with a CRDS setup without any means of
calibration. The setup consists of two dielectric mirrors forming an optical resonator and a photo
multiplier tube for detection. Thorough grounding is necessary to prevent electromagnetic pickup
of the plasma frequency. CRDS delivers the average concentration in the line of sight. This data
can be used to calibrate the LIF image. A Nd-YAG pumped dye laser system is used for excitation
of NH radicals which are detected at 336 nm (A 3P←X3S-, v(0,0)) whereas an excimer pumped dye
laser is used to measure the (Ã2A1 ← X2B1) transition of NH2 around 598 nm.

1. Introduction
A field of particular interest in plasma research is the treatment and modification of surfaces [1,2], this,
of course, is also the case in the field of microplasmas.
In this work we present some results of the study on a micro structured electrode (MSE) [3] RF
powered plasma used for the generation of NH and NH2 radicals, which are believed to play an
important role in forming nitrogen containing functional groups (amino and nitrile) in the surface
modification of hydrocarbon polymers. For applications, the spatial density distribution of the species
in question may be of great importance. In our approach we use a combination of two spectroscopic
techniques. The PLIF technique allows the temporal and spatial mapping of relative number densities.
The second method used is CRDS, a sensitive absorption method providing absolute density
measurement.

2. Experimental
The details of the LIF or PLIF technique [4,5] and of CRDS [6] can be found elsewhere, so only a
brief introduction and a description of the setup will be given here.
Cavity Ring-Down Spectroscopy
Cavity ring-down spectroscopy is an absorption technique using a high finesse optical cavity usually
made out of two highly reflective concave mirrors facing each other. Laser light is trapped between the
two by irradiating the back of one of the mirrors, the “entrance mirror”, which allows a small fraction
of the laser light to enter the cavity. The light then travels back and forth in the cavity after the laser is
switched off, gradually losing intensity either by passing through the mirrors or by any other loss
mechanisms, one being absorption. The change in intensity in the cavity can be monitored by a
detector behind the “exit mirror”, as the intensity leaving the cavity is directly proportional to the
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intensity inside. It can be shown [7] that this change in intensity follows an exponential decay, and that
its time constant is a direct measure of the losses of the cavity, intrinsic and introduced:

It = I 0 ⋅ e
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−
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τ'

(1)

In which It is the intensity of the light leaving the cavity at time t, I0 is the initial intensity, τ is the time
constant of the undisturbed cavity, α is the product of density N and absorption crosssection σ(λ) of
any species that might be present in the cavity, c is the speed of light and finally τ’ represents the time
constant which is actually measured and which equals the time constant of the undisturbed cavity in
the case of zero absorption, neglecting losses other than absorption in this case.
Absorption may then be calculated using the slightly altered equation (1)
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Furthermore, as the time constant and not the intensity is the value of interest, the method is
intrinsically calibration free and partly immune to intensity fluctuations.
Planar Laser Induced Fluorescence
The difference of PLIF compared to common LIF is its added planar resolution which is introduced by
using a laser sheet for excitation and detecting the light with 2D resolution rather than gathering all
emitted light onto a single detector.
In our experiments, the transition A3 (v=0)↔X3 -(v=0) [8,9] of the NH-radical around 335 nm is
used for both absorption and fluorescence measurements. For NH2, the Ã2A1 ← X2B1 transition
around 598 nm is used for the same purposes.
Experimental Procedure
In Figure 1 a scheme of our experimental setup is shown.
The MSE is mounted on a water-cooled heat sink which can be shifted vertically by a translation
stage. This system is placed in a cylindrical vacuum chamber (25x40 cm) with flanges to admit power,
cooling water and gas supply to the chamber through mass flow (MKS and Bronkhorst) and pressure
controllers (MKS) as well as optical access from the sides and a window insert in the lid to get a close
top view with an ICCD camera (LaVision FlameStar II).
The MSE has a comb like structure, as outlined in Figure 1, and a total active area of 1x0.8 cm, details
may be found in reference [4], it is driven by a 13.56 MHz radio frequency (RF) generator and
associated impedance matchwork (ENI AGC 3b) through which 30 W of RF power are fed to the
reactor, the back of the electrode is kept at 20°C by the heat sink and thermal compound.

Fig. 1. Top-view scheme of the experimental setup. Only the cylindrical
lens outside the chamber together with the aperture inside the chamber are
fitted for PLIF; the cavity mirrors, PMT, exit lens and the aperture outside
the chamber only for CRDS. Supply lines and the camera (situated
directly above the chamber, looking down) are left out for brevity.
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For the production of NH, the plasma was ignited in an N2/H2 (50%/50%) atmosphere with a constant
feed of fresh gas (20 sccm of each component). The total pressure was kept constant at 20 mbar via a
pressure control valve connected to a rotary vane pump.
First measurements on NH2 were performed under different conditions, the gas mixture consisting of
NH3/Ar (20%/80%) (20/80 sccm feed) at 60 mbar.
Two different laser systems are used for the two radicals, as two different wavelength ranges are
required for NH and NH2, but the respective lasers can then be used for both PLIF and CRDS
measurements. For NH, the components are a pulsed dye laser (Radiant Dyes DL-midi, DCM in
dimethylsulfoxide) tunable from 675 to 650 nm pumped by an Nd:YAG laser (Continuum Surelite,
10 Hz) at 532 nm. Frequency doubling is performed by a BBO crystal mounted inside an Inrad
autotracker (AT) providing pulse energies around 100 μJ at 333 nm and pulses of 5 ns duration.
For NH2, a Lamda Physik LPD3000 dye laser with Rhodamine 6G as dye running around 580 nm
pumped by a Lambda Physik LPX Excimer laser is used, providing pulses of 10 ns duration and 2 mJ
of pulse energy.
For PLIF measurements the laser beam is passed through a cylindrical lens (f=1000 mm) and steered
through the measuring chamber with the focused, flattened beam situated just above and parallel to the
MSE exciting a broad area (in the x-y plane). Spatial resolution in z direction is made possible by the
translation stage as the distance can be adjusted in 10 μm steps. Detection of the fluorescence light is
achieved by an ICCD camera equipped with a 50 mm f/1 lens. For measuring NH, a 3 mm Schott type
UG11 band pass filter to block visible and deep UV radiation emitted by the plasma itself. For
measuring NH2, an interference bandpass filter (Omega Optical) is used, exhibiting ~90%
transmission from 585 to 635 nm. In this configuration the camera has a field of view of
approximately 7.5x5 mm (576x384 pixels).
Some straightforward considerations need to be mentioned with respect to the timing of the
laser/camera system in relation to the plasma. As the driving frequency of the plasma results in a
period of 73.7 ns and the camera is operated at a shutter time of 5 ns, the laser/camera system needs to
be synchronized to the RF voltage as the plasma may change its state corresponding to the phase of the
voltage. In our setup, the RF voltage is probed by a digital storage oscilloscope (LeCroy WRXi 640).
The oscilloscope then issues a trigger pulse at the appropriate repetition rate which is locked to the RF,
this pulse in turn triggers the laser/camera through a DG 535 delay generator. Changing the timing of
the camera and the laser with respect to the synchronization pulse therefore permits resolving the
temporal behavior of the plasma in addition to the spatial resolution.
The images taken during an experiment are then processed by a home made computer program
allowing integration of selected areas of each image which may then be plotted versus RF phase, laser
wavelength or any spatial position, so full 4D resolution is achieved.
Cavity Ring-Down measurements were performed with the appropriate laser system and mirrors for
each species.
NH measurements were made with a linear cavity formed by two plano-concave mirrors (R=200 mm,
Layertec) with a centre wavelength of 330 nm. The cavity length is 22 cm and the ring-down time of
the empty system has been measured in the range of interest and is around 850 ns. Inside the cavity
two 1 mm apertures were placed close to the mirrors to enhance spatial resolution. Behind the exit
mirror of the cavity a lens is placed focusing the exiting light through a UG 11 band pass Filter (see
above) onto the detector.
To perform measurements of NH2, the cavity mirrors used had a centre wavelength of 640 nm (R=6 m,
Los Gatos Research) and were placed 19 cm apart, resulting in a ring-down time around 700 ns in the
range of interest. Apertures and a filter were not used in this case.
For detection, in both cases a photomultiplier tube (PMT) type R1617 (Hamamatsu) was used which
was directly connected to the oscilloscope for data acquisition and processing.
The MSE is situated in the middle of the cavity and lifted up as close to the optical path as possible
without disturbing the ring-down trace via the translation stage.
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3. Results and Conclusion
Figure 2 shows spectra of NH and a part of the spectrum of NH2 recorded using PLIF and CRDS
under the conditions mentioned above. In both cases the measurement was conducted
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Fig. 2. left: Part of the NH spectrum recorded in the A3 (v=0)↔X3 -(v=0) band. right: Part of the
NH2 spectrum recorded around 597 nm. Each has top: CRD spectrum, scale on the right. bottom,
inverted: PLIF spectrum, scale on left
as close as possible to the MSE surface without disturbing the ring-down, i.e. ~0.6 mm from MSE
surface to the beam centre while measuring NH and at most 3 mm while measuring NH2. The PLIF
spectra were recorded in portions and then stitched together, no correction was made for variations in
laser intensity which accounts for differences comparing PLIF and CRDS data. The spectra compare
well with data by Brazier, Lents [7,8] and Ross et al.[9] confirming the presence of NH and NH2.
An estimate of the absolute density of NH radicals is difficult due to the complicated determination of
the absorption cross section, but was made according to the procedure of van den Oever et al. [11]
resulting in a number density of 5.1×1012 cm-3 at a rotational temperature of around 820 K. For NH2
these calculations still need to be done.
The dimensions of the NH containing area and height of the plasma including absorption length can be
determined from a camera image and measurements at different distances over the MSE such as
Figure 3a. Two original camera images are shown. The right image shows
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Fig. 3. a) Camera images, left: image of plasma glow, right: plasma glow and NH fluorescence. The
rectangles mark the observation areas for each of the two electrode sets. b) Vertical change in
fluorescence
the induced fluorescence together with the plasma running, the left one shows the plasma alone. One
of the two comb-like sets of electrodes of the MSE can be recognized in this image by its glow. The
vertical stripes therefore have a breadth of 1.6 and 0.8 mm and may be used as a measure. As the
intensity drops sharply at the edges of the MSE the absorption path length used for the CRDS
measurement is estimated to be the same as the width of the MSE, i.e. 8 mm.
In height, the NH containing volume of the plasma can be estimated from Figure 3b. The plot shows
the NH fluorescence intensity with the laser passing at different heights above the plasma. The
ordinate specifies the traveled distance of the translation stage moving the MSE away from the laser
beam. At minimum distance the beam still hits the edge of the MSE, so the fluorescence maximum is
observed at a traveled distance of 0.6 mm. It may be assumed, that at this setting the beam is passing
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over the MSE at its full vertical diameter of 1 mm. After this, the plot exhibits a fast drop of intensity
showing the very small volume of the NH production.

4. Conclusion
It has been shown that using an MSE an NH and an NH2 producing plasma is obtained at reduced
pressures and the distribution of NH in the discharge area can be monitored with spatial resolution
applying the PLIF method. Cavity ring-down spectroscopy which is used for calibration of the
fluorescence data is applicable under the conditions given and can be used to measure both NH and
NH2 number densities. The rotational temperature of the NH radicals was estimated at 820 K. Using
the approach of Luque et al. [5] the absolute values of NH concentration are to be used to calibrate the
PLIF data. Estimates of the NH2 number density are to be done.
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The temporal and spatial development of a dielectric barrier discharge depends among other
parameters on the geometry and dielectric properties of the electrodes. The capacitance of the setup is influenced by the dielectric constants of the used materials. For that reason, the development
of barrier discharges at atmospheric pressure was comparatively investigated for different
electrode configurations.
The presented measurements were done by electrical diagnostics (e.g. Lissajous figures) as well as
optical emission spectroscopy and particularly regarding the temporal and spatial development of
the discharge with the technique of cross-correlation spectroscopy (CCS).

1. Introduction
Barrier discharges (BD) are generated in an electrode configuration with at least one dielectric covered
electrode. This dielectric acts as current limiter and prevents the formation of an arc discharge. That is
due to an accumulation of charged particles in close proximity of the dielectric barrier that induce an
electric field counteracting the field of the applied voltage. The same charges promote the formation of
microdischarges in the following half period of the voltage signal [1].
BDs are greatly influenced by elementary processes in the discharge volume as well as by their
interaction with the electrode surfaces [2]. Measuring techniques such as Lissajous figures and crosscorrelation spectroscopy allow to describe some aspects of the discharge behavior (i.e. by power
measurements and spectrally resolved emission profiles). Using these diagnostics and successively
changing the electrode setup by modifying its geometry and dielectric materials will lead to
conclusions about the interaction between discharge and dielectric surfaces.

2. Experimental setup
The experimental set-up is composed of two dielectric covered electrodes, which are made up of
different geometries and materials (Fig.2). They are situated inside a gas recipient, which is evacuated
by a PFEIFFER VAKUUM turbo molecular pump before each experiment. It is possible to run the
discharge with a maximum constant gas flow of 1 slm as well as in a system without gas flow. A
sinusoidal voltage is generated by a STANFORD function generator and then amplified up to 10 kVpp
by a TREK high voltage amplifier. For all presented results the voltage frequency was about 5 kHz.
Electrical signals were displayed by a TEKTRONICS oscilloscope. The applied voltage was observed
by a TEKTRONICS 1000:1 high voltage probe, the discharge current and transferred charge were
measured using a resistor R = 100 Ω and a capacity C = 1 nF, respectively. (Fig.1b) It was therefore
possible to measure the discharge power by the encapsulated area of the Lissajous figure Q(U) using
formula (1).

(1)
Optical measurements included emission spectroscopy as well as cross-correlation spectroscopy, a
single-photon counting technique (Fig. 1a). The main idea here is to convolute two signals, firstly a
time-dependent light pulse intensity f(t’), which is emitted from the microdischarge as MAIN-Signal,
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a. Cross-Correlation-Spectroscopy

b. Electrical diagnostics

Fig. 1. a. Cross-correlation spectroscopy (CCS) set-up. PM – Photomultiplier, MC – Monochromator,
Delay – Delaygenerator, CFD – Constant Fraction Discriminator, TAC – Time-to-Amplitude
Converter, ADC – Analog-Digital Converter, PPG – Pattern Generator, MEM – Memory
b. Electrical measurements using a resistor R and a capacity C.
and secondly a delta distribution of the same emission source δ(t’-t). This delta distribution is emitted
as SYNC-Signal and defines a relative time scale.

(2)
The result would be a temporally resolved intensity distribution that corresponds to the actual emission
evolution of the microdischarge. It is issued by an analog-to-digital converter (ADC) as a timeintensity histogram. By means of a square-pulse generator (PPG) it is possible to observe different
phase positions of the applied voltage, so that e.g. the intensity distributions in both half-waves of a
period can be measured.
In order to resolve the discharge emission intensity spatially, the MAIN-Signal detector can be moved
in a way that various axial positions of the cell volume can be observed. A spectral resolution is
achieved by a Yobin Ivon TRIAX-320 monochromator (MC).
In order to observe the discharge behavior in certain geometric and electrostatic conditions, three
electrode configurations were applied. (Fig. 2) The rod-rod configuration (RR) consists of two steel
rods, covered with a semispherical Al2O3 ceramic (εr = 9). The cylindrical-cylindrical (CC)
configuration is composed of the same steel rods, but covered with cylindrical shaped MACOR
dielectrics (εr = 6). The third configuration (CR) is a hybrid of the previous arrangements, with a
cylindrical MACOR electrode on top of a semispherical ceramic rod electrode.

Fig. 2. Schematics of used electrode configurations. Length units in mm and not true to scale.
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3. Results and discussion
3.1.

Electrical discharge behavior

RR
Voltage and current profiles

CR

CC

Lissajous-Figures

Temporal evolution of emission

Fig. 3. Discharge comparison of three electrode arrangements with regard to a. Voltage and current
profiles, b. Power measurements by means of Lissajous-Figures Q(U) and c. Temporal emission
evolution of Argon 750.4 nm line by CCS. Experimental conditions at gas flow rate F = 100 sccm,
electrode distance g = 2 mm, applied voltage U = 5.5 kV.
In Fig. 3 discharge characteristics of an argon mircodischarge are compared with regard to the three
electrode configurations. The applied voltage was in a single discharge per half wave domain for all
measurements. While the discharge power level rises with increasing voltage in helium, argon
discharges show, however, an opposite behavior. The most power to maintain the discharge is required
at burning voltage UB = Umin with a decreasing tendency to higher amplitudes (Fig. 4). The
corresponding Lissajous figures (Fig. 3b) indicate that the charge transfer is reduced at higher voltages.
Comparing them with the voltage und current profiles, one finds that the discharge current peaks last
longer at lower amplitudes. That way, the charges, resulting from the time integrated current pulse,
exceed at lower voltage amplitudes the charges at higher amplitudes.
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Fig. 4. Power dependence of applied voltage in various electrode configurations. Working gases are
argon (left plot) and helium (right plot), electrode distance g = 2 mm.
It is also significant that the discharge power decreases towards a more planar form of the dielectric,
such that the RR configuration consumes the most power during one discharge period, while CC
consumes the least. This behavior is observed in argon as well as in helium (Fig. 4). One approach to
explain this behavior is to establish a connection to the effective capacity Cb of the system. This
particular capacity, which depends on material and geometry, can be obtained by a slope measurement
in the Lissajous figure. Fig. 5 displays the power dependence of the capacity in a doubly logarithmic
scale. The regression line of the argon data has in the given scale a slope of one, thus suggesting a
direct proportional link between those quantities. However, the slope of the helium regression features
just a value of 0.5. Hence, it is obviously not possible to fully ascribe the observed behavior to the
capacity. It is rather likely, that the different forms of the configurations allow a substantial change of
the gas flow conditions, by which the discharge is considerably influenced.

Configuration
RR
CR
CC

Tab.1. Capacities Cb of dielectric barriers,
obtained from slope in Lissajous figures of
argon, g=2mm
.

Fig. 5. Relation between power consumption
and an allocated effective capacity.

3.2.

Capacity Cb [nF]
10,3
2,9
0,8

Investigation of discharge emission

Fig. 6 shows an overview spectrum of an argon discharge under the used conditions. It displays a
manifold of lines that have their origin in the decay of argon 2pi to argon 1sj states (Paschen notation).
2pi states, that have a total angle momentum of zero J = 0, usually have a small cross section for
electron impact transition from metastable 1sj states. It is then convenient to say that those states are
mainly populated by electron impact transitions from the argon ground state [3]. Using CCS, we were
able to resolve the argon 750.4 nm line temporally and spatially for the three used electrode
configurations (Fig. 3c). This particular line is caused by the electronic transition from the 2p1 (J = 0)
state to the 1s2 (J = 1) state.

251

Fig. 6. Selected range of argon overview
spectrum at atmospheric pressure.

Fig. 7. Streamer velocities with regard to
distance from cathode

The results from the CCS show a very distinctive cathode directed streamer in the breakdown phase of
the discharges. Retrieving information about the streamer velocity is possible by a geometric approach,
namely by measuring the slope v = dx/dt.
Apparently, the streamer in the CC configuration is slightly slower than in the other two arrangements
(Fig. 7). This may be connected to smaller power consumption in that configuration, as observed
earlier. This explanation is, however, inconsistent when comparing the RR and CR configurations.
One also notices that the intensity maximum shifts from the anode to the cathode when comparing the
RR with the CC configuration. It is connected with an elevation of the effective lifetime of excited
argon species in the anode glow. The mean lifetime of the 2p1 argon state is τ = 22 ns [5], from which
one can conclude by consulting Fig. 3c that in more planar configurations this particular state is longer
excited during the anode glow. That may be due to a reduced electron production because of the
already observed reduced power coupling into the plasma. This would result in an elevated reduced
field strength E/ne at the cathode and a reduced electron density ne at the anode. The current limiting
effect of the surface charges would therefore occur delayed.

4. Conclusion
Measurements with different electrode configurations have been made. The dissipated power seems to
be reduced in planar forms of electrode configurations. The Lissajous figures also indicate a small gap
capacitance Cg for high barrier capacities Cb,. In such configurations the dielectric loss is the least. [4]
It has also been investigated that the discharge processes such as the cathode directed streamer and the
anode glow are slower than in the other configurations. The reason is yet unclear.
Future experiments will involve a planar BSO (bismuth silicon oxide) dielectric, which features a
relatively high dielectric constant of 56. Main goal of this project will be a direct correlation between
intensity development observed by CCS and deposited surface charges, whose detection is accessible
by the optoelectric properties of the BSO crystal.
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Molecular synthesis and decomposition
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The activation of a NiO/Al2O3 catalyst has been carried out using a CH4 plasma in an atmospheric
pressure dielectric barrier discharge (DBD) reactor. Conversion of CH4 and the formation of
reaction products have been analysed by micro-GC throughout the reduction process. The catalyst
was reduced from NiO to the active Ni form, which showed high selectivity for the conversion of
CH4 into H2 and solid carbon. Characterisation of the reduced catalyst by XRD and SEM analysis
revealed the presence of significant amounts of carbon nanofibres on the catalyst surface. Plasmacatalytic dry reforming of CH4 has been carried out using the reduced Ni/Al2O3 catalyst. The
major reaction products were H2 and CO with selectivities of 45.2 % and 23.4 % respectively. The
presence of the catalyst improved the selectivity for H2 production, in comparison to the
reaction with no catalyst, resulting in an increase in the H2/CO ratio from 0.84 to 2.53.

1.

Introduction

NiO/Al2O3 catalysts are used commercially in steam methane reforming (SMR) at elevated
temperatures and pressures for large-scale production of H2. Prior to SMR, the catalyst must be
reduced to Ni/Al2O3, the active phase for catalysing methane conversion. In conventional thermal
reduction of the catalyst, high temperatures are necessary in order to dissociate the reducing gas
adsorbed on the catalyst surface [1], this requires >350 °C in H2 or >600 °C in CH4. Non-thermal
plasma offers potential for reduction of catalysts at low temperatures by providing an effective means
for breakdown of the reducing gas into ‘active’ species.
Reduction of NiO/γ-Al2O3 and NiO/SiO2 has been reported [2, 3] in a H2/N2 atmospheric pressure
glow discharge plasma jet and has been shown to improve dispersion and reduce particle size of the
metallic Ni, compared with samples reduced thermally. Extensive research into the use of Ar plasma
for catalyst reduction has been carried out by Cheng et al. [4] in a low pressure glow discharge plasma,
which has been successful in reducing a number of supported metal catalysts including H 2IrCl6/Al2O3
[5], RhCl3/Al2O3 [6], PdCl2/Al2O3 [7], PdCl2/HZSM-5 [8], H2PtCl6/TiO2 [9], H2PtCl6/C [10],
AgNO3/TiO2 [11] and HAuCl4/TiO2 [11], however, not all catalysts could be reduced by this method;
in the case of Ni(NO3)2, [12, 13] and Fe(NO3)2 [13] only decomposition was observed. Research on
the use of DBD for catalyst reduction has been carried out for oxides of Pt and Co catalysts by Kim et
al. using a H2/N2 mixture as the plasma forming gas [14].

2.

Experimental Section
AC Voltage
Micro-GC

Cold Trap
Fig. 1. Experimental Set-Up

Reduction of a 33 % NiO/Al2O3 catalyst (Johnson
Matthey Plc.) has been carried out in an
atmospheric pressure DBD reactor consisting of
two coaxial quartz tubes with stainless steel mesh
electrodes of 5 cm length and with a discharge gap
of 4.5 mm. The catalyst was crushed to give nonuniformly sized particles (18 g) and baked at 350
°C for 3 hours to remove adsorbed H2O prior to
being packed into the discharge region of the
reactor, where it was held in place with quartz
wool.
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CH4 (99.9 %) was fed into the reactor at a flow rate of 50 ml min-1.wA voltage of 21 kVpk-pk was
applied at a frequency of 35 kHz. A Picoscope ADC-200 was used to record the waveforms for the
high voltage AC sine wave and the voltage across a capacitor. A LabVIEW system was utilised for the
measurement of plasma power by the area calculation of Lissajous figures. Gases exiting the reactor
were analysed using micro-gas chromatography (Agilent 3000A) with Molsieve 5A and Plot Q
columns. A cold trap containing solid CO2 was placed downstream of the reactor in order to condense
liquid products. Calculations for conversions, product selectivities and carbon balances are defined as
shown in equations 1 – 4, where the quantities in square brackets are the molar % of the total gas
volume.
Conversion (reactant) = {[reactant]converted / [reactant]initial} × 100 %

(1)

Selectivity (Cn products) = {n[product] / ([CH4]converted + [CO2]converted)} × 100 %

(2)

Selectivity (H2) = {[H2] / (2 [CH4]converted)]} × 100 %

(3)

Carbon Balance = [CH4] + [CO2] + [CO] + 2[C2] + 3[C3] %

(4)

3.

Reduction of NiO in CH4 Plasma

The analyses of gaseous species during the plasma-reduction of NiO are shown in Figures 2 – 4. The
conversion of CH4 increased initially as it was consumed in the reduction of NiO (reactions 5 and 6)
and then reached a plateau at ~ 37 % conversion as shown in Figure 2. Reduction products CO2 and
CO peaked at ~ 65 minutes on stream and then decreased after 125 minutes, indicating that the
reduction of NiO to Ni had gone to completion (shown by the dashed line). Conversion of CH4
remained high after complete reduction due to the decomposition of CH4 catalysed by active Ni sites
that were generated during the reduction. Figure 3 shows that the production of H2 increased during
the first 125 minutes as active Ni sites were being generated and then remained steady when reduction
was complete. The decrease in carbon balance from 100 % to 64.7 % corresponds to the loss of carbon
from the gas stream as a result of solid carbon deposition. The trend for H2 production and carbon
balance clearly mirror each other indicating that CH4 is being selectively converted into H2 and carbon
and that this reaction (7) is catalysed by active Ni sites.
Reduction of NiO:

CH4 + 4 NiO → CO2 + 2 H2O + 4 Ni
CH4 + NiO → 2 H2 + CO + Ni

(5)
(6)

CH4 decomposition catalysed by Ni:

CH4 → C + 2 H2

(7)
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Fig. 2. Conversion of CH4 and selectivity towards
CO2 and CO during plasma-reduction of NiO/Al2O3.

Fig. 3. Formation of H2 and carbon balance during
the plasma-reduction of NiO/Al2O3.
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Fig. 4. Higher hydrocarbon selectivities during
plasma-reduction of NiO/Al2O3.

Fig. 5. Power and temperature of outer electrode
during plasma-reduction of NiO/Al2O3.

The formation of acetylene, ethylene, ethane, propene and propane was observed, as shown in Figure 4.
Interestingly, the selectivity of all higher hydrocarbons peaked early in the experiment when the
plasma power was low (~ 23 W). Higher hydrocarbons are formed from radical coupling reactions; C2
hydrocarbons are therefore most likely to be formed, as a second coupling reaction is necessary for C3
formation. The selectivity of saturated hydrocarbons was higher than that of unsaturated species of the
same carbon number. In addition to the observed gaseous products, 0.82 g of liquid was collected in
the cold trap, atomic absorption spectroscopy revealed that the sample was almost completely H2O.
Figure 5 shows the power in the plasma, which increased steadily and then remained constant at ~ 117
W. As the catalyst was reduced to a more conductive form, it is likely that an increased current flow
through the catalyst caused the power to increase during the reduction, despite very little variation in
the applied voltage (21.0 – 21.9 kVpk-pk). The temperature of the outer electrode was measured using a
thermocouple to give an insight into the minimum temperature of the bulk gas. The maximum
temperature recorded was 331 °C, which is substantially lower than the temperature required for
thermal reduction of the catalyst (>600 °C), suggesting that a mechanism involving non-thermal
plasma is responsible for the catalyst reduction and that it is not just a result of dissipated thermal
energy allowing a thermal reduction to take place.
The mechanism proposed for catalyst reduction in non-thermal plasma is initiated by the
decomposition of adsorbed surface CH4 (8 – 13) into a highly reactive form of adsorbed carbon, C(ad)
that subsequently reduces NiO (14). In addition, reduction of NiO with generated CO (15) and H2 (16)
occur, producing the observed reduction products CO2 and H2O respectively. It is possible that a
water-gas shift (17) is also established under these conditions.
Decomposition of adsorbed CH4:

CH4 (g) → CH4 (ad)
CH4 (ad) → CH3 (ad) + H (ad)
CH3 (ad) → CH2 (ad) + H (ad)
CH2 (ad) → CH (ad) + H (ad)
CH (ad) → C (ad) + H (ad)
2 {H (ad) + H (ad) → H2 (g)}

(8)
(9)
(10)
(11)
(12)
(13)

Reduction of NiO with C (ad):

C (ad) + NiO (s) → CO (g) + Ni (s)

(14)

Reduction of NiO with CO:

CO + NiO → CO2 + Ni

(15)

Reduction of NiO with H2:

H2 + NiO → H2O + Ni

(16)

Water-gas shift:

CO + H2O ↔ H2 + CO2

(17)
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4.

Plasma-Catalytic Dry Reforming of CH4

Plasma-catalytic dry reforming of CH4 has been carried out with the plasma-reduced Ni/Al2O3 catalyst
using a mixing ratio of CH4/CO2 = 1 and a total flow rate of 50 ml min-1. Conversions of both CH4 and
CO2 increased with increasing plasma power as shown in Figure 6. H2 and CO were the main reaction
products (Figure 7), the selectivities of which increased to 45.2 % and 23.4 % respectively at a plasma
power of 97.4 W. Smaller amounts of acetylene, ethylene, ethane and propane were also formed
during dry reforming. In contrast, the selectivity of higher hydrocarbon products decreased as plasma
power was increased.
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Fig. 6. Conversions of CH4 and CO2 during plasmacatalytic dry reforming of CH4 with Ni/Al2O3.

Fig. 7. Product selectivities during plasma-catalytic
dry reforming of CH4 with Ni/Al2O3
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The presence of the catalyst caused a
decrease in conversions of CH4 and CO2 in
comparison with dry reforming in the
absence of a catalyst, however, the H2/CO
ratio was changed significantly by increased
H2 selectivity and decreased CO selectivity.
The presence of the catalyst increased the H2/CO ratio from 0.84 to 2.53 as shown in
Figure 8.
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Fig. 8. Comparison of H2/CO ratio for dry reforming
of CH4 with and without a Ni/Al2O3 catalyst.

5.

Catalyst Characterisation
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Fig. 9. XRD patterns of a) fresh NiO/Al2O3 b)
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CH4.1 = NiO peaks, 2 = Ni peaks.

Fig. 10. SEM images of the reduced Ni/Al2O3 catalyst
(a) 50x mag. (b) 25000x mag. showing carbon
nanofibres (~20 – 80 nm in width).
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The XRD patterns confirm that the catalyst has been reduced from NiO/Al2O3 to Ni/Al2O3 after the
plasma treatment in CH4 and that the catalyst is stable to atmospheric conditions. After plasmacatalytic dry reforming of CH4, the characteristic Ni peaks are still present, showing that the catalyst
did not change significantly under CH4 dry reforming conditions in DBD.
Scanning electron microscopy (SEM) has been used to study the catalyst surface, revealing the
presence of carbon nanofibres, shown in Figure 9b. When this catalyst is reduced thermally, a highly
exothermic oxidation can occur on exposure to air, however this was not observed for the plasmareduced catalyst. Carbon nanofibres on the surface of the catalyst provide a physical barrier that
prevents reoxidation of the catalyst but did not seem to inhibit the catalytic activity observed for dry
reforming of CH4.

6.

Conclusions

It has been shown that a dielectric barrier discharge can be successfully applied for the reduction of
supported metal catalyst NiO/Al2O3. The reduction takes place at a substantially lower temperature
than is required for thermal reduction in CH4. It is suggested that the reduction in DBD is activated by
the decomposition of adsorbed CH4 on the catalyst surface producing a highly reactive form of carbon
which subsequently reacts with NiO to give Ni and the evolution of both CO2 and CO until the catalyst
has completely reduced.
The active Ni sites generated during the reduction catalysed the conversion of CH4 into H2 and solid
carbon. SEM analysis revealed that the carbon was deposited in the form of nanofibres, which
provided a physical barrier which prevented reoxidation of Ni on exposure to air.
The activity of the plasma-reduced Ni/Al2O3 catalyst has been tested for dry reforming of CH4. An
increase in H2 selectivity was observed in comparison to dry CH4 reforming with no catalyst. The ratio
of H2/CO increased from 0.84 to 2.53 when the catalyst was present.
Acknowledgements. Support of this work by Supergen XIV - Delivery of Sustainable Hydrogen and
the UK Engineering and Physical Sciences Research Council is greatly appreciated.
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An optical emission spectroscopy (OES) of an atmospheric glow discharge induced between
shaped electrodes has been studied in N2-CH4 gas mixture with CH4 contents in range from 0.5%
to 2%. The measurements were performed in flowing regime at ambient temperature and
atmospheric pressure. In the emission spectra the lines of the second positive system of N2, the CN
system and the first negative system of N2 were found to be the most intensive, the atomic Hα, Hβ,
and C (247 nm) lines were also observed.

1. Introduction
Since Cassini landed on Saturns largest moon, Titan and sent a wealth of data on the atmospheric and
surface composition of Titan, many people are focused on the chemistry if its atmosphere. The dense
atmosphere of Titan is mostly composed of N2 with a few percent of CH4. The most important minor
compounds detected by Cassini-Huygens probe are N-containing organics (HCN, HC3N, HC5N, C2N2)
believed to be formed by as a result of dissociation of nitrogen and methane either by solar induced
photolysis or by electron impact [1] and hydrocarbons (C2H2, C2H4, C2H6, C3H8, C3H4 [1]). In order to
understand the physical and chemical processes leading to such observed phenomena a series of
laboratory simulations have been made [11-14].
G. Dilecce et al [8] reported a spectroscopic study on CH observables including laser induced
fluorescence (LIF) on CH and emission spectroscopy on the CH band in N2-CH4 atmospheric pressure
dielectric discharge. Analysis of CH(A) emission shows that it is due to electron impact in N2–CH4
mixture. The analysis of spectra showed that there is a need for more precise knowledge on the
collision quenching of electronically excited states and on the electron energy distribution function
(EEDF).
In paper [9] authors investigated CN(B2Σ+ → X2Σ+) violet system emission and laser induced
fluorescence in an atmospheric pressure pulsed dielectric barrier discharge. They found a high degree
of vibrational non-equilibrium in both CN(B, v) and CN(X, v’). Authors observed that vibrational
distributions depended strongly on the gas feed composition and on the discharge/post-discharge
regime. Analysis of the time resolved laser and emission spectroscopy measurements led to the
conclusion that two main chemi-luminescent mechanisms are responsible for the CN(B) excitation.
One is the C + N +M → CN(A,B) +M recombination, that is dominant in the post-discharge; the other
one, active in the discharge, is probably the reaction N +CH → CN(A,B) + H. When CH4 was added to
the gas feed, the recombination reaction was strongly inhibited, while CH produced more easily from
the methane contained in the gas phase. It is also likely that CN(X) was produced by the same
reactions after radiative cascade from CN(A,B) states.

In this paper we report our results of OES study made in CH4-N2 DC glow discharge induced
between two shaped electrodes, operated at atmospheric pressure.
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2. Experimental set-up
The apparatus used in our experiments is shown schematically in Figure 1. OES using Jobin Yvon
TRIAX 550 spectrometer with CCD detector was used for monitoring the optical emission from the
N2/CH4 plasma. The flow rates through the reactor for both CH4 and N2 were regulated using MKS
mass flow controllers. The total flow rate used was 200 sccm. The discharge electrode system had the
standard configuration of a classical gliding arc, a pair of stainless steel holders positioned in parallel
to the iron electrodes but in this case the plasma was not gliding due to the low flow rate and therefore
stable abnormal glow plasma occurred between the electrodes at their shortest distance of 2 mm, thus
forming plasma channel with diameter of 1mm. Electrical parameters have been measured by
Tektronix oscilloscope using high voltage probe and 10 Ω resistor for current monitoring. The reactor
chamber had a volume of 0.3L. The discharge was powered by a home-made DC HV source. The
present experiments were performed for different N2:CH4 ratios in range from 0.5 % to 2% CH4 in N2
at atmospheric pressure.

Fig. 1. Schematic diagram of the experimental apparatus used for OES analysis of gaseous products
produced in a glow discharge fed by various mixtures of methane in nitrogen.

3. Experimental results and discussion
a.
Optical emission spectroscopy of the glow region
Optical emission spectroscopy (OES) is a popular to investigate glow discharges since it produces no
perturbation in the plasma. The basic promise of this technique is that the intensity of the light emitted
at particular wavelengths from an excited state is proportional to the density of species in that excited
state [2]. Therefore measurement of intensities provides a possibility to measure rotational,
vibrational, and electron temperatures (Tr, Tv, and Tve), the relative concentration of active species,
which can be converted into an absolute concentration if we know the Electron Energy Distribution
Function (EEDF) and energy dependent cross sections for the electron impact excitation processes
[2,3]. Unfortunately, in our case the plasma was not in LTE, thus the molecules do not follow
Maxwell-Bolztmann distribution and determination of its absolute concentration from the spectra was
not possible. However, the measurements of the intensities of selected emission lines (Fig. 3a, b)
provide information about the relative concentration of the active species of the N2 plasma as a
function of discharge current.
A selected part of a typical emission spectrum is shown in Figure 2. As expected N2 and CN bands
were the most dominant. The spectra were composed of the following molecular spectral systems: the
second positive system of neutral N2 (C3ΠuÆ B3Πg), the first negative system of N2+ ion
(B2Σu+ÆX2Σg+), the CN violet (B2Σ+ÆX2Σ+a) and red systems (A2Σ+ÆX2Σ+) and the C2 Swan bands.
Besides these the strong atomic Hα line, weaker H βline and week lines of C (247 nm were measured
in the second order) and N+(399.5 nm) has been detected.
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Fig. 2. Emission spectrum recorded at a discharge current of 40 mA and 2.0 % CH4 content in N2 with
marked bands and sequences used for the further calculations.
The relative emission intensities for the selected emission bands are shown in Figure 3. Figures 3a,b
present the variation of the intensity ratio I(N2+)/I(N2*) with discharge current and suggests a slightly
increased occurrence of N2+ ions in comparison with N2* molecules.
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Fig. 3. Emission intensities and ratios for selected emission bands in mixture of 1.5% CH4 in N2.
These results may be explained by N2+ emission being more sensitive to high-energy electrons than
N2* due to the higher excitation threshold energy compared with N2*. It means that the degree of
ionization of the plasma increases with the number of free electrons. On the other hand this small
increase in I(N2+)/I(N2*(1-0)) intensity ratio indicates that any increase in the electron energy distribution
is also small and the increasing temperature Tg is due to the increasing concentration of electrons. The
high emission intensity of C2 Swan system suggests a high degree of decomposition of CH4 into C
then C2 radicals which is confirmed by the absence of emission lines of CHx radicals within the glow
region. The dependence of the intensity ratio I(CN)/I(N2*) on the current shows an increased content of
CN radicals in comparison with N2* molecules, which is in good agreement with the increasing HCN
concentration measured by FTIR analysis.
Since many emission bands of N2 and CN overlap we selected some of them for the further detailed
analysis and plasma parameters calculation. The CN violet 0-0 band was measured with high
resolution (using 3600 gr/mm grating) and it was used for the rotational temperature calculation by
classical pyrometric line procedure using rotational lines J = 3, 4, 7-16 and rotational constant given
by Prasad. LifBase software was used for the rotational lines assignment. The same procedure was
applied also for the neutral nitrogen in C state rotational temperature calculation. In this case, the
spectrum of 0-0 nitrogen second positive band (rotational lines with J = 40 – 50) measured using 1200
gr/mm grating was used. The line assignment was done by SpecAir software using rotational constants
given in [4].
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Vibrational temperature was calculated from nitrogen, CN and C2 spectra. The bands of -1 sequence of
nitrogen second positive and +2 sequence of nitrogen first negative systems were applied with using
transition constants (wavelength and transition probability) given in [4]. In the case of CN, spectra of
+1 sequence with constants given by [5] were used. Constants given by [6] were used with intensities
of -1 sequence for the C2 molecule vibratonal temperature calculation.
The electron temperature was not calculated because intensity of H βline was relatively low and was
significantly overlapped by C2 Swan bands.
It can be noted that only bands and lines with signal/noise ratio better than 5 were used for these
calculations, the other were omitted. The average uncertainty of calculated values was between 10 and
15%. The N2 rotational temperature varies over the range 2700 to 3700 K and it’s dependence on the
discharge current or the CH4 molar ratio had no obvious functional behaviour, while the CN rotational
temperature decreased with increasing current in range from 1200 to 3200 K. The vibrational
temperature (4800 – 6200 K) of the N2+ ion decreased with increasing CH4 content and increased with
the current, with a rapid fall at 40 mA. The plasma power and CH4 molar ratio showed a significant
effect on the CN vibrational temperature, with values from 4200 to 6500 K and was proportional to the
current.

b.
Determination of the electron density
Using the simplified relation

j=

I

{1}

1
π D2
4

it was possible to estimate the current density with an accuracy of an order of magnitude. The typical
glow plasma in CH4/N2 gas mixture at discharge current I = 15 mA has a diameter D = 1 mm and
length 2 mm, j = 1.9 A/cm2. The electron number density ne is a very important parameter
characterizing the plasma and can be derived from the measured current density and reduced electric
field E/N, when N is the gas density for given T. The simplest estimate of ne can be then obtained
using the expression for the current density
j = ene vd
{2}
where e is the elementary charge and vd is the electron drift velocity. The electron drift velocity is
given by the electron mobility μe and the electric field strength E:
vd = μe E
{3}
where E was approximately measured from the applied voltage (400 V) and the plasma column length
(2 mm). The reduced electron mobility μep can be considered constant in our experimental conditions:
μep = 5.87 · 107 cm2 Pa V-1 s-1 [7]. The pressure should be better represented by the gas density N to
accommodate for the elevated gas temperatures Tg (to Tr~Tg ~2700-3700 K) at p = 101 kPa atm,
similar to representing the reduced field as E/N rather than E/p. In N-representation, μeN reached
values in range from 1.2 · 1022 to 7.8 · 1022 cm-1 V-1 s-1. This value could be then used in the expression
of the electron drift velocity and the electron density can be calculated subsequently:

ne =

j
eμ e N

E
N

{4}

ne was estimated to be of the order of ~1013 cm-3. With increasing current the electron density was also
increased resulting in a more conductive plasma, which was confirmed by the observation of a slight
decrease in the applied voltage and an increase in the ion signal.

4. Conclusion
In this paper we present the results of OES study of the gaseous products and radicals formed in a
glow discharge fed by four different atmospheric pressure mixtures of N2:CH4 (0.5, 1, 1.5 and 2 %
CH4) operated in a flowing regime at different discharge currents (from 15 up to 40 mA) and ambient
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temperature. The discharge current has significant effect on the product synthesis and electron density.
The continuous glow discharge was the hottest one with Tg reaching 3200 K, since most of electron
energy is converted into gas heating. The plasma was close to LTE but not close enough to assume
Maxwell distribution. Using our OES study we could estimate temperatures Tr and Tv which -together
with the electrical parameters - allowed us to calculate the current and electron number densities in the
discharge with typical values of 1.9-5.1 A/cm2 and ne ~ 1013 cm-3. Such experiments can provide
information that can aid our understanding of processes in Titan’s atmosphere. Furthermore discharges
can provide relevant information on the formation of the anions [2] and have therefore allowed of the
anions observed by Cassini to be identified.
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The effect of argon and helium admixtures in carbon dioxide on carbon monoxide generation was
studied. The mixture was flowing through the positive corona discharge. The experiment was done
using pure carbon dioxide, carbon dioxide with 5% of argon/helium and carbon dioxide with 10%
of argon/helium. The corona reactor was equipped by coaxial cylindrical electrodes. The outer one
was made of stainless steel and the inner one was molybdenum wire. The reactor tube itself was
used as a cell in the infrared spectrometer as it had germanium windows on each side. The IR
spectrometry method was used for carbon monoxide concentration measurement. It was found out
that with increasing amount of argon in the mixture the concentration of carbon monoxide was
increasing. Such experiment is interesting from the Martian atmosphere point of view. The
Martian atmosphere contains a few volume percents of argon.

1. Introduction
Mars has been long regarded as the planet in our solar system most capable of sustaining life, leading
to a series of recent space missions to the planet culminating in the NASA Phoenix mission with its in
situ search for water in the Martian soil. However in exploring the possibility for life having
established itself on the Martian it is necessary to consider the conditions on the Martian surface at the
time when life may have developed. All biological molecules on Earth are known to be susceptible to
radiation, the effects of which may lead to damage leading either to direct destruction or, in the case of
DNA, mutagenesis in which the self replicating molecule is able to replicate itself after damage but
with genetic modifications that can lead to cell death or mutation. However, on Earth such
biomolecules are protected by the presence of terrestrial ozone layer, which filters the damaging solar
UV radiation and prevents it from reaching the surface. Hence the creation of terrestrial ozone layer is
believed to have been crucial to life emerging on the terrestrial surface. Accordingly in investigating
whether the Martian surface was ever capable of sustaining life it is necessary to investigate whether
its atmosphere was ever capable of sustaining ozone concentration sufficient to screen its surface from
UV radiation. Small concentration of ozone are found in the present atmosphere of Mars even thought
today it is composed of almost pure CO2. When first detected the presence of ozone was itself a
surprise and the mechanisms for its formation questioned. Electrical discharges provide a suitable
laboratory analogue of planetary atmospheres with electrical energy mimicking the energy input into
the planetary atmospheres by solar radiation. Therefore using a corona discharge we have sought to
investigate the chemical processes that lead to ozone formation in the Martian atmosphere.

2. Experimental apparatus
The reactor was composed of cylindrical wire-to-cylinder system of electrodes. The outer electrode
with dimensions (diameter 1.6 cm and length 6.5 cm) was made of stainless steel as well as the inner
electrode which diameter was 0.125 mm. The scheme of the apparatus is shown in the figure 1.
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Fig. 1. Simple scheme of experimental apparatus.
First the outer electrode was mechanically cleaned to remove the layer of oxides from its surface. Then
the gas mixture was let into the reactor and its flow rate was kept constant (20 cm3/min) by two mass
flow controllers. The background spectrum was taken in this pure gas mixture. Then the corona
discharge was generated in the reactor. The voltage on the electrodes was constant and after 30
minutes when the conditions in the reactor were stabilized the IR spectrum was taken. After that the
voltage on the electrodes was changed to the higher value and the measurement was repeated. The
inner surface of the reactor was cleaned before every set of three measurements. In one set of
measurements the gas mixture was the same only the voltage was has been changed to the desired
values. The experiments have been carried out at atmospheric pressure and ambient temperature.

3. Results and discussion
In the figure 2 the comparison of measured IR spectra of carbon monoxide is shown. It is evident that
the amount of produced carbon monoxide is lowest in pure carbon dioxide, slightly higher in the
mixture of carbon dioxide with 5% of helium and significantly higher in the mixture with argon. These
measurements were done at the voltage of 7.5kV. In the legend of the figure the discharge current,
discharge power and Becker parameter are shown for each curve. The Becker parameter is the amount
of energy put by the discharge into the unit volume of the gas. It can be seen that all these values
correspond to the amount of generated carbon monoxide. The effect of increasing of the carbon
monoxide concentration by adding argon or helium into the carbon dioxide can be explained by the
role of metastables of argon and helium. These excited states can conserve energy that is released in
collisions with carbon dioxide molecules. In such way it contributes to carbon dioxide decomposition
into carbon monoxide. The difference between argon and helium admixtures can be explained by
different energies of metastables of these gases. The energy of argon metastable state is approximately
10 eV. On the other hand the energy of helium metastable state is approximately 20 eV. In corona
discharge most of the electrons have energies between 1 and 5 eV. Only small amount of them can
reach 10 eV and even less 20 eV. That is why the process is more effective in the mixture of carbon
dioxide with argon.
In the figure 3 the similar comparison is done for 10% admixtures of argon and helium in the carbon
dioxide. In this case there is almost no difference in pure carbon dioxide and carbon dioxide with
helium admixture. This phenomenon can be explained by the fact that there is very small amount of
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electrons able to excite helium into its metastable state and the amount of carbon dioxide in the
mixture is just 90%.
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Fig. 2. IR spectrum of carbon monoxide generated by positive corona discharge fed by carbon dioxide
or carbon dioxide with 5% admixture of argon or helium.
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Fig. 3. IR spectrum of carbon monoxide generated by positive corona discharge fed by carbon dioxide
or carbon dioxide with 10% admixture of argon or helium.
In the figures 4 and 5 the effect of admixture concentration can be seen for argon and helium mixtures.
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Fig. 4. IR spectrum of carbon monoxide generated by positive corona discharge fed by carbon dioxide
or carbon dioxide with 5%/10% admixture of argon.
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Fig. 5. IR spectrum of carbon monoxide generated by positive corona discharge fed by carbon dioxide
or carbon dioxide with 5%/10% admixture of helium.
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4. Conclusions
The effect of argon and helium admixtures in the carbon dioxide in positive corona to carbon
monoxide generation has been studied. It was found that both argon and helium admixtures cause the
increase of carbon monoxide concentration. This effect was explained by the role of metastables of
argon and helium.
Acknowledgements. This work was supported the Slovak Research and Development Agency,
project Nr. APVV-0365-07 and LPP-0143-06.
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The formation of products produced in an atmospheric glow discharge fed by a N2-CH4 gas
mixture with CH4 contents in range from 0.5% to 2% CH4 has been studied using Fourier
Transform Infrared (FTIR). The measurements were carried out in flowing regime at ambient
temperature and pressure. Measurements revealed HCN and NH3 to be the major products of the
plasma with traces of C2H2. These same molecules were observed by the Cassini-Huygens probe
in Titan’s atmosphere.

1. Introduction
The Cassini space mission to Saturn and the release of its Huygens probe onto its largest moon, Titan,
has led to a wealth of data on the atmospheric and surface composition of Titan. The dense atmosphere
of Titan is mostly composed of N2 with a few percent of CH4. The most important minor compounds
detected by Cassini-Huygens are nitriles (HCN, HC3N, HC5N, C2N2) believed to be formed by as a
result of dissociation of nitrogen and methane either by solar induced photolysis or by electron impact
[1] and hydrocarbons (C2H2, C2H4, C2H6, C3H8, C3H4 [1]). In order to understand the physical and
chemical processes leading to such observed phenomena, an additional laboratory simulation are
required.
However such models need to be tested against laboratory mimics. Discharges have been shown to be
good mimics of planetary atmospheres providing insights into both physical and chemical processes of
such atmospheres. DBD, glow, microwave, RF and corona discharges [2-10], have all been used in
order to study electron-molecule and ion-molecule reactions in planetary atmospheres.
In this paper we report the results of a new investigation of the organic chemistry prevalent in an
atmospheric glow discharge fed by a N2-CH4 gas mixture with CH4 contents in the range of 0.5%
to 2%.

2. Experimental apparatus
The apparatus used in our experiments is shown schematically in Figure 1. The flow rates through the
reactor for both CH4 and N2 were regulated using MKS mass flow controllers. The total flow rate used
was 200 sccm. The discharge electrode system had the standard configuration of a classical gliding
arc, a pair of stainless steel holders positioned in parallel to the iron electrodes but in this case the
plasma was not gliding due to the low flow rate and therefore stable abnormal glow plasma occurred
between the electrodes at their shortest distance of 2 mm, thus forming plasma channel with diameter
of 1mm. Electrical parameters have been measured by Tektronix oscilloscope using high voltage
probe and Rogowsky current probe. The reactor chamber had a volume of 0.3L. The discharge was
powered by a home-made DC HV source. The present experiments were performed for different
N2:CH4 ratios in range from 0.5 % to 2% CH4 in N2 at atmospheric pressure and ambient temperature.
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Fig. 1. Schematic diagram of the experimental apparatus used for FTIR analysis of gaseous products
produced in a glow discharge fed by various mixtures of methane in nitrogen.
A pure CH4/N2 gas mixture without plasma was measured as the background spectra for FTIR

measurements. The discharge power was calculated using the formula
P =U ⋅I

{1a}
where U is the voltage drop across the electrodes and I is the discharge current. The specific input
energy was calculated using the formula

η=

P
[kJ/L]
Q

{1b}

where P is the power calculated using {1} and Q is the flow rate. The estimated values were 1.8 kJ/L
for the lowest current I = 15 mA and 4.2 kJ/L for the highest current I = 40 mA used in our
experiments.
The gaseous product concentrations were calculated using the Beer-Lambert formula {2} using IR
absorption cross section data found in the HITRAN* database [11]:

A = n.l.σ

{2}

where A is the absorbance measured experimentally, n (cm-3) is the concentration of detected
compound, l (cm) is the length of the absorption path in IR cell and σ (cm2) is the IR absorption crosssection.
All the experiments were carried out at atmospheric pressure and at ambient temperatures. The
discharge was typically operated for between 60 and 120 minutes during which time the nascent
reactor temperature (as measured by thermocouples on the reactor walls) did not rise above 320 K.

3. Experimental results
3.1 FTIR analysis of products formed in the discharge
A typical FTIR spectrum of products formed in the discharge fed by 2% CH4 in N2 is shown in Figure
2. Similar spectra were observed for the other CH4/N2 molar ratio conditions. Using HITRAN spectral
data individual absorption features can be assigned to specific compounds. Besides the remaining CH4
(3230–2704 cm-1; 1408–1169 cm-1) obvious infrared spectra absorption bands of C≡C were observed
at the wave numbers 3386–3217 cm-1 which is the typical C-H stretching band of hydrogen cyanide
HCN and acetylene C2H2. The strongest feature, at 713 cm-1, is due to HCN, the weak peak at 729 cm-1
is due to C2H2. However, we found no features corresponding to C2H4 (which has a well known band
between 800-1100 cm-1, maximum at 956 cm-1 and a band between 3000-3200 cm-1, maximum at 3138
cm-1). In contrast to our earlier measurements made in a coaxial corona discharge [12], NH3 was
observed as a new product in the abnormal glow discharge identified by its strong peak at 966 cm-1,
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surrounded by dense rotational in range 800-1200. Bands at around 3300 cm-1 were composed of
overlapping bands from HCN, NH3 and C2H2. From the measured absorbance values the
concentrations of individual compounds were calculated using the Beer-Lambert formula with
molecular IR absorption cross-section data being taken from HITRAN spectral database. The
dependence of the concentration NH3 and HCN on the gas flow rate within the frame of discharge
power are shown in Figures 3a-3b. C2H2, as the minor product, did not exceed concentrations of 100
ppm during the measurements and found to slightly decrease with increasing power. It should be noted
that the diatomic molecules such as H2 can not be detected using FTIR.
The generation of the energetic electrons has been recognized as the initial step of all the reactions in
plasma region. The inelastic collisions of methane molecules with energetic electrons lead to the
formation of some active free radicals such as C, CH, CH2 and CH3.
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Fig. 2. A typical FTIR spectrum recorded in a gas cell filled with products formed in the discharge
reactor fed by a CH4-N2 gas mixture with a 2:98 ratio, operated at atmospheric pressure and a total gas
flow 200 sccm. The unit energy has a value of 4.8 kJ/L. Note the negative absorbance indicates the
loss of CH4 in the differencial spectra during the operation of the discharge.
It is evident that the product formation is accompanied by a decrease in concentration of CH4 but
because of possible band overlapping of CH2 and CH3 stretching in CH4 region we were not able to
estimate the degree of its decomposition from the measured changes of absorbance in the derivative
spectra. In exploring the organic chemistry it is to be noted that there is an emphasis on the N-bearing
products formed in the CH4-N2 discharge. As shown in Figure 3, the discharge current I has a
significant effect on both HCN and NH3 synthesis. The larger the value of Ι, the more HCN and NH3
and the yields of HCN and NH3 both increase with increasing initial CH4 content.
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Fig. 3a-3b. The dependence of HCN and NH3 concentrations on a discharge current for different initial
CH4 concentrations (a: 0.5% and 1%; b: 1.5 and 2%) in N2 plasma.
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3.2. Initial reaction channels leading to product formation
Within a CH4/N2 plasma discharge, electron-molecule interactions dominate leading to the formation
of a large number of chemically reactive species. For example the two lowest excited singlet states
CH4(S1) (9.6 eV) and CH4(S2) (11.7 eV), formed in electron-methane collisions are so unstable that
they rapidly dissociate into radicals such as CH3, CH2, CH, C [13]

e ( ε > 10eV ) + CH 4 → CH 4 ( S1 ,S2 ) + e

(1)

CH 4 ( S1 ,S2 ) → CH 3 + H

(2a)

CH 2 + H + H
CH 2 + H 2
CH + H 2 + H

(2b)
(2c)
(2d)

If the electron energy is higher than 12.75 eV, direct ionization of CH4 occurs in the discharge:

e (12.75eV ) + CH 4 → CH +4 + 2e

(3)

e (14.3eV ) + CH 4 → CH 3+ + H + 2e

(4)

e (15.1eV ) + CH 4 → CH +2 + H 2 + 2e

(5)

e + CH 4 → H + + CH 3 + 2e

(6)

e ( 22.2eV ) + CH 4 → CH + + H + H 2 + 2e

(7)

e + CH 4 → H 2+ + CH 2 + 2e

(8)

e ( 25eV ) + CH 4 → C+ + 2H 2 + 2e

(9)

Ionization and dissociation of N2 molecule produces active molecular and atomic nitrogen species that
may also play a significant role in the reaction kinetics:

⎛
⎞
N 2 ⎜ X1 ∑ g + ⎟ + e (11.1eV ) → N 2 ( C3 Πu + ) + 2e
⎝
⎠
⎛
⎞
⎛
⎞
N 2 ⎜ X1 ∑ g + ⎟ + e (15.63eV ) → N 2+ ⎜ X 2 ∑ g + ⎟ + 2e
⎝
⎠
⎝
⎠

(10)

⎛
⎞
N 2 ⎜ X1 ∑ g + ⎟ + e (16.84eV ) → N 2+ ( A 2 Πu ) + 2e
⎝
⎠
⎛
⎞
⎛
⎞
N 2 ⎜ X1 ∑ g + ⎟ + e (18.76eV ) → N 2+ ⎜ B2 ∑ u + ⎟ + 2e
⎝
⎠
⎝
⎠
⎛
⎞
⎛
⎞
N 2 ⎜ X1 ∑ g + ⎟ + e ( 23.53eV ) → N +2 ⎜ C2 ∑ g + ⎟ + 2e
⎝
⎠
⎝
⎠

(12)

(11)

(13)
(14)

3.3. Influence of the initial CH4 content and specific input energy on the NH3 and HCN
formation
With increasing initial CH4 content the concentrations of most of the products was found to increase.
Except in case of 0.5% CH4, NH3 had the lowest concentration in all CH4-N2 mixtures. NH3
concentration increased with increasing CH4 content but in all cases it reached values between 200 and
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350 ppm while HCN concentrations increased up to 1250 ppm proportionally to additional CH4. This
phenonema can be explained by the high density of active CN radicals within the glow region which
consume the missing H atoms to produce HCN faster than the formation of NH3. The rising density of
these products can also be explained by the increasing density of electrons which is caused by the
increasing current.

4. Conclusion
In this paper we present the results of FTIR study of stable gaseous products formed in
atmospheric glow discharge fed by four different atmospheric pressure mixtures of N2:CH4 (0.5, 1, 1.5
and 2 % CH4) operated in a flowing regime at different discharge currents (from 15 up to 40 mA) and
ambient temperature. FTIR analysis of the gaseous products showed that HCN, C2H2, NH3 are the
main products of our CH4/N2 abnormal glow plasma. The yields of these compounds are such that
HCN > NH3 > C2H2. The discharge current has significant effect on the product synthesis. Such
experiments can provide information that can aid our understanding of processes in Titan’s
atmosphere.
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The problem of VOC's (volatile organic compounds) is one of the urgent tasks in contemporary
research because VOC's vapors escaping into the air contribute significantly to the air pollution.
Besides the classical techniques, the plasma assisted combustion methods are widely developed.
The contemporary experiment was focused on the VOC decomposition in planar surface and
volume dielectric barrier discharges using alumina ceramics. The photocatalytic TiO2 was
prepared by various techniques based on ink-jet printing on inner side of discharge ceramic plates.
The exhaust gas analysis was carried out by simple gas analyzer Testo 350-XL that was used for
the detection of simple low molecular weight discharge products as CO, NO2, NO, H2, etc. The
analyses of discharge exhaust gas showed the high concentration of NO2 and CO in all discharge
configurations. The total concentration of non-combusted VOCs was slightly decreasing with the
applied power increase. The TiO2 catalyst induced the reduction down to about 50 %.

1. Introduction
VOCs (volatile organic compounds) are organic chemical compounds that have vapor pressures under
normal conditions high enough to significantly evaporate and enter the atmosphere. They are
sometimes accidentally released from the industrial processes into the environment, where they can
damage soil and groundwater. Vapors of VOCs escaping into the air contribute significantly to the air
pollution (e.g. they cause photochemical smog and also contribute to the global warming). In recent
years, their influence on the quality of indoor environment has started to be a serious task, too.
Common artificial sources of VOCs include paint thinners, wood preservatives or cleaning solvents.
Regarding the medical risks, it is known that many VOCs are toxic, several of them are known as
human carcinogens [1].
Conventional techniques for the abatement of VOCs, such as thermal and catalytic oxidation, are able
to completely decompose the VOCs, but they suffer from the low energy efficiency given by the high
operating temperature. The biological degradability of VOCs is also very problematic due to low
concentration of VOCs in the gas phase. This degradation way is also impossible for many VOCs
based on aromatic ring that could not be biologically destroyed. Technologies based on non-thermal
plasmas could offer an alternative and they are capable to remove various pollutants in the gas phase
[2]. The plasma decomposition process of VOCs is rather complex and the hydrocarbons are attacked
in several ways. In the plasma reactor, the hydrocarbons are partly transformed into oxygenated
compounds and into CO and CO2. Unfortunately, undesirable toxic by-products can be formed.
Various non-thermal atmospheric plasma sources have been studied with respect to VOC destruction
[2-4]. This study presents the first results obtained using recently developed surface discharge with in
situ TiO2 catalyst that is nowadays widely used mainly in the surface treatment processes [5].
The new method uses a volume dielectric barrier discharge, which burns throughout the discharge
volume between the ceramic plates.
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2. Experimental set up
The schematic draw of the experimental device is shown in Fig. 1. The discharge reactor consisted of a
surface discharge electrode 10x10 cm2 connected to the HF power supply. The Al2O3 plate covered or
non-covered by TiO2 photocatalyst in the distance of 2 mm above the electrode was installed to close
the reactor volume. In case of volume DBD both the Al2O3 electrodes were covered on their inner side
by TiO2 photocatalyst, electrodes on their outer side were made of aluminum using PVD technique.
The reactor side walls were made of Teflon with one fused silica window oriented in parallel to the
gas flow through the reactor. The gas inlet into the reactor was realized by the system of equidistant
holes (distance of 5 mm, i.d. 1 mm); the outlet was possible through the open electrode gap on the
opposite side. This system guaranteed nearly homogeneous flow of the reacting gas mixture through
the discharge.

Fig. 1. Scheme of the experimental set up.
1 – mass flow controllers; 2 – Teflon discharge reactor; 3 – surface discharge electrode; 4 – Al2O3
plate; 5 – Quartz window; 6 – discharge; 7 – sampling point for the chemical analyzes.
The synthetic dry air was used as the carrier gas and it was enriched by the VOC (toluen) just in front
of the reactor. VOC concentration in the reactor was constant at about 1 %. As carrier gas for VOC N2
was used. Total flow was 4.5 l/s, velocity gas flow was 0.4 m/s and residence time was 0.2 s.
The exhaust gas analyses were caried out by the simple gas analyzer Testo 350 XL. It was used for the
detection of low molecular weight discharge products as CO, NO2, NO, H2, only. Measurements were
carried out by changing the frequency of discharge (= energy supplied to the discharge)[6].
Photocatalyst TiO2
Layer was prepared according to the procedure by Klusot [7]. It is based on sol-gel process using
reverse micelles (Triton TX102 in toluene). The precursor of TiO2 was titane isobutoxid and his
hydrolysis took place inside reverse micelles. The sol was printed using ink jet printer and after it was
baked at 450°C.
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3. Results and discussion
Surface dielectric barrier discharge
The determined concentrations of low molecular inorganic products as CO, NO2, NO or H2 are
displayed.
The
analyses
showed
in
the
measurement
without
VOC
a low concentration of CO, NO, H2 and a high concentration of NO2. After adding the VOC
concentration of NO was decreased. Using a TiO2 photocatalyst concentration of NO2 was the lowest.
The concentration of NO was a quantitation limit device in all measurements.
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Fig. 5. Concentration of NO2 products
generated by surface discharge in synthetic air
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Fig. 3. Concentration of NO products
generated by surface discharge in synthetic air
with toluene.

The photocatalyst significantly decreases the NO2 generation in the discharge. If VOC is introduced,
the NO2 presence is smaller due to oxidation of VOC. The similar result was observed for the CO, NO
and H2 generation. The strong effect of TiO2 catalyst was observed. The total concentration of noncombusted VOC's was slightly decreasing with the applied power increase. The TiO2 catalyst induced
the reduction down to about 50 %.
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Surface versus volume dielectric barrier discharge
Graphs 6-9 show concentrations of low molecular inorganic products as H2, CO, NO and NO2
generated by surface and volume discharge in synthetic air with toluene.
The concentration of NO was a quantitation limit device in all measurements. In measurements using a
surface discharge, concentrations of low molecular weights were higher, the concentration of CO was
130 ppm and the concentration of NO2 was 110 ppm. In the volume discharge, concentration weights
were significantly lower.
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The volume dielectric barrier discharge needs to be ignited by higher power than the surface discharge.
The volume discharge induces the concentration reduction of low molecular inorganic products to
about 50 %.
The first results show that the use of TiO2 catalyst or volume discharge significantly reduced
concentrations of low molecular inorganic products in the exhaust gases. In some cases, the
concentrations of the substance were decreased by 50%.
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Topic 4
Ozone generation and applications
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The Dielectric Barrier Discharge (DBD) is composed of many filamentary discharges (FDs), and it
can be applied to ozone generation, gaseous pollution control etc. In our laboratory, we
investigated efficient cleaning methods of diesel exhaust gas by DBD. From the results of
numerical simulation of chemical reactions, a uniform discharge was expected to improve the
efficiency of pollution control and also the ozone yield. Recently, we found that a DBD device
using alumina as barrier material can generate an Atmospheric Pressure Townsend Discharge
(APTD) in air. In this research, we setup two ozonizers with different discharge modes of FD and
APTD, and compared the ozone yield. The experimental results showed that the ozone yield was
higher by the FD mode than by the APTD mode in lower specific input energy region. However in
the region that the specific input energy is larger than 420J/L, the APTD mode showed higher
ozone yield than FD mode.

1. Introduction
A Dielectric Barrier Discharge (DBD) is composed of many filamentary discharges (FDs), and it can
be applied to ozone generation [1], gaseous pollution control [2], surface treatments [3] etc. Regarding
ozone generation and gaseous pollution control, various methods have been studied to improve the
efficiency. In our laboratory, we investigated efficient cleaning methods of diesel exhaust gas by the
DBD [2]. One of the investigations was a numerical simulation of chemical reactions. In literature [4],
the conclusion was that the efficiency was governed by the diffusion process of radicals, which were
generated in the very thin micro-discharge column. Therefore, a uniform discharge was expected to
improve the efficiency of pollution control and also that of ozone generation. In 2006, we found that
glow-like diffuse barrier discharge in air at atmospheric pressure was generated by use of acrylic resin
as a battier material [5]. This discharge had interesting features. Namely, in this discharge, many small
micro-discharges spread out all over the discharge area and it looks like a uniform discharge, but the
current waveform had many pulses. Using this glow-like FD, NO removal experiments from diesel
exhaust gas were carried out. As the results, the glow-like FD was found to increase the NO removal
efficiency from 19g/kWh to 28g/kWh [5]. Recently, we found that an Atmospheric Pressure
Townsend Discharge (APTD) in air or in oxygen was possible by using a simple DBD device consists
of alumina barriers and plane electrodes. This discharge is uniform between electrodes and the current
waveform has no pulses [6]. As far as we know, it has been a common sense among researchers that
the APTD can only be generated in nitrogen gas, and it was very difficult to generate in gases
containing oxygen [7]. Therefore, the generation of the APTD in air using a simple DBD device was a
new finding. According to the result of the simulation study and the experimental study of pollution
control, this uniform discharge is expected to increase the ozone yield.
In this study, we investigated the effect of discharge mode to the formation of ozone and also
investigated whether the APTD in air can improve the ozone yield or not.

2. FD, glow-like FD and APTD in air
Here, we will introduce the FD, glow-like FD and APTD in air by a simple DBD device [8].
Experiments were carried out in air at atmospheric pressure. During this experiment, air was circulated
in the discharge gap by use of a gas circulator. Barrier materials are soda-glass, alumina (Kyocera
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A440), acrylic resin (PMMA) and alumina (Kyocera A473). They can generate the FD, glow-like FD
or APTD. Thicknesses of barrier are 2.8mm, 1.1mm, 3.0mm and 1.1mm respectively. Their sizes are
all 100cm2. Features of barrier material and discharge are shown in Table 1. The gap length was fixed
to 1.95mm. The gap voltage during discharge was calculated from the difference of voltages applied to
the discharge device and to the barrier plates. The electrical field strength in the gap was calculated by
dividing the gap voltage by the gap length.
Tab. 1. Discharge mode and barrier materials.

Barrier material
Discharge
appearance
Current
waveform
Relative
permittivity
Thickness (mm)

(APTD) Atmospheric Pressure
Townsend Discharge

FD (Filamentary Discharge)

Discharge mode
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(Fig. 1 (a))
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Fig. 1. FD, glow-like FD and APTD mode in air at atmospheric pressure.
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Fig. 1(a) (b) (c) shows the photographs of the FD, glow-like FD and APTD in air and waveforms of
the voltage, gap voltage and current. In this experiment, the soda-glass, acrylic resin and alumina
(Kyocera A473) were used as a barrier material and the voltage of 13kVp at frequency of 50Hz was
applied to the DBD device. It is seen in Fig. 1(a) that when the soda-glass was used as barrier material,
many FDs are generated in the discharge volume, and that the current waveform has many pulses. This
discharge is a typical DBD. However, it is seen in Fig. 1(b) that when we used acrylic resin as barrier
material, there were no FDs in the discharge volume and it looks like a uniform discharge. However
the current waveform has many pulses like in Fig. 1 (a). Finally, it is seen in Fig. 1 (c) that when the
alumina (Kyocera A473) was used as barrier material, the discharge becomes uniform and the
luminescence near the barrier surface is brighter than in the central layer between barriers. As it can be
seen in the oscillogram, the current has no pulse and flows continuously. In this research, the above
stated three modes of barrier discharge were used to generate ozone.

(c) APTD mode

3. Experimental setup and experimental conditions
Fig. 2 shows experimental setup for ozone generation. In this system, air was supplied by an air pump
to a DBD type ozonizer. This system consists of a H.V. power source, a measurement system of
electrical characteristics, air supply equipment, a DBD type ozonizer and an ozone monitor. AC high
voltage was applied to the DBD type ozonizer by a step-up transformer. Frequency range of the
applied voltage was from 50 to 600Hz, and the maximum applied voltage was 21kVp. The applied
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voltage V and the current were measured by an oscilloscope (Tektronix 2024B, 200MHz, 2.0GS/s)
using a H.V. probe (Pulse Electronic Engineering, EP-50K, 1/2000) and a differential probe
(Yokogawa Electric Corporation, 700924, 100MHz) respectively. An integral of the current (charge q)
was measured by measuring the voltage of a series (integral) capacitor. Besides, the discharge power
was calculated by multiplying the area of V - q lissajous figure by power frequency. Ozone
concentration was measured by an ozone monitor (Ebara jitsugyo, EG 2001-B and PG-320L). The
experiments were carried out by changing the applied voltage and the frequency, and also by changing
the flow rates. The flow rates were in the range from 2.0L/miin to 5.0L/min.

Fig. 2. Experimental setup.

4. Experimental results
The ozone concentration and the ozone yield were plotted against a specific input energy. Here, the
specific input energy is the energy input to a unit gas volume, namely it is a ratio of the discharge
power to the gas flow rate. Fig. 3 shows the ozone concentration by different discharge modes. In this
figure, it is seen that the ozone concentration increased with the increase of the specific input energy.
At the specific input energy of 150J/L, ozone concentrations were in the range from 600ppm to
660ppm by both FD mode (soda-glass and A440 alumina) and glow-like FD mode (acrylic resin). On
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the other hand, the ozone concentration was 467ppm by the APTD mode (A473 alumina). Therefore,
it is apparent that the ozone concentration was higher by the FD mode (glow-like FD mode) than by
the APTD mode. It is also seen that as for FD mode, the ozone concentration at the flow rate of
2.5L/min was higher than that at the flow rate of 5.0L/min. On the other hand, as for APTD mode, the
ozone concentration was not influenced by the air flow rate. Fig. 4 shows the ozone yield by different
discharge modes. In this figure, it is seen that the maximum ozone yields obtained by the FD mode at
the specific input energy at 20J/L were 39g/kWh (soda-glass) and 52g/kWh (A440 alumina)
respectively. As for glow like FD mode, the ozone yield increased with the increase of specific input
energy and it attained to 57g/kWh at 20J/L. After the ozone yields of both FD and glow-like FD
modes attained to the maximum values, they began to decrease rapidly with the increase of the specific
input energy. On the other hand, as for the APTD mode, the maximum yield was 27g/kWh at 40J/L,
however the decrease of the ozone yield at higher specific energy was slight. From these experimental
results, if the specific input energy becomes very high, the ozone yield by APTD expected to become
higher than that of by FD and by glow-like FD. In order to confirm this expectation, the ozone
concentration and the ozone yield in the high specific input energy region were investigated.
In this experiment, A440 alumina and A473 alumina were used as barrier material, and the air flow
rate was fixed to 2.0L/min. Fig. 5 shows ozone concentration by two discharge modes. As for FD
mode, the ozone concentration increased with the increase of the specific input energy, however, the
saturation was appeared at the specific input energy of 130J/L. The maximum ozone concentration of
1,100ppm was obtained at 550J/L. As for APTD mode, the ozone concentration increased linearly
with the increase of the specific input energy and it attained to 1,500ppm at the specific input energy
of 630J/L. The ozone concentration by use of the APTD became higher than that of by use of FD over
the specific energy of 410J/L. Fig. 6 shows the ozone yield obtained by the two discharge modes. As
for FD mode, the maximum ozone yield of 52g/kWh was obtained at the specific input energy of
25J/L, however it decreases with the increase of specific input energy, and it attained to the minimum
value of 17g /kWh at 550J/L. As for APTD mode, the ozone yield increased with the increase of
specific input energy and it attained to 23g/kWh at 15J/L. Although it decreased slightly with the
further increases of specific input energy, the ozone yield was maintained as 19g/kWh at 630J/L which
is larger than that obtained by FD mode.
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5. Discussions
Here, we discuss why the ozone yield by APTD mode becomes lower than that of by FD mode in a
low specific input energy region. The reason seems to be as follows. FD mode was consists of many
filamentary micro-discharges (streamer discharges). The electrical field strength at the streamer head
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is very high. Therefore the electrons get very high energy and dissociates O2 molecule into O radicals
effectively. However, because the APTD is not a streamer discharge, the electrical field strength in an
APTD is quite lower than the local electrical field in a FD. Therefore the electrons cannot get enough
energy to dissociate O2 efficiently. Next, why did the ozone yield by the FD mode decrease with the
increase of the specific energy and becomes lower than that of by the APTD mode? We are now
thinking that the high specific input energy enhances a destruction of ozone under higher ozone
concentration by the collisions between high energy electrons and ozone molecules.

6. Conclusions
We set up DBD type ozonizers with different discharge modes to investigate the effect of discharge
mode to ozone generation, and investigated whether the APTD in air can improve the ozone yield or
not. The experimental results obtained are as follows;
(1) As for FD mode and glow-like FD mode, the maximum values of ozone yield obtained were
39g/kWh (soda-glass), 52g/kWh (A440 alumina) and 57g/kWh (acrylic resin) respectively at the
specific input energy of 20J/L, however they decreased with the increase of the specific input energy
and, as for A440 alumina, it attained to 17g /kWh at 550J/L.
(2) As for APTD mode, the ozone yield increased with the increase of specific input energy and it
attained to 23g/kWh at 15J/L. It decreased slightly with the further increases of specific input energy,
however the decrease was slight and it maintained 19g/kWh at 630J/L.
(3) In summary, the ozone yield was higher by the FD mode and by the glow-like FD mode than by
the APTD mode in the low specific input energy region. However in the high specific input energy
region, the ozone yield by APTD mode is higher than that by FD modes.
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We have tested new approaches to enhance discharge ozone production. These approaches are
based on the 1) application of ultrasound waves on the discharge, 2) application of the magnetic
field on the discharge and 3) placement of TiO2 photocatalyst in the discharge region. For
experiments we used hollow needle to plate (mesh, cylinder) negative corona discharge with
supply of air into the discharge through the needle. We found that application of ultrasound waves
on the discharge about 70 % increases maximum ozone concentration; application of the magnetic
field on the discharge about 30 % increases maximum concentration of produced ozone and finally
placing TiO2 photocatalyst on the mesh electrode more than 6 times increases maximum ozone
concentration.

1. Introduction
The ozone production by electrical discharge in air is given by a dynamic balance of competitive
reactions leading to its production as well as to its destruction [1]. Traditional approaches of ozone
production enhancement use namely the effect of temperature or discharge energetization [2]. In
contrast to these approaches, we have tested new ideas to enhance discharge ozone generation. These
ideas are based on the 1) dependence of reaction rates of ozone formation processes on pressure, 2)
application of the magnetic field on the discharge and 3) placement of the TiO2 photocatalyst in the
discharge region. For experiments we used hollow needle to plate (mesh, cylinder) negative corona
discharge with supply of air into the discharge through the needle.
All experiments described in this paper were performed with the experimental arrangement, which
consisted of a discharge chamber, an electric power supply with electrical parameters diagnostics, air
supply system and ozone concentration monitor. Particular experiments differed only by the
construction of the discharge chamber and the type of the external field or catalyst used.

2. Ozone production enhancement by ultrasound waves
The first approach which we have tested is based on the application of ultrasound waves on the
discharge [3]. In this approach we created a standing waves pattern in the discharge chamber.
Associated increase or decrease of pressure in the region of the discharge where the ionisation
processes are effective should affect the discharge ozone production.

Fig. 1. Discharge chamber in the ultrasonic resonator.
The experiments were performed with the discharge chamber - or in other words with an ultrasonic
resonator cell - shown in Fig.1. Stainless steel hollow needle N passes through the surface of reflector
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RF situated against the plane surface of the ultrasound high power transducer TR. The needle is used
as a cathode and grounded transducer surface serves as an anode. The resonant frequency of the
transducer is 20.3 kHz. Changing the amplitude of the ultrasound transducer surface vibrations
changes the intensity of ultrasound waves. The results presented in Fig. 2 are for the ultrasound
transducer surface vibrations amplitude 38 μm, distance between the tip of the needle and the plate
4 mm and for airflowrate 5 slm.
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Fig. 2. Concentration of ozone versus mean discharge current, airflowrate 5 slm.
From Fig. 2 can be seen can be seen, that in case when no ultrasound is applied maximum of ozone
concentration slightly exceeds 100 ppm and when the ultrasound applied the maximum ozone
concentration produced by the discharge increases to about 180 ppm.

3. Ozone production enhancement by magnetic field
Another approach, which we tested for the discharge ozone production enhancement involves applying
a magnetic field, produced by permanent magnets, to the discharge [4]. The magnetic field affects
motion of electrons, their paths is curved, lengthened, ionisation is enhanced and therefore the
discharge performance is affected.

Fig. 3. Discharge in the cylindrical discharge chamber. Discharge voltage 12.3 kV, mean discharge
current 0.6 mA, airflowrate 3 slm.
The experiments were performed with a cylindrical discharge chamber, made of non-magnetic
materials. As the first electrode – a cathode – we used a stainless steel hollow needle placed at the axis
of the cylindrical ring that formed the second electrode – an anode. This brass ring formed the outer
wall of the discharge chamber see Fig. 3. The end of the needle was sharpened from two opposite
sides so that the end of the needle in the discharge chamber had two tips.
The vector of magnetic induction was perpendicular to the vector of current density. The magnetic
induction at the centre of the discharge tube was 0.55 T.
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The effect of magnetic field on concentration of ozone produced by the discharge is shown in Fig.4. It
is seen that for the low currents magnetic field has no substantial effect on the concentration of ozone
that is produced, but application of the magnetic field increases about 30 % maximum ozone
concentration. The magnetic field plays important role in ozone production namely for higher currents.
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Fig. 4. Concentration of ozone versus mean discharge current, airflowrate 3 slm.
We also found that the magnetic field does not substantially increase the maximum ozone production
yield. A major advantage of using a magnetic field for this purpose is that the increase in ozone
concentration produced by the discharge can be obtained without additional energy requirements.

4. Ozone production enhancement by TiO2 photocatalyst

In our third approach we studied enhancement of ozone production of the hollow needle to mesh
negative corona discharge with TiO2 photocatalyst on the mesh [5]. The TiO2 is a n-type
semiconductor with the width of the forbidden band of 3.2 eV, which corresponds to the wavelength
of 388 nm. When the TiO2 is illuminated by UV radiation coming from de-excitation processes in the
discharge the electron from the valence band is promoted to the conduction band and an electron-hole
pair is created. The consecutive processes induced by this TiO2 photoexcitation lead to the production
of active oxygen species, which subsequently enter the chain of reactions leading to the ozone
generation.
Photograph of the discharge with a layer of TiO2 globules on the mesh for the distance between the tip
of the needle and the mesh 12 mm, is shown in Fig.5.

Fig. 5. Discharge with a layer of TiO2 globules on the mesh. Discharge voltage 13.1 kV, mean
discharge current 0.4 mA, airflowrate 1.5 slm, mTiO2=0.7691 g.
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Fig. 6. Concentration of ozone versus mean discharge current, airflowrate 1.5 slm, mTiO2=0.7691 g.
The effect of TiO2 photocatalyst on the mesh on concentration of ozone produced by the discharge is
shown in Fig.6. From this figure can be concluded that for particular current addition of TiO2
photocatalyst on the mesh electrode drastically increases maximum concentration of ozone produced
by the discharge.

5. Conclusions
We performed comparison of ozone production by negative corona discharge in air for the case when
we applied on the discharge ultrasound waves, magnetic field and finally we placed TiO2 photocatalyst
in the discharge region.
We found that applying an ultrasound field on the discharge about 70 % increases maximum
concentration of produced ozone. However, the use of ultrasound for discharge ozone generation
enhancement in real applications is not worthwhile because the energy is required for ultrasound
generation. If this energy is included in the calculation of the ozone production yield, the yield is
decreased to very low values.
We also found that application of the magnetic field increases about 30 % maximum ozone
concentration that is produced by the discharge. From the standpoint of energetic requirements the
magnetic field does not substantially increase the maximum ozone production yield.
The best results were however obtained when we placed a TiO2 photocatalyst in the discharge region.
In this way it is possible to obtain not only substantial increase of concentration of produced ozone but
also ozone production yield.
Acknowledgement. This research was supported by the Czech Science Foundation grant under
contract No. 202/09/0176.
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Results of our experimental investigation on the ozone zero phenomenon (hereafter denote: OZP)
suggested us the importance of the electrode surface condition.
This means that the main cause of the OZP, that is, temporal decrease of ozone concentration at the
outlet of DBD type ozone generator and the recovery characteristics from the OZP are considered
as the surface reaction process, which are influenced strongly by the surface condition. The surface
condition is never constant during the ozone generation and varies gradually or remarkably with
time depending on the experimental conditions.
Therefore we have been continued to make clear the cause of the OZP, for example, the
reproducibility of the OZP, using new electrodes and together with the surface analysis technique
etc.
In this paper, we describes on the above results and discussion.

1. Introduction
Studies have been widely conducted on oxygen-fed ozone generators to improve their ozone
generation efficiency. Ozone is used in diverse fields, traditional and new, ranging from water and
sewage treatment to medical field and semiconductor-manufacturing machinery. Semiconductor
manufacturing requires the use of impurity-free ozone gas. Therefore, high purity oxygen is used in
this field to generate ozone gas. Inconveniently, however, it has been observed that the ozone
concentration in high purity (99.99995 percent-pure) oxygen-fed ozone generators rapidly drops from
the initial level to almost zero. This phenomenon is known by the name of Ozone Zero Phenomenon
(hereafter denote: OZP). Many studies have been conducted to identify possible causes of OZP, and
we reported at the latest Hakone XI [1][2] on findings that suggested that one of the possible causes of
OZP is influences from the electrode surface.
This time, we continuously operated a 99.99995 percent-pure oxygen-fed ozone generator fitted with
new metal electrodes even after the occurrence of OZP to examine the subsequent behavior of the
phenomenon. In addition, we analyzed samples taken at the maximum, medium, and minimum ozone
concentration points (during OZP) and at a post-OZP ozone concentration recovery point to
investigate the condition of the electrode surface over operation time. This paper presents the findings
and discussions of our above-described investigation.

2. Experimental setup
The experimental setup is shown in Figure 1, and the experimental condition is shown in Table 1. We
used 99.99995 percent-pure oxygen gas for this experiment. Most of the gas lines were made of
stainless steel (material), but the pipes installed close to the ozone generator were made of Teflon for
insulation. Before the experiment, the pipe between the gas cylinder and the ozone generator was
subjected to several cycles of vacuum-pumping and purging with high purity oxygen. A mass flow
controller was provided to control the flow rate of high purity oxygen gas to the ozone generator. An
ozone monitor was installed to measure the generated ozone, which was reduced into oxygen by an
ozone destructor before final release into the atmosphere. A water-cooled chiller was provided to cool
the high voltage electrodes and ground electrodes on the ozone generator during operation.
Thermocouples (K-type) for the gas temperature monitor were placed in the gas inlet and outlet of the
ozone generator.
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Fig. 1. Experimental Setup
Tab. 1. Experimental Condition
Items
W/S (W/cm2)
Gas Flow rate (L/min)
Gas Pressure (MPaG)
Gap length (mm)
Cooling Water Temperature (ºC)
W/Q (Wmin/L)

Condition 1
0.1
1

Condition 2
0.2
2.2
0.05
0.3
10
200

Condition 3
0.3
3.35

3. Results of the experiment and discussion
3-1. Review of the results of the previous studies
In the course of our experiment on OZP, we found that the ozone concentration decreased to varying
degrees. Interestingly, the ozone concentration was observed to decrease considerably, but not down to
zero. Seeking clues for the cause of the phenomena, we reviewed experimental conditions and results
reported in published papers. The rate of decrease in ozone concentration is defined by Equation (1),
and results of the investigation are shown Table 2.
Cd = (Cimax − Cmin) / Cimax × 100 (%) … (1)
Cd (%): rate of decrease in ozone concentration
Cimax (g/Nm3): initial maximum ozone concentration
Cmin (g/Nm3): minimum ozone concentration (ozone zero phenomenon)
Tab. 2. Comparison of the Results of the Preceding Experiments
Items
Reference ① [3]
Reference ② [4]
3
Initial max ozone conc
200 g/Nm
200 g/Nm3
3
Min ozone conc
1-2 g/Nm
50 g/Nm3
Rate of decrease in ozone
99.5%
75%
conc
W/Q
142.6 Wmin/L
145.5 Wmin/L
W/S
0.3 W/cm2
0.2 W/cm2

Latest results [5]
262 g/Nm3
104 g/Nm3
60.3%
200 Wmin/L
0.1 W/cm2

The comparison suggested that the two parameters of W/Q and W/S (W: discharge power, Q: flow
rate, S: discharge area) were instrumental in the increase in the rate of decrease in ozone concentration.
We reported earlier at the Hakone XI [1] conference that the experimental results suggested that one of
the possible causes of OZP might be the influence from the electrode surface. Considering that W/S
might be an important supporting parameter for our hypothesis, we conducted experiments this time
with an investigative focus on W/S.
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3-2. Results of the present study
The results of the experiment conducted for the present study are shown in Figure 2 and Table 3.
Decreasing ozone concentrations were observed immediately after the start of the ozone generator
under all the experimental conditions with the electric discharge power density W/S at 0.1, 0.2, and
0.3 W/cm2. As shown in Figure 3, the rate of decrease in ozone concentration increased with the
increase in the electric discharge power density W/S. The rate of decrease in ozone concentration
reached and even exceeded 97% when W/S was at and above 0.2 W/cm2. The minimum ozone
concentration tended to be reached faster when W/S was greater. A theoretical explanation for the fact
that OZP occurred differently depending on W/S is probably given by a possibility that the higher
levels of W/S accelerated the modification of the metal electrode surface, thereby preventing ozone
generation or promoting decomposition of ozone. Additionally, we found that continued operation of
the ozone generator during occurrence of OZP led to the recovery of the ozone concentration (from
almost zero level). The cause of this seems to have been that the progress of the above-mentioned
modification of the surface of the stainless steel electrode resulted in full coverage of the electrode
surface with metal oxide generated by the electrical discharge, followed by the effect of reduced ozone
generation or accelerated ozone decomposition. After 90-to-100 hour continuous operation the ozone
generator, the ozone concentration recovered differently depending on W/S. With W/S at and above
0.2 W/cm2, the profile of the ozone concentration showed a shift from recovery to stability.
Meanwhile, the ozone concentration recovered at slower rates with W/S at 0.1W/cm2.
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Fig. 2. Influence of W/S on occurrence of OZP
Tab. 3. Comparison of parameters with respect to discharge power density
Discharge power density W/S (W/cm2)
0.1
0.2
Max ozone concentration (g/Nm3)
272/262
268
Min ozone concentration (g/Nm3)
67/104
6
Decreasing rate of ozone concentration (%)
75.4/60.3
97.8
Decreasing time of ozone concentration (h)
47/35
9

0.3
261
4
98.5
8

Based on these results, the surface of the stainless steel electrode was subjected to Auger electron
spectroscopy to obtain its historical data for the period from the onset of OZP through the recovery the
ozone concentration. Specific sampling points for the analysis of the surface of the stainless steel
electrode are as follows and shown in Figure 3 as a profile of the ozone concentration:
(1) Maximum ozone concentration immediately after the start of the ozone generator
(2) Ozone concentration halved during operation of the ozone generator
(3) Minimum ozone concentration (when OZP occurs)
(4) Ozone concentration recovers to half the level of (1)
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Fig. 3. Sampling points for surface analysis
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(5) Blank Sample (unexposed to ozone)

(6) (4) of extended figure (time scale)
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Samples for the surface analysis were made of stainless steel sheets (SUS304) with a thickness of 30
μm. Fitted closely on the stainless steel electrode, each sample was exposed to ozone generated by the
ozone generator. When any of the prescribed ozone concentration points was reached under the
specified conditions, the samples were taken out for analysis. Each sample was analyzed for three
kinds of metals (Fe, Ni, and Cr), oxygen, and nitrogen. The results of the analysis are shown in Figure
4. A comparison of the profiles in Figures 4(1) to (3) revealed that the profiles of iron, chromium, and
nickel — the primary materials of the stainless steel electrode — behaved quite similarly. For oxygen,
the profile of relative density in the direction of depth in Sample (1) did not significantly differ from
the profile of Sample (5) (blank sample). This is because the ozone generator ran only 6 minutes for
Sample (1). For Samples (2) and (3) subjected to continuous operation of the ozone generator,
however, it was observed that the relative density of oxygen in the direction of depth from the metal
surface gradually decreased over the elapsed time of operation of the ozone generator. This occurred
probably because during the operation of the high purity oxygen-fed ozone generator, the oxidizing
reaction advanced from the surface of the stainless steel in the direction of depth due to both the effect
of the electrical discharge and the oxidizing powers of ozone and oxygen. Very interestingly, this
tendency was quite similar to that reported last time. The profiles of Sample 4 taken at the post-OZP
ozone concentration recovery point differed from those observed with other samples. Unlike in the
cases of Samples (1) to (3), the relative density of oxygen near the surface of stainless steel decreased,
and the relative density of chromium increased. The results of this analysis suggest that the change in
the composition of the surface of the stainless steel was instrumental in the prevention of the
persistence of OZP. Further investigations are required to determine whether the prevention of OZP
depended on the oxygen density on the surface of the metal electrode, or on the density of chromium,
or on some unknown factors other than them.

4. Conclusion
The findings of the present study are as follows:
1) The OZP depends on W/S (W: discharge power, S: discharge area). As W/S increases, the rate of
OZP-induced decrease in ozone concentration also increases. This supports that the OZP depends
on the condition of the surface of the metal electrode.
2) Continued operation of the ozone generator with W/S at a high level even after the occurrence of
OZP causes the ozone concentration to recover from a low level.
3) The results of the surface analysis revealed that oxygen penetrated into the metal electrode from
the surface during the presence of the OZP. From the detected relative oxygen concentrations, it
was found that the longer the ozone generator ran, the deeper the metal electrode was penetrated
with oxygen.
4) The results of the analysis of the metal surface showed that the proportions of chromium and
nitrogen relative to oxygen were large after the recovery from OZP. Though oxygen was also
observed to penetrate into the metal electrode from the surface, the oxygen concentration at the
shallowest point in the metal electrode was significantly lower than when measured under
different conditions.
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A copper-rotating electrode coated by gold was used to eliminate the surface oxidation effect by
discharge. The effect of electrode rotation during the ozone generation processes was observed. An
ozone generator with a rotating electrode system might be one possible way to increase the
efficiency of ozone-synthesis. The ozone concentration increased up to maximum about two times
lager compared with the case of no rotation. The input power increased with the rotating speed and
discharge area grew up too. Both the obtained ozone concentration and the ozone production
efficiency with rotating electrode were improved compared with the case of no rotating electrode.
The experimental data for a long time operation with the rotation of electrode and the nitrogen
addition effect on ozone generation are presented. During the long time operation, some adsorbed
particles such as nitrogen on the electrode surface seem to influence on the ozone production and
the discharge onset voltage. Using the rotating electrode we could observe the ozone zero
phenomena faster compared with no rotating electrode. Even though the electrical input power was
almost same, the measured ozone concentration was big different.

1. Introduction
Recently the applications of ozone have spread widely and some their examples have been
found in accordance with the development of the ozone generation technologies. Still the
problems or tasks for the ozone generation and utilization technologies are the improvement of
ozone generation efficiency (i.e. the reduction of electric cost for the ozone generation), getting
the high ozone concentration (i.e. shortening the reaction processing time) under the stability
of the ozone supply and making clear the byproducts after treated by ozone (i.e. safety for the
human body).
In some field mentioned above applications, the ozone concentration is required to keep
constant in the processing with ozone. During the supply of the ozone using pure oxygen, it has
been reported that the ozone concentration has rapidly decreased, and some groups have started
to find out this reason. It looks that this phenomena has been experienced at the major ozone
generator industries and the temporal method to add the small amount of nitrogen to recover
this sudden decrease ofozone concentration[1]-[3]. As concerns this strange phenomenon, it has
not been widely reported due to the technological know-how. In recent years, P. Uhling, G.J.
Pietsch et al. have reported in detail the influence of degree of purify of oxygen (≧99.5% ~
≧99.99990%), argon content, addition ofnitrogen, water content and nitrogen dioxide
admixture etc. on the efficiencyof the ozone generation [1]. According to this report, 1) the
efficiency of the ozonegeneration with higher purity of oxygen is not always large compared
with that obtained with lower purity of oxygen in the oxygen rich raw gas. 2) So far it has been
made light of the behavior of the impurity in the raw gas for the ozone generation. 3) The kind
of impurity and itsamount of value are the important condition whether the ozone generator can
keep the stable long time operation. The mixture gas of N2,
CO2and NO2has the effectiveness on the stability ofthe ozone generation. On the other hand, the
rare gas such as argon and helium has no effect so much on the stable operation. 4) The
impurity level by which the stable operation isobtained depends on the discharge form. 5) There
is a maximum impurity level and above this level the efficiency of ozone generation decreases
with the impurity level.
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Therefore, it is very difficult to find a clear indication from these explanations about the reason
for the suddenly decrease of the ozone generation. For this, a group of Takano and H. ITO et
al. has carried out the experiments using two ozone reactors connected in series instead of
conventional single reactor to observe the ozone zero-phenomena without discharge. The experimental discussions for the appearance and dissolution of the mechanism of the ozone-zero
phenomena have been done and they have reached the following conclusions [4]. 1) It would
be determined that the ozone-zero phenomena appeared during the operation of ozone generator is caused in the ozone generator due to the destruction of ozone produced by discharge
in high pure oxygen (>99.9995%). 2) It was confirmed that this ozone-zero phenomena was
dissolved to add the air or nitrogen etc. into pure oxygen. This method is a conventional way
to dissolve it. 3) In the experiments in 2), only nitride oxide (NO x) could dissolve
simultaneously the ozone-zero phenomena with no discharge. 4) In the same way, the ozonezero phenomena was also dissolved to add the oxygen, air and nitrogen etc into the raw gas
including ozone, but both its recovery time and after recovered ozone concentration were long
and small respectively. 5) After the ozone concentration recovered, the condition of it
continues to keep the sable condition as far as no discharge occurs regardless the degree. 6)
According to these results, it would be concluded that the ozone-zero phenomena caused from
the change of electrode surface of the ozone generator. Considering the result that the nitride
oxide (NOx) was useful for the dissolution of the ozone-zero phenomena, the ozone-zero
phenomena appeared when the nitride oxide (NOx) didn’t exist due to some important factor of
the electrode surface. 7) It was also concluded that the ozone-zero phenomena occurred during
continuous operation was a completely different phenomena from the decomposition of ozone
by the temperature increase of the gas.
Murai A. et al have also reported on their following experimental results obtained in 99.5%
oxygen for the improvement of the efficiency of the ozone generation [5][6]. It took for about a
few months before the ozone-zero phenomena appeared using a needle-to-plane electrode
whose gap distance was 3 mm. The discharge time for the ozone generation was about 200
hours and every time the reactor was filled with the oxygen when it was not operated. Both the
applied voltage and discharge current were 2.2-4.0kV and 1-2μA. 1) It was shown that no
generation of ozone (i.e. the ozone-zero phenomena) occurred by only discharge. 2) It was
also confirmed that the ozone was generated whenthe nitrogen as the third particle was mixed
with the oxygen which passed through the discharge region. 3) The ozone generation reaction
progressed with the nitrogen, argon being absorbed on the electrode surface. Further, G.
Sebastian, C. Yamabe et al. have confirmed thatthe ozone has been generated effectively due to
some reaction(s) on the electrode surface when the ozone-zero phenomena appeared [7]-[9]. On
the other hand, H. Itoh et al have reported the ozone loss rate for different materials such as
stainless steel, copper and aluminum of a discharge chamber[10].

2. Experimental set up and procedure
2-1. A needle-to-plate electrode system
The experimental conditions are as follows. A fixed direct discharge current of 1μA was used in
99.6 % pure oxygen at the flow rate of 0.50 L/min.The experimental data were accumulated in the
personal computer using a logger. At first, the discharge phenomena for the needle-to-plate electrode in
pure oxygen were observed changing the gap distance. The ozone generation without spark was
confirmed at the gap distance of 2.06 and 1.94 mm. In these cases, the applied voltage and discharge
current were about 4kV and 1μA. After a long time operation of discharge for the conditioning of the
reactor, it was possible to keep very low ozone concentration less than about 0.20ppm during the stable
discharge.
Due to the drastic decreasing of ozone concentration during the long time operation it was confirmed
to reach to the zero ozone concentration level. After the confirmation of these phenomena, the effect
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of nitrogen addition on the change of ozone concentration was measured. In the experiments of
nitrogen addition, both flow rate of oxygen and nitrogen were controlled by the mass flow meter
keeping the discharge. The addition period of nitrogen gas was 30 minutes feeding the oxygen gas and
after stop of the nitrogen addition the discharge continued only in oxygen for one hour. The
experiments were repeated changing the nitrogen gas flow rate. In these experiments, the oxygen gas
flow rate was fixed at 0.50 L/min and the gas flow rate of the adding nitrogen was changed from 2 to
50 ml/min (2, 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50 ml/min).
Gas introduction tube

Stainless steel cylinder
Thermocouple

High voltage cable

D=0.7mm hole

Fig.1 A needle-to-plate electrode
system (Gap distance: 1.94mm)
Needle-cathode
Copper plate-anode
Glass cylinder

2-2. A coaxial cylindrical type reactor with an inner rotating electrode
A rotating effect on the ozone generation has beenstudied using different material for the inner rotating
electrode. The copper, brass and copper based gold electrodes were used for the experiments. Figure 2
shows the schematic diagram of the ozone generator (or ozonizer). The discharge gap distance was 1.1
mm and the discharge length along the reactor was 100 mm. The dielectric barrier covered by a mesh
electrode was glass tube whose length, diameter and thickness was 110 mm, 15 mm and 1.25 mm. The
outer mesh electrode made from copper wires with diameter of 0.1 mm was grounded. The size of the
copper mesh electrode was about 0.2 mm square.

Fig.2 Schematic diagram
of ozonizer with an inner
rotating electrode.

A 99.5 % oxygen gas regulated by the digital mass flow controller was fed and the gas flow rate was in
the range from 0.5 l/min to 2 l/min. Both the applied voltage and its frequency were set to be 9-10 kV
and about 12 kHz. The gas temperature at the outlet of the ozone generator was measured during the
experiments. These measured data were saved every day in a computer. All experiments were carried
out at atmospheric pressure in pure oxygen at around room temperature (15 ~ 30 ºC).

3. Experimental results and discussions
3.1 A needle-to-plate electrode system

(a)

(b)

Fig.3 (a) and (b) Ozone concentration with time for 8 hours operation at near the
first stage operation (a) and after more than four months from the first stage
operation (b) in oxygen.
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3-2. A coaxial cylindrical type reactor with an inner rotating electrode
When the rotating speed of the inner electroderose, the ozone concentration increased with the rotating
speed as reported before by T. Horinouchi etal.[11]. The discharge input power also increased with the
rotating speed and the discharge region became larger. This result was confirmed by the Q (charge) - V
(voltage) Lissajous figures. During this experiment the gas flow rate was mainly at 0.5 L/min and the
applied voltage was constant to be 10 kV (peak-to-peak). The measured input power was 4.6 W (0 rpm),
5.5 W (200 rpm), 6.6 W (600 rpm) and 6.7 W (800 rpm). Comparing with non-rotation case, the increase
of about 20% at the rotating speed of 200 rpm and about 47% increase at 800 rpm were confirmed. We
estimated the change of the effective capacitance of discharge region and input power with the rotation
speed and these both values increased with the rotating speed. The effective capacitance increased about
51 % with 800 rpm compared with non-rotation case. According to the increase of the capacitance related with the increase of discharge area, it might be estimated that the discharge became more
homogeneous with rotating speed. During these experiments, although the ozone concentration without
rotation was about 17 g/Nm3at 1 L/min, but more increase of 7 g/Nm3at 200 rpm and 12 g/Nm3 at 800
rpm were confirmed.
Long time operation is also very importantfor the industrial ozone production. The ozone
concentration gradually decreased with time. One ofthe purposes of our experiments is to study what
parameters (or reactions) decide this phenomena and how to control it. Previous published papers described that the ozone concentration increased with rotating speed and the discharge was also influenced
by it [7][11]. But nobody described the explanation about the mechanisms for these phenomena. In this
experiment, discharge was continued for eight hours each day and the operation was repeated about two
months. The ozone concentration was keptnear the same level during experiments with a new electrode.
The same surface condition of electrode was observed for few days and after that, the ozone
concentration decreased dramatically due to some change of metal surface condition. The fluctuation of
the ozone concentration between 7-0 g/m3was observed. These situations were observed few days and
the ozone production stopped. After the zero ozone concentration was kept for about one hour, 10%
nitrogen gas was added for 5 minutes. A few seconds after addition of nitrogen, the ozone concentration
recovered again as shown in Fig.4 (a) (b).
(a)

(b)

Fig.4 (a) (b) Appearance of ozone zero phenomena and 10 % nitrogen addition for
5 minutes effect in oxygen. (A rotating copper based gold electrode)
The increase of outlet gas temperature was not so much during the experiments (i.e. about 5 degrees
C) and every parameter was same except the surface condition (i.e. perhaps the change of adsorbed
layer on the metal surface). According to the Lissajous figures, the calculated input power for the zero
ozone concentration case and a 15g/m3 ozone production case was almost same. According to these
data, not only the input power but also the surface condition seems to play a very important role for
the ozone production. The discharge input power was similar for two cases, but the ozone production
was completely different. The nitrogen addition effect at the ozone-zero condition was reported by M.
Kuzumoto et al. to improve the ozone production. They pointed out its effect for the stability of
discharge due to the generation of initial electrons by a UV emission from the 2nd positive of nitrogen
[2].
At the 600rpm operation, after 15 minutes from the start the ozone concentration decreased from 4
g/m3 to 0 g/m3 and we kept the parameters to be same for about 30 minutes and added a 10 % nitrogen.
The ozone concentration increased to 16g/m3 and was kept near this level for a while. After stopping
addition of nitrogen, the ozone concentration again increased up to about 24 g/m3 and the ozone
concentration was about 6 times higher compared with the initial value. The 10 % (i.e. 50 ml/min)
nitrogen seemed to be too much for addition. Nitrogen gas was mixed for 10 minutes. During the
experiments, the input power and discharge density was same for the different ozone production.
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4. Conclusion
The needle-to-plate electrode system was used for the observation of the ozone-zero phenomena. Under
the control of discharge in oxygen with the applied voltage of about 4.5kV and the discharge current of
about 1μA, it took more than two and half months to prepare the condition for the experiments. At the
first stage the ozone generation characteristics were generally the same of the conventional characteristics and gradually the characteristics were unstable before the appearance of the ozone-zero phenomena.
After through these processes, relatively stable ozone-zero phenomena established in oxygen gas. The
addition effect on the ozone generation was confirmed.
During rotation of electrode, the discharge area became more uniformly. Different ozone production mode
was observed with same input power. It seemed due to the change of the adsorbed layer of the metal
surface. The ozone concentration seemed to be influenced on the metal surface condition and didn’t
stabilize during decreasing nitrogen density on the electrodesurface. Nitrogen consumption increased with
increasing of rotation speed and it looked about two times more at 600 rpm compared with no rotation.
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Results of investigations on ozone synthesis under electric discharges conditions proceeding in
metal mesh-ceramic dielectric system have been presented. The experiments were carried out in
the reactor with unique reaction space geometry, through which the gas flowed with the
consequently changing linear velocity. The ozonizer high voltage electrode was made of a metal
gauze, which caused intensification of mixing of the gas in the reaction space. Using a simple
reactor with one-side cooling of the reaction space, high ozone concentrations and energy
efficiencies were obtained even at 25ºC.

1. Introduction
Different shapes of electric discharges are continually matter of investigations concerning the
obtaining of new solutions in ozone synthesis. Besides the barrier discharge, which is commonly used,
also other ones are studied in which the stabilizing effect of the dielectric barrier is exploited [1-3].
The surface discharge, which occurs on the solid dielectric surfaces is sufficiently easy to obtain. In
such solutions the electrodes vaporized on the dielectric surface [4,5], laminated [6] or made as a
metal element (a bar or a wire) abutted on the dielectric surface [7,8] are used. In the neighbourhood
of such elements a strong electric field is induced by the grounded electrode located on the reverse
side of the dielectric. Usage a metal mesh as a HV electrode causes generation of numerous, regularly
dispersed regions, in which advantageous conditions for oxygen dissociation occurrence exist. As a
result, the ozone synthesis is possible. In numerous experimental solutions the turns of thin wire [9,10]
for example, are used as an element adjacent to the dielectric. However, experiments described in
professional literature concerns ozonizers of tubular type, in which the part of ozone formed is
decomposed under process conditions (as an effect of ozone long residence time in the reaction space).
The use of such a flowing gas organization, as a result of which the time of ozone residence in the
reaction space will be in dependence on the conversion degree obtained, seems more advantageous.
Then, as ozone concentration rises, the residence time of the gas in the reaction zone will be shorter
and shorter. That is possible to obtain for example in a reactor with a circular symmetry [5,11].

2. Experimental
Fig. 1 depicts the cross-section of an ozonizer with circular symmetry. The ozonizer is equipped with a
H.V. mesh electrode adjacent to the ceramic dielectric surface. The gas was introduced through the
inlets located outside the ozonizer body, then was flowed out into the ring-shaped channel in the
reactor lid. From there gas was directed through the system of openings towards the mesh electrode
generating the discharges. The gas flowed towards the middle of the reactor and was removed through
the channel in the voltage supplying element. Experiments were carried out using an alumina plate
with diameter of 100 mm and the thickness of 1 mm. The thickness of the plate facilitated the heat
transfer from the reaction space. The bottom side of dielectric (grounded electrode) was cooled with
water (0, 25 and 50oC).
The H.V. electrode was made of metal gauze (brass, mesh 12, wire diameter 0.5 mm) mounted on thin
disk of diameter 80 mm. The gauze wire terminals were wrapped around the edge of disk in order to
eliminate the local corona effect. The dielectric plate and the mesh were located in the reactor in such
a way, to limit the space through which gas could flow, up to approximately 1 mm (the mesh
thickness). The gas flowed through the reaction zone with variable linear velocity (from ca. 0.016 up
to 0.16 m/s for 10 Ndm3/h and from ca. 0.06 up to 0.6 m/s for 40 Ndm3/h), as a result of changing
cross-section area of the reaction space. Because of the gauze presence in discharge space the gas in
the region of wires changed its direction repeatedly. Besides the main component of gas velocity (in
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radial direction) the dynamic components (in orthogonal directions) always occur, which causes the
intensification of gas mixing.

Fig. 1. Schematic structure of the
ozonizer; 1 – high voltage clamp, 2 –
outlet of the post-reaction gas, 3 – gas
ejector and voltage supplying element, 4
– contact spring, 5 – gas inlet channels,
6 – collecting ring, 7 – openings
through which the gas enters the
reaction space, 8 – reaction space, 9 –
metal mesh-ceramic dielectric system,
10 – grounding clamp, 11 – reactor lid,
12 – main body of the reactor.

Fig. 2. Organization of the gas flow through the reaction space (a); 1 – ceramic plate, 2 – metal gauze;
(b) Picture of the discharges occurring on the mesh electrode in air (photograph taken through the
transparent conducting electrode; real diameter ca. 30 mm); exposition time 20 ms. The glow is visible
in the places of mesh with dielectric contact.
The studies were carried out in pure oxygen. The gas flow-rates of 10, 20 i 40 Ndm3/h were used. The
concentration of ozone was measured with BMT-963 VENT. The discharge power was evaluated with
a TDS3032 oscilloscope equipped with P6015 H.V. probe and a current probe P312 with a TCPA300
amplifier (Tektronix).

3. Results and discussion
Fig. 3 shows the effect of discharge active power on ozone concentration obtained at diversified gas
flow-rates (10, 20 and 40 Ndm3/h) and different temperatures of the liquid cooling the dielectric. All
characteristics c(PA) have a maximum of ozone concentration (cmax). That maximum can be treated as
an estimator, which determines a critical value of specific energy PA/V, that means the state of
saturation of the reacting system with energy under steady conditions of the process. The location of
cmax is diversified. It depends on the process main conditions: temperature of the cooling liquid, gas
flow rate and energy delivered.
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Fig. 3. Effect of active power and temperature of the cooling liquid on ozone concentration; oxygen
flow-rates: ◊ - 10, ○ – 20, and ∆ - 40 Ndm3/h; dotted lines - 0oC, solid lines - 25oC, and dashed lines 50oC; f = 11 kHz.
These parameters are connected together. The increase in active power causes rise of the gas
temperature. To a certain degree the temperature in the reaction space could be reduced by increasing
of the gas flow rate. The effect of that depends on the gas linear velocity. An increase of the flow-rate
at the constant temperature of the cooling liquid causes a decrease in ozone concentration, however,
the ozone yield increases (see: Fig. 4). The location of cmax drifts towards the higher discharge power
(lines A1-B1-C1, A2-B2-C2, and A3-B3-C3). It is worth to take notice of the diminished distance
between the lines, observed when the cooling liquid temperature increases.
Fig. 4 depicts the effect of discharge active power, gas flow rate (10, 20 and 40 Ndm3/h) and
temperature of cooling liquid on the ozone yield. It should be noticed that ozone yield is high at easy
to provide temperature of 25ºC.

Fig. 4. Effect of active power, temperature of the cooling liquid and gas flow-rate on ozone yield;
oxygen flow-rates: ◊ - 10, ○ – 20, and ∆ - 40 Ndm3/h; dotted lines - 0oC, solid lines - 25oC, and dashed
lines - 50oC; f = 11 kHz.
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Fig. 5 depicts the effect of cooling liquid temperature on ozone concentration obtained under extreme
gas flow rates used and selected discharge active power (15, 25, 35 and 45 W). As can be seen, the gas
flow rate could have an essential meaning for the process occurrence. This effect is particularly clear
at low temperatures, especially at 0ºC. An increase in the energy consumed under the high gas flow
rates conditions causes an increasing the ozone concentration.

Fig. 5. Effect of temperature of cooling water and discharge active power on ozone concentration;
oxygen flow-rates: dashed lines – 10 Ndm3/h, solid lines - 40 Ndm3/h.
When the active power is too high (here: 45 W) the inhibition of ozone concentration increase is
observed (at 0ºC). At the cooling liquid higher temperatures the effect of supersaturating the reaction
system with energy proceeds (overflow of the critical PA/V value).
At the lower gas flow rate (10 Ndm3/h) the supersaturating effect occurs at considerably lower powers.
At temperatures over ca. 20ºC even a small increase in power (above 15W) causes a consistent
decrease in ozone concentration.
The temperature of the cooling liquid Tc is, obviously, only a convenient in usage parameter of the
process. However, is does not reflect neither the temperature level in the discharge zone (where the
main reactions occur), nor the level of the gas temperature Tg in the reaction space, although a certain
correlation between them occurs. Simplifying, it can be written as follows:

Tg = Tc + ΔTd (Tc , PA , V ) + k ⋅

PA
V

(1)

where:
Tg – average temperature of a gas in the reaction space,
Tc – temperature of a cooling liquid,
ΔTd – difference between the temperatures on the opposite sides of a solid dielectric,
k – constant of proportionality,
PA/V – specific energy, Wh/Ndm3.
The temperature in the discharge zone is approximately dozens of degrees higher than the average gas
temperature in the reaction space [12]. The lowering of the cooling liquid temperature and an increase
in the gas flow rate favours the heat transfer conditions in the reaction space. The presence of a gauze
is an additional factor improving the heat transfer conditions.
Fig. 6 depicts the energy efficiency of ozone synthesis process vs. ozone concentration obtained at 10,
20 and 40 Ndm3/h. As can be seen, the energy efficiency at low ozone concentrations attain 200
g/kWh not only at 0ºC. Similar efficiencies were obtained at 25ºC at high flow rates (20 and 40
Ndm3/h).
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Fig. 6. Energy efficiency of the ozone synthesis process vs. ozone concentration; oxygen flow-rates: ◊
- 10, ○ – 20, and ∆ - 40 Ndm3/h; dotted lines - 0oC, solid lines - 25oC, and dashed lines - 50oC; f = 11
kHz.

4. Summary
In the simple discharge arrangement, in which the metal mesh adjacent to the ceramic plate was used,
similar effects as reported in case of more complicated discharge systems were obtained in oxygen. In
spite of only one-side cooling of the reaction space the high ozone concentrations and high energy
efficiencies of the process, even at 25ºC, were obtained. An essential effect on the results obtained in
the presented ozonizer has a manner of the gas flow through the discharge zone. The studies aiming to
improve the intensity of heat transfer and ozone concentration obtained are in progress.
Acknowledgements. This study was financially supported by Warsaw University of Technology.
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Ozone was generated by commercial ozonizer Lifetech with production efficiency up to 0.5 g of
ozone per hour. Both technical and synthetic air (mixture of nitrogen and oxygen 80:20) with gas
flow varying from 0.3 to 1.8 L⋅min-1 was used for ozone production. Absolute ozone concentration
was determined by iodometric titration and by spectrophotometry of oxidized iodine solution.
Selected metal materials (iron, stainless steel, copper, brass and aluminium) in the form of hollow
tubes were placed in Pyrex glass reactor during the experiment. Changes of ozone concentration
produced at different experimental conditions (reaction time, input power, gas flow rate, gas
composition) were compared with respect to the used material.

1. Introduction
Nowadays, utilization of ozone in various industrial processes is very wide and thus efficiency of its
production and transport is demanded as high as possible. Ozone is an instable gas which is very easily
decomposed to atomic oxygen especially when it can react with some compound or solid surface.
Storage of ozone is a quite difficult process therefore ozone generators are often used directly at the
place of further ozone application. However, in all cases it is important to choose appropriate material
for ozone transportation from the generator to the place of ozone consumption. Such material should
not catalyse ozone decomposition and thus decrease its production efficiency.
The most inert material with regard to ozone decomposition is glass. However, its disadvantage
concerning construction of devices for ozone utilization is its high fragility. Other convenient
materials could be found among plastic materials, especially based on fluorinated polymers such as
PTFE [1]. On the other hand, using of rubber as a pipeline or packing is almost dangerous because it
actively reacts with ozone and it could be even ignited [1, 2]. Also using of polystyrene is impossible
for ozone transportation or storage [3]. Nevertheless, these materials still required further investigation.
Metals have been the most common materials utilized for pipelines. However, a lot of them are
strongly oxidized by ozone and thus these materials easily corrode. Some of them are even used as
catalysts for ozone decomposition in silica gel, for example silver [4] or cobalt ions [5]. This work
presents results obtained for five common construction metals: iron, stainless steel, copper, brass, and
aluminium. Moreover, presence of water vapour in air can enhance corrosive effect of ozone on metal
surface because it causes higher ozone decomposition [1]. Therefore influence of air moisture on
ozone generation and decomposition is studied, too.

2. Experimental setup
Ozone was generated by commercial ozonizer Lifetech (type Lifepool) with the production efficiency
up to 0.5 g of ozone per hour (value 6). Either technical or dry synthetic air (mixture of nitrogen and
oxygen 80:20) with gas flow varying from 0.3 to 1.8 L⋅min-1 was used for ozone production. Special
Pyrex glass tube reactor (length of 40 cm) was inserted into the apparatus between the ozonizer and
ozone determination spot (according to the scheme in Fig. 1). Various solid metal materials (iron,
stainless steel, copper, brass, and aluminium) in the form of hollow tubes (total surface of 2.26 dm2)
were selected and subsequently placed in the tube reactor during the experiment. Changes of ozone
concentration detected after the tube reactor with particular solid material were determined and
compared to the results of ozone pure production. Ozone production itself was investigated in the
dependence on several experimental parameters such as input power of ozonizer, gas flow rate, gas
purity and reaction time (0.5, 1 or 1.5 min).
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Fig. 1. Scheme of experimental setup: 1 – technical (synthetic) air, 2 – flowmeter, 3 – ozonizer,
4 –Pyrex reactor, 5 – bubbling vessel.
Absolute ozone concentration was determined by iodometric titration. Output gas containing generated
ozone was let bubbling through 100 ml of 0.2 M KI solution to produce iodine:
2 KI + O3 + H 2 O → I 2 + 2 KOH + O2
(1)
Bubbling (reaction) time was varying from 30 seconds to 1.5 minute according to other experimental
conditions. Obtained yellow coloured solution was analysed by absorption spectroscopy at fixed
wavelength (maximal absorbance was detected at 352 nm) and subsequently titrated by 0.05 M
Na2S2O3 with addition of 10 ml 2 M HCl to determine iodine and related ozone concentration:
I 2 + 2 Na 2 S 2 O3 ↔ 2 I − + Na 2 S 4 O6
(2)
3
-3
Final ozone concentration was expressed in mols generated in one dm of used gas (mol·dm ).
For short reaction time and low ozone concentration, iodometric titration was charged by a relatively
high measurement uncertainty. Thus data obtained by spectrophotometry were evaluated as more
relevant for these experiments. Relation between ozone concentration determined by iodometric
titration and absorbance of iodine solution (KI solution after ozone oxidation) is given by following
calibration equation (for calibration curve, see Fig. 2):
A = 0.026746 ∗ c(O3 )
(3)
where A is absorbance of oxidized iodine solution at 352 nm (maximum of absorption curve) and
c(O3) is ozone concentration in 10-5 mol·dm-3.

Fig. 2. Calibration curve representing relation between ozone concentration (obtained from iodometric
titration) and absorption intensity of iodine solution (produced by ozone oxidation of KI solution),
reaction time of 1 min.
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3. Results and discussion
Generally, ozone formation was dependent on experimental conditions such as reaction time, input
energy, gas flow rate, gas content and purity. Influence of these parameters on ozone production as
well as influence of selected metal surfaces on ozone decomposition is presented and discussed in this
section.
Generation of ozone by commercial ozonizer Lifepool provided the maximal efficiency of 0.5 g of
ozone per hour (from dry air). However, our experiments required lower amounts of produced ozone
in order to clearly determine differences in ozone decomposition on various surfaces. Therefore only
technical or synthetic air was used for this purpose.
Input power of commercial ozonizer was divided into 6 equivalent steps (values) whereas value 6
meant the highest possible production at particularly given conditions. Results of ozone generation
from technical air studied as a function of ozonizer input power are demonstrated in Fig. 3.
Experiments were carried out at constant gas flow rate of 0.6 L⋅min-1 and reaction time of 1 minute.
Results obtained at these conditions were quite surprising because there was not any significant
dependence of determined ozone concentration on input power. The highest production was observed
at power value 4. These results were probably caused by lower produced amount of ozone in general.

Fig. 3. Ozone concentration as a function of input power of ozonizer (constant flow rate of technical
air: 0.6 L⋅min-1, reaction time: 1 min).
Influence of gas flow rate on ozone production is demonstrated in Fig. 4. In this series of
measurements, ozonizer was adjusted on constant value 3 for reaction time of 1 minute. Flow rate of
technical air was used for ozone generation varied from 0.3 to 1.8 L⋅min-1. Obtained results showed
that ozone production was more or less directly proportional to the amount of gas flowing through the
ozonizer. The highest ozone production (over 3⋅10-4 mol⋅dm-3) was achieved at flow rate of 1.8 L⋅min-1
for technical air.
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Fig. 4. Ozone concentration as a function of technical air flow rate (constant input power of ozonizer:
value 3, reaction time: 1 min).
As moisture presented in technical air can substantially influence ozone concentration in the gas
mixture and thus it can cause ozone decomposition [1], a special series of measurements was carried
out to evaluate this phenomenon in our apparatus. Dry synthetic air was synthesized by mixing pure
nitrogen and oxygen in the ratio of 80:20. Total gas flow rate was adjusted at the same values as in the
case of technical air, i.e. 0.6 and 0.9 L⋅min-1. Input power of ozonizer was kept constant at value 3.
Production of ozone was determined for two reaction times, 0.5 and 1.0 minute. Results of final ozone
concentration obtained by generation from both technical and synthetic air are compared in Table 1. It
is evident that ozone production from synthetic air was much higher than from technical air. In the
case of lower gas flow rate (0.6 L⋅min-1), ozone concentration generated after both reaction times was
almost four times higher when synthetic air was used. In the case of higher gas flow rate (0.9 L⋅min-1),
ozone production was enhanced more than twice in synthetic air. Based on these results we can
assume that moisture in technical air had a significant effect on ozone production in our experimental
system. Next problem could be related to the presence of various oxides of nitrogen in technical air,
therefore our further study will be focused on synthetic air containing traces of NOx, too.
Tab. 1. Comparison of ozone production from technical and dry synthetic air (nitrogen:oxygen 80:20)
for two gas flow rates: 0.6 and 0.9 L⋅min-1 and two reaction times: 0.5 and 1 min (constant input power
of ozonizer: value 3).
technical air
synthetic air
reaction time
gas flow rate
ozone concentration
[min]
[L·min-1]
[*10-5 mol·dm-3]
0.5
0.6
3.8
13.8
1.0
0.6
6.3
24.2
0.5
0.9
6.1
14.6
1.0
0.9
11.4
26.1
Decomposition of ozone on solid surfaces was studied for five metal materials: iron, stainless steel,
copper, brass, and aluminium. Ozone was produced by ozonizer adjusted at constant input power
(value 3). Technical air (flow rate of 0.6 L·min-1) was used for ozone generation and its concentration
was determined after three reaction times (0.5, 1.0 and 1.5 minute). Obtained results are graphically
evaluated in Fig. 5. Comparison of final ozone concentration revealed that stainless steel and
aluminium had the lowest effect on ozone final concentration, i.e. final ozone concentration
determined at the output of the reactor with these materials was the highest comparing to the other
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materials. Moreover, comparing results obtained in the empty reactor and reactor containing stainless
steel or aluminium material we can assume that influence of these materials on ozone decomposition
was only negligible. On the other hand, the rest of materials (iron, brass, and copper) significantly
decreased ozone concentration and thus they had a substantial effect on ozone decomposition process.
These results are in an agreement with facts presented in literature (see Introduction) because iron and
copper materials are often used as catalyst in ozone decomposition process. In the case of brass
material, it also corresponds to expected results because this alloy contains substantial fraction of
copper and thus decomposition effect of ozone could be enhanced.

Fig. 5. Comparison of ozone concentration after interaction with five selected metal materials and for
three reaction times: 0.5, 1 and 1.5 min (constant input power of ozonizer: value 3, constant flow rate
of technical air: 0.6 L·min-1).

4. Conclusions
Generation of ozone by commercial ozonizer Lifetech was studied as a function of various
experimental conditions and subsequently, influence of five metal materials on ozone decomposition
was investigated. Iodometric titration as well as spectrophotometry of oxidized iodine solution was
used for determination of absolute ozone concentration. Ozone production was increasing with
increasing gas flow rate of technical air. However, input power of ozonizer did not have any
significant influence on ozone amount generated after short reaction time up to 1 minute. Based on
results of ozone generation obtained in technical and dry synthetic air (mixture of nitrogen and oxygen
80:20) we can assume that moisture presented in technical air substantially influence ozone production
in our system. Comparing effects of various metal materials on ozone concentration in the gas mixture
it was proved that stainless steel and aluminium had no significant influence on ozone production
while iron, copper, and brass significantly decomposed ozone molecule.
Acknowledgements. This work was supported by the Czech Science Foundation, project No.
104/09/H080.
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The presence of trace amounts of water vapour has a detrimental effect on ozone formation.
Humidity present in the oxygen feed gas of dielectric barrier discharge (DBD) ozone generators
causes the formation of hydroxyl (OH) and hydroperoxy (HO2) radicals that set up a catalytic
reaction cycle resulting in enhanced ozone destruction. Water vapour also increases the energy
density inside the DBD microdischarges due to an increase of the surface conductivity of the
dielectric barriers induced by the formation of a water layer [1].
Experimental ozone yield (η) vs. ozone density (n(O3)) curves of a DBD ozone generator with
well defined trace amounts of humidity (between 1.9 and 376 parts per million (ppm)) in the
oxygen feed gas have been analysed and modelled. The model combines the basic kinetic ozone
generation scheme for oxygen fed DBD ozone generators published in [2] with the water vapour
induced catalytic OH/HO2 ozone destruction kinetics presented in [3].
This approach allows us to distinguish between water vapour induced surface effects and reaction
kinetics effects in the discharge volume. We show that the increase of the microdischarges energy
density manifests itself primarily in a decrease of the O3 yield at zero ozone background
concentration. The change of slope dη/dn(O3) of the ozone yield vs. ozone density curves with
increasing water content in the oxygen feed gas for small ozone densities can be traced back to
catalytic OH/HO2 ozone destruction kinetics.

1. Introduction
Industrial DBD ozone (O3) generators depend on very dry feed gas with humidity content below a dew
point of - 60°C (11ppm H2O) in order to work efficiently [1]. It is believed that humidity influences
the microdischarges (MD) by a humidity induced surface effect, as well as by inducing catalytical O3
quenching processes [1]. VUV lamp driven O3 generators show water induced catalytic O3 quenching
rates proportional to n( H 2 O) [3], [4], [5], [6]. A more recent attempt to describe the influence of
water vapour on direct current (DC) corona discharge O3 generators does not differentiate between the
ground-state O(3P) and excited O(1D) oxygen (O2) radical precursors of O3, suggesting that H2O
attacks the O radical directly with a high rate constant. This approach results in the water induced O3
destruction rate being directly proportional to n(H 2 O ) [7], [8]. This paper combines the kinetic O3
quenching processes as described in [3], [4] with a water induced surface effect on the MD energy
density, leading to a decrease in O3 generation efficiency in DBD based O3 generators.

2. Experiment

The experiments were performed in a tubular laboratory O3 generator of 1 m length and 1200 cm2
electrode area [9]. The d =1 mm wide annular discharge gap was formed by an inner glass tube and a
slightly wider double-walled stainless steel cylinder at ground potential. Its temperature TW= 299K
was kept constant by a recirculating fluid connected to a thermostat. The glass tube had an internal
aluminum coating serving as the high voltage electrode and was not cooled. A sinusoidal feeding
voltage operating at f=625 Hz was used, resulting in a volume averaged discharge power deposition of
pe=2.5W/cm3 in the O2 feed gas. O2 pressure was p(O2)=1.9bar. The water content of the feeding gas
was measured using a precise electronic hygrometer.

3. Basic Idea
In DBD O3 generators MD’s generate O-atoms and excited O2* molecules. Depending on operating
parameters a certain fraction of these O radicals form O3 through 3 body collisions with O2 (see (R8)
in appendix). O3 destruction happens only in 2. order reactions (binary collisions) with O atoms,
excited O2 molecules, radicals or discharge electrons. As long as O3 does not alter the MD’s electron
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energy distribution function (EEDF) significantly, O3 generation is described by a simple differential
equation (1) containing only first order terms in n(O3).
∂ e n(O3 ) = η 0 − ε 0−1 ⋅ n(O3 )
[1/eV]
(1)

e := t ⋅ p e is the discharges energy density deposited in the process gas. t is time. pe is the discharge
power density (time and volume averaged). η 0 is the MD’s O3 yield in [1/eV] defined by its intrinsic
properties. ε 0 is an energy density determined by the sum of all O3 destruction processes.

∂ e n(O3 ) = η 0 − ε 0−1 ⋅ n(O3 )

(

(

⇒ n(O3 ) = η 0 ⋅ ε 0 1 − exp − e ⋅ ε
With η := n(O3 ) ⋅ e −1 ⇒ η =

[1/eV]

(1)

−1
0

(2)

))

n(O3 )

(

ε 0 ⋅ ln ε 0 ⋅η 0 ⋅ (η 0 ⋅ ε 0 − n(O3 ) )−1

(3)

)

A Taylor series expansion of (3) shows that η (n(O3 ) = 0 ) = η 0 and ∂ nη (n(O3 ) = 0 ) = −(2 ⋅ ε 0 )
give direct access to the O3 source term and O3 quench term which are closely connected to the MD’s
EEDF (η 0 ) and the kinetic equations.
−1

4. Basic data analysis
Since equation (3) should describe the O3 yield vs. O3 concentration curves very well for small to
moderate n(O3) densities, experimental data points shown in figure 2 were fitted using 2 fit parameters
( η 0 and ε 0 ) for each humidity level.
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2
0
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6

8
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Fig. 1. Experimental O3 yield vs. n(O3) curves with well defined amounts of humidity in the O2 feed
gas. Experimental data points were fitted with analytical function (3) with fit parameters η 0 and ε 0
for each humidity level.
1.9ppm: η 0 = 0.1188eV −1 , ε 0−1 = 4.73 ⋅ 10 −20 cm 3 eV −1 ;39ppm: η 0 = 0.1184eV −1 , ε 0−1 = 4.93 ⋅10 −20 cm 3 eV −1 ;
127ppm: η 0 = 0.1157eV −1 , ε 0−1 = 5.10 ⋅10 −20 cm 3 eV −1 ;376ppm: η 0 = 0.1121eV −1 , ε 0−1 = 5.29 ⋅10 −20 cm 3 eV −1
Units: 1 wt% O3 = 3.12 ⋅ 1017 cm −3 for p(O2)=1.9 bar, TG =331K. 100% efficiency = 1 O3/ 1.48eV
which is equivalent to 1220 g / kWh O3 yield [1].
As one can see (3) describes the experimental data points very well up to n(O3) ≤ 6wt%. Above 6
wt% O3 may alter the MD’s EEDF introducing higher order correction terms in n(O3). The decrease in
η 0 with increasing humidity is due to an increase in MD energy density (eMD) induced by increasing
surface conductivity of the dielectrics due to formation of a water layer on its surface [1], [9]. The
increase in ε 0−1 is related to humidity induced kinetic O3 quenching processes.
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5. Model
A model including a 2-D code [10], [11] and all the reaction kinetics is beyond the scope of this paper.
Starting with a homogenous O3 density n(O3) within the d=1mm high discharge gap, pe=2.5W/cm3
causes an average temperature within the gap of TG = 331K [2], [12]. At p(O2)=1.9bar the initial O2
density is n 2 = 4.2 ⋅ 1019 cm −3 . In the centre of a volume (Vol) within the discharge gap occurs a MD
with fo =2•f =1250Hz. The MD deposits eMD in the process gas creating homogenous O(3P),
O(1D) , O2 a 1 Δ g and O2 b1Σ +g densities within a small cylinder of 1mm height, about 100μm

(

)

(

)

diameter and volume VolMD [2].

Vol

VolMD

Fig. 2. Illustration of the small thin MD volume VolMD inside the bigger volume Vol.
Vol and VolMD are related by the following equation: f 0 ⋅ e MD ⋅ (Vol MD / Vol ) = p e . The MD is
considered instantaneous with respect to the ozone kinetics [2]. The energy density of eMD=100
mJ/cm3 was determined by dividing a measured n(O) [2] by the MD’s O-radical production yield of
4.55eV per O-radical [2]. The O-yield results from the electron energy distribution function EEDF,
based on electron collision cross sections by Phelps [13]. The probability P(O2*) of the MD’s
excitation energy going into the respective exited O2 molecular levels and their excitation energies
ε (O2 *) was determined from [2] with E/N=110Td [11]. Highly excited O2 levels O2 B 3 Σ u−

(

)

(

)

(

)

(

)

(P(B3)=60%, ε(B3)=8.4eV), O2 A 3 Σ u+ , O2 A' 3Δ u , O2 c 1 Σ u+ (P(A3)+P(A’3)+P(c1)=20%, ε(A3)=
3

1

ε(A’ )= ε(c )=6eV) dissociate into O-Atoms via Reactions (R1a), (R1b), (R1c), (R2). Low lying levels
O2 a 1 Δ g ((P(a1)=3.5%, ε(a1)=0.9eV)) and O2 b1Σ +g (P(b1)=1.3%, ε(b1)=1.6eV) drive O3

(

)

(

)

destruction processes (R12) and(R14). The initial densities at t=0 of all the species right after the
termination of the MD are:
n(O2 ( X )) = n2 − 1.5 ⋅ n(O3 ) , n(O3 ) = n(O3 ) − α ⋅ eMD ⋅ n(O3 ) / n(O2 ( X ))

n(O2 (a 1 Δ g )) = e MD ⋅ (0.035 / 0.9eV + α ⋅ n(O3 ) / n(O2 ( X )) ) , n(O2 (b1Σ +g )) = e MD ⋅ (0.013 / 1.6eV ) ,

( ( ))

(4)
n O 3 P = eMD ⋅ (2 ⋅ 0.2 / 6eV + 0.6 / 8.4eV ) , n(O (1 D )) = e MD ⋅ (0.6 / 8.4eV + α ⋅ n(O3 ) / n(O2 ( X )) )
α describes electron impact dissociation of O3 ((R3) in appendix). The electron energy dependent
dissociation cross section of O3 is not well known [2], [12]. α can be derived using the experimental
data, since α determines the slope of η(n(O3)) when no humidity is present. The temperature in the
MD region at eMD=100mJ/cm3 was estimated TMD = 347 K according to [2]. TMD is a function of eMD
and was used to evaluate the rate constants of reactions (R4) through (R20) shown in the appendix.
Only a limited set of reactions is used to keep things simple. Reactions were chosen carefully
according to their importance to describe the ongoing physics realistically. The rate constant β
describes destruction of vibrationally excited O3* by oxygen atom collisions after its formation by
reaction (R8). Reaction (R11) is according to [14] a complex process. Since the competition between
reactions (R9) and (R11) determines the overall O3 production yield of the MD, β was adapted such
that the calculated O3 yield at n(O3)=0 with dry O2 describes the experimental data points with
1.9ppm humidity well. We chose that way to describe the discrepancy between the EEDF predicted O3
yields and the considerably lower experimental yields in light of experiments showing a strong
enhancement in the experimental yields when O radical concentrations right after the excitation can be
kept low [3], [4], [15], [16]. The residual n(O3) was calculated numerically for the next 200μs, a time
scale much shorter then diffusion processes but long compared to O3 formation [2]. Diffusion is
accounted by: n(O3 , t = 200 μs + δt ) = n(O3 , t = 200 μs ) ⋅ (Vol MD / Vol )
(5)
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(

)

The impact of the long living O2 a 1 Δ g states on O3 formation was included using a volume averaged

(

)

quasi steady state (QSS) O2 a 1 Δ g density approximation:

( (

n O2 a1Δ g

))

QSS

= ( p e ⋅0.035/ 0.9eV ) /(k13 (TG ) ⋅ n(O2 ( X )) + k12 (TG ) ⋅ n(O3 ))

(6)

Reaction (R12) leads to O(3P) production while reactions (R8) and (R10) keep the O density small:
k12 (TG ) ⋅ n O2 a 1Δ g QSS ⋅ n(O3 )
3
(7)
n O P QSS =
k 8 (TG ) ⋅ n(O2 ( X )) 2 + k10 (TG ) ⋅ n(O3 )
Reaction (R10) is responsible for another O3 destruction process:

( (

( ( ))

(

Δn(O3 )a = − f 0

−1

))

)

(

− 200 μs ⋅ 2 ⋅ k10 (TG ) ⋅ n O (1P )

)

QSS

⋅ n(O3 , t = 200 μs + δt )

(8)

Humidity induced OH and HO2 radicals driving a catalytic O3 destruction cycle, have lifetimes in the
ms range. As a result, their impact on O3 production is also treated using a volume averaged quasi
steady state approximation, similarly as described in [3], [4]. OH radicals are predominantly produced
in the MDs via reaction (R16) [17]. Already at modest O3 densities, catalytic O3 destruction reactions
(R17) and (R18) transform OH into HO2 and HO2 back into OH so fast, that the OH and HO2 densities
are in a fixed ratio to each other:
n(OH ) / n( HO2 ) = χ = k18 (TG ) / k17 (TG )
(9)
The predominant OH destruction mechanism is reaction (R19), along with (R20), giving rise to a
steady state HO and HO2 densities of:
( pe ⋅ 0.6 / 8.4eV ) ⋅ (k16 (TMD ) ⋅ n(H 2O) /(k16 (TMD ) ⋅ n(H 2 O) + k 4 (TMD ) ⋅ n(O2 ( X ))))
(10)
n(HO2 )QSS =
⋅
k19 (TG ) ⋅ χ + k 20 (TG ) ⋅ n(O2 ( X ))
This leads to another O3-loss-term due to humidity induced catalytic O3 destruction:
−1
(11)
Δn(O3 ) OH = ⋅ exp − 2 ⋅ k18 (TG ) ⋅ n( HO2 ) QSS ⋅ f 0 − 200 μs − 1 ⋅ n(O3 , t = 200 μs + δt )

( (
(
)) )
In the end: n(O , t = f ) = n(O , t = 200 μs ) − Δn(O ) − Δn(O )
−1

3

0

(

3

3 a

(12)

3 OH

)

As a result, ∂ e n(O3 ) = n(O3 , t = f 0 ) − n(O3 , t = 0) / (eMD ⋅ (Vol MD / Vol ))
−1

can be computed as a function of n(O3). e =

n ( O3 )

∫ dn ⋅ (∂ n(O ))
e

3

−1

(13)

and η (n(O3 ) ) = n(O3 ) / e follow

0

18
16
14
12
10
8
6
4
2
0

efficiency [%]

efficiency [%]

directly after integration.

1.9ppm
39ppm
127ppm
376ppm

0

2

4
6
n(O3) [wt%]

8

10

18
16
14
12
10
8
6
4
2
0

eMD=100.8mJ/cm3, 0ppm

eMD=108.5mJ/cm3,
376ppm

eMD=108.5mJ/cm3, 0ppm

0

2

4

6

8

n(O3) [wt%]

Fig. 3. Left hand side shows the models results for different H2O content as well as the experimental
data points. The graph on the right shows the models result for dry gas, dry gas with enhanced eMD,
and enhanced eMD with 376ppm H2O kinetics effects.
For eMD=100.8mJ/cm3, β = 4.84 ⋅ 10 −14 cm 3 s −1 and α = 0.848 ⋅ eV −1 the model describes the
experimental data points for 1.9ppm humidity content very well up to n(O3) of about 6wt%. Note that
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α and β remain fixed for all calculations. β is well within the limits suggested by [14]. α
corresponds to a ratio of the O3 to the O2 electron impact dissociation coefficient of 6.85 at
E/N=110Td [2], [12]. When more water is present, eMD increases resulting in a decrease in yield. For
39ppm humidity content eMD=102.5mJ/cm3, for 127ppm eMD=104.8mJ/cm3 and for 376ppm
eMD=108.5mJ/cm3 are used such that the model generates yield curves in good agreement with the
experimental data points as shown in fig. 3.

6. Conclusion
The influence of water vapour on O2 fed DBD generators is well described by the model. The right
hand side graph in fig. 3 separates the influence of H2O induced changes in the reaction kinetics from
the influence of the increase in surface conductivity of the dielectric. At 376ppm H2O content the
highest curve is the models prediction for eMD=100.8mJ/cm3 corresponding to dry process gas. The
middle curve uses 0 ppm H2O in the model, but eMD=104.8mJ/cm3 characteristic for 376ppm. So the
HO-HO2-catalytic O3 destruction is omitted, but the surface conduction enhancement effect of water is
taken into account. The last curve is the theories regular result for 376ppm H2O. At low n(O3), the
enhancement of eMD and the so induced loss in the branching ratio from O to O3 is dominant, while at
higher n(O3) the HO and HO2 induced kinetic O3 destruction becomes equally important.

7. Appendix.

(

) (

)

(

)

(

( ))

(R1a, b, c) O2 A 3 Σ u+ , O2 A' 3Δ u , O2 c 1 Σ u+ → O 3 P ) + O 3 P

(

O2 B Σ

(R2)

3

−
u

) → O( D) + O( P)
1

3

(R4) O(1D) + O2 → O( 3 P ) + O2

e + O3 → e + O(1D) + O2 (a 1Δ g )

(R3)
k4 [18]

(R5) O(1D) + O3 → O( 3 P ) + O3

k5

[18]

(R6) O ( D) + O3 → 2O( P ) + O2

k6 [18]

(R7) O( D) + O3 → 2O2

k7

[18]

(R8) O( 3P ) + 2O2 → O3 * +O2

k8 [18]

(R9) O ( 3P ) + O3 * → 2O2 k9=1600*k10 [2], [14]

k10 [18]

(R11) O3 * +O2 → O3 + O2

3

1

(R10) O( 3P ) + O3 → 2O2

( )
(R14) O (b Σ ) + O

(R12) O2 a Δ g + O3 → 2O2 + O ( P ) k12 [18]
3

1

1

2

+
g

3

→ 2O2 + O( P) k14 [18]
3

1

( )
(R15) O (b Σ ) + O

(R13) O2 a Δ g + O2 → 2O2
1

1

2

+
g

2

→ 2O2

k11=β

[14]

k13

[18]

k15

[18]

(R16) O( D ) + H 2 O → 2OH

k16 [18]

(R17) OH + O3 → O2 + HO2

k17

[18]

(R18) HO2 + O3 → O2 + OH

k18 [18]

(R19) OH + HO2 → H 2 O + O2

k19

[18]

(R20) 2 HO2 + O2 → H 2 O2 + 2O2

k20 [18]

1
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It is well-known that ozone concentration decreased during running ozone generator when the
ozone generator using high purity oxygen gas ran. Almost experimental units using DBD type
ozone generator were set up metal electrode and metal electrode covered with dielectric.
It was thought that Ozone zero phenomenon was generated by metallic oxide on the metal
electrode, we studied properties of ozone generation using high purity oxygen gas and an ozone
generator with electrodes covered with dielectrics. By using high purity oxygen gas, ozone zero
phenomenon was generated. After adding 0.1vol% of nitrogen gas, the ozone concentration
increased over the initial ozone concentration. We also studied the effect of liquid oxygen and
nitrogen gas ratio on the properties of ozone generation.
In this paper, we reported about results and discussion.

1. Introduction
It is widely known that ozone has strong oxidizing power next to fluorine and disintegrates into
harmless oxygen. To make effective use of these properties of ozone, ozone water treatment is being
introduced into waterworks for the elimination of foul taste and odor (musty odor) and trihalomethane
precursors, all difficult to eliminate via chlorination. Ozone water treatment is also being introduced
into sewage treatment facilities for bleaching and sterilization [1] [2]. Moreover, studies on the
introduction of ozone-based technology are underway in such fields as the mechanical cleaning of
food processing machinery [3], pulp bleaching, and semiconductor manufacturing [4]. Currently,
however, high initial and running costs pose a problem to the wider use of ozone water treatment
equipment. Further proliferation of ozone water treatment equipment depends critically on size and
cost reductions. Among solutions to this problem is high-concentration and high-efficiency ozone
generation.
Regarding the behaviors of ozone generators using high-purity oxygen as the raw material (99.99%pure), it has been reported that the ozone concentration level in an ozone generator decreases over the
running time down to approximately 0 g/Nm3 [5] [6]. We expect that the identification of the causes of
this phenomenon will facilitate the enhancement of ozone concentration and generation efficiency.
This time, considering undesirable effect of metal oxide deposition over a metal electrode surface on
ozone generation, we examined the phenomenon of the decrease in the ozone concentration in an
ozone generator equipped with electrodes not subjected to metal oxide deposition using high purity
oxygen. With the same ozone generator supplied with liquid oxygen, we carried out another test on the
effects of nitrogen gas addition to determine the optimum amount of nitrogen gas to add. What follows
details these experiments and the obtained results.

2. Experimental setup
2.1. Principle of ozone generation
Generally, ozone generation is performed by electric discharge, usually, silent discharge, in a raw
material gas containing oxygen. Figure 1 schematically shows the principle of ozone generation by
silent electric discharge. The basic configuration comprises a pair of mutually opposing electrodes, at
least one of which is covered with a dielectric barrier. Figure 1 gives an example of disc-shaped
electrode pair. R&D is underway for alternative configurations comprising concentric tubular or
surface discharge electrodes. Typically, a dielectric barrier is made primarily of glass or ceramic.
It is commonly known that, under silent discharge, material ozone undergoes the reactions represented
by formulas (1) and (2) to produce ozone. The principle of ozone generation is as follows: When the
raw material gas containing ozone flows through a field of silent electric discharge in the air clearance,
oxygen molecules collide in the discharge space with electrons accelerated therein and undergo
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dissociation into oxygen atoms (formula (1)); then, the dissociated oxygen atoms react (i.e., collide)
with oxygen molecules and a third body (“M” in formula (2)) present in the discharge space to
produce ozone molecules (formula (2)). Thus, electric discharge is used to generate oxygen atoms and
then ozone molecules.

Fig. 1. Principle of ozone generation using silent discharge
O2 + e → 2O + e
O + O2 + M → O3 + M

… (1)
… (2)

2.2 Structure of ozone generation
Figure 2 shows the experimental system of ozone generator used this time and the chemical
composition of high-purity oxygen supplied to it. The ozone generating electrodes consisted of a glass
lined tube provided as the grounding electrode and a ceramic electrode provided as the high-voltage
electrode. The high-voltage electrode and the grounding electrode, respectively, consisted of a
discharging plate covered with a dielectric barrier to prevent metal oxide deposition on their surfaces
during electric discharge. The glass lined tube measured 1,160 mm long and the ceramic electrode 600
mm long. The discharge clearance was 0.4 mm long, and a four-point spacer (points separated by 90°)
was fitted circumferentially around the high-voltage electrode surface. The spacer was made of a
Teflon sheet and Teflon adhesive tape. A double-side cooling system was adopted for simultaneous
cooling of the high-voltage electrode and the grounding electrode. For cooling water, deionized water
was used to ensure insulation. A mass flow controller was used to control the flow rate of the raw
material oxygen gas and that of the additive nitrogen gas to the ozone generator. The ozone gas
generated by the ozone generator was passed through the ozone monitor to measure its concentration
and then was reduced into oxygen by an ozone decomposition catalyst (Carulite®) before release into
the air.
In the experiments, 99.99%-pure oxygen was used, which is purer than 99.6%-pure liquid oxygen
normally used as raw material or than PSA-generated oxygen (with a maximum purity of 95%). To
prevent loss of quality of the high-purity gas during the experiments, the ozone generator and the
piping were pump-purged of air, followed by several replacements of gas with high-purity oxygen.
Glass lining
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Ozone meter
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Figure 2: Experiment system of ozone generator and compositions of high purity oxygen
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3. Results and Discussion
Figure 3 shows the change in ozone concentration over time during ozone generation using high-purity
oxygen. Figures 4 to 6 show the changes in electric current, voltage, and discharge power over time,
respectively. The experiment conditions were as follows:
• Discharge power: 400 W
• Gas: High purity oxygen (≥ 99.99%)
• Gas flow rate: 2.75 L/min
• Gas pressure: 0.18 MPa
• Clearance: 0.4 mm
• Cooling water temp: 10ºC (both electrodes)
At the initial stage of the operation of the generator, the ozone concentration was 200 g/Nm3. Then,
the ozone concentration gradually decreased with the elapsed time of operation. After approximately 5
hours of operation, the ozone concentration dropped and stabilized at 54 g/Nm3. Thus, it was shown
that, after approximately 5 hours from the start of operation, the ozone concentration decreased by as
much as 73% from the initial value. The addition of 0.1 volume-percent nitrogen gas (at 2.75 mL/min)
at the 6-hour point after the start of operation increased the ozone concentration to 216 g/Nm3,
exceeding the initial value. The addition of nitrogen gas fully restored the ozone concentration in
approximately 1 minute, which is approximately 10% to 20% shorter than the restoration time
required under the conditions of the previously reported experiment(5). The addition of nitrogen gas
continued for approximately 1 hour, during which the ozone concentration remained largely stable.
Upon the termination of nitrogen addition, the ozone concentration started to decrease again and then
stabilized at 53 g/Nm3, almost on a par with the pre-nitrogen addition level. Originally, it took
approximately 5 hours for the ozone concentration to decrease. After the termination of nitrogen
addition, the time required for the process decreased sharply to approximately 2 hours.
As shown in Figures 4 to 6, the current, voltage, and discharge power measured simultaneously with
the ozone concentration were observed to remain almost unchanged, independently of the drop in
ozone concentration, until approximately 6 hours elapsed after the start of the oxygen generator. The
current, voltage, and discharge power sharply dropped immediately after the addition of nitrogen gas.
Then, these electric readings remained stable, respectively, at a lower level than before the addition of
nitrogen gas. Following the termination of nitrogen gas addition, the electrical readings rose back to
the pre-nitrogen addition levels in an approximately same time as the change in ozone concentration.
The observations above demonstrate that, even in the absence of a discharger consisting of metal
electrodes, in other words, under conditions under which metal oxide generation does not occur, the
use of high-purity oxygen will reduce the ozone concentration. This suggests that the ozone
decomposition catalytic function of metal oxides is only of minor influence or almost not influential at
all. While the electrical readings taken this time remained stable, independently of the change in ozone
concentration, during the operation using a raw material gas consisting entirely of oxygen, the addition
of nitrogen gas caused all these readings to change, clearly indicating that there were changes in
electrical discharge.
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From the experimental results above, the mechanism of ozone concentration decrease during the
operation using high-purity oxygen was considered. It is likely that the generation of the third body M
in formula (2) depends more heavily on nitrogen atoms or molecules than on oxygen atoms or
molecules. In a previously reported experiment(5) using liquid oxygen, too, the ozone concentration
decreased albeit to a lesser degree. The initial ozone concentration of 200 g/Nm3 was observed to drop
to180 g/Nm3 after approximately 13 hours of operation. The raw material liquid oxygen had a nitrogen
gas content of 94 ppm, more than 9 times higher than a sub-10 ppm level of high-purity oxygen. The
ozone concentration dropped less significantly with the liquid oxygen than with the high-purity
oxygen gas. These facts suggest that even a miniscule amount of nitrogen gas is highly effective in
preventing the ozone concentration from dropping.
The time required for the ozone concentration to drop and stabilize differed before and after the
addition of nitrogen gas. It The originally required time was long due to the influences of impurities,
such as organic substances or moisture, on the electrode surfaces.

4. Conclusion
An evaluation was made on an ozone generator equipped with a silent discharger having at least one
dielectric-covered metal electrode and supplied with a material gas consisting of high-purity oxygen
containing liquid oxygen. The following were revealed:
1) The ozone concentration in an ozone generator dropped when high-purity oxygen alone was used
and when the discharge electrodes of the ozone generator had no exposed metal surfaces. The ozone
concentration of 200 g/Nm3 at the initial stage of operation dropped by approximately 73 percent
down to 54 g/Nm3 after 5 hours.
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2) When nitrogen gas was added with the ozone concentration at a low level, the ozone concentration
rose back and up to 216 g/Nm3. During the addition of nitrogen gas, the ozone concentration was not
observed to drop. Upon the termination of nitrogen gas addition, however, the ozone concentration
dropped again down to the pre-nitrogen addition level.
We will follow up with additional investigations and experiments on the mechanism of the so-called
ozone zero phenomenon.
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A compact ozone generation system that employs the parallel driving of two piezoelectric
transformers (PTs) is developed. The system includes all functions required for the ozone
generation in one unit: a dielectric barrier discharge (DBD) reactor that employs the parallel
driving of two PTs, its driving and controlling circuits, the gas inlet and outlet ports and gas
flowmeter. The ozone generation is performed by feeding 99.9% of the pure oxygen into the ozone
generator with the driving voltage of 50-80 V and gas flow rate of 0.2-2.0 L/min. The automatic
frequency control for the operation of PTs is also demonstrated for the ozone generation since the
resonance frequency of the PTs is fluctuated by the temperature increase inside the reactor and it
affects the electrical performance of the PT during the long-term operation.

1. Introduction
The authors have developed and studied compact ozone generators using piezoelectric transformers
(PTs) which are designed to utilize for a limited scale of the ozone applications to air conditioning,
water treatment, sterilization and food processing. The present ozone generators are based on the
excitation of dielectric barrier discharge (DBD) [1] generated by the PT surfaces [2] that induce high
voltage due to the piezoelectric effect [3]. We previously reported the characteristics of a compact
ozone generator constructed of a single PT [2], [4]. The maximum ozone concentration and yield
efficiency are obtained to be 20 g/Nm3 and 223 g/kWh, respectively, which are low concentration,
however, high efficiency compared to the other type of DBD-ozone generator. In order to improve
such low power characteristics of the ozone generator based on the single PT, we have proposed the
ozone generator employing the parallel driving [5] of multiple PTs [6].
In this study, we have developed a compact ozone generation system that employs the parallel driving
of 2 PTs and contains all functions required for the ozone generation in one unit. This paper presents a
general description of the developed ozone generation system and some of the basic results concerning
the ozone generation characteristics.

2. Experimental setup
Figure 1(a) shows a configuration of the PT-based ozone reactor. The main frame of the reactor is
made of aluminum and the entire dimension is about 150×50×35 mm. The structure of the reactor is
basically similar to that reported previously [6]. Two PTs are located between two dielectric electrodes
on the contact with spacers, as shown in the figure. The primary terminals of the PTs are connected in
parallel so as to be driven by a single power-supply circuit. The discharge gap is formed between the
PT surface and dielectric electrode, which is maintained by a 0.3-mm thickness spacer. Two PTs,
dielectric electrodes and spacers are fixed by the upper and lower aluminum bodies which act as back
electrodes. If a sinusoidal voltage is applied to the primary terminals via the current feedthroughs and
the frequency is adjusted to mach a natural vibration of the PTs, a high voltage is induced on both PT
surfaces and the DBD appears in the gap space, as shown in the picture. Air cooling fans are attached
at both back electrodes to avoid the temperature increase in the reactor. A photograph of the ozone
reactor is shown in Fig. 1(b). We succeed in the development of such handheld ozone reactor, which
allows us to reduce its size down to approximately 58% in volume ratio compared to that previously
reported by the authors [6].
Figure 2 shows a block diagram of the ozone generation system developed in this study. The ozone
generation system consists of the ozone reactor indicated in Fig. 1, its driving and controlling circuits,
the gas inlet and outlet ports and gas flowmeter with needle valve. Therefore, the ozone generation is
possible if preparing additionally gas cylinder, air pump or PSA oxygen generator. An 100 V at 60 Hz
from AC line is stepped up by an electromagnetic induction-type transformer and the regulated ±150
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V DC output, which is fed to a power amplifier circuit, is obtained by a half-wave voltage doubler
circuit. A sinusoidal voltage in the frequency range of 27-28 kHz is synthesized by a function
generator IC. It is multiplied by the B-class push-pull power amplifier and then applied to the ozone
reactor. Control circuit is based on the microcontroller technology, which enables to precisely control
and monitor the driving voltage of the ozone reactor and its frequency. The automatic frequency
control is also available so as to follow resonance frequency of the PTs since the resonance frequency
is affected by the temperature increase of the PT during the long-term operation. Figure 2(b) shows the
picture of the system. The ozone reactor indicated in Fig. 2(b) is mounted inside the chassis of
150×180×280 mm. The front panel has an LCD display, an LED lamp, a push switch, rotary switch,
potentiometer, rotary encoder and flowmeter with needle valve. The main power switch, AC plug and
the gas inlet and outlet are located at the rear panel. The LCD display indicates the applied voltage to
the reactor and the frequency which are adjustable by rotating the potentiometer and rotary encoder
dials, respectively. Push switch is to start the ozone generation and the continuous (normal) operation
or the automatic frequency control modes are selectable by the rotary switch.

Fig. 1. PT-based ozone reactor

Fig. 2. Ozone generation system

3. Experimental results and discussions
We first estimate the power consumption for the ozone reactor. Figure 3(a) shows the waveforms of
the driving voltage v(t) and current i(t) measured using an oscilloscope at the electrical input of the
ozone reactor. The driving voltage is adjusted to be 80 Vrms. The driving current of 0.12 Arms flows
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with 8.2o in leading phase with respect to the voltage waveform. The power consumption P is then
estimated by the following equation.

P=

1
T

∫

T

0

v(t ) ⋅ i (t )dt

(1)

T is the cycle of the driving voltage and current. Figure 3(b) shows the relationship between the
driving voltage and the power consumption for the ozone reactor. By increasing the driving voltage
from 50 to 80 V, the power consumption is increased linearly in the range from 5.5 to 11.2 W. The
electric energy can be mainly used to excite the mechanical vibration of 2 PTs, then a part of it gets
converted to electric energy for inducing a high voltage on the secondary surface of the PTs. Others
are dissipated as some losses, such as heating derived from the internal friction in the ceramics due to
the elastic oscillation, dielectric losses, vibration leakage at support point and lead wires and so on. In
many cases, the ozone generation characteristics are estimated by the discharge power, which does not
involve the energy losses due to the power supply. In this paper, the power consumption at the ozone
reactor is however used for the estimation of the ozone generation characteristics since the discharge
power is not obtainable due to the systems’ structure. Therefore, note that the power consumption P in
this paper includes the above-mentioned energy losses accompanied by the operation of the PTs.
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Figure 4(a) shows the ozone concentration C as a function of specific energy P/Q. The results are
obtained with the driving voltage of 50-80 V and at gas flow rate of 0.2-2.0 L/min. The ozone
concentrations in the vertical axis indicate the stable values 5 min after starting the operation of the
ozone reactor. In the lower specific energy region, the ozone concentration increases almost linearly
by the increasing specific energy P/Q, which is independent of the gas flow rate. However, it tends to
be saturated at the higher specific energy region, depending upon the gas flow rate. The higher
concentrations are obtained at the lower gas flow rate. The maximum ozone concentration is achieved
to be 59.5 g/Nm3. Also, we can estimate the ozone yield ranging from 0.69 to 1.57 g/h in this study.
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Fig. 4. Ozone concentration as a function of specific energy (a), ozone yield efficiency plotted with
respect to ozone concentration (b).
The ozone yield efficiency plotted with respect to the ozone concentrations are indicated in figure 4(b).
The ozone yield efficiency is decreased by the increase in the ozone concentration and independent of
the gas flow rate. The maximum ozone yield efficiency of 152 g/kWh is obtained at the ozone
concentration of 8.8 g/Nm3 and gas flow rate of 2.0 L/min.
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We applied the automatic frequency control for the operation of PTs embedded in the system and
demonstrated the ozone generation. Figure 5 shows the temporal variation of the ozone concentrations
measured while working the system for 120 minutes. The red and black curves are the results obtained
with and without the automatic frequency control, respectively. If the automatic frequency control is
enabled, the microcontroller measures periodically the discharge current and repeats the adjustment of
the driving frequency until the maximum discharge current is detected. In this experiment, the
adjustment width of driving frequency ∆f and its repetition cycle ∆t is set to be 10 Hz and 100 ms,
respectively. In any cases, starting the ozone generation at t=0 min, the ozone concetration increases
rapidly upto the maximum concentration and then it decreases gradualy with time, which results in
almost constant concentration. The decrease in the concentration between the maximum and constant
concentration is due to the dissociation of ozone molecules owing to temperature increase inside the
reactor. It is likely to be cased by the gas heating due to the high-current density, dielectric heating and
mechanical vibration of the PT. Although the concentrations obtained with and without the automatic
frequency control are almost similar in the early stage of the continuous operation, the diffrence in the
concentrations is particularly observed for the long-term operation of the ozone generation system.
The higher concentrations are obtained by operating the system with the automatic frequency control,
which increased up to 10% and 4% at the driving voltage of 60 and 80 V, respectively. By enabling
the automatic frequency control, the system follows the resonant frequency of the PT even if it
fluctuates slightly with time due to the temperature increase. This is expected to maintain the highvoltage on the PT surface to be always maximum during the long-term operation which results in
achieving the higher ozone concentration.
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Fig. 5. Temporal variation of ozone concentration obtained with and without the frequency control.

4. Conclusion
The compact ozone generation system using piezoelectric transformers (PT) was developed and the
ozone generation characteristics are investigated. The entire dimension of the system is 150×180×280
mm and includes all functions required for the ozone generation in one unit. The maximum ozone
concentration and yield efficiency is achieved to be 59.5 g/Nm3 and 152 g/kWh, respectively. The
ozone yield ranges from 0.69 to 1.57 g/h. The automatic frequency control for the operation of PTs is
demonstrated for the ozone generation. The effectiveness of the automatic frequency control is
particularly observed during the long-term operation of the system. The automatic frequency control
leads to increase the ozone concentration up to 10%.
This study was partially supported by Research for Promoting Technological Seeds from JST. The
authors would like to also thank Mr. Hisatake for his help in our experiments.
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The authors have investigated the measurement of ozone concentration based on the visible photo
absorption. An orange LED having emission peak at 604 nm and a phototransistor sensitive at
visible light are used for the light source and photo detector, respectively. Simple linear absorption
cells having the different light-path length of 10-50 cm are prepared and the absorbance is
measured by varying the ozone concentration. The ozone concentration can be measured in the
range from 16.9 to 89.2 g/Nm3.

1. Introduction
Ozone has been widely used for many industrial fields, such as water treatment in sewage treatment
plants, sterilizations of virus and bacteria and deodorizations in food factories [1]. In these applications,
ozone generation must be performed on site paying attention to its concentration because it is strongly
affected on the fluctuations of gas temperature and moisture or some other disturbances. Although
there are some techniques to measure the ozone concentration, the ultraviolet (UV) absorption method
is commonly used, for which ozone has a nature that strongly absorbs UV light around 200-300 nm [2].
The ozone monitor based on the UV absorption consists of low-pressure mercury lamps, photodetectors, quartz cell and filters. In most cases, two photo-detectors and a half-mirror are needed to
precisely determine the absorbance under the instability of the light source. They could be factors of
the instruments to be expensive. In addition, the use of mercury lamp should be avoided from the view
point of the recent environment situation. Except for the UV absorption band mentioned above, there
is another photo-absorption band, which is distributed broadly in the visible light region between 450
and 850 nm and referred to as Chappuis band [3]-[5]. Although the absorption coefficient in Chappuis
band is about 2,000 times lower compared to that of Hartley band, the ozone measurement is possible
using the simple devices such as LEDs and photo diodes or transistors. This offers benefits including
the low-cost measurements and the mercury-free equipments. Also, the measurement based on the
visible photo-absorption method will be available if considering the recent technology trend in ozone
applications toward utilizing high-concentration ozone.
Several attempts related to the ozone concentration measurement using visible photo absorption can be
found. The measurement of the ozone concentration in the visible photo absorption using an LED
source was investigated by Fowles and Wayne [6]. They measured the absorbance in a quartz cell
filling with ozone using the yellow-red LED and a photodiode as a light source and photo detector.
The relations between the absorbance and ozone concentration are in good agreement with BeerLambert behavior. AC amplification was employed for the light-detector circuits in order to heighten
the sensitivity of measurement. The ozone concentration was measured in the range from 5 to 56 g/m3
with 10-cm light path length. Hawe et al [7]. proposed the ozone concentration measurement in the
visible absorption using an integrating sphere as an absorption cell. Light fluxes emitted from the
source repeat the diffuse reflections inside the sphere wall, which allows making the light path to be
longer. A 2-inch diameter of the integrating sphere corresponds to nearly 70-cm light path length of
linear absorption cell.
In this study, we describe the possibility of the ozone measurement using the visible photo-absorption
band [8]. An absorption cells with the length of 10-50 cm are constructed. An LED having a peak
wavelength at 604 nm and a photo transistor are used as a light source and a detector, respectively.
Absorbance was measured while feeding ozone into the absorption cell through a UV ozone monitor.
The effective absorption coefficient was estimated by the fitting procedure based on the Beer-Lambert
law. The ozone concentration can be measured by visible photo-absorption method in the
concentration range from 16.9 to 89.2 g/Nm3.
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2. Experimental setup
Figure 1(a) shows the configuration of absorption cell used in this experiment. The absorption cells are
made of stainless steel tube of inner diameter 0.8 cm. We prepared absorption cells having different
light path length of d=50.3, 25.3 and 10.5 cm. An orange LED and phototransistor are equipped at
both ends. Light emitted from the LED pass through a soda-glass window and a 2-mm diameter
pinhole and enters into the cell filling ozone. Light intensity is then measured by the phototransistor.
The LED is driven with DC 12 V through the current regulative diode (20 mA). The emitter current of
the photodiode that corresponds to the light intensity is detected by a 47-kΩ shunt resistor as a voltage
drop. The voltage is then amplified by an operational amplifier and measured by 5.5-digits digital
multi-meter. The experimental system is shown in Fig. 1(b). Ozone is synthesized by a piezoelectric
transformer (PT)-based ozone generator [9] with feeding 99.9%-grade oxygen. The ozone
concentration is controlled by varying the applied voltage for the PT and the gas flow rate. The
generated ozone first flows into an UV ozone monitor for calibrating the given concentration and then
toward the test absorption cell. The gas temperature at the inlet of the tested cell is measured by the
thermistor. The temperature in the absorption cell for the UV ozone monitor is also obtainable by the
system mounted itself. The ozone concentration, the gas temperature and the photo transistor signals
are automatically recorded every 0.5 sec using a personal computer via the RS232C interface.

Fig. 1. A schematic diagram of experimental setup
Figure 2 shows photo absorption spectra in the visible region (Chappuis band) reported by Inn and
Tanaka [3] and Griggs [4]. In both cases, the absorption band spectra are distributed broadly around
450-850 nm, of which the double peak structure is seen at the wavelengths of 574 and 602 nm. The
peak absorption coefficient at 602 nm reported by Griggs is about 9% greater than that of Inn and
Tanaka. Also, the measured emission spectrum of the LED source and the spectral sensitivity of the
phototransistor are given in the same figure. The peak of the emission spectrum for the LED is found
at 604 nm, which agrees almost with the absorption spectrum peak at 602 nm. The spectral response of
the phototransistor exhibits the maximum at 800 nm and the relative sensitivity around 600 nm is
approximately 40-50%.
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If a monochromatic light enters into a sample gas at the concentration of C g/m3 and travels in a length
d cm, the absorbance A is defined as

A = log10

I
22.413
=−
αCd ,
I0
48000

(1)

where I0 and I are the incident and transmitted light intensity, respectively, and α cm-1 is the absorption
coefficient. Actually, the light intensity I and I0 is determined from the phototransistor signals which
are measured with and without feeding ozone into the cell, respectively. The ozone concentration
obtained by the UV ozone monitor and the corresponding transmittance I/I0 are reduced to those at the
standard temperature and pressure (0oC, 1atm) since the temperature in both cells is completely
different. Also, the absorption coefficient can be estimated experimentally.

3. Experimental results and discussions
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Figure 3(a) shows the temporal variation of the ozone concentration obtained by the UV-ozone
monitor and the photo transistor signal for the visible absorption. Ozone is generated by changing the
driving voltage of 50-70 V for the ozone generator and the gas flow rate of 0.2-1.0 L/min. The light
intensity I0 is adjusted to be 10.0 V.
Starting up the ozone generator at 70 V with gas flow rate of 0.2 L/min, the ozone concentration
rises at t=0 sec and then exhibits the maximum concentration of 91.2 g/Nm3. After the transient peak
concentration, it gradually decreases with time and finally results in the stable concentration Cst=84.7
g/Nm3. On the contrary, the photo transistor signal decreases from 10.0 to 8.0V by increasing the
ozone concentration of 84.7 g/Nm3. Then, as stopping the ozone generation around t=210 sec, the
signal returns toward the initial voltage of 10.0 V. The other results measured with the different
primary voltages and gas flow rates show the similar tendencies. The greater decrease in the photo
transistor signal was observed at the higher ozone concentrations. These results clearly indicate that
the photo absorption of the visible light due to the ozone molecules causes inside the cell.
The transmittance I/I0 is determined with each stable ozone concentration Cst and plotted with respect
to the product of the ozone concentration Cst and the light path length d. The results are shown in
figure 3(b). We performed the same experiments for different light path length of 50.3, 25.3 and 10.5
cm. The transmittance I/I0 is decreased exponentially with respect to Cst×d and is independent of the
light path length. The solid line is the fitted curve calculated using equation (1), adjusting the
absorption coefficient α so as to best fit the experimental data. The experimental data agrees fairly
well with the theoretical curve calculated on the basis of Beer-Lambert law. From the fitting procedure,
we can estimate the absorption coefficient <α>=0.0522 cm-1. The absorption coefficient obtained in
this experiment can be interpreted as an effective absorption coefficient since there exist the spectral
dependences of the intensity of the LED source and the sensitivity of the photo transistor.
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Fig. 3. (a) Temporal variation of ozone concentration measured by UV-ozone monitor and photo
transistor signal, (b) Transmittance I/I0 as a function of the ozone concentration Cst
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The temporal variation of the ozone concentration determined for the visible photo absorption is
shown in Fig. 4(a). The light path length d is 50.3 cm. These results are obtained by substituting the
photo transistor signal in figure 2(a) and the effective absorption coefficient <α> into equation (2). In
each case, the ozone concentrations obtained by both two methods are almost in good agreement.
Although the ozone concentration measured by the UV-monitor shows transient peak, this behavior
cannot be seen in the ozone concentration obtained by the visible absorption method. This is derived
from the cell configuration used for the visible absorption measurement since the cell length of 50 cm
is too long, which results in the slow response time of the signal. For measuring the ozone
concentration using the visible photo absorption, the cell length must be elongated in order to get
higher sensitivity because of the low absorption coefficient in the visible band. Figure 4(b) shows
dependence of the light path length on the ozone concentration data. Shorter light path length leads to
enhance the noise signal contained within the detected phototransistor signal. Also, the relatively
slow-rate fluctuation is observed with the shorter light path length. This is probably derived from the
drift of the LED intensity or detector circuit.
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Fig. 4. (a) Comparison of the ozone concentration measured by visible photo absorption and UVozone monitor, (b) dependence of light path length on the determined ozone concentration

4. Conclusion
The measurement of ozone concentration based on the visible photo absorption is investigated. An
LED having spectral peak at 604 nm and a photo transistor as a light source and photo detector are
employed. The decrease of light intensity due to the visible photo absorption is observed by increase
in the ozone concentration. The measured absorbance is in reasonable agreement with Beer-Lambert
law and is independent of the light path length. The effective absorption coefficient <α> is determined
to be 0.0522 cm-1. The ozone concentration determined by the visible photo absorption agrees well
with that measured by UV-ozone monitor. In this study, the ozone concentration in the range from
16.9 to 89.2 g/Nm3 can be measured using the visible photo absorption. We are now considering the
absorption cell capable of the simultaneous pursuit of the high sensitivity measurement and compact
configuration.
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Generation of radiation in high pressure
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The emission spectra from atmospheric-pressure dielectric barrier discharge (DBD) with
HgBr2/He or HgBr2/Xe/Kr mixtures, as well as the electrical characteristics have been
investigated at the repetition frequency of sinusoidal voltage pulses up to 125 kHz. In the spectra,
the research has revealed radiation from HgBr(B–X, C–X) exciplex molecules, atomic lines of
mercury and rare gases, and, in mixtures with xenon, radiation of XeBr(B–X, B–A) exciplex
molecules. The high-frequency atmospheric-pressure barrier discharge in mixtures of mercury
dibromide with gases can be used in multi-wavelength exciplex lamps, operating in the UV and
visible regions.

1. Introduction
Mercury monohalides HgX* (X=Cl, Br, I) are known to be the intense radiation sources in the visible
spectral range [1]. Up to now no data are available in the literature on excitation processes of mercury
bromide at high repetition rates (f ~ 100 kHz) under conditions of high-pressure gas discharge plasma,
which is necessary for the creation of efficient and powerful sources of visible light. In this study, the
results of our investigation of the spectral and electric characteristics of atmospheric-pressure DBDdriven small-size lamp (f = 125 kHz) based on mixtures of mercury dibromide vapour with helium or
xenon and krypton have been presented.

2. Experimental
A small-size cylindrical DBD-driven radiator made of a quartz tube with an outer diameter of 6 mm
and having one dielectric barrier with the capacitance of Cd = 6 pF was used. A molybdenum electrode
was placed inside the radiator along its axis. The discharge gap was 1.5 mm. The external electrode,
placed on the tube surface, was made of a mesh with the transmission of 90% (Fig. 1). A capillary of
1.5 mm in diameter was made at the end of the quartz tube in order to decrease the outflow of the
mercury dibromide vapour from the cell to the evacuation system.
To excite a working mixture a generator of high voltage AC sinusoidal pulses was used; peak-to-peak
voltage up to 10 kV, f = 1 – 125 kHz. The voltage U applied to the lamp was measured using a high
voltage probe (Tektronix P6015A). The waveforms of current I and charge Q were registered by
means of a 50 Ω resistor or low-inductance 8 nF capacitor placed in series with the lamp and
monitored by digital oscilloscope LeCroy WaveRunner 6100A (1 GHz, 10 GS/s). The radiation
emitted by the discharge was registered and analyzed in the spectral range of 200–740 nm. The spectra
were recorded by the Jobin Yvon FHR 1000 monochromator (grating 2400 grooves/mm, quartz
optical fiber, the spectral resolution of about 8 pm) with the high-speed CCD detector. The system was
calibrated in the range of 200–400 nm by a deuterium lamp and, in the range of 400–900 nm, by a
reference tungsten lamp.
The working mixtures were prepared directly in the radiation source. A 100 mg of the HgBr2 salt was
poured uniformly into the discharge cell. Once the salt was loaded, the source was dehydrated by
maintaining a temperature of ~100°C and evacuating for 2 h. In this process, a significant
improvement of the discharge glow was observed. The partial pressure of the HgBr2 vapour was
determined from the temperature of the coldest point of the radiator. Under these conditions, the range
was within 0.1–600 Pa. The partial pressure of the gases was measured accurate to 10 Pa.
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Fig. 1. Schematics (left) and photo in the operation (right) for the DBD-driven HgBr exciplex lamp.

3. Results and discussion
The characteristics of the lamp were studied in the HgBr2/He and HgBr2/Xe/Kr mixtures. At the initial
stage (the first 20–30 s), the colour of the discharge was dependent on the component composition of a
mixture. As the mixture self-heated, the discharge colour became green-blue.
In each half-cycle of the applied voltage U0, the current waveform consisted of a displacement current
and conductivity current peaks, with characteristics depending on the operating frequency and applied
voltage. The peak current did not exceed 52 mA and duration was in the range 0.2–0.5 μs.
The dynamics in the emission spectra of HgBr* exciplex lamp operated with the HgBr2/Xe/Kr mixture
(8% Xe + 92% Kr) at total atmospheric pressure and f = 120 kHz with changing of temperature is
shown in figure 2. At low temperatures (T ~ 40°C) the emission bands of the exciplex XeBr(B → X)
and XeBr(B → A) molecules peaked at 281 and 320 nm together with the atomic mercury lines and
OH* bands have been observed (Fig. 2(a)).
In the spectra obtained, a wide band system peaking at λ = 502 nm stands out, which intensity
increased with the increasing of temperature (Fig. 2 (b, c)). This system corresponds to the electronic–
vibrational B 2Σ+ → X 2Σ+ transition of the exciplex HgBr* molecules [2]. The HgBr(B → X) radiation
manifests itself starting from λ ~ 340 nm. In addition, the weak HgBr(C → X) bands were observed in
the range of 285–295 nm.
Besides the HgBr(B → X) radiation and mercury lines, the emission spectra of DBD in the HgBr2/He
mixture included atomic lines of the buffer gas helium at 589 and 706 nm, as well as the N2(C3Πu →
B3Πg ) bands appearing due to a presence of nitrogen as a residual gas (p<10 Pa). The intensity of the
helium lines decreased considerably as the working medium warmed up.
It can be assumed that the emission at the observed spectral bands and lines probably occurs through
the following reactions:
HgBr2 + e → HgBr* +

(1)

HgBr2 + Xe* → HgBr* + Br + Xe,

(2)

*

HgBr → HgBr + hν,
*

(3)

λmax = 502 nm ,
*

-

HgBr2 + e → Hg + 2Br (Br2 , Br2, Br2 ) + (e),

(4)

HgBr2 + e → Hg* +Br2+ + 2e,

(5)

HgBr2 + e → Hg* +Br+ + Br + 2e,

(6)

HgBr2 + e → Hg* +Br* + Br + e,

(7)

Xe*(Xe2*) + Br2 → XeBr* + (Xe) + Br,

(8)

Xe+ (Xe2+, Xe3+) + Br2- + М → XeBr* +Br + (Xe, 2Xe) + М,

(9)

Xe+ + Br- + М → XeBr* + М,

(10)

*

XeBr → XeBr + hν,

λmax = 281 nm

(11)

,

where M is the third particle.
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(a)

(b)

(c)
Fig. 2: Emission spectra of a HgBr* lamp with the HgBr2/Xe/Kr mixture: (a) T = 40oC, (b) T = 80oC,
(c) T = 160oC. 1 – 254nm Hg*, 2 – 281nm XeBr*, 3 – 306nm OH*, 4 – 320nm XeBr*, 5 – 337nm N2*,
6 – 365nm Hg*, 7 – 404nm Hg*, 8 – 436nm Hg*, 9 – 502nm HgBr*, 10 – 546nm Hg*, 11 – 578nm
Hg*.
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4. Summary
The intense broadband radiation of HgBr(B → X) exciplex with a peak at λ = 502 nm has been
revealed from the dielectric barrier discharge (f = 120 kHz) in a self-heating mode. The multiwavelength operation mode of the DBD-driven atmospheric pressure high-frequency HgBr* excilamp
has been realized. It has been shown the possibility to regulate the emission spectrum of the excilamp
by means of changing the working temperature. An atmospheric-pressure barrier discharge with the
HgBr2/Xe/Kr mixture can be used for the creating a self-heated excilamp emitting in the UV and
green-blue spectral regions.
Acknowledgment. Authors are grateful to A. Brablec, P. St’ahel and P. Slavicek (Department of
Physical Electronics, Masaryk University, Brno, Czech Republic) for the opportunity of using the
registration system for our experiments.
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The effect of TiO2 powder on the NO oxidation by DBD was tested at temperatures from room
temperature up to 150°C. When only Dielectric Barrier Discharge (DBD) was used at 100°C the
NO oxidation decreased, but addition of catalytic TiO2 powder partially compensated this loss of
oxidation ability. The effect of TiO2 powder decreased in a few minutes but the concentration of
NO stabilized at lower level compared to case of DBD. The inclusion of water vapor to the inlet
gas mixture resulted to the increased NO removal with and without TiO2 coating and HNO3
appeared in the outlet of reactor. Our assumption that oxygen species adsorbed on TiO2 surface are
responsible for the enhanced oxidation of NO to NO2was supported by experiments where TiO2
surface was initially treated with pure O2 discharge. When NO was subsequently introduced to the
reactor chamber without ignition of DBD, NO2 appeared in the outlet and NO concentration was
initially decreased.

1. Introduction
Fuel burning emits NOx species to the atmosphere where they pose serious environmental problems.
Concentration of NOx species in exhaust gases could be diminished by dielectric barrier discharges,
DBD, [1-4] or using (photo)catalysts, such as TiO2 [4-6]. When discharge is used for the removal of
NOx in the presence of O2, the most abundant NO is initially oxidized to NO2 and N2O5 [2-3]. These
oxidized NOx species are then removed by scrubbing, mineralization or selective catalytic reduction to
N2 and O2 [4].
The efficiency of NO oxidation depends on a number of parameters including O2 concentration and
temperatures of the exhaust gas [2-4]. Several studies have been recently carried out to investigate the
possibility to increase NOx removal efficiency by the inclusion of TiO2 to the discharge reactor [7-11].
The results were contradicting as in some studies remarkable improvement was achieved with the use
of TiO2 [7-8] while in other studies the effect of TiO2 was negligible or detrimental [9]. Our own
studies carried out at room temperature with various mixtures of NO, N2 and O2 demonstrated that the
TiO2 powder coating increased removal of NO only for a short time [10-11]. In addition, the coating of
TiO2 affected the results only at specific input energies (SIE) values where the DBD discharge alone
was able to oxidize almost all NO [10-11]. The proposed reason for such time dependent removal of
NO was initial adsorption of NOx species on the oxygen activated TiO2 surface until the active sites
were diminished.
At higher temperatures, the efficiency of NO removal by DBD discharge decreases due to O3
decomposition and backward reaction of NO2 + O → NO + O2 [2]. At the same time, desorption of
NOx species from TiO2 surface is expected to increase at higher temperatures [12]. Thus, higher
amount of active sites should be available on the surface and the removal of NO by the TiO2 should
improve. As a result, at higher temperatures, the effect of TiO2 should be more pronounced. Presence
of water vapor in the exhaust gas can also change the reaction routes for NO oxidation both in the
discharge and on the surface [1-2,12].
Present study was carried out to investigate the effect of temperature and water vapor on NO removal
by DBD and TiO2. In addition, the role of plasma-created oxygen species in the improved NO
oxidation ability of TiO2 was further examined.

2. Experimental
All experiments were carried out at atmospheric pressures. The inlet mixture was prepared from 450
ppm NO in N2 and from dry air by the use of flow controllers. For the addition of water vapor, the
mixture was led through a bubbler with H2O at room temperature (22 °C) resulting in 2 % of water in
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the mixture of humid air. The inlet mixture had usually about 200-225 ppm NO and 10 % O2. The
flow rate was 1 l/min unless stated otherwise.
A coaxial DBD reactor with discharge gap of 0.7 mm, similar to the one described in our earlier work
[10] was used for the production of discharge. During heating experiments, the DBD reactor was
placed in an electrically heated oven. The inlet mixture was also heated before entering the discharge
reactor. Commercial Degussa P25 TiO2 powder mixed in water was pressed on the inner electrode of
reactor. The mass of resulting TiO2 coating was approximately 10 mg/cm2.
The specific input energy (SIE) was determined from the recorded Lissajous figures similarly with our
earlier experiments [10].
Concentrations of NOx, HNO3 and O3 were measured at the outlet of DBD reactor by the optical
absorption spectroscopy (OAS) method. The measurement setup consisted from a deuterium lamp
(DDS-30), an absorption cell with the length of 30 cm and from Ocean Optics USB4000 spectrometer
of 0.7 nm resolution. The wavelengths from 200 to 445 nm were used for the determination of various
species. To determine the NO concentration, a calibration curve was obtained by mixing 450 ppm NO
in N2 balance gas and pure N2 with various ratios and measuring the intensity of absorption band at
215 nm. The concentration of other NOx species and ozone were determined by using the absorption
cross section values from literature [13-14].

3. Results
Effect of temperature
In the case of mixture with 10 % of O2, and 220 ppm of NO in N2, at room temperature almost all NO
was converted to NO2 and/or N2O5 at SIE values higher than 100 J/L [10-11]. Figure 1 shows that at
reactor temperature of 100 °C, the amount of NO in the outlet was considerably higher (about 150
ppm). In addition, the growth of SIE did not result in improved conversion of NO (Fig. 1a) and outlet
NO concentration even increased with increasing SIE (Fig. 1a).

Fig. 1. The outlet concentration of NO and NO2 as a function of SIE with and without TiO2 coating at
100°C (a) – in the case of dry air and (b) in the presence of water vapor. In the latter case, the
concentration of HNO3 is also shown.
Similarly to the measurements carried out at room temperature, the presence of TiO2 coating resulted
in decreased NO concentration at the beginning of reactors work (Fig. 2a). At SIE values above 150
J/L, all NO was removed from the outlet gas at the beginning of reactors work. The outlet
concentration started to increase almost immediately after reaching minimum value and reached a
constant value after a few minutes. Higher values of SIE resulted in the growth of the final value of
NO (Fig. 2a).
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Fig. 2. The time dependent effect of TiO2 coating on (a) – the outlet NO concentration at various SIE
values and (b) – various NOx species and ozone at SIE value of 300 J/L(NO – black solid line, NO2 –
grey solid line, N2O5 – black dash-dot line, O3 – dark grey dashed line). The reactor temperature was
100°C.
The time-dependence of the concentration of various NOx species and O3 in the outlet gas is shown in
the figure 2b. Again, the main features were similar to those at the room temperature [11]. When the
NO was absent at the outlet gas, the O3 appeared. A rapid decay of the outlet O3 concentration took
place with the same rate as the NO2 concentration grew (Fig. 2b). After the disappearance of O3, the
NO appeared in the outlet and NO2 concentration increased slowly.
The effect of TiO2 coating on the NO conversion to NO2 and N2O5 at varying SIE values after 3
minutes of reactor work is shown in Figure 1a. Even after 3 minutes, the TiO2 had remarkable effect
on NO oxidation as the outlet NO concentration was more than 50 ppm (25 %) below the value
corresponding to reactor without TiO2. The concentration of NO2 increased by same value. Thus, at
100°C the oxidation was enhanced in the presence of TiO2 whereas at lower temperatures, there was
no enhancement of NO oxidation after few minutes.
Effect of H2O
Adding of H2O to the inlet mixture caused a considerably lowering of outlet NO concentrations even
without TiO2 (Fig. 1a and 1b). Besides, HNO3 appeared in the outlet (Fig. 1b). When the TiO2 coating
was present, concentrations of NO, NO2 and NO3 were again time-dependent (Fig. 3). Compared to
the case without water vapor, the increase of the outlet NO concentration was much slower and the
NO concentration after 3 minutes was considerably lower. The dependence of final NO concentration
on SIE remained also smaller.

Fig. 3. The time dependent effect of TiO2 coating on (a) – the outlet NO concentration at various SIE
values and (b) – various NOx species and ozone at SIE value of 300 J/L (NO – black solid line, NO2 –
grey solid line, N2O5 – black dash-dot line, O3 – dark grey dashed line). The reactor temperature was
100°C.
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Effect of O2 pretreatment
Before introducing NO containing mixtures to the reactor, the TiO2 surface was influenced by
discharge ignited in oxygen. The experiments were carried out either at a fixed SIE value (about 200
J/L) but increasing time of the oxygen plasma treatment (1 to 10 minutes) or at a fixed treatment time
(5 minutes) and varying SIE values (90-300 J/L). After oxygen plasma treatment and without
switching on discharge, mixture with 220 ppm of NO in N2 was directed to the reactor. As a result, a
considerable amount of NO2 appeared in the outlet (Fig. 4a). Besides, NO concentration increased
more slowly compared to the case when no oxygen plasma treatment was used. The maximum
concentration of NO2 increased with increasing SIE values of oxygen plasma treatment (Fig. 4a) and
with increasing treatment time (not shown). In addition, the effect of the oxygen plasma treatment
remained same even when the time interval between the end of plasma treatment and introduction of
the NO:N2 mixture to the reactor was 10 minutes. In the case of the oxygen plasma treatment of the
reactor without TiO2 coating, the NO2 did not appear in outlet when NO:N2 mixture was directed to
the reactor. In addition, without ignition of the discharge, the treatment of reactor by O2 gas had also
no effect even at the presence of TiO2 coating.

Fig. 4. a – time dependence of outlet NO2 concentration after NO was directed to the reactor with TiO2
coating which was previously treated by oxygen plasma at different SIE values. b – efficiency of NO
removal at different conditions when the temperature was 100°C. Black empty and filled circles
correspond to dry mixture in reactor with and without TiO2 coating whereas grey empty and filled
squares correspond to H2O containing mixture in reactor with and without TiO2 coating respectively.
The efficiency of NO removal from dry mixture without TiO2 coating at room temperature is marked
by dashed black line.

4. Discussion
Expectedly, the oxidation ability of discharge decreased at higher temperature. Increased SIE values
also decreased the NO oxidation (Fig. 2a). The effect can be caused by the backward reaction of NO
from NO2 and increased production of NOx species in the plasma at high temperatures: when the
reactor temperature was increased to 150°C, the net amount of NOx species in the outlet was clearly
higher than the inlet concentration of NO. The use of TiO2 coating allowed to decrease the negative
effect of temperature.
The efficiency of NO removal, G, was calculated by dividing the removed NO with the specific input
energy: G = ΔNO/(2.5⋅SIE) (Fig. 4b). The efficiency decreased rapidly with the increase of SIE values.
At room temperature and at SIE values below 100 J/L, the TiO2 coating had no effect to efficiency [10]
while at 100°C, the NO removal efficiency was almost doubled by TiO2. The effect of TiO2 coating
was especially important at low SIE values and below 100 J/L the efficiency of NO removal
approached the efficiency obtained at room temperature. Thus, the TiO2 coating allowed to maintain
the oxidation efficiency of plasma at higher temperatures.
The tests with oxygen plasma pretreatment demonstrated that oxygen species are created in the
discharge and these species were accumulated on the TiO2 surface for relatively long time (at least 10
minutes). Directing NO containing mixture to the reactor, the adsorbed oxygen species at the TiO2
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surface oxidized NO and some of the oxidized NO desorbed from the surface in the form of NO2. At
higher SIE values of oxygen plasma there were more oxygen species and higher amount of NO was
oxidized.
These results obtained from experiments with oxygen plasma treatment are also consistent with trends
presented in Fig. 2 where the presence of TiO2 coating increased the removal of NO by discharge at
higher energy densities. After the surface was partially covered with the reaction products, the
desorption of these species determined the net effect of TiO2. This depends apparently mostly on the
temperature as the additional effect of TiO2 was approximately the same at varying SIE values
(Fig. 2a).
The presence of H2O also improved the removal of NO. Without TiO2, the amount of NO2 created in
the discharge was same as in dry mixture, whereas the HNO3 appeared only at higher SIE values
(Fig. 3a). Most likely reason for the increased removal of NO was the reaction NO + OH → HNO2
whereas HNO2 was not detectable with the current measurement setup. In the presence of TiO2, the
concentrations of NO2 and HNO3 were same as without TiO2, while the NO concentration was even
smaller. Thus, additional HNO2 was probably created on TiO2.

5. Conclusions
TiO2 coating in the DBD reactor was found to be useful for maintaining the oxidation ability of plasma
at higher temperatures, where the discharge alone was not able to efficiently oxidize the NO.
The presence of H2O increased the removal of NO by creating HNOx species in addition to NO2 and
N2O5.
The increased oxidation ability of NO in the presence of TiO2 coating was shown to be the result of
absorbed oxygen species created in the discharge.
The long-term effect of TiO2 is apparently determined by the desorption kinetics of reaction products.
Acknowledgements. The authors are thankful to the INTERREG BSR program project “PlasTEP” for
supporting these studies.
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The plasma-catalytic system was tested for the mixture of methane and CO2 conversion at the
pressure of 1.2 bar with a dielectric barrier discharge (DBD) reactor powered at the frequency of
about 6 kHz. Molar ratio [CO2]:[CH4] in the inlet gas mixtures (CH4+CO2+Ar) was 1. Three kinds
of packing were selected for this experiment: 1) Fe/Al2O3), 2) zeolites NaY and Na-ZSM-5 (Süd
Chemie) and 3) Cu-ZSM-5. The effects of temperature (130 – 340 OC), gas flow rate on the
conversion were studied. Hydrogen, carbon oxide, hydrocarbons (ethane, ethylene+acetylene
fraction, propane, propylene, n-butane, and i-butane), and alcohols (methanol and ethanol) were
identified in the outlet gas. Using the plasma + Fe/Al2O3 catalysts system led to obtaining
hydrogen, carbon oxide, hydrocarbons and alcohols (methanol and ethanol). The conversion of
methane to methanol with Na-ZSM-5 and Cu-ZSM-5 catalysts was not observed. In the plasma –
Na-ZSM-5 system aromatic hydrocarbons (methylo- dimethylo- and trimethylo- naphthalene) and
a larger amount of i-butane was observed in the outlet gas. With the Na-ZSM-5 catalyst, the
overall methane conversion was 47% and 66% and the methane conversion to C2-C4
hydrocarbons reached 20% and 16% for gas flow rate 2 and 1Nl/h respectively.

1. Introduction
The conversion of methane with carbon dioxide has become the object of wide studies in the direct
synthesis of higher hydrocarbons, liquid fuels, as well as important oxygenates, such as methanol,
formaldehyde etc. Nowadays hybrid systems, in which the action of non-equilibrium plasma is
combined with a catalyst accelerating the selected reactions between the active gas species at low
temperatures is regarded as a new way for a profitable production of valuable chemicals, such as
unsaturated hydrocarbons, aromatics, oxygenates. Among a variety of plasma techniques, corona and
dielectric barrier discharges (DBD) proved their usefulness in these experiments. When using these
kinds of discharges, it is easy to fill the entire discharge space with a bed of catalyst particles. Owing
to the proper reaction volume configuration, the time span between active species generation by
plasma and their contact with active centers of a solid catalyst may be minimized. The role of catalysts
in such hybrid systems is specific. Short living active species produced by plasma (excited molecules,
radicals, ions) are involved in the reactions induced by the catalyst. Owing to the high rate of this kind
of reactions, they proceed mostly on the active centres placed at the external surface of catalyst
particles. The hybrid plasma-catalytic systems basing on gliding, DBD and corona discharges were the
object of numerous studies [1-8].

2. Experimental Section
Three groups of packing were selected for this experiment: 1) Fe/Al2O3), 2) zeolites NaY and NaZSM-5 (Süd Chemie) and 3) Cu-ZSM-5 prepared by Cu2+ exchange of a Na-ZSM-5 zeolite. In order
to obtain Fe/Al2O3 commercial alumina-ceramic carrier (1.0 – 2.0 mm in size) were impregnated with
aqueous solutions of ferric nitrate, dried and calcined and reduced with hydrogen at 400°C.
A quartz-glass reactor with an internal diameter of 26 mm was used with the inner high-voltage
electrode made of aluminum (Fig. 1). The discharge gap between this electrode and the quartz tube,
used as the dielectric barrier, was about 3 mm wide. The grounded electrode was made from silverpaste deposited on the outer surface of the quartz tube. The reactor was powered by the frequency of
about 6 kHz and was operated at the pressure of 1.2 bar. The temperature was controlled by the outer
electrical heater and was measured with a thermocouple at the surface of the reactor wall. The reactors
were powered by a pulsed electric system (Fig. 2). Electric parameters (voltage and current) were
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measured using Tektronix TDS 3032. The portion of 80 ml of the catalyst was packed into the reactor
discharge gap.
Fig. 1. Reactor for methane conversion in plasmacatalytic system. 1 – gas inlet, 2 – quartz tube, 3 – high
voltage electrode, 4 – grounded electrode,
5 – thermocouple, 6 – discharge gap (0.3 mm),
7 – heater, 8 – gas outlet.

Fig. 2. Electric circuit for the dielectric barrier discharge reactor. 1 – autotransformer, 2 – transformer,
3 – reactor, 4 – oscilloscope Tektronix – TDS3032, S – high voltage electrode. A – ammeter, V –
voltmeter, W – wattmeter.
Methane 99.5%, carbon dioxide 99.99%, and argon 99.999% were the components of the feeding gas
mixtures. The gas flow rates were controlled by mass controllers. The components of inlet and outlet
gases were determined by chromatographic method (GC Agilent 6890N Instrument The share of other
products, i.e. higher than C4 and that of non-volatile products, mainly soot, were computed from the
carbon balance.

3. Results
Three kinds of packing were selected for this experiment: 1) Fe/Al2O3), 2) zeolites NaY and Na-ZSM5 (Süd Chemie) and 3) Cu-ZSM-5. The effects of temperature (130 – 340 OC), gas flow rate on the
conversion efficiency were studied. The gaseous products (obtained at 2400C) determined by
chromatographic analysis are specified in Table 1.
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Tab. 1. Conversion of methane and CO2 in plasma – catalytic conditions. Initial argon concentration
was 50%. Molar ratio CH4:CO2 = 1
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1.75

0.26

6.57 15.10 1.31

0.26

1.34

0.26 0.00 12.9

NaY

36.3 14.0 5.44

2.85

1.24

0.00

6.16 15.41 0.90

0.21

0.95

0.48 0.38 18.1

Na-ZSM-5

52.0 31.3 8.60

4.34

1.50

0.00

3.91 17.00 0.13

0.00

1.76

0.38 1.30 31.6

homogeneus 59.4 39.6 9.41

5.14

2.01

3.65 26.56 25.06 0.45

0.25

2.58

0.42 0.00 35.5

12.6

Al2O3

54.7 34.6 9.69

5.21

2.14

1.12 23.38 22.51 0.52

0.26

2.00

0.26 0.00 33.5

Fe/Al2O3

45.9 20.4 9.06

5.38

2.18

0.76 13.55 20.83 1.34

0.31

1.79

0.27 0.00 11.2

NaY

48.7 19.3 5.71

2.72

1.24

0.00 10.26 21.22 0.76

0.20

0.91

0.32 0.36 26.6

Na-ZSM-5

65.1 40.1 6.68

3.64

1.25

0.00

4.17 21.26 0.08

0.00

1.63

0.32 1.17 47.4

Cu-ZSM-5

66.9 42.8 6.60

3.82

1.49

0.08

5.48 20.85 0.21

0.08

1.83

0.22 1.69 47.0

These were: hydrogen, carbon oxide, hydrocarbons (ethane, fraction composed of ethylene +
acetylene, propane, propylene, n-butane, and i-butane), and alcohols (methanol and ethanol). Among
the organic products, ethane was dominant over the entire parameter ranges under examination. During
the reaction run, non-volatile products (coke, macromolecular substances) formed a thin but visible
film of deposit on the quartz dielectric barrier and metal electrode surfaces.
The effects of reactor packing.
Comparing the products generated with the Fe/Al2O3, NaY, Na-ZSM-5 and Cu-ZSM-5 packing to
these without packing, only few changes could be noticed (Fig. 3 A and B, Table1). Using the plasma
+ Fe/Al2O3 catalysts system led to obtaining hydrogen, carbon oxide, hydrocarbons and alcohols
(methanol and ethanol). The conversion of methane to methanol with Na-uZSM-5 and Cu-ZSM-5
catalysts was not observed. With Na-ZSM-5 and Cu-ZSM-5 packing the higher conversion of methane
to i-butane and higher overall conversion of methane and CO2 was observed. With the Na-ZSM-5
catalyst, the overall methane conversion was 47% and 66% and the methane conversion to C2-C4
hydrocarbons reached 20% and 16% for gas flow rate 2 and 1Nl/h respectively.
The hydrocarbons (above 4C) with Cu-ZSM-5 zeolites was higher than that with other catalysts.
The effect of gas flow rate
The conversion of both reagents CH4 and CO2 to the main organic products was similar when the gas
flow rate was increased from 1 to 2 Nl/h (at [CO2]:[CH4] = 1), initial argon concentration was 50%.
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Amounts of H2 and CO in the outlet gas decreased when the gas flow rate increased from 1 to 2 Nl/h
(Table 1).

Fig. 3. Effect of catalyst on overall conversion of methane and CO2 to other unknown substances (A)
and conversion of methane to hydrocarbons (B). Gas flow rate – 2 Nl/h, molar ratio [CO2]:[CH4] = 1,
temperature 240OC, initial argon concentration 50%.
The effect of temperature (over the range of 130 – 340 OC; Fig. 4A, 4B and 4C).
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Fig. 4. Effect of temperature on overall conversion of methane and CO2 A - Fe/Al2O3, B – NaY,
C – Na – ZSM-5. Gas flow rate – 2 Nl/h, molar ratio [CO2]:[CH4] = 1.
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The temperature did not affect the overall methane conversion with Fe/Al2O3, and zeolites NaY,
however with Na-ZSM-5 zeolite the increase of methane conversion to C2-4 was observed. At 340oC
in the product of the reaction methylo phenols (mainly dimethylo- phenols) was observed.

4. Summary
The conversion of methane with CO2 was effectively conducted in a hybrid plasma-catalytic system
with the use of a DBD reactor operated at the pressure of 1.2 bar over the temperature range of 130 –
340 OC. Hydrogen, carbon oxide, hydrocarbons (ethane, fraction composed of ethylene + acetylene,
propane, propylene, n-butane, and i-butane), and alcohols (methanol and ethanol) were found in the
outlet stream over the entire rage of process conditions. Ethane was the main component among the
organic products. With the Na-ZSM-5 catalyst a liquid of methylo phenols were produced. The most
effective among the tested kinds of packing. was Na-ZSM-5 catalyst. With this catalyst, the overall
methane conversion and the conversion to C2-4 was higher than with others packing. With Fe/Al2O3
and NaY effect of temperature and gas flow rate on conversion of methane and CO2 was not

observed.
Acknowledgements. This work was financially supported by ERA-NET CHEMISTRY (Decision nr
139/ERA-NET/2008)
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Novel high power DC diaphragm underwater discharge apparatus for decontamination and
disinfection of water has been developed. The effects of input power, solution conductivity and
method of liquid flowing through the reactor on H2O2 production, inactivation of bacteria E. coli
and E. faecalis and algae Planktothrix sp. have been determined. It was shown that the apparatus is
capable to treat relatively large volume of liquid and efficiently reduce biological contamination in
water, especially when the diaphragm discharge reactor is operated in the plug-flow regime.

1. Introduction
Electrical discharges generated directly in water have been demonstrated to initiate a variety of
chemical and physical effects, which have been shown to be effective at degrading a variety of organic
compounds and also in the inactivation and destruction of microorganisms in water. Since very highlocalized electric field of the order of 1 MV/cm is needed for electrical breakdown of water, the pulsed
high voltage and electric field enhancing electrode systems are often used to generate electrical
discharge in water [1]. However, from technological and application point of view the need of pulsed
high voltage brings cost and complexity disadvantages of these systems. In addition, only small
volume of discharge is often generated by such types of electrode configurations, which limits the
efficiency of these systems.
In this work we present novel apparatus for generation of underwater plasma based on DC diaphragm
discharge. The apparatus is operated at the pulse regime although it is charged by DC power supply
since pulses are generated by physical processes in the device, and allows deposition relatively high
applied power into the discharge (order of kW) [2]. Physical processes induced by the expansion of
the discharge from the connecting hole into the surrounding water accelerate transport chemically
active species generated by the discharge in the direction of connecting hole axis and their penetration
into large volume of treated water. This is significant improvement compared to the previously
reported similar systems based on pinhole (diaphragm) or capillary discharge [3-10]. These systems,
although charged also mainly by DC (or AC) voltage, however, face problems with their electrical
arrangement and wear problems associated with the pinhole in diaphragm layer, which permit
deposition only low power into the discharge (order of 10s to 100s of Watts). Thus, only small volume
of generated plasma, narrow range of operating conditions and lifetime of the diaphragm is very
limiting factor in these systems.
The presented DC diaphragm discharge apparatus seeks to solve these limitations. Details of the
discharge reactor are described. Performance of the apparatus is evaluated in dependence on the
applied power and the solution conductivity using H2O2 as a probe of plasmachemical activity of
diaphragm discharge. Biocidal effects of this system are demonstrated on inactivation of bacteria E.
coli and E. faecalis, and on the growth inhibition of freshwater cyanobacterium Planktothrix sp.

2. Experimental
Figure 1 shows the scheme of the high power DC diaphragm disharge apparatus used in this work.
Two chambers (1,2) provided with inlet (3) and outlet (4) ports are filled with aqueous solution and
separated from each other by dielectric diaphragm (7). Electrodes (5,6), one grounded and second
connected to the DC high voltage power source (10), are placed in chambers (1,2). High voltage
capacitor (11) is connected in parallel to the DC power supply (10) to lower its output impedance.
Chambers (1,2) are connected through a connecting hole (9), which is lined with ceramic material (8).
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Fig. 1. Experimental setup.
By proper choosing of connecting hole dimensions (its length and diameter) it is possible to establish
in the connecting hole (9) an electrical current of sufficient density needed for evaporation of small
amount of liquid. Created inhomogeneity allows electrical breakdown of water and an initiation of
electrical discharge inside of the connecting hole, which strongly expands into the relatively large
volume of surrounding water on both sides of the connecting hole, i.e. discharge of the positive and
the negative polarity is generated simultaneously (see Figure 2 showing picture of the underwater
plasma generated by the present apparatus). Expansion of the discharge leads to the termination of
conditions required for existence of the discharge and to the interruption of the discharge current
between electrodes. After the end of this process connecting hole begins to fill back with water and all
process is repeated. The power input used in this work was typically 2 kW (with the applied voltage of
6 kV). Capacitance of high voltage capacitor (11) was of 200 nF.

Fig. 2. Photograph of underwater DC diaphragm discharge. Views from positive (A) and negative (B)
polarity side of diaphragm.
The biocidal effects of the experimental apparatus were evaluated on bacteria Escherichia coli CCM
3954 (ATCC 25922) and Enterococcus faecalis CCM 4224 (ATCC 29212). Bacterial suspensions
were prepared by preculturing the bacteria cells in the growth medium and then dispersed in NaCl
solutions with final solution conductivity of 300 or 500 µS/cm. The discharge chamber was filled with
a suspension of bacteria that was circulated through the reactor using a diaphragm liquid pump with
the flow rate of 1 L/min. Total volume of bacterial suspension was 6 L. In the case of plug-flow
experiments (i.e., without re-circulation of the bacteria suspension back into the discharge reactor) the
initial volume of bacterial suspension was 20 L, which was used in aliquot volume parts in three
subsequent experiments. The treated liquid was cooled to maintain isothermal conditions of about
23ºC. Number of bacteria cells in the liquid suspension was assayed by counting colony forming units
(CFUs) cultivated on agar plates. The initial amount of bacteria was about 105 CFU/mL in all
experiments performed in this study. The viability of the bacteria was determined as the ratio of the
concentration of surviving bacteria to the total concentration. Effects of DC diaphragm discharge on
cyanobacterium Planktothrix sp. was assayed using algal growth inhibition test. Aqueous solutions of
Planktothrix sp. were prepared from freshwater and cyanobacteria biomass taken from Plumlov water
reservoir, Czech Republic. Total volume of cyanobacteria solution was 20 L. Experiments were
performed by the same procedure as with E. coli and E. faecalis. The initial conductivity of
cyanobacterial solutions was 285 µS/cm. The inhibition of cyanobacterium growth by the discharge
was evaluated by measuring the cell density of discharge-exposed cyanobacteria cells against the
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unexposed control cultures at 24, 72 and 120 hr after treatment by the discharge. The concentration of
H2O2 was determined colorimetrically using the reaction of H2O2 with titanyl ions measuring
absorbance of the peroxotitanium (IV) complex at 410 nm.

3. Results and discussion
It is generally accepted that electrical breakdown of water (i.e. discharge formation) proceeds in
diaphragm (or capillary) kind of reactor geometries by thermal process when sufficiently high predischarge current in the liquid causes strong heating in the small hole or the narrow capillary, inducing
formation of vapour bubble inside the diaphragm (capillary) and its subsequent breakdown.
Apparently, in such mechanism power input is one of the most important parameters but also solution
conductivity (which determines the resistance of water and thus electrical current needed for liquid
heating and bubble creation inside the diaphragm) and diameter and length of the diaphragm hole or
the capillary (which affects the bubble dynamics and the properties of the discharge). Therefore,
performance of the present DC diaphragm discharge apparatus was evaluated in dependence on the
applied power and the solution conductivity. Hydrogen peroxide was used as a probe of
plasmachemical activity of diaphragm discharge in these experiments since H2O2 is one of the major
chemical products of the underwater discharges. It should be also noted that the amounts of H2O2
presented in this work are in all experiments the sum of H2O2 productions obtained by diaphragm
discharge in both chambers (i.e., produced by positive and negative polarity discharge simultaneously).

Fig. 3. a) Effect of applied power input on the energy yield of H2O2 produced by diaphragm discharge.
b) Effect of solution conductivity on the production of H2O2 by diaphragm discharge (power 2 kW).
Figure 3a shows the production of H2O2 by the diaphragm discharge in water (aqueous solutions of
NaCl with the conductivity of 200-500 µS/cm) in dependence on the applied power input in the range
of 500-2500 W (expressed in energy yields GH2O2). It is apparent that the yield of H2O2 increased
linearly with the increasing power input with the maximum yield of 0.51 g H2O2/kWh for the highest
applied power of 2.5 kW. Similar result was reported also for AC capillary discharge in [6], however,
this is quite different result compared to the dependence of H2O2 energy yields on applied power,
which is typically observed for the production of H2O2 by the pulsed corona discharge in water giving
the GH2O2 independent of the power input [11]. The reason for this difference lies most likely in the
different mechanism of electrical breakdown of water between these two types of underwater
discharges, i.e. higher power applied into the liquid in the diaphragm reactor advances thermal effects
inside the hole (capillary) and, thus, bubble formation and electrical breakdown.
On the other hand, it was found that solution conductivity had very negligible effect on the production
of hydrogen peroxide under fixed applied power input. Figure 3b shows the production of H2O2 by
diaphragm discharge generated in NaCl solutions with the conductivity of 285, 350 and 500 µS/cm
and power input of 2 kW. This is also different result compared to the strong decrease of H2O2
production with the increasing solution conductivity observed in pulsed corona discharges [12], which
might be again related with different breakdown mechanism and propagation of discharge in water.
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Fig. 4. Bacterial inactivation of E. coli (a) and E. faecalis (b) in diaphragm discharge reactor operated
in continuous regime (NaCl solutions 300 and 500 µS/cm, treated volume 6 L, power input 2 kW).
The biocidal effects of the DC diaphragm discharge apparatus were evaluated on bacteria Escherichia
coli and Enterococcus faecalis. Figure 4 shows inactivation of E. coli and E. faecalis as a function of
discharge treatment time in NaCl solutions with the conductivity of 300 and 500 µS/cm and power
input of 2 kW. Gradual decrease in number of survival bacteria was observed with increasing time of
discharge treatment for both types of bacteria since amount of bacteria decreased somewhat faster in
conductivity of 500 μS/cm compared to 300 μS/cm. 4 to 5-log reduction in number of bacteria was
obtained in 6 L volume solution within 15-20 min. The higher efficiency of bacterial inactivation with
increasing solution conductivity might be partly related with increasing contribution of UV light
radiation emitted from the discharge similarly as it was reported for pulsed corona discharge in [12].

Fig. 5. Bacterial inactivation of E. coli and E. faecalis in NaCl solutions of 300 µS/cm (a) and
500 µS/cm (b) by diaphragm discharge reactor operated in plug-flow regime (power input 2 kW).
From viewpoint of potential use of underwater plasma technology for biological decontamination of
water in the real applications it was interesting to evaluate the inactivation efficiency of the present
discharge apparatus when operated in plug-flow regime (i.e., without re-circulation of the bacteria suspension back into the discharge reactor using initial liquid volume of 20 L). Figure 5 shows inactivation of E. coli and E. faecalis in dependence on number of passes treated bacterial suspension through
the discharge reactor. As expected, the bacterial inactivation increased with the number of passes
through the reactor. However, 4 to 5-log reduction in number of bacteria was attained already after 3
passes through the reactor compared to 15-20 min in continuous regime (Fig. 4). Thus, using of
several discharge setups coupled in series seems to be option to enhance time and energy efficiency
and treated liquid volume capacity of the underwater plasma technology in environmental applications.
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Fig. 6. a) Growth inhibition of Planktothrix sp. after exposure to diaphragm discharge; b) H2O2 production as function of number of passes through the reactor (freshwater 285 µS/cm, power input 2 kW)
Another advantage to operate diaphragm discharge reactor in plug-flow regime is shown in Figure 6a,
which presents an effect of diaphragm discharge on growth inhibition of cyanobacteria Planktothrix sp.
in dependence on the number of passes through the reactor. Immediate inhibition of cyanobacteria
increased with the number of passes through the discharge (similarly to the results obtained for E. coli
and E. faecalis in Fig. 5). However, Fig. 6a shows that growth inhibition of algae further proceeded in
next days after the exposure to the discharge and the same degree of inhibition was eventually attained
after one pass as after two passes of biomass through the reactor. Various mechanisms might be involved in such prolonged growth inhibition of cyanobacteria (mainly caused by rupture of intracellular
gas vacuoles in algae cells by physical effects induced by the discharge and/or by oxidative stress and
damage of cells by reactive oxygen chemical species produced by the discharge – either by radicals or
by long lived species such as H2O2, which production measured under the same experimental
conditions is showed at Fig. 6b). Nevertheless, it is seems that for growth inhibition of cyanobacteria
one pass of the biomass though the discharge would be sufficient, which is very promising result.

4. Conclusions
Novel high power DC diaphragm underwater discharge apparatus for decontamination and
disinfection of water has been developed. It was shown that the apparatus is capable to treat relatively
large volume of liquid and efficiently reduce biological contamination in water especially when the
diaphragm discharge reactor is operated in the plug-flow regime.
Acknowledgement. Work was supported by the Grant Agency of AS CR (project No.
IAAX00430802) and Ministry of Education, Youth and Sports (No. MEB0810116).
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Two prototype reactors were developed and tested for water purification, in which dielectric
barrier discharges are applied in air above the solution to be treated. Phenol was used as a model
organic pollutant to characterize these non-thermal plasma induced advanced oxidation processes
Diagnostics included monitoring of pH and conductivity, analyses by HPLC with UV and MS
detectors, ion chromatography, FT-IR, as well as specific mechanistic probes to reveal and
quantify highly reactive oxidizing species produced in these systems.

1. Introduction
The application of electrical discharges for water purification into [see for example 1-4] and above
aqueous solutions [see for example 5-8] is being proposed and developed as a means to perform
advanced oxidation of organic pollutants in waters. Hybrid reactors, which utilize both gas phase nonthermal plasma formed above the water solution and direct liquid phase corona-like discharge in the
water, have also been developed [9]. Other types of reactor include systems in which the solution to be
treated is supplied into the discharge zone as an aerosol [10] or as a falling-water film [11,12], in order
to optimize the transfer of the reactive species.
Many different parameters affect the discharge induced oxidation of the organic compounds
depending on the specific experimental configuration employed [3]. In particular, initiation of a
discharge in water requires a certain initial conductivity, generally of a few of μS/cm. On the other
hand, a high conductivity (> 400 μS/cm) makes streamers shorter and reduces the production of
radicals [1]. Thus, a high conductivity affects negatively the efficiency of removal of organic
compounds from the solution. For example, Mizeraczyk et al. [4] compared the removal of phenol in
distilled water (1 μS/cm), in water containing NaCl (200 μS/cm) and in tap water (600 μS/cm) and
found a significant decrease in the efficiency of the process, with phenol in tap water being not
decomposed at all. As tap water was used as a model for the application of the process to drinking
water and wastewater purification, we undertook a similar investigation by using DBD reactors in
which the discharge is applied above the solution. In these systems it is expected that the water
conductivity should not affect the discharge voltage and the production rate of radicals in the gas
above the solution [13].

2. Experimental Part
Materials
Phenol, substituted phenols, muconic acids and other oxidation intermediates, coumarin 3-carboxylic
acid (97%), 7-hydroxycoumarin carboxylic acid (98%) and other chemicals were commercial samples
of reagent grade purity. Ultrapure grade water (milliQ water) was obtained by filtration of deionized
water with a Millipore system. Gases (pure air, i.e. a synthetic mixture of 80% nitrogen and 20%
oxygen, CO2 and CO standards) were purchased from Air Liquide.
Apparatus
Most of the experiments described in this paper were performed with the first reactor developed, the
“2-wires reactor” (Fig. 1a). It consists of a glass vessel (internal dimensions 95x75 mm and 60 mm
height) closed by a teflon cover with four passing electrodes of stainless steel which support two
parallel wires of 75 mm length and 0.15 mm diameter fixed upon their tips. The wires, made of
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stainless steel, are placed at a distance of 38 mm between each other and are kept above the aqueous
solution. The outside surface of the reactor base is covered with a film of silver and connected to a
grounded plate. The reactor is powered with an AC high voltage transformer with 16.5-18 kV and a
frequency of 50 Hz. A flow of air of 30 mL⋅min-1 is swept through the reactor above the solution and
the discharge occurs in the gas phase above the liquid surface. To minimize evaporation phenomena
from the solution, the air is humidified by passing it through a water bubbler placed ahead of the
reactor. During the experiments the electrical power was maintained constant (1.9 W): voltage and
current profiles were monitored with a digital oscilloscope (TDS5032B, bandwidth 350 MHz, sample
rate 5 Gs/s) to assure the reproducibility of the electrical conditions.
air in

air out

(a)

(b)
Wires (HV)
Gas in

sampler

gas

wire

glass vessel

el e ct r od e s
solution

Gas out

Teflon cover

Counter electrode
grounded plate

Fig. 1. Schematics of apparatus: (a) 2-wires reactor and (b) 7-wires reactor.
The second reactor developed (Fig. 1b) is made in two pieces, a base and a cover, both of Plexiglas.
The outside surface of the base is painted with a film of colloidal silver and connected to a grounded
plate. The cover holds in place the active electrodes, seven parallel wires (0.15 mm of diameter and
300 mm length) which are placed at a distance of 18 mm one from the other and fixed to a Teflon
frame which can be moved up and down to vary the distance between the wires and the solution. As in
the first prototype, the cover of the reactor is equipped with entrance and a exit ports for air circulation
and with a sampling port for the withdrawal of samples of the treated solution. The new reactor can be
powered not only with AC but also with DC and pulsed high voltage of either polarity.
Procedures
The decomposition process was monitored by measuring the organic pollutant conversion as a
function of treatment time. To this end, at desired times the discharge was briefly interrupted and a 0.5
mL aliquot of the treated solution was withdrawn and subjected to HPLC analysis (Shimadzu LC10AT pump with a UV-Vis Shimadzu SPD-10 detector, monitoring specifically at 210 and 270 nm).
The fraction of residual pollutant, C/C0 (where C0 and C are the concentrations at time zero and t,
respectively), was plotted against the treatment time and the data were fitted to equation 1 to obtain the
process pseudo first order rate constant, k.
C
= e − k ⋅t
(1)
C0
For the identification of the intermediate products selected samples were analyzed by LC/ESI using an
Agilent Technologies 1100 series HPLC connected to a diode array and a mass spectrometer detector
(MSD SL Trap). The ionization was performed by electrospray (ESI) source alternating positive and
negative polarity The assignment of the intermediate products was confirmed by comparison with
standards. The sampled solution was also analyzed by ion chromatography (Dionex Series 4000),
using a Dionex IonPac AS4A-SC 2 mm (i.d.) x 250 mm column, a mixture of 1.7 mM sodium
bicarbonate and 1.8 mM sodium carbonate as eluent and an electrochemical self-regenerating ULTRA
II suppressor. pH and conductivity of the initial and final solutions were monitored during the
experiments with a pH meter Metrohm 827 and a conductometer Metrohm 660. The gas exiting the
reactor was subjected to on line FT-IR analysis (Nicolet 5700) using a 10 cm long flow cell with CaF2
windows. CO2 and CO were quantified by means of calibration of the instrument response using
commercial standard gas mixtures.
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3. Results and Discussion
A first important result obtained with the DBD reactor (Fig. 1a) concerns the greater efficiency of
phenol degradation in tap water with respect to pure deionized (milliQ) water (Fig. 2a). This desirable
outcome is opposite to that found by Mizeraczyk et al. using discharge in water [4].
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Fig. 2. Decomposition of phenol in solutions prepared in: (a) milliQ and tap water; (b) milliQ water
containing FeSO4 (199 μg⋅L-1), NaClO (202 μg⋅L-1), NaHCO3 (4.4 mM) and NaH2PO4/Na2HPO4 (4.4
mM, initial pH=6.9).
The reason for the higher process efficiency in tap water could in principle be due to conductivity, to
specific catalysis by iron ions in Fenton like processes, to residual active chlorine present after
depuration applied to water in Italy to make it drinkable and to buffering of pH by the carbonate
system. The results of experiments performed to test these hypotheses, summarized in Fig. 2b, clearly
show that neither iron ions or hypochlorite ions produce any significant kinetic effect with respect to
milliQ water and that the higher efficiency of phenol oxidation in tap water is to be attributed to the
buffered pH of the solution during the treatment: thus, the rate of the process is virtually the same in
tap water and in aqueous solutions buffered either with NaHCO3, as in tap water, or with the
NaH2PO4/Na2HPO4 system. In contrast, in milliQ water the pH changes from neutrality to acidic
during the discharge treatment due to the production of NOx and consequently of nitric acid.
Preliminary experiments with the new 7-wires reactor confirm the generality of this effect for phenol
oxidation induced by DBD discharges. Table 1 reports efficiency data expressed as energy constants,
kE (L⋅kJ−1), for phenol processing in milliQ and in tap water using the two DBD reactors. It is seen that
in both cases a greater efficiency is obtained in tap than in milliQ water and also that the 7-wires
reactor is more efficient than the 2-wires reactor due an improved design which allows for the
development of a more diffuse plasma extending over the entire surface of the liquid. Experiments are
underway to compare the efficiency of different types of discharge produced in the 7-wires reactor by
DC and pulsed high voltages of either polarity.
Tab. 1. Energy constant, kE (L⋅kJ−1), for treatment of a 5⋅10-4 M phenol solution in milliQ and tap
water in the two DBD reactors used in this work
Reaction medium

102⋅kE (L⋅kJ−1)
2-wires reactor 7-wires reactor

milliQ water

1.0

1.9

Tap water

2.9

3.2

The rate of phenol decomposition also depends on the pollutant initial concentration, C0. Fig. 3a shows
that, within the range explored, the rate constant depends linearly, to a reasonable approximation, on
the reciprocal of C0. A similar situation was observed previously for non-therrmal plasma induced
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oxidation of volatile organic compounds in air and explained in terms of a mechanism of inhibition by
products [14,15].
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Fig. 3. Effect on decomposition rate due to: (a) phenol initial concentration; (b) substituent on phenol
ring.
Besides CO2, which was monitored and quantified by on line FT-IR analysis of the air exiting the
reactor (Fig. 4a), several organic products were detected by HPLC analysis and identified by means of
LC-ESI spectra (Fig. 4b) and comparison of spectra and retention times with authentic samples. These
include dihydroxy benzenes and various organic acids: the time profiles of their concentration in a
typical experiment (Fig. 4c) confirm their role as intermediates in the oxidation of phenol to CO2.
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Fig. 4. Products of phenol oxidation: (a) CO2 determined by on line FT-IR analysis; (b) negative ESIMS spectra and (c) concentration as a function of treatment time of major oxidation intermediates.
Despite their high reactivity these strongly oxidizing environments display remarkable substrate
selectivity. Inspection of a series of substituted phenols showed that the rate constant of oxidation
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2, 0

depends markedly on the type substituent (X) and on its site of substitution (Fig. 3b). A reasonably
good linear correlation is found between log kX/kH and sigma substituent constants, consistent with a
mechanism in which the initial stage of oxidation is the electrophilic attack by the hydroxyl radical.
The concentration of OH radicals in solution was determined using a well-known chemical probe [16],
i.e. its reaction with coumarin 3-carboxylic acid (CCA) to form coumarin 7-hydroxy-3-carboxylic acid,
a fluorescent product. Thus, following the decay of CCA by HPLC/UV-Vis and the formation of 7hydroxy-CCA by fluorescence and using literature data for this reaction, we were able to estimate that,
under our standard plasma treatment conditions in the 2-wires DBD reactor, the amount of OH radical
produced into milliQ water is 4.4•10-4 μmol•s-1[17].
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Decomposition characteristics of benzene, toluene and xylene in a DC corona discharge in an
artificial air at atmospheric pressure are investigated. By-products from benzene, toluene and
xylene are identified by infrared absorption spectroscopy, and the decomposition processes in the
corona discharge are examined. It is found that CO2, CO, HCOOH and HCOOCHO are major
products, and that C2H2, HCN, C4H2O3 and (CHO)2 are minor products, from benzene, toluene and
xylene. It is also found that CH3COOCHO is a major product, and that CH3COOCHO,
H3COOONO2, CH4, HCHO and CH3COCHO are minor products, measured only in the artificial
air containing toluene and xylene. CO2 is found to be a gaseous end product from benzene, toluene
and xylene, and CO, HCOOH, HCOOCHO and CH3COOCHO are major intermediate products,
which tend to be decomposed in the corona discharge; therefore, it is found that benzene, toluene
and xylene are chiefly converted to CO2 via CO, HCOOH, HCOOCHO and CH3COOCHO.

1. Introduction
Since volatile organic compounds (VOCs), such as benzene (C6H6), toluene (C6H5CH3), xylene
(C6H4(CH3)2), etc., are considered to be the cause of suspended particulate matters and photochemical
oxidants, and affect human health by a long time exposure even if those concentrations are very low,
the VOCs in exhaust fumes must be removed or decomposed before those are released into
atmosphere. Conventionally, thermal oxidation, absorption, catalytic oxidation, etc. are used for VOCs
removal, and these techniques are suitable to treat exhaust gases with large flow rate (103 - 105 Nm3/h)
and relatively high concentration (102 - 104 ppm) [1]. The new gas-clean-up techniques using
discharge plasma are applicable for the removal of VOCs with wider range of concentration (1 - 104
ppm) though the applicable flow rate of exhaust gases is relatively low (10-2 - 103 Nm3/h [1]). Further,
active species, which have high oxidation potential, are produced in the discharge plasma [2], and
those enable to decompose non-degradable substances; therefore, effective gas clean-up can be
achieved by using discharge plasma. In recent works concerning the discharge plasma treatment of
VOCs, effects of humidity, gas composition, coupling with catalysis, etc. on decomposition rate and
efficiency are investigated [3]-[6]. However, the examination of VOCs decomposition processes based
on detailed investigation of by-products from VOCs has reported in few papers.
In this work, we investigate the decomposition process of benzene, toluene and xylene in a DC corona
discharge in an artificial air at atmospheric pressure. Gaseous by-products from the VOCs are
identified by infrared absorption spectroscopy, and then decomposition processes of the VOCs are
examined. Discharge plasma generated at atmospheric pressure, such as barrier discharge, pulsed
discharge, corona discharge, etc. have been used for VOCs removal. Especially, streamer corona,
which are generated by the application of a DC high voltage, has large discharge volume as compared
to the other discharges, and the corona discharge is reportedly a suitable technique for VOCs removal
[7]. Therefore, the DC streamer corona discharge is used in this work.

2. Experimental
Fig. 1 shows schematic diagram of experimental apparatus. A multi-needle electrode consisting of
thirteen stainless-steel needles and a plane electrode are placed in a cylindrical discharge chamber,
made of stainless-steel, with 197 mm in inner diameter and 300 mm in height. Each of the needles has
4 mm in diameter and 55 mm in length, and these are arranged in equal interval on a brass plate with
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50 mm in diameter. The plane electrode has 80 mm in diameter and 10 mm in thickness. The distance
between the multi-needle electrode and the plane electrode is fixed at 30 mm, and the plane electrode
and the discharge chamber are earthed.

Fig. 1. Schematic diagram of experimental apparatus
A positive DC high voltage (20-28 kV) is applied to the multi-needle electrode by a DC power supply
(Max-Electronics Co., Ltd., LS40-10), generating a streamer corona discharge between the electrodes
with the discharge current of 0.2 mA. A resistance of 1 MΩ is inserted between the DC power supply
and the multi-needle electrode to stabilise the corona discharge; it also protects the multi-needle
electrode when the corona discharge changes into a spark discharge. The applied voltage is measured
by a high-voltage probe (Tektronix Inc., P6015A) and a discharge current is calculated by a voltage
drop across a non-inductive resistance of 1 kΩ, inserted between the plane electrode and the earth. The
voltage and current are measured by a digital storage oscilloscope (Yokogawa Electric Corp.,
DL1620), and the data are acquired through LabVIEW (National Instruments Corop., version 8.0) into
a personal computer every two seconds. Electrical energy input to the corona discharge is obtained by
the temporal integration of instantaneous electrical power calculated by multiplying the applied
voltage by the discharge current.
Initially, an artificial air, the mixture ratio of which are N2/O2=80/20(%), with 300 ppm of benzene,
toluene or xylene are sealed in the evacuated discharge chamber at 1013 hPa. Gaseous samples are
taken from the discharge chamber before and after the corona discharge, and then the concentrations
of the gaseous samples are measured by infrared absorption spectroscopy using a Fourier-Transform
Infrared Spectrophotometer (Shimadzu Corp., FTIR-8900) equipped with a gas cell (Infrared Analysis
Inc., 10PA), which has an optical path length of 10 m.

3. Results and discussion
Figs. 2(a) and (b) show infrared absorbance spectra of gas samples taken from the discharge chamber
before and after 30 min streamer corona discharge (corresponding to 10 kJ of electrical energy input),
respectively. The absorbance peaks of benzene at 673 and 3068 cm-1 decrease after the corona
discharge, and at the same time, those of by-products, namely, carbon dioxide (CO2; 2349 cm-1),
carbon monoxide (CO; 2143 cm-1), formic acid (HCOOH; 1105 and 1770 cm-1), acetylene (C2H2; 730
cm-1), hydrogen cyanide (HCN; 712 cm-1), ozone (O3; 1042 cm-1) and nitrous oxide (N2O; 2224 cm-1),
are newly observed. Fig. 2(c) shows the residual absorbance spectra that the absorbance peaks of
benzene and the by-products identified above are subtracted from the spectra shown in Fig. 2(b). The
absorbance peaks of formic anhydride (HCOOCHO, abbreviated as FAH; 998, 1105, 1767 and 1822
cm-1) and that of glyoxal (HCOCHO, abbreviated as GLY; 2835 cm-1) are also identified. It is,
therefore, found that CO2, CO, HCOOH, C2H2, HCN, FAH and GLY are gaseous by-products from
benzene in the atmospheric DC corona discharge, and that O3 and N2O are produced from the
background gas.

359

3.0
2.0

C6 H6

1.0
absorbance [a.u.]

C6 H6

(a) before discharge

0.0
3.0
2.0

O3

(b) after discharge : 30 min, 10 kJ

1.0

N2 O
CO2

C6 H6

0.0
1.0
(c) after subtraction
0.5

2900
0.10
0.05

HCOOH

CO

C6 H6 , CO2
C2 H2 ,
HCN

HCOOH

2800
GLY

FAH

FAH

0.00

FAH

0.0
3400

3200

3000

2800

2600

2400

2200

2000

1800

1600

1400

1200

1000

800

600

-1

wavenumber [cm ]

Fig. 2. Infrared absorption spectra before and after discharge in the decomposition of benzene. (a)
before discharge, (b) after discharge (30 min, 10 kJ) and (c) after the subtraction of major peaks
form (b).
Following the Lambert-Beer’s law, the concentrations of gaseous substances can be deduced from the
absorbance measured by the FT-IR, so that working curves, which represent relationship between the
absorbance and the concentration of gaseous substances, for benzene, CO2, CO, HCOOH, C2H2 and
HCN are obtained using standard gases and gas detector tubes. Since the standard gases of FAH and
GLY are not supplied, the concentration of GLY is calculated using absorption coefficient reported by
Pitts et al.,[8] and that of FAH is deduced by the following method.
FAH is known as a by-product when ethylene (C2H4) is decomposed by a streamer corona discharge in
an artificial air at atmospheric pressure. CO2, CO, HCOOH, C2H2 and HCN are the other by-products,
the concentrations of which can be deduced, in the corona discharge; therefore, the concentration of
FAH is deduced from mass balance for carbon atoms. Fig. 3 shows the mass balance for carbon atoms
as a function of input energy, as shown by stacked graph, when C2H4 is decomposed by the
atmospheric pressure corona discharge. The number of carbon atoms contained in gaseous substances
is evaluated in the unit of ppmC, which is calculated by multiplying the number of carbon atoms in
each of the substances by its concentration. Since the initial concentration of C2H4 is 300 ppm, and no
deposit is observed on the electrodes and the wall of the discharge chamber throughout the experiment,
the number of carbon atoms contained in the discharge chamber must be 600 ppmC. In Fig. 3, the sum
of the carbon atoms except for FAH is less than 600 ppmC; therefore, the area between the upper line
of CO2 and the line of 600 ppmC can be regarded as number of carbon atoms in FAH. Fig. 4 shows the
variations in the number of carbon atoms in FAH and the absorbance of FAH, as functions of input
energy in the decomposition of C2H4. Those variations agree well with each other, so that the
relationship between the absorbance and the concentration of FAH is obtained. From the calibration of
FAH concentrations, it is found that CO2, CO, HCOOH and FAH are major by-products, and that
HCN and GLY are minor products, which are the order of ppm.
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Figs. 5(a) and (b) show infrared absorption spectra before and after the corona discharge in toluene
decomposition. The absorbance peaks of toluene at 729 and 3028 cm-1 decrease, and those of CO2, CO,
HCOOH, C2H2, HCN, O3 and N2O, which are shown in benzene decomposition, are also observed. Fig.
5(c) shows the residual absorbance spectra that the peaks of toluene and the by-products identified
above are subtracted from the spectra in Fig. 5(b). The absorbance peaks of FAH, acetic formic
anhydride (CH3COOCHO, abbreviated as AFAH; 1178 and 1795 cm-1) and peroxyacetyl nitrate
(CH3COOONO2, abbreviated as PAN; 794, 1163, 1302, 1741 and 1842 cm-1) are identified. Further,
the tiny peaks of GLY, methane (CH4; 3019 cm-1), formaldehyde (HCHO; 2783 cm-1), acetic acid
(CH3COOH; 642 cm-1) and methyl glyoxal (CH3COCHO, abbreviated as MGLY; 2829 cm-1) are also
identified. It is, therefore, found that CO2, CO, HCOOH, C2H2, HCN, FAH, GLY, AFAH, PAN, CH4,
HCHO, CH3COOH and MGLY are by-products from toluene in the atmospheric DC corona discharge.
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Fig. 5. Infrared absorption spectra before and after discharge in the decomposition of toluene.
(a) before discharge, (b) after discharge (30 min, 10 kJ) and (c) after the subtraction of major
peaks from (b).
The concentrations of toluene, CH4, HCHO and CH3COOH are obtained using standard gases, and
those of PAN and MGLY are calculated using absorption coefficients reported by Allen et al.[9] and
Pitts et al.,[8] respectively. AFAH is a by-products when propylene (C3H6) is decomposed by a
streamer corona discharge in the artificial air at atmospheric pressure, and the kinds and concentrations
of the other by-products in the discharge can be deduced. Threrefore, the concentration of AFAH is
obtained from the results of C3H6 decomposition by the similar method used for obtaining the
concentration of FAH. As a result, it is found that CO2, CO, HCOOH, FAH and AFAH are major byproducts from toluene, and that the others are minor products. It is also found that the same byproducts identified for toluene are found in the corona discahrge in an artificial air containing xylene.
Fig. 6 shows the concentration variations of benzene, toluene, xylene and major by-products, CO2, CO,
HCOOH, FAH and AFAH, as functions of input energies. It is found that the concentrations of
benzene, toluene and xylene decrease monotonously with the increase of the input energy, and that the
decomposition efficiencies of benzene, toluene and xylene are respectively 0.8, 1.5 and 2.2 g/kWh.
Since the concentration of CO2 increases with the increase of the input energy, CO2 is found to be
a gaseous end product from the benzene, toluene and xylene. The concentrations of the other products
once increase and tend to decrease with the input energies, so that those are found to be intermediate
products. This result suggests that benzene, toluene and xylene are chiefly converted to CO2 via CO,
HCOOH, FAH and AFAH in the atmospheric pressure DC corona discharge. Further, since deposits
are observed on the plane electrode, etc. after the corona discharge, the decomposition processes of
benzene, toluene and xylene in the atmospheric DC corona discharge can be shown as Fig. 7.

4. Conclusions
In this work, we investigated the decomposition characteristics of benzene, toluene and xylene in an
atmospheric DC corona discharge. It is found that the concentrations of benzene, toluene and xylene

361

decrease monotonously with the increase of the input energy, and that the decomposition efficiencies
are 0.8, 1.5 and 2.2 g/kWh, respectively. It is also found that the by-products from benzene, toluene
and xylene are CO2, CO, HCOOH, C2H2, HCN, FAH and GLY, and that AFAH, PAN, CH4, HCHO,
CH3COOH and CH3COCHO are produced only from toluene and xylene. CO2, CO, HCOOH, FAH
and AFAH are major by-products, and that the others are minor products. CO2 is found to be a gaseous
end-product, and the others are intermediate products. It is likely that benzene, toluene and xylene are
chiefly converted to CO2 via CO, HCOOH, FAH and AFAH, and that the some of carbon atoms are
deposited on the electrodes and the wall of the discharge chamber.
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The aim of this work is to study acetaldehyde degradation using an atmospheric pressure nonthermal plasma process (NTP), alone or in combination with a catalyst. Two different set-ups were
used, a pulsed corona discharge in a wire to cylinder (WTC) configuration, and a dielectric barrier
discharge (DBD). A comparative study of acetaldehyde degradation with these two configurations
was carried out.

1. Introduction
Non-thermal plasma (NTP) discharges at atmospheric pressure have gained attention during the last
decades as an alternative process for environmental remediation [1]. However, NTP process tend to be
less selective than other conventional techniques such as thermal oxidation or adsorption techniques,
and undesirable by-products may be formed [2]. In order to increase the mineralization efficiencies of
the NTP process, a combination of NTP and heterogeneous catalysis has been proposed for VOC
abatement [3]. Most often, results are discussed in terms of decomposition efficiency and COx
selectivity.
In this work, acetaldehyde oxidation is discussed in terms of by-products formation, as in addition to
COx, methanol, acetic acid and methane had been identified.

2. Experimental set-ups
As shown in Fig. 1, two different experimental set-ups have been used in this study.

(a)

(b)

Fig. 1. Experimental set-ups : (a) WTC reactor, (b) DBD reactor.
In the WTC, the corona discharge is generated by a Marx generator allowing obtaining up to 20-30kV
voltage on the cathode, a 100mm tungsten wire. The grounded stainless steel cylindrical reactor
(20mm diameter) provided a discharge volume of 64 cm3 for a gap length of 10 mm, and the
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corresponding residence time of the gas in the plasma zone was around 38 s. The corona system is
used in a pulsed mode, providing a precise control of the energy deposited in the system, and high
activation efficiency when processed with very short rise time voltage chocks [4]. The energy
deposited during one discharge pulse is estimated from the measured voltage and current.
In the DBD, the plasma is created in a quartz tube (inner diameter 26 mm). A 15mm length metallic
grid surrounding the dielectric tube is grounded, while the high voltage is applied on a central metallic
rod. Rods with diameters of 20 and 15 mm were used, therefore the discharge gap was 3 and 5.5 mm,
respectively. The corresponding residence time of the gas in the plasma zone was around 4s. The total
charge was measured with a non-inductive capacitor (C = 44 pF). The voltage, charge and current
waveforms were monitored by a digital oscilloscope. The average power dissipated in the discharge
was measured by the Lissajous method [5].
In both cases, the gas inlet is mainly composed by a N2/O2 mixture containing 5% in oxygen added
with 500 ppm of acetaldehyde as the pollutant. Gas flow rate was fixed at 100 mL/min.
The energy deposition of the investigated discharges was evaluated through the specific input energy,
SIE. This is the energy deposited per unit volume of gas in the discharge cell. It is obtained from the
discharge pulse frequency, the energy deposited per pulse and the gas flow rate. The typical electrical
measurements obtained in both configurations are presented in Table 1.
Tab. 1. Electrical parameters.
Parameter
Energy/pulse (mJ)
Frequency (Hz)
SIE (J/L)
Power (mW)

WTC
25 - 39
1 - 13
32 - 210
0.5 – 3.5

DBD
0.4 - 4
100 - 1000
50 - 2500
0.8 - 41

As the packed material, Al2O3 pellets and spherical SiO2 particles have been used. As a catalyst, nanostructured TiO2 was deposited on SiO2 particles.
Degradation by-products (CO, CO2 and CxHyOz) and residual pollutant concentrations were measured
at the reactor exit. Gas chromatography analysis (SHIMADZU GC 2010) has been used to measure
residual pollutant and identify the by-products. A continuous monitoring of CO and CO2 concentration
has been achieved via a non-dispersive infra-red analyzer (Environnement SA MIR 9000). Ozone
concentration was followed online by UV absorption spectroscopy (InUSA IN 2000).
The effect of different parameters, O2 content, presence of a non-porous silica in the discharge zone,
nature of the non-porous silica and presence of TiO2 chemically deposited on the silica particles, on
acetaldehyde decomposition was studied.

3. Results and discussion
3.1
3.1.1

Acetaldehyde conversion
Influence of O2 content on acetaldehyde conversion
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Fig. 2. Evolution of acetaldehyde conversion with SIE, influence of O2 content: (a) WTC reactor, (b)
DBD reactor.
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O2 content was varied between 0 and 20 % v/v. As can be seen from Fig. 2, acetaldehyde degradation
increases with O2 content, particularly for the higher SIE values, and this is true with both
configurations. Actually, increasing the O2 content from 5 to 10% didn’t cause a significant
improvement in acetaldehyde conversion. With the WTC reactor, an improvement is observed for 20%
of O2, but this behaviour was not observed with the DBD reactor.
Compared to the WTC reactor, for a given O2 content, higher SIE are needed in the DBD reactor in
order to attain a given acetaldehyde conversion. In fact, gas residence time and the energy per pulse
introduced in the discharge, are almost ten times lower in the DBD reactor than in the WTC reactor,
which could explain the differences observed with these two configurations.
3.1.2 Influence of a packing material
Two different types of non-porous SiO2 particles (with and without bore) and also TiO2 deposited on
SiO2 particles were used as the packing material. As can be seen in Fig. 3, with the WTC reactor, no
significant difference is observed on acetaldehyde conversion, with or without a packing material. On
the other hand, in the DBD reactor, there is an effect of the packing material as higher conversions are
obtained in this case.
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(b)
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Fig. 3. Evolution of acetaldehyde conversion with SIE, influence of the packing material: (a) WTC
reactor, (b) DBD reactor
As a matter of fact, in the DBD reactor, the packing material lead to the discharge electrical
characteristics modification (lower energies are injected into the discharge), while no such effect was
observed with the WTC reactor. In addition, the residence time is smaller in the DBD reactor, so this
cannot explain the experimental results.
Thus, introducing a packing material in the plasma zone could induce the transition between a volume
discharge configuration (no packing material) and a surface discharge configuration (with a packing
material).
3.2
Oxidation products
3.2.1 CO and CO2 formation
The effect of the packing material on CO and CO2 concentration at the exit of the discharge reactor is
presented in Fig. 4 and Fig. 5, respectively. For these two compounds, there is an increase in their
concentration when a packed bed is used. This increase is more visible for the DBD reactor, but still
present in the WTC reactor too.
CO and CO2 concentration increase with SIE. CO concentration increases continuously for SIE values
up to 200 J/L, in both configurations.
CO2 concentration also increases continuously when using the WTC reactor, whereas there is a slight
decrease in its concentration at about 100 J/L when using a packed bed in the DBD reactor.
These results may be due to a surface effect involving acetaldehyde oxidation intermediaries, such as
methanol, acetic acid, etc.
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Fig. 5. Evolution of CO2 concentration with SIE, influence of packing material: (a) WTC reactor, (b)
DBD reactor.
3.2.2 Methanol
Methanol concentrations are presented in Fig. 6. We can observe a net decrease in its concentration
when using a packed bed.
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Fig. 6. Evolution of methanol concentration with SIE, influence of packing material: (a) WTC reactor,
(b) DBD reactor.
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This decrease is certainly due to a surface effect. In fact, adsorption of methanol and/or other
acetaldehyde oxidation intermediaries, followed by surface reaction, could lead to a lower methanol
concentration at the exit of the reactor, and could also explain the higher CO and CO2 concentrations
when using a packed bed.

4. Conclusions
The purpose of this paper was to study the plasma and plasma/catalyst process at atmospheric pressure,
for pollutant degradation. Two different discharge configurations, a WTC and a DBD , were used.
The results allow to draw some conclusions :
- the O2 content effect is more visible when using the WTC than the DBD configuration;
- when using a DBD reactor, using a packed bed improved acetaldehyde degradation. This
behaviour is not observed with the WTC configuration, neither when using a DBD
discharge without a packing material. This result may be due to a transition from a volume
discharge to a surface discharge in the DBD reactor when a packed bed is present;
- CO and CO2 concentration at the exit of the plasma discharge zone increases when using a
packing material. The same trends are observed with both configurations;
- methanol has been identified as one of the intermediate by-products in acetaldehyde
oxidation. In both configurations, methanol concentration at the exit of the discharge zone
decreases when a packing material is used;
- for the experimental conditions studied, TiO2 deposited on silica particles had no
particular effect on acetaldehyde degradation.
Introducing a non-porous packing material in the discharge is certainly behind the onset of surface
effects, that in turn will modify the oxidation intermediates and by-products, that is to say, the kinetics
of the degradation process.
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There is problem for health and the environment by chronic exposure of volatile organic
compounds (VOCs). Non-thermal plasma technology offers a reformative approach to the problem
of removing various VOCs. A toluene, which is one of the most commonly used VOCs, was used
and the decomposition characteristics by discharge plasma were investigated. In this study, the
toluene decomposition using honeycomb type discharge reactor has been experimentally
investigated. Discharge plasma was occurred at the gap between zeolite honeycombs. Humidity of
the feed gas was considered with discharge parameter on zeolite honeycomb. Discharge pulses
were analyzed, the effects of humidity on the toluene decomposition were investigated.

1. Introduction
VOCs in exhaust gas from various industries generated from painting and printing processes is
focused attention for serious environmental problems. Toluene, which is one of the most frequently
used VOCs, the decomposition of toluene using a discharge plasma was investigated(1)(2). However, it
is ineffective and not economical to treat a low concentration and high flow rate VOCs by the
conventional technologies, because of the high-pressure power loss. In this study, the toluene
decomposition using honeycomb type discharge reactor. Honeycomb configuration, it is low-pressure
power loss can be achieved. Discharge plasma was occurred at the gap between honeycombs and
humidity promoted gas was considered with discharge parameter. Discharge pulses were analyzed, the
effects of humidity on the toluene decomposition were investigated. Toluene removal increases with
increasing the discharge pulses. This study was considered a effect of VOCs decomposition using
honeycomb type reactor.

2. Experiment
2.1. Experimental system
The schematic diagram of the experimental system is shown in Fig.1. Put in a small bottle for water
and toluene diffusion in the separable flask, and coordinated temperature by controlling a heating
mantle with a temperature controller. The flow rate of gas through the reactor was held steady at 0.2
L/min using a mass flow controller. The toluene concentration measured it with FTIR（Parkin Elmer:
LX20000B）.
The gas, which toluene concentration 400ppm, discharged with a Honeycomb type reactor and treated
humidity 0%, 30%, 50%, 80%. The reactor is applied voltage DC 2kV to 12kV.
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Fig. 1. VOC Decomposition System
2.2. Structure of Honeycomb Type Reactor
The structure of the Honeycomb type reactor detail is shown in Fig.2. Basic material of the
honeycomb is zeolite, porous material has the adsorption characteristics. The thickness of the two
honeycomb is 8 mm and become the constitution that picked up honeycomb with a mesh electrode
(mesh interstice is 0.5 mm ). Honeycomb gap space is 1 mm. Electric discharge current waveform is
observed by digital oscilloscope and measured electric discharge quantity. The representative electric
discharge current waveform show in Fig.3. We integrated value of current Ip [mA] and numbers of
discharge NA [Number/20msec] is assumed to be Discharge Pulse Dp [ mA ・pulse].
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Fig. 2. Honeycomb Type Reactor

3. RESULT AND DISCUSSION
The toluene decomposition as a function of applied voltage is shown in Fig.4. Toluene decomposition
increased with increasing applied voltage and humidity. For this reason, humidity changes the electric
property of a honeycomb discharge. Because zeolite, which honeycomb base material, have water
absorptivity. When there is water in gaps by low voltage, it is thought that an electric discharge
becomes unstable, and the toluene decomposition became low as a cause. In the case of an applied
high voltage, the electric discharge is stability occurs regardless of quantity of water.
The discharge pulse as a function of applied voltage is shown in Fig.5. Discharge pulse increased with
increasing applied voltage and humidity.
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The toluene decomposition as a function of discharge pulse is shown in Fig.6. The toluene
decomposition increase with increasing discharge pulse, however a difference appears to the toluene
decomposition by quantity of water included in gas when an electric discharge pulse is low.

Fig.4. Toluene Decomposition as a
function of applied voltage

Fig. 5. Discharge pulse as a function of
applied voltage

Fig. 6. Toluene Decomposition as a
function of discharge pulse

4. CONCLUSIONS
In this study, we generated electric discharge plasma with zeolite honeycomb and considered the
electric discharge characteristic and a relationship of the toluene decomposition. The result as follows.
(1) Toluene decomposition increased with increasing applied voltage and humidity.
(2) Humidity changes the electric property of a honeycomb discharge
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Along with widespread use in industrial processing, non-thermal plasma sources proved to be
effective for the treatment of polluted water. In order to achieve the best results in water treatment,
we designed and constructed the coaxial plasma reactor with water falling film. Efficiency of this
reactor is based on the existence of many reactive species and UV radiation in plasma that is
formed above the water. An experimental study of coaxial dielectric barrier discharge (DBD)
operating in gas and in gas with water is presented. We have investigated electrical and
spectroscopic characteristics of DBD in nitrogen, air, helium and argon at atmospheric pressure.
The influence of applied frequency on discharge power and emission spectrum is studied in order
to achieve the optimum working conditions of DBD reactor. Experimental results demonstrate that
in the applied frequency range of 50 to 450 Hz the best operating conditions are reached at a
frequency of 300Hz. Emission spectrum of DBD in nitrogen and nitrogen with water show that
NO γ bands are not present in the discharge with water.

1. Introduction
One of the major environmental problems is water pollution. Purification and disinfection of polluted
water is an open issue and challenge for scientific community and requires emerging technological
solutions. Non-thermal plasmas in and in contact with liquids have received a lot of attention in view
of their considerable environmental and medical applications. The simultaneous generation of intense
UV radiation, shock waves and active radicals makes these discharges particularly suitable for
decontamination, sterilization and purification purposes [1]. Toxic compounds like phenols,
chlorophenols and azo dyes can be efficiently treated with non-thermal plasma technologies which are
excellent alternative for some conventional methods used for water pollution control.
The coaxial dielectric-barrier-discharge (DBD) was originally designed as atmospheric non-thermal
plasma reactor for treatment of various water solutions [2]. In this reactor water forms a falling film
which is in direct contact with plasma. This reactor configuration was successfully applied for
removing of phenols and arsenic from water [3-5]. The non-thermal plasma in water falling film DBD
that is formed above the water besides ozone also generates UV radiation and chemically active
species like radicals (e.g. OH), excited atoms (e.g. O) and molecules, electrons and ions, which play a
very important role in depollution processes. Existence of so many reactive species in plasma and in
water is the reason why electrical discharges that have plasma in direct contact with water solutions
are very efficient in purification of polluted water. Although the main interest in investigation of this
type of discharges is application, because they have good efficiency with relatively low-energy
consumption, there is also a wide range of fundamental physical issues about the difference between
the discharges in gas and gas with water. This paper presents our results in investigation of electrical
and spectral characteristics of water falling film DBD in different gases.

2. Experimental setup
This experimental research was focused on characterization and basic physical properties of the
designed reactor. An experimental study of characteristics of the dielectric barrier discharge was
carried out with water falling film and without water. The reactor was originally designed and
constructed in our laboratory. This configuration was designed in order to examine the interaction of
gas discharge with different aqueous solutions. Nitrogen gas, ambient air, argon and helium gases
were injected into the discharge volume with a flow rate of ~ 5 L/min. All measurements were done
for a discharge reactor operating at an atmospheric pressure and room temperature.
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A schematic diagram of experimental setup used in this study is illustrated in Fig. 1. The cylindrical
reactor consists of two electrodes and a dielectric barrier. The dielectric is a quartz tube with the inner
diameter of 26 mm, length of 500 mm and thickness 1,7 mm. The inner electrode is made of stainless
steel with an external diameter of 20 mm and a length of 500 mm. An outer electrode made of
stainless steel mesh (length 400 mm, optical transmission 45%) is wrapped around the quartz tube.
Quartz tubes, inner and outer electrodes are placed concentrically. Barrier discharge is generated
within ~ 3 mm gap between the inner metal electrode and the quartz tube. When the discharge source
works as water falling film reactor, water flows up through a vertical hollow cylindrical electrode and
flows down making a thin dielectric film over the electrode. Water flows from the reservoir through
the discharge by means of peristaltic pump.
DBD is generated in flowing nitrogen, air, argon and helium in the gap between the dielectric and the
water layer by applying voltage of up to 20 kV, and the frequency varied from 50 to 450 Hz. The inner
electrode is grounded via capacitor of 470 nF and the outer electrode is connected to a high voltage
power supply. The frequency and voltage in the primary of HV transformer were regulated by means
of AC variable speed drive Emerson Commander SK (SKA 1200075). Electric parameters were
measured and recorded using a digital oscilloscope Tektronix TDS 3032 (300MHz bandwidth,
2GSamples/s) and a high voltage probe Tektronix P6015A. Lissajous figures (Q-U graphs) were used
for determination of electric power of the discharge.
Emission spectrum from the discharge transmitted through the stainless steel mesh was observed in the
UV region. Integral spectrum (without the spatial and temporal resolution) is recorded with
spectrometer Ocean Optics QE 65000 (wavelength range 200-400 nm).

Fig. 1. Experimental setup.

3. Experimental results
Several experimental parameters such as power, frequency, working gas and presence of
water in the discharge volume were tested and analyzed. The effect of applied frequency on
discharge parameters is investigated. Fig. 2. shows discharge power for different frequencies (50-450
Hz) for air, nitrogen, argon and helium gases and for gases with water. In the range from 50 to 300 Hz
the discharge power increases with increase of frequency, then decreases. Dependence of discharge
power on frequency is the same for gas and gas with water. Area of Lissajous figure (Q-U graph)
represents energy of the electrical discharge. Power is calculated by multiplying area of Lissajous
figure with applied frequency. It was noticed during the experiment that optimal operating conditions
of DBD reactor are at a frequency of 300 Hz, therefore, the examination of discharge for different
applied voltages was carried out at this frequency. Intensity of the light emitted from the discharge is
maximal at 300 Hz.

372

nitrogen
nitrogen with water
air
air with water

70
60

a)

50

b)

15

40

P (W)

P (W)

a rg o n
a rg o n w ith w a te r
h e liu m
h e liu m w ith w a te r

20

30

10

20
5

10
0

0

0

100

200

300

400

0

500

100

200

f (H z)

f (Hz)

300

400

500

Fig. 2. The effect of applied frequency on discharge power a) in nitrogen and nitrogen with water,
and in air and air with water; b) in argon and argon with water, and in helium and helium with water
Lissajous figures obtained for different applied voltages, at 300Hz, in discharge in nitrogen and
nitrogen with water are shown in Fig. 3. Lissajous figures in discharge in nitrogen with water are
wider compared to those obtained in discharge in pure nitrogen, which means that breakdown voltage
increases in discharge with water. This can be explained by decreasing of nitrogen metastable density
and will be subject of further investigations. Increasing of supply voltages has no influence on the
breakdown voltage in the discharge with nitrogen. In the discharge with water, the increase of supply
voltage decreases the breakdown voltage.
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Fig. 3. Lissajous figures obtained for different applied voltages for coaxial DBD in
nitrogen and in nitrogen with water
Fig. 4. shows Lissajous figures obtained for different applied voltages at 300 Hz in air without water
and with water. In the discharge in air, with and without water, Lissajous figures for lower power
supply voltage have the shape of the parallelogram. However, with increasing applied voltage the
shape becomes rather asymmetric, which is probably due to asymmetry of the discharge source.
Similar to the discharges in nitrogen, breakdown voltage is higher in the discharge with water. In
comparison with the discharges in nitrogen, discharges in air have larger breakdown voltages.
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Fig. 4. Lissajous figures obtained for different applied voltages for coaxial DBD
in air and in air with water
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Figures 5 and 6 show Lissajous figures in argon and helium, respectively, for different energies of
discharge. Lissajous figures in Fig. 5 show that breakdown voltage is increased in discharge in argon
with water compared to the discharge in pure argon. Change in figure shape is even more pronounced
in the case of discharge in helium. In optimal working conditions of coaxial DBD in argon, i.e. for
applied frequency of 300 Hz, discharge power in argon and argon with water was 17 W and 21 W,
respectively. For the same optimal working conditions as in argon, discharge power of the DBD in
helium and in helium with water was 11 W and 16 W, respectively.
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Fig. 5. Lissajous figures obtained for different applied voltages for coaxial DBD in
argon and in argon with water
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Fig. 7a) and b) represents emission spectra from DBD in nitrogen and nitrogen with water, air and air
with water, respectively. Based on the spectra for all gases it can be concluded that the total intensity
of all the bands in the range is lower from the discharge with water than from the discharge without
water. Emission spectra of nitrogen and air in the UV region consist mostly of the bands of molecular
nitrogen (N2 2nd positive system) and some oxygen bands (Schumann-Runge system). Additionally, in
discharge in nitrogen bands of NO γ system were detected. In the discharge with water intensity of NO
bands is significantly reduced in comparison with discharge without water. This could be explained by
decrease of concentration of NO molecules caused by oxidation of NO to HNO2 in humid atmosphere
in DBD with water film. In such discharge, the H2O molecule is dissociated and very reactive radicals
O and OH are created which react with NO molecule in the following reactions [6]:
NO + O + M* → NO2 + M*
(1)
NO + OH + M* → HNO2 + M*
(2)
Emission spectra from DBD in the observed wavelength range in argon and argon with water is shown
in Fig. 8 a) and consists of nitrogen bands (N2 2nd positive system), oxygen bands and the most
intensive are overlapping lines of argon. Argon lines can not be seen as separated because of the
characteristics of the spectrometer. Fig. 8b) represents emission spectra of helium and helium with
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water, and like argon it mostly consists of nitrogen bands (N2 2nd positive system) and oxygen bands.
Intensity of acquired helium spectra was very low, therefore possible existence of helium lines could
not be determined with certainty. The recorded spectra reveal interesting facts and shall be subject of
further research.
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Non-oxidative methane coupling into higher hydrocarbons was investigated in dielectric barrier
discharge conditions using a stationary catalytic bed (Cu/ZnO/Al2O3). The experiments were
carried out at the frequency of about 6 kHz, at 240 oC, at the pressure of 1.2 bar and with the
overall gas flow rate 2 Nl/h, the mixture of 50% CH4 + 12.5% H2 + Ar. The effects of packing on
the obtained products and stability of the catalyst in time were studied. Hydrocarbons from 2 to 5
atoms of carbon were identified in the outlet gas. It was found that in the presence of catalyst in
plasma zone, overall methane conversion decreased, however the conversion towards ethane was
higher, as compared to the process without packing.

1. Introduction
Methane is a cheap and promising substrate for the production of some industrially important
compounds, such as syngas [1], light hydrocarbons [2,3], aromatic hydrocarbons [4], methanol [5], or
formaldehyde [6]. High stability of methane molecule (C-H bond energy ~ 432 kJ/mol), resulting from
its symmetry, is a main obstacle for chemical methane conversion. Most of the existing methods of
methane conversion are based on thermal or thermocatalytic [7] C-H bond cleavage. It seems that the
recent popularity of electroplasmatic methods can have significant effect on the methods of methane
conversion.
In our group, DBD reactor has been used for methane conversion with CO2 (under 1.2 bar pressure)
employing a catalyst placed directly in the discharge zone [8]. Two catalysts: Ag/Al2O3 and Pd/Al2O3,
as well as Al2O3 support were tested in the 120-290 oC temperature range. Hydrogen, ethane, ethene +
ethyne, propane, propylene, n-butane, butane, as well as methanol and ethanol were observed as
products of this process. The use of Pd/Al2O3 catalyst resulted in significant change of products
distribution (the increase of C2 concentration), with simultaneous decrease of methane conversion, as
compared to experiments carried out without the catalytic bed.
For direct methane coupling (without oxidants) in barrier discharge, when various materials were
applied into the discharge zone, it was observed that at ambient temperature the catalytic bed had some
influence on the total methane conversion degree in the CH4 + Ar mixture of methane concentration
7.5% or 10% [9]. Among tested fillings (quartz glass, barium titanite, silica gel, Fe/SiO2), only quartz
glass and silica gel resulted in the increase of methane conversion in comparison with an empty
reactor. BaTiO3 and Fe/SiO2 induced the decrease in methane conversion. The most promising results,
including reaction rate higher by ca. 50% than for an empty reactor, were reported for quartz glass.
Gliding discharge has been also used in our group for methane coupling [10]. In gliding discharge
reactor, particles of a catalyst are in constant motion, raised by reagents stream, thus forming so-called
fountain bed in the discharge zone. Methane coupling (mixture of 0.4 CH4 and 0.6 H2) at medium
temperature in GD reactor without a catalyst resulted in acetylene as a mainly product and soot, while
the introduction of fountain catalyst bed allowed to change product composition. The presence of
Pd/Al2O3 and Pt/Al2O3 catalysts allowed reducing soot formation with the increase of ethylene and
ethane amount and decrease of acetylene selectivity.
High energy demand of the plasma processes was a mayor problem for their wide industrial
application, but combined plasma-catalytic systems have an advantage of relatively low operational
temperature and a possibility of employing atmospheric (or slightly higher) pressure, as compared to
thermal and thermocatalytic methods.
In our earlier work, methane conversion towards higher hydrocarbons in oxidative conditions (i.e. in
mixture containing carbon dioxide) was described [11]. Here, we focus on the improvement of the
selectivity of methane conversion under non-oxidative coupling conditions in hybrid plasma-catalytic
system.
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2. Experimental
The scheme of the quartz DBD reactor used in this work is shown in [8]. The discharge zone was
formed as a gap of 3 mm width, which gives the gas volume of ~34 cm3 without packing and ~16 cm3
with packing. The experiments were carried out under 1.2 atmospheric pressure. Methane (99.5%),
hydrogen (purified for flame ionization detector use) and argon (99.999%) were introduced into the
reactor by mass flow controllers with the total flow rate of 2 Nl/h. The feed and products were
analyzed by gas chromatograph GC (Agilent 6890N) on two kinds of column packing: Carboxen 1000
(Mesh 60/80, 1.5 m x 2 mm) with TCD for analysis of the simple hydrocarbons and Hayesep Q (Mesh
60/100, 3 m x 2 mm) with TCD + FID.
The reactor was supplied by the current at a frequency of about 6 kHz. The reactor was heated by the
outer electrical heater and the temperature was measured by the thermocouple place at the outside
reactor wall.
The single portion of a catalyst (volume 45 mL) containing Cu (described as Cu/ZnO/Al2O3) was
selected for direct non-oxidative conversion of methane. For comparison, the quartz glass particles of
the same size were also used. The catalyst was obtained from commercial catalyst CuO/ZnO/Al2O3.
First, catalyst was frittered to the particles of 1 – 2 mm. Before processing, to reduce copper oxide, the
catalyst was dried (1 oC /min to 240 oC in Ar) then reduced (24 h 3.5 L/h H2, then 120 h 4-5 L/h)
inside the reactor. Crystal structures were identified by powder X-ray diffraction spectroscopy of
Seifert GmbH type Bragg-Brentano HZG- 4 (CuKα, λ = 1.54 Å).
The catalyst composition changed before reduction and after plasmatic processes. Under conditions of
the reduction process, only the copper oxide was reduced into metallic copper. The specific surface of
the catalyst (portion No. III), measured by the BET adsorption isotherm method, is the same before
8 the reduction process does not
reduction (32 m2/g) and after process (31 m2/g). This fact means xthat
change the structure of the catalyst.

3. Result
Three kinds of measurements were performed: without packing (plasma process), with catalyst
(plasma-catalyst process) and with quartz glass particles of the same size for comparison. The gas
pressure was 1.2 atm, and the gas mixture was composed of methane, hydrogen and argon. In the
present study, the maximal catalyst working temperature (240 oC) has been used. The concentrations
of substrates and products (hydrogen, methane, ethane, ethene and ethyne) were determined using
Carboxen 1000 column. For chosen experiments, reaction products (other hydrocarbons) were
analyzed using on Haysep Q column. Measured products concentrations are shown in Table 1. Besides
gaseous products, the formation of a thin layer of solid reaction products, such as soot and polymers,
was observed on reactor walls and the electrodes.
Stability of the catalyst
Figure 1 shows the catalyst performance in time. Substantial changes in the catalyst activity were
observed during plasma-catalytic process. Fresh catalyst was placed into the reactor discharge zone,
where it underwent drying and reduction. Next, a selected gas mixture was passed through the reactor.
It is noteworthy that the stream of gas mixture was continuous, except when some additional
procedures (as shown by the letter symbols on the diagram) were performed, such as reduction, change
of gas mixture composition or turning off reactor heater.
Overall methane conversion diminished in time, though it had a tendency to stabilize. The selectivity
towards C2 hydrocarbons was almost constant, however the amount of produced ethane, which was the
only product at the beginning of the process, decreased in time. At the same time, ethene appeared
among the products. An additional reduction of the catalyst bed using hydrogen did not led to the
recovery of the overall methane conversion. Methane conversion into ethane was not restored neither.
Similar results, in terms of overall methane conversion, C2 hydrocarbons selectivity and conversion
towards ethane, were obtained for two other portions of the catalyst, which were tested for somewhat
shorter time.
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The influence of the presence of the quartz glass or Cu/ZnO/Al2O3 catalyst on the methane conversion
during dielectric barrier discharge has been investigated. With neutral quartz glass packing, the overall
products quantity is slightly higher, as compared to the results obtained for an empty reactor. In both
cases, all C2 hydrocarbons (ethane, ethene and ethyne) have been produced (Figure 2). The picture is
quite different when catalyst bed is present in the reactor. No acetylene was produced in this
configuration.
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It should be pointed out that thermo-catalytic methane conversion has also been tested. For that
purpose, the mixture of gaseous reagents (50% CH4 + 12.5% H2 + Ar) was forced through reactor
containing catalyst at 240 oC. No products were observed in the outlet gas.
The use of high-sensitivity column (Hayesep Q column) allowed for more precise product analysis.
This reveled higher diversity of products, however methane conversion remained unchanged.
Tab. 1. The overall methane conversion and conversion into hydrocarbons in mixture 50% CH4 +
12.5% H2 + Ar and temperature 240 oC.
without
with catalyst
with quartz
packing
(portion No. IV)
Overall conversion of CH4 (%)
22.0
24.5
24.3
Conversion into: (%)
ethyne
0.38
0.47
0
ethene
0.34
0.17
0.13
ethane
7.14
7.85
13.53
propene
0.22
0.26
0.10
propane
3.32
3.67
2.77
cyclopropane
0.06
0.06
0.06
1-buten /izobutane
0.87
1.02
0.42
1,3-butadien /izobutene
0.10
0.22
0.09
butane
1.04
1.18
0.82
unidentified
0.55
0.49
0.15
unidentified
0.94
1.04
0.37
pentane
0.32
0.39
0.21
unidentified
0.39
0.59
0.15

4. Summary
DBD has been used for examination of non-oxidative methane coupling towards higher hydrocarbons.
The use of Cu/ZnO/Al2O3 catalyst in non-oxidative DBD methane conversion resulted in an increase
of ethane selectivity, as compared to plasma process. It should be mentioned that any solid particles in
the discharge zone can influence hydrodynamic parameters in the reactor, mainly reaction time. To
elucidate this influence, neutral particles of dimensions identical to the catalyst have been used. It has
been proved that increased ethane selectivity is caused by the used catalyst.
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An environmental problem is concerned about on a global scale, and air pollution by DEP (diesel
disposal fine particles) or the NOx becomes the serious problem now. There are the movement
exhaust sources such as a car or the ship as the exhaust source of the main toxic substance. Severe
regulation approaches in the post-newly long-term regulation (2009) of the diesel car. In addition,
"an MARPOL treaty" was adopted in 1997, and effluent control of the air pollution material from
a ship has been begun a full-scale. Effluent gas disposal of various diesel engines is an urgent
problem. In this study, I am aimed at removing the discharge particle from a diesel engine with an
electrostatic precipitator (ESP) directly.

1. Introduction
DEP( diesel exhaust particle) and the problem of the air pollution by PM( particulate matter) grow big
as an environmental problem now. There is a diesel engine used for a car, a ship or a construction
machine to one of these main exhaust source. In particular, the density of the effluent gas as for marine
application which regards heavy oil with sulfur as fuel is very high with a problem in comparison with
the car use. Now an expensive effluent gas treatment of the performance is requested. Therefore, in
this study, we paid our attention to electrostatic precipitator (ESP) as a diesel engine direct connectionshaped exhaust gas treatment. When the exhaust gas such as diesel engines is cleaned in ESP, the reentrainment phenomenon that the captured particle is scattered again becomes the problem [1].
Restraint technology of the re-entrainment to apply AC voltage on the collecting section is put to
practical use in ESP for the low particle density and normal temperature in the express highway tunnel
[2][3]. Therefore we report it examined the frequency characteristic of the square wave voltage to
apply prevention of the re-entrainment on the collecting section under conditions of high temperature
effluent gas and high particle density.

2. Experiment
The experiment system was shown in Figure 1. Two stage type ESP was used for this experiment. As
for the diesel engine, engine displacement is 0.199 L, and fuel is light oil. The exhaust gas is cleaned
in ESP, and it is diluted to 1/100 by dilution device. The particle density was measured with Scaning
mobility particle sizer (SMPS) and particle counter (Rion KC01-E). Collection efficiency calculated it
from a difference of the particle density of before and after being cleaned in ESP. The experiment
condition is engine load 1.0 kW, wind velocity 1.3 m/s, exhaust gas temperature about 180 degrees
Celsius, particle density about 15 mg/m3. Precharge section consists of high voltage electrode of
sawtooth form and ground plate electrode. Collecting section is parallel plate type. The applied voltage
to Precharge section is DC -7.5kV uniformity. The applied voltage to collecting section is DC -8 kV
and 16 kVp-p square wave. The frequency of the square wave changed it with 1-100 Hz. As an example,
a voltage wave pattern of 1Hz was shown in Figure 2.

381

Applied Voltage [kV] .

10
8
6
4
2
0
-2
-4
-6
-8
-10

dV/dt=20000 V/ms

0

500
Time [msec]

1000

Fig. 2. Square wave (1 Hz)

Fig. 1. Experiment system

3. Results and discussion
Particle-size dependent number density is shown in Figure 3. Collection efficiency in the range of 101000nm is more than 90% because about double figures particle density decrease as compared with an
inlet in any frequency. However, the particle densities rises in more than 1,000nm increase more than
the inlet. This reason is because the number of large-size particles increased by a re-entrainment
phenomenon.
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Fig. 3. Particle-size dependent number density
Particle-size dependent collection efficiency is shown in Figure 4. The re-entrainment is alleviated to
some degree because collection efficiency is higher square wave (1-30Hz) than the DC. For this
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reason, it is considered that collected particles in the shape of pearl chain by applying square wave on
the collecting section are changed spherically. In addition, collection efficiency decreases than the DC
in the case of frequency 100Hz.
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Fig. 4. Particle-size dependent collection efficiency
Frequency dependent collection efficiency is shown in Figure 5. In the comparatively large particle,
collection efficiency more than 500nm increase with increasing of frequency untill 30Hz. For this
reason, it is considered that it is easy to change particles at the shape of pearl chain spherically because
there is much number of times polarity reversal. However, at the frequency more than 100Hz,
collection efficiency is decrease. It is considered that a charged particle is trapped in the space between
the electrode, and exhausted without collecting in high frequency.
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Fig. 5. Frequency dependent collection efficiency
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Particle-size dependent weight density for 30Hz is shown in Figure 6. This calculated it by particle
size and specific gravity. As for the weight of particles, the ratios of particles more than 500nm
increase in comparison with the number of the particles. However, gross weight is 14.6mg/m3 at ESP
OFF and, 0.55mg/m3 at EPS ON. Thus, collection efficiency by the gross weight is 96.2%.
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Fig. 6. Particle-size dependent weight density(apply 30Hz)

4. CONCLUSIONS
In this study, we examined the re-entrainment alleviation effect by the square wave for the direct
collection.
(1) In the range of particle size 30-500nm, collection efficiency in DC and square wave are more
than 90%.
(2) The square wave high voltage is effective in alleviate re-entrainment than the DC high voltage.
(3) Frequency of the square wave high voltage that can alleviate re-entrainment effectively is 30Hz.
(4) Weight collection efficiency is 96.2 %.
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In this paper we present experimental results of the decolorization of four commercial reactive azo
dyes using falling film DBD reactor. In this reactor water forms a falling film which is in direct
contact with plasma. Water samples containing 40 mg/L of dye were passed from one to seven
times through the plasma region of the DBD reactor. Kinetic of the dye decolorization was
monitored using spectrophotometer. The dependence of the decolorization on the system
parameter solution pH value was investigated. For each dye decolorization has similar kinetics for
all three starting solution pH values.

1. Introduction
The largest pollution of natural water resources caused by waste water originates from different
industries, especially those in which colour processes are involved as it is the case in textile industry.
Among the textile dyes the largest problems are caused by azo dyes, because they represented 90 % of
dyes used. At the same time, azo dyes are the most toxic commercial dyes. Reactive dyes are
intensively used in the last years due to their superior performance, but they are environmentally
hazardous.
In the present paper, the decolorisation of four commercial reactive azo dyes Reactive Black 5,
Reactive Blue 52, Reactive Yellow 125 and Reactive Green 15 (Clariant, Germany) was studied using
advanced oxidation processes (AOPs) in non-thermal plasma reactor based on coaxial dielectric
barrier discharge (DBD).

2. Experiment
The coaxial DBD was designed as atmospheric non-thermal plasma reactor for treatment of various
water solutions /1/. In this reactor water forms a falling film which is in direct contact with plasma, see
Fig. 1. Such reactor design allowed successful removing of phenols from water /2,3/. This reactor is
very efficient because the plasma that is formed above the water besides ozone also produced UV
radiation, radicals (e.g. OH), excited atoms (e.g. O) and molecules, electrons and ions.
A schematic diagram of experimental setup is shown in Fig. 1. A cylindrical reactor is made of pyrex
glass with the inner diameter of the tube 28.5 mm and length of 600 mm. An outer electrode is made
of aluminum foil glued on the outside of the glass tube on a length of 400 mm. The inner electrode
was a stainless steel cylinder with a diameter of 21.3 mm. Barrier discharge is generated between the
inner metal electrode and the glass tube. When the discharge source works as a falling film reactor,
water flows up through a vertical hollow cylindrical electrode and flows down making a thin dielectric
film over the electrode. A discharge is generated within ~3.5 mm gap between the glass and the water
layer by applying voltage of up to 20 kV at 200 Hz. Discharge power was 60 W.
The capability of the plasma reactor in decolorisation of four azo dyes Reactive Black 5, Reactive
Blue 52, Reactive Yellow 125 and Reactive Green 15 was tested with three samples prepared by
dissolving of commercial dye without preceding purification in distilled water. In all cases water
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samples containing 40 mg/L of dye were passed from one to seven times through the 40 cm long
plasma region.

Fig. 1. Schematic picture of coaxial falling film reactor. 1-steel tube, 2-glass, 3-aluminium foil, 4plastic holder.
Kinetic of the dye decolorisation defined as (A0 - A)/A0, where A0 is initial absorption and A absorption after plasma treatment, was monitored using the spectrophotometer (UV-VIS) at maximum
absorption for each dyes. The dependence of the decolorisation on the system parameter solution pH
was investigated (pH 9.00, 7.00 and 5.00). Solution pH has been determined after each recirculation.

3. Results
Azo dyes decolorisation has similar kinetics for all three starting solution pH values as shown in Fig. 2.
The largest percent of decolorisation has been observed for initial solution of pH 7.00 or 5.00,
although similar values have been observed for dye solutions with starting solution pH 9.00. After the
period of 24 h from plasma treatment, decolorisation of the solution for the first treatment has been
increased for 20-30 %, when compared with decolorisation value obtained 5 min after passing through
the DBD reactor. For dye Reactive Black 5 decolorisation value obtained 24 h after the first passing
through DBD reactor is equal to decolorisation value obtained after the second passing through DBD
reactor measured after 5 min. For dye Reactive Blue 52 decolorisation value obtained 24 h after the
first passing is equal to decolorisation value obtained after forth passing through DBD reactor
measured after 5 min. For dyes Reactive Yellow 125 and Reactive Green 15, decolorisation value
obtained 24 h after the first passing is equal to decolorisation value obtained after the third passing
through DBD reactor measured after 5 min.
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Fig. 2. Effects of pH on the decolorisation efficiency in the DBD plasma reactor. Decolorisation is
monitored 5 min and 24 h after the treatment.
The pH value of the solution, 5 minutes after the first passing through DBD reactor for all four dyes
and for all three investigated starting solution pH values (pH 9.00, 7.00 and 5.00), has decreased to 3.5
pH. The solution pH values gradually decreased with every passing through DBD reactor, reaching 3.0
after the seventh passing.

4. Conclusion
The waste water containing the investigated dyes, irrespective of acid, base or neutral nature, exhibits
very similar, almost same decolonization kinetics. The decolonization percent of solution has
significantly increased 24 h after the plasma treatment.
The solution, regardless of the starting pH value, became acidic already after the first passing through
the DBD reactor and pH value is slightly changed after subsequent recirculations.
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The collection of low resistive particulate matter (PM) generated from marine and automobile
diesel engine emission is extremely difficult by the conventional electrostatic precipitators (ESPs).
The low resistive PMs are detached from the collection plate by the electrostatic repulsion force
caused by induction charge where particle adhesion force was dominated, resulting in particle
reentrainment. The new electrohydrodynamically assisted ESP (EHD ESP) was developed to
minimize the reentrainment. The EHD ESP utilizes the ionic wind to transport the zero electric
field or the pocket attached to the collection plate, where electrostatic repulsion force acting on
particles is zero, so that no reentrainment takes place. The collection efficiency was compared
between EHD ESP and conventional ESP. The EHD ESP showed a significant reentrainment
reduction over the conventional ESP, particularly for the particle size greater than 1,000 nm.

1. Introduction
The particulate matters (PMs) emitted from diesel engine exhaust are low resistive in nature and
extremely small in the range of 70~120 nanometers (nm). These particles are penetrated into alveolus
and extremely harmful to human health. These particles are generated from various emissions such as
diesel automobiles, marine engines, power generation engines, and construction machines. The use of
diesel particulate filter (DPF) was widely used for the collection of automobile diesel PM but was not
economical and cost effective. The collection of low resistive PM has been known to be extremely
difficult by the conventional electrostatic precipitators (ESPs). The low resistive diesel engine
particles are detached from the collection plate where the electrostatic repulsion force due to induction
charge exceeds particle adhesion force on the collection electrode. This phenomenon has been known
as particle reentrainment or resuspension, resulting in poor collection efficiency.
There are few literatures describing the control of particle reentrainment [1-3]. Recently, two-stage
ESP using charging zone by DC field, followed by the collection zone by low frequency AC field
including the trapezoidal waveforms in the range of 1-20 Hz has been investigated for the collection of
diesel particles in tunnel [4-6], while the conventional ESP utilizes DC high voltage. However, these
concepts have limited success for minimizing the reentrainment. The wet ESP was another strong
candidate for this application but it creates water treatment as opposed to dry process.
Based on fundamentals of reentrainment theory, the new electrohydrodynamically-assisted ESP (EHD
ESP) was developed to overcome the reentrainment in the ESP [7, 8]. The EHD ESP, which utilizes
the ionic wind to transport the charged particles effectively into the zero electrostatic field zone or
pocket zone attached to the collection plate. The captured particles are trapped in the pocket where
particle captured in the pocket zone was exposed to zero electric field, so that no electrostatic
repulsion force due to induction charge takes place. The effectiveness of the EHD ESP was
demonstrated to show the significant suppression of particle reentrainment [7, 8].
In the present study, the EHD ESP and the conventional ESP were compared how significantly the
collection efficiency was improved to minimize the reentrainment using both 200 cc diesel engine.
The particle size-dependent collection efficiency and the mass-base collection efficiency were
determined by Scanning Mobility Particle Sizer (SMPS TSI) with particle size in the range of 20-500
nm and particle counters (PC, RION PC) with particle size in the range of 300-5,000 nm.

2. Experimental setup
2.1 ESP configuration
The EHD ESP and the conventional ESP are shown in Fig. 1 and their dimensions were designated in
the figures, while the conventional ESP was the same configuration without pocket. The EHD ESP
consists of five teeth shaped electrode and the collection plate with six pockets. The pockets with 10
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mm depth are attached to the collection plate with every 60 mm interval. The discharge electrode was
the saw type and their teeth were equally spaced with the interval of 10 mm. Negative DC voltage was
used for this experiment.
20mm
10mm

Pocket
60 mm

15mm

Gas Flow

-H.V.

60 mm

60 mm

15mm

210mm

60 mm

Gas Flow

20mm

GND

Discharge electrode

10mm

-H.V.

60 mm

210mm

60 mm

20mm

GND

Discharge electrode

10mm
15mm

15mm

Fig. 1. EHD ESP and Conventional ESP configuration.
2.2 Experimental system
The exhaust gas of 200cc diesel engine (Yammer YDG200A-5E) using light oil as fuel was flowed
into the conventional electrostatic precipitator (ESP) and electrohydrodynamically-assisted ESP (EHD
ESP). Particle concentration was diluted with the dilution machine 1,000 times, and was measured
upstream and downstream using Scanning Mobility Particle Sizer (SMPS TSI 20-500 nm) and Particle
Counter (PC RION 300-5000 nm). The collecting efficiency was computed based on particle
concentration of upstream and downstream of the ESPs. The applied voltage was set at -12 kV when
the load was 60% (1.0 kW) and the gas velocity was 0.37 m/s for EHD ESP or 0.25 m/s for
conventional ESP.

3. RESULTS AND DISCUSSION
Both EHD ESP and conventional ESP showed greater than 90% for the particle size measured by the
SMPS (20-300nm). The number density distribution for particle size of 300~5,000 nm were shown in
Fig. 2(a) for the EHD ESP, Fig. 2(b) for the conventional ESP with V=-12 kV, and Fig.2(c) for the
conventional ESP with V=-13 kV. The collection efficiency is significantly better for the EHD ESP
for larger particle size, compared with the conventional ESP. It was clear that the significant
reentrainment was suppressed with the EHD ESP. The collection efficiency was further reduced with
increased voltage as observed from Fig. 2(c). This was supported by the reentrainment theory which
electrostatic particle repulsion was proportional to the square of particle size and electrostatic field [78].
Fig. 3(a) shows the time-dependent collection efficiency for the conventional ESP which was
measured by PC (300-5000 nm). The collection efficiency was excellent for 300-1000 nm but
decreased as particle size increased. The collection efficiency decreased with time elapsed for 20005000 nm. Negative collection efficiency indicated that the agglomerated large particles captured at the
electrostatic field exposed were detached and reentained by the repulsion force caused by induction
charge. Fig. 3 (b) shows the particle size dependent collection efficiency for the EHD ESP measured
by PC (300-5000 nm). The excellent collection for 300-2,000 nm was maintained as time elapsed but
decreased to 70-90% for particle size of 3,000-5,000 nm but no negative collection efficiency was
observed for EHD ESP, which indicated suppression of particle reentrainment for the EHD ESP.
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Fig. 2. Comparison of number density distribution (a) EHD ESP (V=-12 kV), (b) conventional ESP
(V=-12 kV), (c) Conventional ESP (V=-13 kV).
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Fig. 3. Particle size-dependent collection efficiency by PC (300-5000 nm).
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Figs. 4(a)-(b) show the particle-size dependent mass-density distribution for the conventional ESP
with V=-12 kV. The collection efficiency of 92.6% was achieved for particle size less than 500 nm
and 41.2% for large particles. The overall collection efficiency was 88.2%.
Figs. 5(a)-(b) show the particle-size dependent mass-density distribution for the conventional ESP
with V=-13 kV. The collection efficiency of 91.4% was achieved for particle size less than 500 nm
and -43.5% for large particles. The overall collection efficiency was 85.6%.This was attributed to
lower number density for large particles. Negative collection efficiency indicated that the
agglomerated large particles captured at the electrostatic field directly exposed were detached and
reentrained by the electrostatic repulsion force caused by the induction charge. This was attributed due
to increased induction charge, which is proportional to square of the electric field for a given particle
size [7, 8].
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Fig. 4. Mass density distribution for conventional ESP (a) measured by SMPS (92.6%), (b) measured
by PC (41.2% and overall collection efficiency of 88.2%).
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Fig. 5. Mass density distribution for the conventional ESP (a) measured by SMPS (91.4%), (b)
measured by PC (-43.5% and overall collection efficiency of 85.6%).
On the other hand, Figs. 6(a)-(b) show the particle-size dependent mass-density distribution for the
EHD ESP. The collection efficiency was 96.7% for the particle size measured by the SMPS and
89.5% for large particle size measured by the PC. The overall collection efficiency of 96.5% was
achieved for the EHD ESP. Based on these results the EHD ESP showed a significant reentrainment
reduction over the conventional ESP, particularly for the particle size greater than 1,000 nm.
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Fig. 6. Mass density distribution for the EHD ESP (a) measured by SMPS (96.7%), (b) measured by
PC (89.5% and overall collection efficiency of 96.5%)

4. CONCLUSIONS
The collection of low resistive particles generated from diesel engines was investigated using the EHD
ESP and the conventional ESP. The conventional DC energized ESP showed a good collection
efficiency for particle size less than 300 nm where adhesion force was dominated over electrostatic
repulsion force but showed severe reentrainment for the particle size greater than 1,000 nm. On the
other hand, the EHD ESP demonstrated excellent collection efficiency for particle size less than 1,000
nm and significant suppression of particle reentrainment was achieved for particle size greater than
2,000 nm in comparison with the conventional ESP.
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Methane coupling in hybrid gliding discharge (GD) plasma-catalytic system was studied. The
effects of catalysts on the reaction products were studied. The study was conducted in a
homogeneous system (without a catalyst) and in heterogeneous systems (ZSM-5, SAPO11, NaY,
natural zeolite, SAPO34, Pd/Al2O3). The main products of methane and CO2 conversion were
hydrogen, CO, acetylene and ethylene. The amount of product obtained using a catalyst containing
Pd was different than that with zeolite - plasma of gliding discharge conditions. When Pd/Al2O3
catalyst was used the methane conversion to ethylene increased to 5.5%. With SAPO 11 catalyst a
higher selectivity to C4 was achieved. The overall conversion of methane and CO2 in homogenous
system was slightly higher that that obtained in heterogeneous conditions.

1. Introduction
Methane, the basic component of natural gas, has become one of the most important raw materials for
bulk chemical syntheses over the last century. Various kinds of discharges were examined for methane
and other simple hydrocarbons conversion: spark, gliding, corona and DBD. The gliding discharge
(GD) has been found to be mostly effective for the chemical processes where non-equilibrium plasma
is used for the initiation of chemical reactions at atmospheric pressure. The GD applied for destroying
the chemically stable pollutants occurring in industrial waste gases, e.g. volatile organic substances,
nitrogen oxides, hydrogen sulphide, chlorofluorocarbons [1-10]. Recently, the efficacy of gliding
discharge was improved by using new plasma-catalytic systems. In these systems the methane
conversion to unsaturated hydrocarbons was studied [11]. Over the last years, efficient processes for
methane conversion into synthesis gas were developed with the use of gliding discharge. It was found
moreover that unsaturated hydrocarbons (mainly acetylene) and some oxygenates, e.g. methanol, may
be obtained in this kind of discharges. Efficiency of plasma-catalytic system depends on the catalyst's
activity and selectivity.
The plasma-catalytic system conversion of methane and other light hydrocarbons is regarded as one of
the possible way for making the utilization of natural gas resources more efficient from both
economical and ecological points of view. The investigation was done on hybrid plasma – catalytic
systems for converting methane by oxidative or non-oxidative coupling to obtain olefins, acetylene,
aromatics, oxygenates, etc. The main goal of the present study was to examine selected catalysts in
plasma-catalytic systems for methane and CO2 conversion.

2. Experimental
The studies were carried out in a quartz glass gliding discharge reactor of 40 mm inner diameter and
250mm in length (Fig.1). The experiments were carried out in a reactor with a pair of electrodes (90
mm long, made of stainless steel) connected to a high-voltage power supply (50 Hz). The gas mixture
was introduced into the interelectrode space by a nozzle 0.8 mm inner diameter. The gas flow rate
(methane + carbon dioxide) was 300Nl/h. Catalysts were placed directly below the high voltage
electrodes. The height of the packing layer was about 11 mm (volume ~13 cm3). The temperature of
gas was measured by a thermocouple below the catalyst bed.
The gases used are: methane (Messer) 99.5%, CO2 (Multax). The gases were analyzed using a
chromatograph Chrompack 9002 with a Carboxen 1000 column and a TCD detector and Agilent
6890N with Hayesep Q and a TCD and FID detectors connected in series. To determinate the effect of
the catalysts on the conversion of CH4 the gas for analysis was sampled twice: 12 mm above and after
used catalysts. The share of non-volatile products, mainly soot, was calculated from the carbon
balance. Direct assessment of the soot production was not possible because it was carried out with the
gas stream and partly deposited on the surfaces of the vessel, pipes etc.
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Fig. 1. Gliding discharge reactor. 1 – gas inlet, 2 – metal casing, 3 – inlet wires, 4 – electrodes, 5 –
quartz glass tube, 6 – catalysts, 7 – thermocouple, 8 – glass tube for gas sampling, a and b point of gas
sampling.

Fig. 2. Experimental set-up. 1 – energy counter, 2 – high voltage transformer, 3 – reactor, 4 –
oscilloscope, 5 – voltage probe, 6 - current probe, 7, 8 – mass flow controllers.

3. Results
The effect of catalysts on the reaction products (Table 1) was studied in a homogeneous system
(without a catalyst) and in heterogeneous systems with ZSM-5, SAPO11, NaY, natural zeolite
(clinoptylolite), SAPO34 and Pd/Al2O3. The main products of methane and CO2 conversion were
hydrogen, CO, acetylene. Dependence on packing usage the product composition has changed.
Comparing the products generated with ZSM-5, NaY, natural zeolite (clinoptylolite), SAPO34 to those
without packing, several changes were observed. The overall conversion of methane and CO2 in
homogeneous system, in both places of gas sampling (a and b) was the same. The overall conversion of
CH4 and CO2 and conversion of methane to C2 in plasma-catalytic system was slightly lower than that
obtained in homogenous system (Table 1). It could be the reason of slightly higher specific energy
reached in homogeneous system. Methane and CO2 conversions were similar when in plasma –
catalytic system clinoptylolite, ZSM-5, NaY and SAPO34 were used. However methane conversion to
C4 on SAPO34 increased to 0.01. Two catalysts have shown their activity in methane conversion. The
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Pd/Al2O3 catalyst increased methane conversion to ethylene and reduced to acetylene (Fig. 3). With
SAPO11 the higher conversion of methane to C4 hydrocarbon was observed, up to 0.13 (Fig. 4).
Tab. 1. Conversion of methane and CO2 in plasma – catalytic and in homogenous system
homogen.

Point of gas sampling (a)
Power [W]
457
SE [kJ/molCH4]
246
Temp.
365
Overall CO2
0,21
CO2 to CO
0,21
0,31
Overall CH4
CH4 to CO
0,21
0,09
CH4 to C2H2
CH4 to C2H4
0,005
CH4 to C2H6
0,000
Summ to C2
0,095
C3
0,000
C4
0,000
H2
0,23
Point of gas sampling (b)
Power [W]
457
SE [kJ/molCH4]
246
Temp.
379
Overall CO2
0,18
CO2do CO
0,20
0,30
CH4
CH4 to CO
0,21
CH4 to C2H2
0,09
CH4 to C2H4
0,003
CH4 to C2H6
0,000
0,093
Sum to C2
C3
0,000
C4
0,000
H2
0,23

clinoptylolite

Average methane conversions
ZSM5
NaY
SAPO11
SAPO34 Pd/Al2O3

405
218
363
0,18
0,18
0,28
0,18
0,08
0,007
0,000
0,090
0,003
0,002
0,21

380
204
268
0,14
0,15
0,24
0,16
0,07
0,01
0,00
0,079
0,000
0,000
0,18

417
224
349
0,17
0,17
0,26
0,17
0,08
0,006
0,000
0,082
0,003
0,003
0,20

384
206
300
0,18
0,17
0,25
0,15
0,08
0,005
0,000
0,083
0,003
0,005
0,19

417
224
350
0,15
0,16
0,28
0,19
0,08
0,005
0,000
0,082
0,003
0,000
0,20

392
210
259
0,16
0,16
0,24
0,15
0,07
0,012
0,001
0,081
0,003
0,002
0,18

400
217
370
0,16
0,17
0,26
0,17
0,08
0,007
0,000
0,085
0,005
0,005
0,19

382
206
278
0,13
0,14
0,23
0,15
0,07
0,006
0,000
0,075
0,000
0,000
0,17

417
224
366
0,14
0,16
0,26
0,17
0,08
0,006
0,000
0,081
0,004
0,003
0,19

392
210
300
0,20
0,15
0,30
0,09
0,07
0,008
0,000
0,075
0,004
0,127
0,17

417
224
350
0,14
0,16
0,27
0,18
0,07
0,005
0,000
0,077
0,004
0,011
0,19

391
210
278
0,15
0,15
0,23
0,14
0,05
0,024
0,002
0,078
0,004
0,005
0,17

Fig. 3. Effect of catalysts on methane conversion to acetylene and ethylene. a – before catalysts (point
a – Fig. 1), b – after catalysts (point b – Fig. 1.).
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Fig. 4. Effect of catalysts on methane conversion to C4 hydrocarbons a – before catalysts (point a –
Fig. 1), b – after catalysts (point b – Fig. 1.).

4. Summary
Our experiments have shown that the hybrid plasma-catalytic system of GD combined with a bed of
SAPO 11 can be effectively used for the methane coupling into C4 hydrocarbons. The selectivity of
methane conversion to ethane with Pd/Al2O3 catalysts was the higher (0.5) than this with other
catalysts.
This study has shown that the significant changes in the final products were different due to the activity
and selectivity of the Pd/Al2O3 and SAPO11 catalysts. Using of appropriate catalysts allows achieve
high selectivity of methane and CO2 conversion to C2 and C4 hydrocarbons.
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This contribution presents results of underwater electric discharge created in the bubbles in
NaH2PO4. 2H2O solution. This discharge configuration is relatively new one and fully combines
both gas and liquid phase discharges. The gas bubbles are introduced into the system by thin
stainless steel capillary that plays simultaneously a role of HV pin electrode; water solution of low
conductivity up to 0.05 mS is grounded. Thus the HV pin electrode is covered by thin gas layers
and the discharge is generated in the gas phase in pin to plane configuration. The discharge
streamers (plasma channels) generated in the gas phase are long enough (up to 1 cm) and thus they
introduce into the liquid phase and further propagate in it. The streamer length as well as their
density is growing with increase of the applied voltage. The DC voltage between 2.0-3.0 kV was
used in the contemporary experiment. Discharge current was varied from 20 to 30 mA, lower
currents of 10 mA and 15 mA didn’t allow stable discharge operation though some streamers were
observed. The hydrogen peroxide generation was studied in the time evolution; the applied voltage
and discharge current were the other studied parameters. Amount of generated peroxide was more
or less directly proportional to the supplied energy. Four different gases (Air, Ar, He and N2) were
used for the bubble generation. Air was the most effective for the hydrogen peroxide generation,
the lowest production was observed in nitrogen bubbles. This experimental result should be
explained by addition of the molecular oxygen into the system that can recombine with hydrogen
atoms generated by the discharge if Air was introduced. On the other hand, in case of nitrogen, a
non negligible part of energy can be carried out by various metastable excited states.
Key words: underwater discharge, hydrogen peroxide, gas bubbles

1. Introduction
Underwater electrical discharges have attracted substantial attention as a new and effective alternative
method for the treatment and sterilization of solutions as well as surface treatment of various materials.
In general, underwater discharges can be divided into two groups based on the method of plasma
ignition. Pulsed discharges are generated by high voltage pulses with durations of a few nanoseconds
to microseconds with currents up to kA. The second group consists of dc or ac discharges generated in
vapour bubbles. During the past two decades, research on electrical discharges in electrically
conductive liquids or above these liquids´ surfaces has been focused on getting a better understanding
of the pre-breakdown and breakdown phenomena in water and on several applications in water such as
degradation of hazardous organic compounds, killing of microorganisms, chemical synthesis,
medicine and biomedical engineering. Underwater discharges are effective sources of radicals and
active particles: OH, H, O, HO2, hydrogen peroxide, ozone, UV radiation and shock waves. An
essential advantage of such systems is the possibility to combine plasma-induced effects with the
highly selective chemical processes occurring in solutions. The destruction of organic compounds is
initiated by reactions with hydroxyl radicals, hydrogen peroxide and ozone, if gaseous oxygen is
introduced into the system [1, 2].
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Hydroxyl radicals
OH radical is characterized by high reactivity with organic compounds and one of the highest redox
potential (2.80 V). High value of redox potential guarantees non-selective behaving in oxidative
reactions. Hydroxyl radicals are able to react with any organic substance which is presented in solution
and therefore OH radicals belong to the most important particles which are generated by electric
discharge. Moreover, the OH radical generation by underwater discharges is very effective.
Hydrogen peroxide
Hydrogen peroxide is versatile chemical and strong oxidant with a standard electrode potential of
1.763 V at pH 0 (Eq.1) [1].
(1)
H 2 O2 + 2 H + + 2e − → 2 H 2 O
E 0 = 1.763V
While main industrial applications of H2O2 are bleaching of textiles and paper, important
environmental applications are the removal of inorganic and organic pollutants from wastewater. The
use of H2O2 as ·OH generating agent in advanced oxidation processes (AOPs) such as ozonation
(O3/H2O2/UV), hydrogen peroxide photolysis (UV/H2O2) and Fenton processes (Fe2+/H2O2) improves
its effectiveness in industrial technologies [3].
In the present work, the spectrophotometric determination of hydrogen peroxide by the reaction with
metavanadate in acidic medium (vanadate method) was used because the H2O2 compound gives with
metavanadate yellow colored peroxovanadium complex by wavelenght 450nm. (Eq.2) [4].
VO3− + 4 H + + H 2 O2 → VO23+ + 3H 2 O
(2)

2. Experimental technique
The principal scheme of the experimental set-up for the generation of the underwater discharge in gas
bubbles is presented in Figure 1. The discharge reactor consists of discharge camber (volume 1 L), on
the bottom of which the glass capillary (the inner diameter of 1.2 mm, length of 50 mm) is placed.
Liquid is connected to ground potential through a shunting resistance of 100 Ohm by stainless steel
electrode placed at the upper part of the chamber. The plasma-solution reactor is cooled in order to
avoid thermal destruction of hydrogen peroxide at temperatures above 70 °C [5]. The metallic tube
with diameter of 0.5 mm is placed inside the glass capillary and it is used as the HV electrode. The gas
(Ar, He, Air or N2) has been applied through this metallic tube in order to produce bubbles. Gas flow
in the system was supplied by mass flow control system (MKS 4000). Flow rate of used gases was
fixed at 200 sccm in all experiments. The electric discharge was located directly on the surface of the
metallic tube inside of bubbles. The DC power supply for the discharge sustaining has been connected
to the reactor through a ballast resistor of 30 kΩ. The applied voltage is varied from 1.7 to 2.7 kV.

Fig. 1. Experimental set-up.

399

3. Results and discussion
The hydrogen peroxide was generated in the reactor during 20 minutes. The initial conductivity of
NaH2PO4 . 2H2O solution was kept in all experiments at 50 µS/cm. The gases He, Ar, Air and N2 were
alternated in the experiments while the other conditions remained constant. The applied voltage in the
range 1.7–2.7 kV allowed discharge currents of 10–30 mA. Figure 2 shows hydrogen peroxide
generation at the discharge current of 10 mA in all used gases. On Figures 3 and 4 we can see kinetic
curves for hydrogen peroxide generation at 20 and 30 mA, respectively. The hydrogen peroxide
generation at the lowest current of 10 mA is not effective because plasma is not stable operating and
thus the described dependences are not smooth curves. At the higher currents, the discharge operates
regularly and the hydrogen peroxide production is nearly directly proportional to the time of discharge
operation; the saturation effect can be seen at the latest times (the same see in [6]). The H2O2 amount
is nearly directly proportional to the applied current (concentration increases from 4.8 mmol/l at
current of 20 mA to 8.9 mmol/l at 30 mA in argon). The initial hydrogen peroxide production rates
were calculated from the linear (initial) parts of time dependencies and they are shown in table 1. The
highest production rate was observed in Air bubbles, probably due to reaction of atomic oxygen
(generated by dissociation of oxygen molecules from Air) with atomic hydrogen generated by water
dissociation. In the other gases the peroxide production was within the experimental error interval
nearly similar.
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Fig. 2. Hydrogen peroxide generation at the current of 10 mA.
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Fig. 3. Hydrogen peroxide generation by using 20 mA.
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Fig. 4. Hydrogen peroxide generation by using 30 mA.
Tab. 1. Initial rate of hydrogen peroxide formation as a function of discharge current
Current [mA]
Initial hydrogen peroxide production rate [mmol/l·s]x10-4
Air
He
Ar
N2
15
3.3
3.6
3.8
4.2
20
4.2
3.7
5.0
5.8
25
5.8
6.1
6.3
6.7
30
8.3
8.3
6.8
8.3

4. Conclusion
This work has been focused on chemical efficiency of the electric discharge generated inside the
bubbles in water solution. The influence of the used gas (Air, He, Ar, N2) and the discharge current on
the effectiveness of H2O2 production was studied. We observed that concentration of H2O2 during
discharge operation is linearly proportional to the discharge current. It is also nearly independent on
the used gas kind, only in air some hydrogen peroxide production enhancement was determined. The
current less than 10 mA is not applicable, because plasma is not stable and thus hydrogen peroxide is
generated irregularly.
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The removal of acetaldehyde by a dielectric barrier discharge powered by a HV pulse generator is
studied in N2 and N2/O2 mixtures at low O2 concentration, at 20°C and 300°C. It is shown that the
removal efficiency strongly depends on both the temperature and the oxygen content. Analysis of
by-products emphasises that dissociation of CH3CHO by quenchings of N2 metastable states are
important processes, even in mixtures containing oxygen.

1. Introduction
Acetaldehyde (CH3CHO) is a pollutant coming from building materials in indoor air but also emitted
by the combustion of ethanol gasoline or exhausted from incinerators. The use of non thermal plasma
for the removal of Volatile Organic Compounds (VOCs) is studied since the 1990s. Few works have
been devoted to this aldehyde using filamentary plasmas of dielectric barrier [1-3] or corona [4, 5] as
well as homogeneous photo-triggered [6] discharges.
The present study focuses on the effect of temperature (20°C and 300°C) and oxygen percentage
(lower than 10 %) on the treatment of acetaldehyde by a dielectric barrier discharge (DBD). Our
purpose is to develop knowledge about physical and chemical mechanisms for the conversion of this
molecule in filamentary plasma in order to further compare it with the homogeneous one [6]. The
identification of by-products is made to better understand the conversion mechanism of this molecule.

2. Experimental set-up
The discharge set-up is identical to the one previously adopted for studies on formaldehyde [7-9]. The
transient plasma is produced in a cylindrical DBD (Pyrex tube with a central tungsten HV electrode)
energised by a pulsed high voltage generator working at a repetition frequency value up to 200 Hz, in
N2 and N2/O2 mixtures (oxygen concentration, PO2 : 2 and 5 %) , at atmospheric pressure, with
addition of CH3CHO (up to 1000 ppm), at a constant gas flow of 1 l/mn NTP. The plasma volume is
20 cm3. The DBD reactor is placed in a thermoregulated oven allowing the control of temperature.
All measurements are performed for a constant applied voltage equal to 40 kV (on a purely capacitive
charge, without plasma), and the specific deposited energy is varied by changing the repetition
frequency, ν. The specific energy ES, is simply determined by :
ES = ν Epulse / F
(1)
where Epulse is the deposited energy in the plasma volume per current pulse, and F is the flow per
volume. Epulse ranges from 50 up to 100 mJ as function of the working conditions, i.e. values of T, PO2,
and ν.
FTIR analysis, micro-gas chromatography with a thermal conductivity detector, and gas
chromatography coupled to mass spectrometry are used to characterise the gas mixture at the exit of
the DBD.

3. Removal of acetaldehyde in the nitrogen plasma
In Figure 1 is plotted the acetaldehyde concentration measured at the exit of the DBD reactor, Cexit, as
function of the specific energy for an inlet concentration, C0, equal to 500 ppm in nitrogen, and at a
temperature of 300°C. This is a typical example of experimental results. As already shown for CH2O
[7, 8], the removal of CH3CHO by the HV-pulse energised DBD can be efficient even in absence of
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oxygen in the gas mixture. Cexit exhibits an exponential decrease for ES lower then 150 J/l (dashed line
in Figure 1), i.e.
Cexit = C0 exp(- ES / β)
(2)
where β is the characteristic energy (169 J/l in Figure 1). For higher energy values, Cexit is lower than
the concentration given by (2).

Fig. 1. Example of acetaldehyde concentration measured at the exit of the DBD reactor (T=300°C,
C0=500 ppm). Dashed line : concentration given by equation (2) for β=169 J/l.
Using DBD reactors, we obtained recently the same type of law than (2) (at the lowest deposited
energy values studied) in case of formaldehyde or toluene diluted in nitrogen [8, 10]. Moreover, as
previously found for CH2O and C6H5CH3, β measured for CH3CHO at low ES values decreases when
the temperature increases : β=320 J/l and 170 J/l at T=20°C and 300°C respectively.
As for other VOCs, electrons and N2 metastable states should be involved in the removal of
acetaldehyde in nitrogen, i.e.
e- + CH3CHO → products + e(R2)
N2(A3Σ+u) + CH3CHO → products + N2
(R3)
and also reactions with other states like a'1Σ, a1Π and w1Δ. Probably nitrogen states are more important
than electrons owing to their higher lifetime. It is known that the quenching rate of N2(A3Σ+u) by an
hydrocarbon increases when the temperature increases; this was demonstrated for methane and ethane
[11]. Because productions of N2 states by electron collisions do not depend on T in our experiment
[10], it should be the same for productions of dissociative electronic excited states of acetaldehyde,
reaction (R2). Therefore the decrease of the characteristic energy when T increases should be mainly
due to (R3)-type reactions. No data exists on the overall rate constant, kQ, for such reactions involving
acetaldehyde. For ethene, kQ = 1.1x10-10cm3s-1 for the A3Σ+u state [11] and kQ = 4.0x10-10cm3s-1 for the
group of singlets (a'1Σ, a1Π and w1Δ) [12] at ambient temperature. Moreover we have found that the
characteristic energy measured for CH3CHO, at a given C0 value, is about the same than the one for
ethene in N2 [13]. Thus kQ for CH3CHO should be comparable to the coefficient for C2H4.
Additionally, β measured for CH2O [7, 8] is a factor of two lower that the one found in this work for
CH3CHO, i.e kQ should be lower for CH3CHO compared to the coefficient for CH2O.
In a previous work using a wire-to-cylinder corona discharge powered by a Marx generator, with
similar current pulse characteristics than in our experiment, C. Klett et al. [5] have also found that Cexit
decreases exponentially for ES lower than 150 J/l, at C0=500 ppm and ambient temperature. However
β=160 J/l in this case, which is a factor of two lower than the characteristic energy we have found for
the DBD reactor and same gas mixture and temperature. Thus it is clear that the type of discharge used
play a major role in the energy efficiency for the removal of VOCs. Such a difference on the β values
established between corona and DBD reactors should be related to different spatial distribution of the
deposited energy in the discharge volume. Considering the temperature dependence of the
characteristic energy found for different VOCs and discharge types [8, 10, 14], the comparison
between β values for different plasma reactors makes sense only if the gas temperature in the
discharge volume is known, taking into account heating of the gas by the discharge. In case of a
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negligible heating effect, the importance of the energy distribution has been also pointed out for
formaldehyde [7] and for isopropyl alcohol [15] diluted in dry air by caparison between homogeneous
(pre-ionised) and filamentary (DBD) plasmas.
The decrease law (2) has been found for many VOCs and has been explained by some authors using a
simplified global kinetic model [16]. It is obtained when a linear termination reaction is the dominant
process for the radical, R, responsible for the conversion of the pollutant molecule,
R + BG → products
(R1)
where BG is a molecule of the background gases. However, instead of one type of highly reactive
specie R (i.e. the oxygen atom for mixtures with O2), the removal of a particular VOC is more likely
due to more than one kinetic process, involving different types of radicals (O, OH, …) or even various
molecular excited states (in particular in the N2 plasma).
Main by-products (concentrations in the range 50-300 ppm) detected in the N2/CH3CHO mixture
plasma are : CO, HCN, H2, CH4, and C2H6; a precise quantification of all these compounds is in
progress. Detection of CO and CH4 suggests that CH3CHO dissociates to produce the methyl radical
which later recombines with H, and either CO or the HCO radical, i.e.
N2(A3Σ+u) + CH3CHO → CH3 + HCO + N2
(R4a)
N2(A3Σ+u) + CH3CHO → CH3 + H + CO + N2
(R4b)
followed by
H + CH3 + N2 → CH4 + N2
(R5)
H + HCO → CO + H2
(R6)
The hydrogen atom should also come from two other energetically possible dissociation reactions,
N2(A3Σ+u) + CH3CHO → CH3CO + H + N2
(R7a)
N2(A3Σ+u) + CH3CHO → CH2CHO+ H + N2
(R7b)
The hydrogen molecule is thus obtained from the recombination of H,
H + H + N2 → H2 + N2
(R8)
but it should also come from the reaction of the methyl radical with the nitrogen atom,
N + CH3 → HCN + H2
(R9)
which is a possible route for the production of the cyanic acid, amongst others. Detection of ethane
emphasises that CH3 is efficiently produced as the hydrocarbon follows the recombination of this
radical,
CH3 + CH3 + N2 → C2H6 + N2
(R10)
Few ppm of CO2 were also detected, so that the C=O double bond in CH3CHO should also be broken
following quenching collisions of the singlet states (the energy of the A state is not high enough to
induce the bond breaking),
N2(a’) + CH3CHO → CH3CH + O(3P) + N2
(R11)
and thereafter CO is oxidised by the oxygen atom,
O(3P) + CO + N2 → CO2 + N2
(R12)

4. Effect of the oxygen
Addition of oxygen to the N2/CH3CHO mixture does not change the evolution of the acetaldehyde
concentration at the exit of the DBD reactor, i.e. the decrease of Cexit follows the exponential law (2)
when ES increases up to a value above which the decrease is more rapid. The table 1 gives examples of
the characteristic energy values measured at 2 and 5 % of oxygen, together with β for the oxygen free
mixture.
Tab. 1. Characteristic energy (J/l) for the gas mixtures and temperatures under investigation, and for
C0=500 ppm.
O2 percentage (PO2)
T = 20°C
T = 300°C
ratio
0
322
169
0.52
2
117
45
0.38
5
99
26
0.26
The characteristic energy decreases (and so the acetaldehyde removal efficiency increases) when the
oxygen percentage increases up to 5 %. This decrease is faster for 300°C than for 20°C. At a given
value of PO2, β is a decreasing function of the temperature and this effect is the most important at 5 %.
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For the wire-to-cylinder corona discharge cited above, C. Klett et al. [5] have found β=125 J/l at
ambient temperature and 5 % of oxygen for ES lower than 75 J/l, i.e. a characteristic energy slightly
higher than our measurement for same conditions and energy range. As previously discussed for
nitrogen, this difference strengthens the importance of the discharge type (spatial distribution of the
deposited energy, …) for VOCs removal by non-thermal plasma.
In oxygen containing mixture, the increase of the acetaldehyde removal efficiency when the
temperature increases should be related to the increase of the oxidation reactions efficiencies,
O(3P) + CH3CHO → OH + CH3CO
(R13)
followed by,
OH + CH3CHO → H2O + CH3CO
(R14)
3
where O( P) comes from various oxygen molecule dissociation processes, i.e. electron collisions and
quenchings of nitrogen excited states. The coefficient for reactions (R13), k13, is an increasing function
of T but remains much lower than the coefficient for (R14), k14, as can be seen on figure 2.

Fig. 2. Coefficients for the oxidation reactions (R13) and (R14) as function of the temperature [17].
The hydroxyl radical is also efficiently created by the addition reaction [18],
O + H + N2 → OH + N2
(R15)
where the hydrogen atom should come from the dissociation of CH3CHO, (R2) and (R3). Therefore
the role of OH in the conversion of acetaldehyde by the DBD reactor is probably important at low
temperature even if the inlet mixture does not contain water molecule. Importance of reactions (R4)
and (R7) in the removal of acetaldehyde progressively decreases when O2 is added to N2/CH3CHO
owing to the quenching of N2 metastable states by O2. However (R4) and (R7) should efficiently
compete with (R13) and (R14) at low oxygen concentration.
Various by-products are detected in the N2/O2/CH3CHO mixture. Apart carbon oxides, water
molecules and ozone, the most abundant compounds are : CH2O, CH3OH, HCOOH, CH3COOH, H2,
CH4, HCN. Their concentrations depend upon ES, T and PO2 values. At low temperature, methyl nitrate,
CH3ONO2, and peroxyacetyl nitrate (PAN), CH3C(O)OONO2, are also detected together with few
nitromethane, CH3NO2. In figure 3 are plotted CH3ONO2 and PAN concentrations as function of the
specific energy for C0=860 ppm, PO2=2 %, and T=20 °C. PAN disappears at 300°C, whereas important
concentrations (higher than 100 ppm) of NO and NO2 are measured. N2O5 is present only at 20°C and
N2O is always detected.
Even if O2 is present in the mixture, the presence of CH3ONO2 confirms that CH3CHO is dissociated
to produce CH3, reactions (R4), and this is also strengthened by the detection of methane (for the
formation of methyl nitrate, see also the discussion about the dissociation of toluene in ref.[10]),
H + CH3 + N2 → CH4 + N2
(R16)

405

Fig.2 . Concentrations of methyl nitrate and peroxyacetyl nitrate (PAN) at the exit of the DBD reactor
for PO2=2 %, C0=860 ppm, and T=20°C.
On the other hand PAN should follow the production of CH3CO by (R7a), (R13) and (R14), followed
by successive addition of O2 and NO2. The PAN concentration saturates and decreases when the
specific energy increases above 225 J/l, and, for the highest ES value studied, it decreases during time
(dashed vertical arrow on the figure). This effect is comparable to the decrease of the ozone
concentration during time, which has been ascribed to the increase of the temperature in the discharge
volume due to the electrical energy deposition until the DBD reactor reaches a thermal equilibrium
[10].
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This work presents ozone generating system with screw type barrier discharge and surface
discharge ozonizers. Set-up was developed exquisitely for the soil conditioning purposes. The
gaseous ozone injection system consisted of 10 electrodes and the treatment container for
sterilizing of agricultural soil in large volumes. The results of ozone soil treatment for pathogenic
Fusarium oxysporum are introduced. The destructive influence of ozone on λ-E.Coli DNA is
presented.

1. Introduction
Anti-microbial properties of plasmas in the case of decontamination of water, ambient air and surfaces
were previously widely proven [1-9]. To protect crops and food from the bactericidal, fungal and viral
infections usage of ozone was investigated by many research groups.
Pollutants might be distributed in soil in several ways: in soil matrix, vapor phase, non-aqueous phase,
or groundwater [10]. Ozone based techniques are good alternative to the traditional techniques like
heating, flushing with chemical additives, landfilling, incineration, etc. Benefits of ozone applications
in agriculture might be summarized as follows:
-use of ozone in soil treatment will not result in the build-up of any environmentally persistent or toxic
compounds but ozone itself and O3 is immediately consumed in the soil treatment process.
-ozone is manufactured on site so it cannot be stored and its sudden release to the atmosphere is not
possible like it could occur with compressed methyl bromide or other persistent toxic gases or
chemicals used for soil sterilization.
-minimum human toxicity.

2. Experimental Set-up
The soil sterilization system was using high concentration of ozone generated in two types of
ozonizers: barrier discharge screw type electrode ozonizer of applied voltage ranging 1.7–5.5 kV
[11,12], and TiO2 based surface discharge commercial OP-20W Iwasaki ozonizer. Ozone generators
are presented in Fig. 1A and Fig. 1B, respectively. Ozone generation set-up is depicted in Fig. 1C.
Gaseous ozone injection field-scale system is shown in Fig. 2A. It consisted of 10 electrodes and the
treatment container, which was developed for sterilizing and monitoring of agricultural soil in large
volume. The pH value, electrical conductivity and temperature of the soil were observed to investigate
the effect of ozone treatment on soil properties. Fig. 2B depicts the set-up used for the sterilization of
Fusarium oxysporum and other microorganisms.
Fusarium fungal species are widely distributed in soils and organic substrates. Deep sowing makes
germinating seeds prone to fungal infections, in particular, at the earliest stages of seed germination,
when intensive structural and metabolic changes are involved in embryo activation [13, 14].
Fusarium oxysporum colonizes plants through the roots causing vascular wilt, leaf spots, pre-emergent
sprout root rot and post-emergent seedling rot in more than 100 species of plants like tomatoes,
bananas, melons, asparagus, basil, etc. [15, 16] affecting them worldwide, especially in elevated
temperature zones [17]. The fungus can attack both: plants’ seedlings in the transplant house and
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mature plants in the field. Of the soil-borne diseases Fusarium wilt is the most serious in hydroponic
cultivation systems.
A
C

B

Fig. 1. Ozone generators used in the soil sterilization
system: screw type electrode (A), OP-20W surface
discharge electrode (B), experimental set-up (C).
A

B

Fig. 2. Experimental set-up for general soil treatment: multi-electrode injection system (A), set-up for
sterilization of tomato bacteria (B).
Fusarium species produce secondary metabolites caused mycotoxins. They cause a toxic response
termed a mycotoxicosis, when ingested by higher vertebrates and other animals. It can lead to the
deterioration of liver or kidney function [18]. Damages caused by main mycotoxins produced by
Fusarium are summarized in Tab. 2.
Tab. 2. Fusarium mycotoxines.
Mycotoxins
trichothecenes

Risk
References
Immunotoxic, cytotoxic to mammalian cells, [18-20]
increase the risk of other microbial infections,
potent inhibitors of protein synthesis known to
cause alimentary toxic aleukia, fusariotoxicoses.
fumonisins
hepatotoxic and hepatocarcinogenic in rats, [18, 21-25]
inhibitors
of
sphingolipid
biosynthesis,
carcinogenic (associated with an increased risk of
human oesophageal cancer)
There are several traditional methods used in prevention of Fusarium-caused infections:
-chemical fumigation (one of the basic fumigants: methyl bromide has been banned worldwide since
2005 due to its environmental risk) [26-28],
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-biological suppression (screening and planting resistant cultivars, grafting, intercropping, using
antagonists, compost amendment) [29, 30],
- physico-chemical methods: ozone, H2O2, UV treatment, soil heating, solarization [31-34].

3. Results and Discussion
The voltage-current characteristics obtained in screw type electrode ozonizer with moderate number of
microdischarges to be spotted [35] are depicted in Fig. 3A. Ozone concentrations in dependence on
applied voltage and oxygen flow rate are presented in Fig. 3. B. Ozonizer was able to provide high
ozone concentration (23 g/m3) with high efficiency (100 g/kW h).
B

A

C

Fig. 3. Voltage and current profiles for single
screw type electrode, 10 kHz, 0.5 l/min, 6 kV (A),
ozone concentration in dependence on applied
voltage (B), ozone penetration depth with time
(C).

Experiment with ozone penetration depth, which based on discoloring of indigo with ozone to
colorless isatin was performed [35]. It was proven that ozone can spread out to a diameter of 8 cm
during 60 min of treatment at 1 l/min of gas flow and ozone concentration of 1 g/m3. The discolored
volume in dependence on treatment time is shown in Fig. 3C.
Tab. 1. Soil sterilization effect on Fusarium oxysporum by in-situ ozone treatment.
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Ozone sterilization effect on Fusarium oxysporum is summarized in Tab.2.
Conventional biological method of the CFU (colony forming unit) counting showed that bacteria and
Fusarium oxysporum in the soil were almost eliminated by ozone treatment with the concentration
over 20 gO3/m3, achieving sterilization rate up to 99.9%. Sterilization requires ozone dosage over 0.6 g
for the 50g soil.
0.46 μg/μl of λ-E.Coli DNA (Nippon Gene) was diluted with 10 mM Tris-HCL (pH 7.9) and 1.0 M
EDTA. The DNA solution was further diluted with 0.5 ml distilled water in a microcentrifuge tube. A
stream of oxygen containing 5% wt. ozone was bubbled into the microcentrifuge tube containing the
DNA solution. 0.2-1 g of ozone of was supplied to 0.5 ml of DNA solution during 5-20 min of
treatment at 0.5 l/min gas flow rate.
Before and post-ozone treatment DNA samples were prepared on the mica substrates. The DNA
solution of 10 μl was dropped on the mica substrate and was dried in the chamber at reduced pressure
and room temperature.
A

B

Fig. 4. Sample of DNA E.coli (AFM 48 502 base pair 16μm) before ozonation (A), and after 5 min
ozonation (B).
Prepared samples were analyzed by Atomic Force Microscopy (AFM) [36] after various treatment
times. Fig. 4A depicts the image of DNA sample deposited on the mica substrate. It was found that
there were many kinds of structures depending on the location and localized conditions (such as DNA
condensation). The molecular structure of DNA collapsed completely when high concentration of
ozone was introduced into the DNA solution. The image of the DNA sample which was treated during
5 min is presented in Fig. 4B. It indicated that ozonation process broke the E. coli DNA and split it into
many fragments (small rectangular pieces distributed on the surface). The typical length and width
ranged 380-390 nm and 15 nm, respectively. These peculiar pieces have almost been not observed
when the DNA samples were treated for 10 and 20 min that suggests that DNA was decomposed
completely.

4. Conclusions
The set up for agricultural microbial ozone sterilization purposes, which based on two types of
ozonizers was developed.
It was possible to achieve 99.9% sterilization efficiency in the case of Fusarium oxysporum at the
ozone dosage over 20 gO3/m3.
The fundamental experiments on biological reaction between the λ-E.Coli DNA and ozone exposure
suggested that the molecular structure of the DNA collapsed completely using 5% wt. ozone
concentration.
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OXIDATION OF METHANE IN HE/CH4/CO2 MIXTURES:
EXPERIMENTAL RESULTS AND ELECTRON KINETICS
N. Pinhão, A. Janeco and J. Branco
ITN – Nuclear and Technological Institute, Estrada Nacional 10,
2686-953, Sacavem, Portugal
E-mail: npinhao@itn.pt
The impact of adding helium to CH4/CO2 mixtures used for the production of Syngas in a dielectric
barrier discharge is discussed. Helium was found to have a major impact on the value of
breakdown voltage, conversion values for CH4 and CO2, on the rate of increase of conversion with
the specific input energy but almost no impact on selectivities. The experimental results are
interpreted on the basis of electron kinetics results in these mixtures.

1. Introduction
The use of non-thermal plasmas in the production of hydrogen, Syngas, and more complex
hydrocarbons from methane mixtures is an interesting alternative to conventional processes [1]. The
most common oxidants used with methane are O2 and CO2 [2].
We recently reported good conversion and selectivities values using He/CH4/O2 and He/CH4/CO2
mixtures in a dielectric barrier discharge – catalyst reactor [3,4]. It was shown that helium has a
significant impact on those results, the first evidence of this being a large reduction of breakdown
voltage with an increase in helium concentration.
For a fixed input gas composition, the conversion increases linearly with the specific input energy
(SIE = Electric Power Supplied / Gas Flux). An increase in helium concentration leads to a significant
increase in the rate of increase of conversion with SIE and in the maximum values of conversion
attainable for CH4 and the oxidant used. In spite of the reduction of total CH4 and CO2 input with the
increase in helium concentration, the increase observed in conversion of these gases was sufficient to
compensate for this reduction. The total amount of methane and carbon dioxide converted actually
increases with helium concentration.
However it was also found that helium concentration had minimum or no impact on selectivities.
Although a full kinetic model is necessary to understand the details of the discharge in these mixtures,
the study of electron kinetics provides useful information on the discharge. In this paper we discuss
how the electron kinetics results reported recently [5] contribute to the interpretation of the
experimental results observed in He/CH4/CO2 mixtures.

2. Experimental Set-up
The results were obtained with a cylindrical geometry chamber built from a glass tube covered by a
thin aluminium foil, acting as ground electrode, and a central stainless steel AC electrode. The
chamber has a porous glass on one end to support a catalyser. In this paper we focus on results
obtained without catalyser.
Mixtures of He/CH4/CO2, where the helium concentration varied between 50-95% were studied. Most
of the results were obtained with a R=[CH4]/[CO2] ratio of 1.0 and indicated when otherwise. The total
gas flow was controlled with standard mass flow controllers ranging from 2 to 6 L/h.
The AC power supply allowed a maximum rms voltage of 10 kV with a frequency range of 4-6 kHz.
The Specific Input Energy (SIE) consumed in the discharge systems was measured using both the
conventional Lissajous method and a combination of alternative methods [6].
The output gas composition was analyzed online by gas chromatography using a thermal conductivity
detector. Furter details of the experimental set-up can be found in [3].

3. Experimental Results
The analysis of the experimental results was based on modified conversion and selectivities ratios
defined below as:
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The conversion ratio for gas X is defined as the ratio
 Q [ X ]in−[ X ] out
CX=
(1)
Q [ X ]in
where αQ is the ratio between the fluxes of gas entering and exiting the reaction chamber. This
definition generalizes the expression commonly found for the definition of conversion, taking into
account that reactions change the number of molecules, thus changing the concentration of the input
gases even if they do not react. If pressure is kept constant the change in the number of molecules
translates to a change in the flux exiting the chamber. The ratio of fluxes, αQ, corrects the input
concentration for this effect.
We define the selectivity for gas X based on carbon atoms as
 X [ X ]out
]
S [C
(2)
X =
∑r Y Q[Y r ]in−[Y r ]out 
r

where the sum is on all reactants, Y, with carbon atoms and β the number of carbon atoms in the given
species. Selectivities based on hydrogen or oxygen atoms are defined in a similar way.
In this paper we focus our attention on the conversion rates for CH 4 and CO2 and on the selectivities
for H2 and CO production. However in all the mixture studies we have also detected the production of
C2H4 and C2H6 compounds with selectivity between 0.1% and 10%, and of water vapour.
Figure 1 shows the results on conversion (a,b) and selectivity (c,d) for several values of helium

The conversion values increase linearly with SIE but mixtures with higher helium concentration show
a much faster increase. The values of selectivity start with an increase in SIE but reach a constant
value at 10 kJ/L and, in the range of parameters studied these values are practically independent of
helium concentration.
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For higher values of SIE the development of a thermal instability makes the discharge unstable and
leads to the formation of an arc.

4. Electron Kinetics
The electron kinetics in these mixtures was studied solving the Boltzmann equation for an electron
swarm in the hydrodynamic regime. The method used is an integral method [7] for the angular
dependency of the distribution function equivalent to other multiterm methods. The cross sections for
He and CO2 were taken from [8] while methane cross sections were updated with recent results [9,10]
and adjusted to swarm data [5]. The final set includes the momentum transfer cross section, two cross
sections for vibrational excitation of modes ν2 + ν4 and ν1 + ν3, the dissociation cross sections for the
formation of CH3 , CH2 and CH radicals, the formation of H− and CH2− negative ions, and CH4+, CH3+,
CH2+, CH+, C+, H+ and H2+ ions.
The results were obtained for mixtures He/CH4/CO2 in the same range of composition of the mixtures
used for the experimental measures and a reduced electric field, E/n, ranging from 0.5 Td to 500 Td.
However we must be cautious when using these results to interpret the experimental results as the
actual composition of the gas mixture in the chamber when the discharge is active is presently
unknown.
The presence of helium is responsible for a large shift in the electron energy distribution function
(eedf) to higher values and a large increase in the rate coefficients for excitation, dissociation and
ionisation of CH4 and CO2. At the same time the excitation and ionisation rates for helium are much
smaller in the mixtures than in pure helium.

5. The effective ionisation coefficient and the breakdown voltage
The increase in helium concentration leads to a shift in the ionisation and attachment coefficients
curves to lower E/n values (Fig 2).
The E/n value where the condition α/n = η/n is fulfilled decreases from approximately 80 Td to
approximately 25 Td when the helium concentration changes from 0% to 80%. The consequence of
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Assuming that the discharge starts as a Townsend avalanche, the breakdown voltage can be estimated
from the condition for self-sustainment in inhomogeneous fields:
r
1
(3)
∫r [ E r − E r ] dr=ln 1  
where r0 and rM are the limits for propagation of the discharge, E(r), the electrical field, α and η, the
ionisation and attachment coeﬃcients and γ, the secondary emission coeﬃcient..
Solving (3) for our conditions, mixtures with ratios R = 1 and two values of γ, we can compare (Fig 3)
the forecast of this simple model with the experimental values of breakdown voltage obtained from the
M
0

The figure includes experimental points with different values of R. However it was observed that this
ratio has a small influence on the breakdown voltage. We observed that for the same input gas
composition, the breakdown voltage depends on SIE. Together with experimental uncertainties this
justifies the spread in experimental points.
Taking into account that the experimental values were obtained with a stable discharge where the gas
composition is different than the one in the model, the agreement is satisfactory.

6. The collision frequencies and the conversion and selectivity values
To analyse the effect of helium concentration on the discharge we have to consider both the increases
in the rate coefficients for excitation and ionisation processes in CH4 and CO2 and the decrease of
[X]
concentration of these gases. The density normalized collision frequencies ( i / n=[ X ] k i ) are the
parameters used in this case. Figure 4 shows the normalized collision frequencies for processes in the
three gases. Each curve shows results for a class of processes (vibrational excitation, electronic
excitation, ionisation or attachment).
As a result of the shift of the eedf to higher energies with helium, and in spite of the reduction of CH4
and CO2 concentration, the maximum values of the collision frequencies for electronic excitation in
these gases are roughly constant while an increase in the ionisation frequencies is observed. The
curves shift to lower E/n values and becomes steeper.
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These results not only explain the observed increase in CH4 and CO2 conversion rates but indicates an
increase of the total CH4 and CO2 processed for the range of helium concentrations measured.
Vibrational excitation and attachment CH4 and CO2 have a negative impact on the discharge efficiency
as they are either channels of energy loss or the formation of negative ions. The frequencies for these

Finally, except for the highest values of helium concentration, the collision frequencies for processes
in helium are much smaller than in the other two gases indicating that helium excited states and ions
have a minimal or no role in the discharge. This explains why selectivities are not influenced by
helium concentration.
Acknowledgment. We acknowledge financial support from FCT under research contract PTDC/EQUEQU/65126/2006. Thanks are due to D.S. Baracol for revision work.
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The decomposition of methylene blue (MB) in aqueous solution was studied using a dielectric
barrier discharge operated in pulsed regime. The discharge was generated at the gas-liquid
interface. Oxygen was used as working gas. Two discharge geometries were investigated: a
coaxial configuration (DBD) and a packed-bed configuration (PB). The comparison showed that
faster degradation and higher energy efficiency for the dye degradation were achieved in the DBD
configuration. MB degradation obeys a first order kinetics. The best degradation yield at 90% MB
conversion was 52 g/kWh. Faster MB decomposition could be obtained by increasing the pulse
repetition rate, and implicitly the average power introduced in the discharge, however, this did not
improve the decomposition yield. Measurements of the ozone concentration in the effluent gas
showed that ozone plays a considerable role in the decomposition of MB, but is less important for
the further degradation of reaction products resulting from MB oxidation.

1. Introduction
Removal of organic dyes from waste water has received considerable attention in the last years due to
the increasing environmental problems they generate. These problems are related on one hand to the
physical and chemical properties (colour, toxicity, etc) of the dyes themselves and on the other hand to
the formation of other dangerous by-products by chemical reactions which take place in water [1,2].
Physical techniques can generally be used successfully for dyes removal [3], however they only
transfer the organic pollutants from water to solid phase, requiring therefore post-treatment of solid
wastes and regeneration of the adsorbent materials [1].
Biological methods are usually ineffective for dyes removal, which is mainly due to the stability of
most dyes [1]. In addition, biological degradation requires high reaction volumes as well as long
treatment times. Another drawback is that most dyes are not destroyed, but adsorbed by bacteria [1,2].
Advanced oxidation processes (AOPs) have been investigated for the degradation of organic pollutants
in water, having as objective either complete mineralization or partial degradation of the compounds in
order to make the effluent more amenable to conventional treatment. AOPs are aimed at in situ
generation of strong oxygen-based oxidizers, such as hydroxyl radicals, ozone, atomic oxygen,
hydrogen peroxide, etc. Especially the formation of OH radicals is desired since they are among the
strongest oxidizers and react non-selectively with a broad range of organic compounds.
Among the advanced oxidation processes, electrical discharges in water [4–7] or at the water-gas
interface [8–14] have been investigated for the degradation of various organic compounds, including
organic dyes [2,6,7,10,12,14]. The formation of OH radicals and atomic oxygen was evidenced by
spectroscopic investigations of the light emitted by the plasma [4,8,15]. The generation of ozone and
hydrogen peroxide was studied as well [5,16-18].
In the present work the degradation of methylene blue (MB) in aqueous solution was studied using a
pulsed dielectric barrier discharge. The discharge was generated at the interface between gas and
liquid. Two geometries of the plasma reactor were investigated: a coaxial configuration and a packedbed configuration. They were compared with respect to the energy efficiency for the dye degradation.
The formation of ozone in the discharge as well as its effect on MB decomposition was also addressed.

2. Experimental
The coaxial geometry (DBD) was described in detail in [13,14] and is shown in Fig. 1. Briefly, the
plasma reactor was a quartz tube of 19 mm inner diameter, with the outer electrode consisting in a
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silver layer of 10 cm length on the outside of the tube and the inner electrode made of metal mesh
shaped as a cylinder with a diameter of 16 mm.
The dye solution was circulated by a
peristaltic pump with a flow rate of 50
mL/min and was made to flow as a film on
the surface of the inner electrode, passing
through several holes at the top, and out of
the reactor through a tube at the bottom (t1),
which returns it to the solution reservoir.
Oxygen was introduced through a separate
entrance in the upper lid of the reactor with a
flow rate of 600 sccm. After passing through
the plasma reactor the effluent gas containing
ozone generated in the discharge exits
through the same tube as the liquid and is
bubbled through the rest of solution in the
reservoir, in order to allow ozone to react
Fig. 1. Experimental set-up: discharge reactor in
with the pollutant molecules in the reservoir.
coaxial geometry.
The packed-bed (PB) reactor was a quartz tube of 30 mm inner diameter with the outer electrode of 15
cm length and the inner electrode of 22 mm diameter. The reactor was packed with quartz spheres of 2
mm diameter. The set-up for gas and solution flow was the same as described above.
In both configurations the discharge was initiated in the gas phase, in fact at the interface between the
gas and the liquid.
The discharge was operated in pulsed mode. The inner electrode was connected at high voltage and the
outer electrode was grounded. A d.c. high voltage generator (Spellman SL600) of negative polarity
charges a capacitor of 2 nF, which is subsequently discharged by means of a rotating spark-gap switch
(RSG). The RSG controls the repetition rate of the voltage pulses. The discharge voltage was
measured by means of a high voltage probe (Tektronix P6015, 1000x, RP = 100 MΩ) and the
discharge current was determined from the voltage fall on a non-inductive shunt resistor (Rs = 3 Ω)
connected in series with the outer electrode.
In each experiment the solution volume was 200 mL. Tap water was used in order to simulate a real
situation. The initial solution conductivity was 775 mS/cm, and the pH was 7. The initial concentration
of MB in solution was in most experiments 25 mg/L.
UV-visible absorption spectra of the aqueous solutions before and after plasma treatment were
measured by a spectrophotometer (Varian Cary 100), in the wavelength range λ = 190–900 nm.
According to the Beer–Lambert law, the absorbance is proportional to the concentration of absorbing
molecules. The concentration of the dye in solution was determined from the absorption maximum at
660 nm, which was also used for the calibration curves.
The concentration of ozone in the effluent gas was measured by an ozone detector (Anseros Ozomat).

3. Results and discussion
Typical waveforms of the discharge voltage and discharge current are shown in Fig. 2a for the coaxial
configuration and in Fig. 2b for the packed-bed configuration, with and without circulating water
through the discharge reactor.
Voltage pulses with amplitudes of about 18 kV and short rise time were used. For coaxial geometry
the voltage and current pulses have similar shapes when the discharge was operated without
circulating water through the reactor (in oxygen) and when water was introduced. The current pulses
had amplitudes of 65-70 A and durations of about 33 ns (FWHM). Similar values were obtained also
when the MB solution was circulated through the reactor. For the packed-bed geometry the current
pulses had about 70 A amplitude and shorter duration (19 ns) in the absence of water. When
circulating water through the discharge reactor, the amplitude of the current pulses was also slightly
higher and a widening of the pulses to 31 ns FWHM was observed. In the presence of MB solution a
further increase in the current amplitude was observed.
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Fig. 2. Typical waveforms of the discharge voltage (upper graphs) and discharge current (lower
graphs) for the coaxial geometry – (a), and for the packed bed geometry – (b).
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The energy per pulse was calculated by integrating the product of discharge voltage and current over
time. For the coaxial configuration the energy per pulse was around 30 mJ. For the packed-bed
geometry the energy per pulse was 20 mJ in the absence of solution and almost twice this value (38
mJ) when the MB solution was circulated through the reactor. The pulse repetition rate was varied in
the range 30-50 Hz, therefore the average power dissipated in the discharge was below 2 W in all
situations and cooling of the reactor was nor necessary.
Since oxygen was used as working gas, one of the major oxidisers generated in the discharge was
ozone. Fig. 3 shows the concentration of ozone detected in the effluent gas as a function of the average
power dissipated in the discharge for both
DBD - oxygen
2.0
DBD - water circulated
configurations investigated in the presence and
PB - oxygen
in the absence of water circulation. The power
1.8
PB - water circulated
was varied by changing the repetition rate of
1.6
the pulses.
1.4
The highest O3 concentration was detected for
the DBD geometry operated in oxygen, without
1.2
water circulation. When water was introduced a
1.0
significant decrease in the O3 amount was
0.8
observed, from 1.33-1.86 g/m3 to 0.93-1.27
g/m3.
0.6
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
In the PB geometry water circulation did not
power (W)
have such an important influence on the
concentration of O3 in the effluent gas. In this
Fig. 3. Ozone concentration in the effluent gas
case the O3 concentration was higher than that
for the coaxial geometry (DBD) and for the
obtained in DBD configuration, ranging
packed-bed geometry (PB) in the absence and
between 1.27 and 1.72 g/m3.
in the presence of water circulation.
The degradation of MB was investigated for two values of the pulse frequency (30 Hz and 50 Hz), at
constant applied voltage. In this way the average power dissipated in the discharge was varied between
0.9 and 1.45 W for the DBD geometry and in the range 1.2-1.9 W for the PB geometry. MB
degradation obeys a first order kinetics. Fig. 4 shows the first order plots of MB degradation as a
function of the treatment time in the discharge for both configurations investigated and both pulse
frequencies used.
As expected, higher power led to faster decomposition of the dye. For 50 Hz pulse frequency, over
95% conversion was achieved after 8 min treatment, while for 30 Hz the time needed to reach this
value was longer. It was also observed that MB was degraded faster in the coaxial configuration as
compared to the packed-bed configuration regardless of the average power. For example, at 30 Hz
after 8 minutes treatment the MB conversion was 97% in the DBD geometry and only 83.5% in the
PB geometry, even if the power was slightly higher in the latter case. Similarly, at 50 Hz after 6
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minutes treatment the MB conversion was 96% in the DBD geometry and 86% in the PB geometry.
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Fig. 4. The degradation of MB as a function of treatment time for the coaxial geometry (DBD) and for
the packed-bed geometry (PB), for pulse frequency 30 Hz – (a) and 50 Hz – (b).
The efficiency of pollutant degradation is usually illustrated by the yield, defined as the amount of dye
destroyed per unit of energy consumed in the process. Fig. 5 shows the energy yield for both
configurations investigated, for the pulse frequencies of 30 Hz (Fig. 5a) and 50 Hz (fig. 5b).
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Clearly the yield was higher for the DBD geometry as compared to the PB geometry. The difference
was more important at low conversion, but even at 90% conversion the values are about two times
higher for the coaxial geometry: 52 g/kWh for DBD versus 23 g/kWh for PB for 30 Hz and 38 g/kWh
for DBD versus 21 g/kWh for PB at 50 Hz. Another observation worth mentioning is that higher
frequency, and implicitly higher power, does not result in higher energy efficiency, even if it leads to
faster MB decomposition.
The difference between the O3 detected when water was circulated through the reactor and the O3
detected in the presence of MB solution
1.4
DBD:
ν = 30 Hz;
ν = 50 Hz
represents the amount of O3 consumed in the
ν = 30 Hz;
ν = 50 Hz
PB:
1.2
degradation process and was plotted in Fig. 6
1.0
as a function of treatment time.
0.8
In the presence of MB solution the ozone
concentration detected in the effluent gas was
0.6
lower due to reactions with the dye
0.4
molecules as well as with the degradation
0.2
products resulted from its decomposition.
0.0
In the first few minutes of treatment a
0
2
4
6
8
10 12
14 16 18
considerable amount of the O3 produced in
treatment time (min)
the discharge was consumed in reactions
Fig. 6. Ozone consumed in the process of MB
with MB. During this time the MB
degradation.
concentration decreased significantly since,

420

as mentioned previously, the MB conversion reached more than 80% after 8 min plasma treatment.
Ozone reacts as well with intermediates formed from MB degradation, leading to more stable products,
which have less affinity to O3, which is shown by the subsequent decrease in O3 consumption. After
10 min treatment the amount of O3 consumed remained approximately constant, showing that a small
part of the O3 slowly reacts with the products of MB degradation.

4. Summary and conclusions
Methylene blue in aqueous solution was successfully decomposed using a dielectric barrier discharge
operated in pulsed regime. The solution was completely decolorated after about 8 min of plasma
treatment. It was found that MB degradation obeys first order kinetics. The comparison between the
coaxial geometry and the packed-bed geometry showed that faster degradation and higher energy
efficiency for the dye decomposition were achieved in the DBD configuration. In this case the best
degradation yield obtained at 90% MB conversion was 52 g/kWh. By increasing the pulse repetition
rate, and implicitly the average power introduced in the discharge, faster MB decomposition could be
obtained. However, this did not improve the energy yield, which was higher for the lower power used.
Measurements of the ozone concentration in the effluent gas showed that ozone played a considerable
role in the decomposition of MB. In the first few minutes of treatment a considerable amount of the O3
generated in the discharge was consumed in chemical reactions, while the concentration of MB
decreased significantly. Ozone reacts as well with intermediates formed from MB decomposition,
leading to more stable products. These products have lower affinity to O3, as shown by the
considerable decrease of O3 consumption for longer treatment time.
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As a part of a pulsed corona system for pollution control applications, Marx type pulse generator
was constructed and tested. It consists of ten capacitor banks which can be connected on different
ways to give required voltage and energy and it is able to produce up to 200 kV and 15 J pulses
with a respectable repetition rate. For this work we used three and four stages, 40-50 kV generator
which gives 4 J per pulse and repetition rate up to 100 pps, according to our laboratory plasma
reactor configuration. The generator delivers pulses to the wire-plate reactor with the 40 ns
risetime and FWHM of 200 ns. The pulse power system may be used with or without DC bias,
with no needs for additional power supply. This arrangement has been tested through the
measurement of ozone generation. Finally, the whole system has been used for NO treatment in
the laboratory conditions.

1. Introduction
With the rapid increase in electrical power industry, the use of coal is expected to rise by over 70%
from 2005 to 2030. Coal share in global electricity generation is set to increase from 40% to 45% by
2030 [1]. In Serbia over 60% of electrical energy is produced by coal-burning power plants. With this
increase, coal-fired power plants will emit ever larger amounts of sulphur-dioxide (SO2) and nitrogen
oxides (NOx), which are the main causes of acid rain and urban air pollution. SO2 and NOx coexist in
coal flue gas so development of an efficient, simple and environmental friendly technology for
simultaneous removal of these two gases is of great interest. The pulsed corona discharge showed
encouraging results for the simultaneous removal of NOx and SO2 which was demonstrated at
industrial level experiments with flow rates from 1000 Nm3/h to 50,000 Nm3/h [2]. Advantages of
pulsed corona treatment are: simultaneous removal of several pollutants, high destruction efficiency,
no demands on temperature and pressure, insensitive to contamination, no damage from high loads,
widely applicable, simply installed, compact, little service and small scale [3] .
Reliable, inexpensive pulsed power supplies are vital for the implementation of pulsed corona
technology and they are based primarily on the capacitive energy storage and closing switches [4-6].
A good solution for pulsed corona power supply could be a repetitive Marx generator presented in this
work. In 1923, Erwin Marx patented the circuit for a high voltage generator with the fundamental
principle of charging capacitors in parallel and switching the capacitors in series into a load [7]. We
designed a pulsed power supply based on the same principles and used it for pulsed corona generation.
Many plasma driven pollution control processes are initiated by ozone, so we measured the plasma
production of ozone in the air, to analyze the plasma processing efficiency [8].

2. Experimental setup
For a flue gas treatment by pulsed corona plasma we constructed a compact, repetitive Marx generator
with an external trigger. The whole system consists of ten 7 nF, 30 kV capacitors, eighteen
1 mH
inductivities and nine spark gap switches. Depending on the capacitors connection the generator can
have from two to ten stages, which is determined by plasma reactor configuration. In every mentioned
configuration all capacitors are included, so the pulse energy of the generator does not depend of
operational voltage which can go up to 200 kV.
For our measurements we used three and four stage generator with operational voltage of 35-50 kV.
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Fig. 1. Schematic overview of three-stage Marx generator with corona reactor.
Three stage Marx generator consists of three 20 nF capacitors in parallel charged via 1 kΩ resistor and
four 1 mH inductivities as presented in Fig. 1. The high voltage transformer with rectifier charges the
capacitors to the positive charging voltage of 10-12 kV, when trigger pulse fires the first spark gap
which then in turn, due to the addition of the voltages, fires the second spark gap. The inductors act as
very high reactance due to the speed of the capacitor discharge and thus the spark gaps are fired in
series. A positive output pulse is produced with voltage more than three times the charge voltage i.e. ~
40 kV. Round electrodes of spark gaps were made from brass and placed in a plastic tube at 8 mm
distance in between. The tube was connected with an air pump which provided dry air flow through
the spark gap switches required for regular work of the power source. In this research we have set the
repetition rate of generator at 50 and 100 pps.
Wire-plate corona reactor had seven wires, 0.5 m long and 0.8 mm in diameter, placed at 4 cm
distance from parallel positioned stainless steel plates. Dimensions of the reactor are 0.7 x 0.5 x
0.08 m3. A fan was used to provide 10-60 m3/h air flow rate through the reactor. Reactor can be
coupled via additional spark gap or directly. In the second case, emission electrodes of the reactor are
on the high voltage permanently, and practically plasma source works with DC bias without additional
high voltage source, which may decrease expenses in cases where DC bias is needed.
For voltage measurement, a high voltage probe Tektronix P6015A (1000:1±3%) was used with a
digital oscilloscope Tektronix 3032 (300 MHz, 2.5GS/s). Current measurements were performed with
current transformer Pearson Electronics 3025. Probes were positioned as shown in Fig. 1. First testing
of the generator has been performed with handmade non-inductive liquid resistor with resistivity of
about 300 Ω.
The ozone concentration was determined using the UV absorption (Fig. 2) in the Hartley-band (230290 nm), where the absorption of ozone is the largest. As UV source a Shimadzu deuterium lamp was
used. Ocean Optics QE 65000 spectrometer (200-400 nm, resolution 0.2 nm) was used to acquire the
spectra. Measuring cell with quartz windows and optical path length (d) of 8 cm was located after the
electrode system at distance of approximately 0.5 m.
For the measurements of plasma source denitrification efficiency the NO gas was inserted just after
fan. Gas analyses are performed using gas analyzer (MRU VarioPlus Industrial) with electrochemical
sensors for NO, NO2, SO2, O2 and CO and an NDIR sensor for CO2.
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Fig. 2. Shematic owerview of UV absorption technique set-up.

3. Experimental results
First testing of the Marx generator was performed using pure resistive load with resistivity of about
300 Ω. It was important to know the fraction of accumulated energy in the power source that was lost
during its operation, i.e. it was important to obtain efficiency of the source. Results are presented in
Fig. 3.
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Fig. 3. a) Current and voltage waveforms for 300 Ω resistive load. b) Energy delivered into load
(straight line), and energy accumulated in Marx generator (dashed line). Results are obtained for the
three stage Marx generator.
Fig. 3. b) shows that energetic efficiency of the Marx generator is about 90% which was important
and encouraging for further investigation. This graph shows that even the largest losses in spark gap
are acceptable. Further examinations have been performed with the corona reactor. Results of the
electrical measurements are presented in Fig. 4. We measured electrical characteristics of pulsed
plasma system for two types of power source arrangement, two stage (a) and b)) and three stage Marx
generator (c) and d)). First, we obtained voltage and current waveforms for three stage Marx generator.
Power is calculated by multiplying voltage and current waveforms. Energy is determined by
integrating the power waveform. The risetime of the pulse is about 40 ns. For energy of ~1 J/pulse, the
half-width of power signal is about 200 ns. For this arrangement energy delivered from the power
source to the plasma reactor was less than 25 %, which is unsatisfactory, so we decided to examine the
efficiency of energy delivery depending on wire length, i.e. plasma reactor capacitance and its active
resistivity. We measured energy delivered to the reactor for seven wire lengths, from 0,5 to 3,5 m.
Results are presented in Fig. 5. It is clear that amount of energy delivered to the reactor depends
linearly on wire length, and considering that, one can conclude that the ideal wire length of our reactor
should be about 17.5 m. As it was not possible to change the reactor configuration, the applied voltage
was changed, but with the same energy accumulated in reactor. Therefore the power source was
prearranged to four stage Marx. The voltage was increased for about 20%, which resulted in increase
of energy delivered to the reactor almost twice, and the whole energy efficiency to 38% as shown in
Fig. 4. d). This is encouraging, but still bellow the requested efficiency, so more work is needed to
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reach it. Further increasing of voltage could be problematic, because, due to the reactor arrangement,
sparks may appear in large numbers instead of a pulsed corona discharge.
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Fig. 4. Voltage and current signal of pulsed corona discharge: a) three stage Marx and c)four stage
Marx. Power and energy delivered to the corona reactor: b) three stage Marx and d)four stage Marx.
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Ozone production was measured as an indicator for chemical activity of pulsed corona. Analyzing Fig.
6.b) it can be concluded that the ozone concentration increases almost linearly with increase of energy
density. Obtained results are in good agreement with results presented in literature [4], so we decided
to use our plasma system for NO treatment for different repetition rates (Fig. 7). Preliminary results of
NO treatment presented in Fig. 7 show good performance of our plasma system in the denitrification
processes. It is interesting to note that with increase of inserted energy, not only the NO concentration
decrease (in processes of oxidation to NO2), but also the total NOx concentration decreases due to
processes of reduction and converting of NO2 to HNO3 in a presence of water vapour which is not
negligible in laboratory conditions [9].

425

25000

a)

I0

20000

80

I
C [ppm]

15000

10000

60

40

20

5000
0

0
200

0

220

240

260

280

300

320

340

360

380

5

10

15

20

25

30

35

Energy density [J/l]

400

Fig. 6. a) Deuterium spectrum
when plasma was turned off and when it was turned on with delivered
λ [nm]
energy density of 30 J/l. b) Ozone concentrations for different densities of delivered energy.
150

150

140

140

a)

120

NO
NO2
NOx

110
100
90
80
70
60
50
40

NO
NO2
NOx

130
120

NO/NO2/NOx [ppm]

130

NO/NO2/NOx [ppm]

Intensity [a.u.]

b)

100

b)

110
100
90
80
70
60
50
40

30

30

20

20
10

10
0

5

10

15

20

0

25

10

20

30

40

50

Energy density [J/l]

Energy density [J/l]

Fig.7. NO treatment by pulsed plasma system operating with two repetition rates: a) 50Hz and b)
100Hz
Acknowledgements. This work is supported by the Ministry of Science and Technological
Development of the Republic of Serbia through the project No. 141043.

4. References
[1] International Energy Agency 2007, World Energy Outlook 2007

[2] Kim, H. H. 2004, Plasma Process. Polym. 1, 91
[3] van Veldhuizen E. M. (ed) 2000: Electrical Discharges for Environmental Purposes:
Fundamentals and Applications, Nova Science Publishers
[4] Winands, H. G. J. J., Yan, K., Nair S.A., Pemen G. A. J. M., van Heesch B. E. J. M.
2005 Plasma Process. Polym., 2, 232
[5] Pokryvailo A., Wolf M.,Yankelevich Y.,Wald S, Grabowski L. R., van Veldhuizen E M,
Rutgers W.R.,Reiser M, Glocker B., Eckhardt T., Kempenaers P. Welleman A.
2006 IEEE Trans. Plasma Scie. 34, 1731
[6] Yan K., Hui H., Cui H, Wu X., Baa C., Li R.: 1998 Journal of Electrostatics 44, 17
[7] Marx E. 1923 Deutsches Reich Reichspatentamt Patentschrift 455933
[8] Kuraica M. M., Obradović B. M., Sretenović, G., Kovačević V., Dojčinović B.,
Manojlović D. 2008 Hakone XI Conference 352
[9]Orlandini I., Riedel U. 2000 J. Phys. D: Appl. Phys. 33 2467

426

CHEMICAL ACTIVITY OF THE PULSED CORONA
DISCHARGE IN WATER IN DEPENDENCE ON SOLUTION
CONDUCTIVITY – YIELDS OF H2O2 AND H2
Irena Tothova1, Petr Lukes2, Martin Clupek2, Vaclav Babicky2, Vaclav Janda1
1

Department of Water Technology and Environmental Engineering, Faculty of Environmental
Technology, Institute of Chemical Technology, Technicka 5, Prague 6, 160 00, Czech
Republic
2Department of Pulse Plasma Systems, Institute of Plasma Physics, Academy of Sciences of
the Czech Republic, v.v.i. Za Slovankou 3, Praha 8, 180 00, Czech Republic
E-mail: irena.tothova@vscht.cz
Reactor of point to plate electrode geometry has been used to study production of H2O2 generated
by the pulsed corona discharge in water in dependence on added OH radical scavengers
(dimethylsulfoxide, potassium bromide and methanol). The production of H2O2 decreased with
higher concentration of scavenger. Furthermore, yields of hydrogen were measured, both dissolved
and gaseous. The production of hydrogen increased rapidly in water/methanol solution.

1. Introduction
Non-thermal plasma processing in aqueous solution by applying a high voltage power is considered to
be an attractive method for the production of highly active chemical species directly in water. It has
been demonstrated that the pulsed high voltage discharges generate in water plasma that initiate
a variety of physical and chemical effects as high electric field, intense ultraviolet radiation,
overpressure shock waves and, especially, formation of various reactive chemical species such as
radicals (OH·, H·, O·, HO2·) and molecular species (H2O2, H2, O2). It is expected that primary
chemical activity of electrical discharges in water is associated largely with the initial production of
OH and H radicals formed by electron collisions with water molecules in the plasma discharge zone.
Electron impact dissociation of water forms H and OH radicals with threshold electron energy of 5.1
eV. These radicals react with each other to form molecules H2 and H2O2, which has been approved by
chemical methods [1], or occur in the solution to be able to act as reactive species in solute.
Generation of OH and H radicals by the electrical discharge in water has been proved by emission
optical spectroscopy [2, 3]. Beside H2 and H2O2, molecular oxygen is formed by the reaction of O
radical with OH radical. Overall production ratio H2O2:H2:O2 is 2:4:1 [4] or 0.61: 1.19: 0.24 [1].
Production of H2O2 strongly depends on the solution conductivity, when the increase of solution
conductivity results in the decrease in H2O2 production by the discharge. It was shown that to some
extent this can be attributed to the effect of increasing UV radiation from the discharge leading to the
increasing photolytic decomposition of H2O2 [5]. Even though many reactions and schemes of the
chemical activity of electrical discharge in water have been described in the literature, the exact
mechanism is still unknown. Recent paper [7] proposes chemical activity in polar organic solvents
after applying electrical discharges. Among others, a particular attention is paid to hydrogen
production in water/methanol solution.
In this work, yields of H2O2 by the pulsed electrical discharge in water generated in the reactor with
point to plane geometry of electrodes were determined as a function of free radical scavenging
property of dimethylsulfoxide, potassium bromide and methanol. These substances are highly reactive
with OH radicals and, thus, capable to influence both the production of H2O2 formed by recombination
of OH radicals as well as to eliminate a possible decomposition of H2O2 by OH radicals.
Consequently, chemical activity of the discharge is evaluated with regard of the effects of solution
conductivity on the production of H2O2, dissolved and gaseous H2 in the range of 100-500 μS/cm.

2. Experimental
The reactor used for generating of the pulsed corona discharge with needle-to-plate electrode geometry
in water was described in detail in previous work [3]. Briefly, needle electrode, made of tungsten rod,
was in the distance of 52 mm from the second electrode and almost totally insulated from surrounding
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water by Teflon insulator. Both electrodes were immersed in the liquid. A pulsed high voltage applied
to the needle was provided by a pulse power supply. All experiments were conducted with fixed
applied voltage of 27 kV or 21 kV, pulse repetition frequency of 35-60 Hz and charging capacitance
of 7 nF. The mean electrical power, P, applied to the reactor was calculated from the applied voltage,
U, charging capacity, C, and pulse repetition frequency, f, as P = f Ep, where the pulse energy, Ep, was
evaluated as the storage energy of the charged capacitor Ep = ½ CU2. The experiments were made in
solutions with initial conductivity of 100 - 500 µS/cm. The reactor vessel was cooled during the whole
experiment by a water circulating system to avoid heating of the solution and maintain isothermal
conditions of about 16 ºC. Aqueous solutions were prepared in most case by the addition of dilute
sulfuric acid to deionized water to reach the needed solution conductivity. In the experiments with
scavengers, methanol or dimethylsulfoxide as non-conductive organic compounds were added to the
solution of sulfuric acid. Potassium bromide as an inorganic conductive solute was used on its own.
The actual concentration of hydrogen peroxide was determined spectrophotometrically using the
colorimetric reaction of H2O2 with titanyl ions. When dissolved and gaseous H2 was measured solution
was purged by argon at flow rate of 1 l/min before starting the experiment and during the experiment
from the bottom of the beaker to avoid contact of argon with the plasma discharge. 1 l Tedlar bags
(Supelco) were used to sample gaseous hydrogen. Content of hydrogen in collected gas mixture was
further analysed using the gas chromatograph CE Instruments GC 8000 with thermal conductivity
detector HWD 800. A column 2 m x 3 mm i.d. packed with molecular sieve 5A and argon as a carrier
gas was used in chromatographic analysis. Concentration of dissolved hydrogen was determined using
H-meter developed at the Institute of Chemical Technology, Prague, Czech Republic.

3. Results and discussion
To investigate the role of OH radicals in the yield of H2O2, the free radical scavenging property of
dimethylsulfoxide, potassium bromide and methanol was used. On one hand OH radicals recombine to
produce H2O2, on the other hand OH radicals are involved in H2O2 decomposition. Radical scavengers
are highly reactive with OH radicals (kDMSO+OH = 7.1×109 l mol-1 s-1, kKBr+OH = 1.1×1010 l mol-1 s-1,
kCH3OH+OH = 9.7×108 l mol-1 s-1) and, thus, capable to influence both the production of H2O2 formed by
recombination of OH radicals as well as to eliminate a possible decomposition of H2O2 by OH radicals.
Scavenging capacity is defined as a product between the rate constant kOH+S and scavenger
concentration [S].

Fig. 1. H2O2 yield as a function of scavenging capacity of KBr, DMSO and CH3OH (500 μS/cm,
27 kV, 90 W).
The yield of H2O2 in dependence on the scavenging capacity is shown in Fig. 1. It is obvious that the
production of H2O2 decreases with increasing concentration of scavenger. The higher the
concentration of the scavenger is available in the solution, the more it can participate in the OH
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radicals recombination processes. It shoud be noted that the amount of potassium bromide (i.e., its
scavenging power) used in these experiments was limited by the conductivity of the KBr solution.
Therefore, the maximum concentration of KBr was 3.25 mmol/l, which corresponds to the
conductivity of 500 μS/cm. Similarly, the maximum concentration of dimethylsulfoxide used in the
experiments was limited up to 10-2mol/l. The reason for this was the fact that although
dimethylsulfoxide is non-conductive compound, its degradation by-products (sulfate anion and
methanesulfonic acid) are conductive, which changed the conductivity of solutions during the
experiments with DMSO above of 10-2mol/l significantly. On the other hand, the effect of methanol on
H2O2 production was investigated without any concentration limitations since methanol does not
change the solution conductivity. As it is shown in Fig. 1 the methanol addition in the concentration of
5 mol/l was sufficient to suppress almost completely the production of H2O2, and, thus, to scavenge
nearly all OH radicals produced by the discharge. Therefore, it is apparent that the formation of H2O2
by the electrical discharge in water can be directly related with the production of OH radicals in the
plasma, i.e. with the recombination of OH radicals into H2O2.
Consequently, production of molecular hydrogen by the discharge in both gaseous and dissolved form
was investigated with regard to the effect of solution condcutivity. It is known that the production of
H2O2 by pulsed corona discharge in water depends on the solution conductivity when the yield of
H2O2 decreases with the increasing conductivity [5]. Similar results were determined also for the
production of gaseous hydrogen, shown in Fig 2, when 1.5 times higher yields of hydrogen were
measured at 100 μS/cm than at 500 μS/cm.

Fig. 2. Production of gaseous H2 in water in dependence on solution conductivity (27 kV, 35 Hz,
90W).
This observation is in agreement with [6]. However, no observable differences were observed in the
production of dissolved hydrogen in solutions of different conductivity (Fig. 3). This discrepancy
obtained for production of gaseous and dissolved hydrogen might be related with the limited solubility
of hydrogen in water, however, more research is needed to fully explain these results.
In addition, the role of applied power on the production of gaseous and dissolved hydrogen was
investigated by varying of applied voltage (21 and 27 kV) and pulse  epletion frequency (35 and 60
Hz). Figs. 4 and 5 show that the yield of dissolved and gaseous hydrogen increased with the increasing
electrical power applied to the reactor. This is rather expected result. However, it was further found
(Fig. 4) that the yield of dissolved hydrogen increased with the addition of 1M methanol into the
solution (more than 50%). In the case of gaseous hydrogen, the yield was even four times higher with
addition of 1M methanol (Fig. 5). The similar effect of methanol on the yield of molecular hydrogen
was observed also by Thagard et al [7]. Nevertheless, increase of H2 in the presence of methanol is
significantly different result compared to the production of H2O2, which decreased by 50 % with the
addition of 1M methanol (Fig. 1). The reason for this might be caused by the formation of hydrogen
radicals due to methanol decomposition in plasma as follows [7]:
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e- + CH3OH → ·CH2OH + ·H

(1)

e + CH3OH → ·CH3O + ·H

(2)

e- + CH3OH → ·CH3 + ·OH

(3)

-

Hydrogen and hydroxyl radicals may subsequently react with methanol as
CH3OH + ·OH → ·CH2OH + H2O

(4)

CH3OH + ·H → ·CH2OH + H2

(5)

Fig. 3. Effect of the solution conductivity on kinetics of dissolved H2 production in water at applied
voltage 27kV, pulse repetition frequency 35 Hz, applied power input 90 W.

Fig. 4. Production of dissolved H2 in water in dependence on solution composition (presence of
methanol) under various applied parameters in solution of the conductivity of 100 μS/cm.

430

Fig. 5. Production of gaseous H2 in water in dependence on solution composition (presence of
methanol) under various applied parameters in solution of the conductivity of 100 μS/cm.
However, as a matter of fact, the rate constant of the reaction of methanol with hydrogen radical
(Eq. 5) is rather low (2.6×106 l mol-1 s-1) compared to the hydrogen radicals recombination (Eq. 6)
with the reaction rate constant of 1.0×1010 l mol-1 s-1.
·H + ·H → H2

(6)

Thus, it can be expected that hydrogen radicals formed from methanol (via routes described in Eqs. 1
and 2) can further recombine into hydrogen molecules (Eq. 6), which in consequence may lead to the
higher yield of hydrogen as it was observed experimentally in the presence of methanol (Figs. 4 and 5).

4. Conclusion
Free radical scavenging property of DMSO, KBr and CH3OH has been used to investigate mechanism
of formation of H2O2 by the pulsed electrical discharge in water. The yield of H2O2 decreased with
increasing scavenging capacity of the entire scavenger. Based on these results it was determined that
the formation of H2O2 can be directly related with the production of OH radicals in the plasma, i.e.
with the recombination of OH radicals into H2O2. On the other hand, in the case of dissolved and
gaseous H2 higher yields were determined in the presence of methanol in the solution, which was
caused by additionally formed hydrogen radicals due to methanol decomposition in the plasma and
their subsequent recombination into H2.
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Volatile organic compounds are responsible for destruction of the ozone layer and development of
respiratory system illnesses. In recent year’s attempts to destroy of volatile organic compounds by
using of non-equilibrium plasma generated by glow, corona, gliding, barrier, microwave and
surface discharges have been made. This study is focused on corona discharge.
The conversion of CCl4 in argon – oxygen mixtures was investigated at normal pressure in a new
type of pulsed corona discharge reactor. The newly designed reactor made of a quartz-glass tube,
17 mm in diameter, contains a ceramic electrode 9 mm in diameter and about 30 cm long. The new
construction of the reactor improves the efficiency of the chemical reactions initiated by the
corona discharge. In this reactor the gas stream was passed through channels in the porous ceramic
tube. On the outer surface of the porous tube platinum coil (high voltage electrode) was placed.
Gas permeating through a porous wall of the ceramic tube passes through the active zone of
corona discharges, located around the emission electrode. This construction enables a better
contact of the gas stream with plasma of corona discharge. The new reactor was compared with
other types of reactors, in which other type of high voltage electrode was used.
Chlorine was the main reaction product with small amounts of C2Cl6, C2Cl4 and COCl2. The
highest overall CCl4 conversion in the new reactor, that is 67%, was observed in the reactor with a
ceramic tube and a platinum electrode. In this type of reactor the most favourable conversion of
tetrachloromethanu was achieved.

1. Introduction
Volatile organic compounds (VOCs) contribute to the formation of the so-called greenhouse effect and
some of them are responsible for destruction of the ozone layer. In recent year’s attempts to destroy of
VOCs by using of non-equilibrium plasma generated by corona, gliding, barrier, microwave and
surface discharges have been made [1-8]. This study is focused on pulsed corona discharge. A
significant advantage of the pulsed corona discharge is higher efficiency in decomposition processes
of stable chemical compounds than that in the case of decomposition carried out in non-pulsed
systems.
In this paper, we presents results of decomposition of CCl4 using the pulsed corona discharge. The
decomposition process was run in a newly constructed reactor to improve the efficiency of the
chemical reactions initiated by the corona discharge. In this reactor, the gas stream was passed through
channels in the porous ceramic tube. Gas permeating through the porous wall of the ceramic tube
passes through the active zone of corona discharge, located around the emission electrode. This
construction enables better contact of gas stream with the corona discharge plasma. The new reactor
was compared with other type of reactor, in which other type of high voltage electrode was used.

2. Experimental
Tetrachloromethane was decomposited in an argon-oxygen gas mixture in two reactors (Fig. 1) at the
same total gas flow (10Nl/h), CCl4 concentration (0.4%) and O2 concentration ( 25%).
One reactor (Reactor I) consisted of a quartz tube, high-voltage and ground electrodes, and a porous
ceramics tube. Gas was introduced by the porous tube into the active zone of corona discharge. It’s is
the main advantage of the reactor. The grounded electrode was made by appling a silver paste onto the
quartz tube. An outer diameter of the quartz tube was 19 mm and the wall thickness was 1.2 mm. The
high-voltage electrode was composed from platinium coils on the porous ceramics tube with an outer
diameter of 9 mm.
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The difference betwee Reactor I and Reactor II was the gas inlet and the high-voltage electrode. The
high voltage electrode was made from straight platinium wire with diameter of 0.3 mm. Gas was
introduced to a whole volume of the reactor.

Reaktor I

Reaktor II

Fig. 1. Schema of reactors
1 – high-voltage electrode, 2 – grounded electrode, 3 and 4 – gas inlet and outlet, 5 – dielectric barrier
The reactor was powered by a pulsed supply system. The frequency, the current and voltage traces of a
given pulse were recorded by using oscilloscope Tektronix TDS 3052 with a voltage probe Tektronix
P6015A and a current probe Tektronix TCP202. The discharge power was calculated according to the
formula:
(1)
P = f I (t )U (t )d (t )

∫

P – discharge power, W
f – frequency, Hz
I – current, A
U – voltage, V
t – time of the pulse start and end, s
Products of the plasma decomposition of CCl4 were analyzed by using gas chromatography and titrate
analysis. Hewlett-Packard HP 6890 with an FID detector and packed column with 5% Fluorocol on
60/80 Carbopack B was used to determine the concentrations of CCl4, C2Cl4 and C2Cl6. Cl2 and COCl2
were periodically passed by two bubblers with KI solution. In this solution Cl2 react with KI to I2 and
KCl. COCl2 react with H2O to HCl and CO2. The solution was titrated with a 0.05 M Na2SO4 solution
to determine the amount of I2 and 0.1 M NaOH was used to determine that of HCl. Basing on these
measuring data a flow rate of products of the CCl4 decomposition was calculated.
The overall CCl4 conversion, the specific energy and the energy consumption were calculated
according to formulas:
W0 [CCl4 ] −W [CCl4 ]
(2)
X=
•100
W0 [CCl4 ]

X – overall CCl4 conversion, %
W0[CCl4] - CCl4 flow rate at the inlet, mol/h
W[CCl4] - CCl4 flow rate at the outlet, mol/h
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SE =

P ⋅ 3 .6
W0 [ Ar ] + W 0 [O 2 ] + W 0 [CCl 4 ]

(3)

SE – specific energy, kJ/mol of gas
W0[Ar] - Ar flow rate at the inlet, mol/h
W0[O2] – O2 flow rate at the inlet, mol/h
EC =

P ⋅ 3.6
⋅ 0.001
W0 [CCl4 ] − W [CCl4 ]

(4)

EC – the energy consumption, MJ/mol CCl4

3. Results and discussion
Fig. 2 shows the results for CCl4 decomposition for two reactors and various specific energies. The
magnitude of the specific energy influenced on the overall CCl4 conversion for both reactors. It is seen
in Fig. 2 that the overall CCl4 conversion increases with the specific energy increase. Similar effect is
reported in other papers [1-3].
In Fig. 2 is seen that in the reactor with gas introduce into the active zone (Reactor I) the same overall
CCl4 conversion was achieve for the smallest specific energy than in reactor with gas introduction to
the whole volume of reactor (Reactor II). The specific energy for two reactors is not comparable
because pulses current was drastically changed with change of reactors (Fig. 3). It’s is probably a
result of distance change between the high-voltage and the grounded electrodes. However, some
impact may come from changing of shape of the high-voltage electrode.
The maximum CCl4 decomposition ratio, which was obtain in Reactor I, was only 67%. It is much less
than was obtain in Reactor II (92%). Increase of the specific energy for Reactor I was impossible
because a range of the frequency change was too small for pulsed power supply system, which was
used.
Overall CCl4 conversion, %
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0
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1000

Specific energy, kJ/mol
Reactor II

Reactor I

Fig. 2. The specific energy influence on the overall CCl4 conversion for two types of reactors
Reactor I – gas was introduced into the active zone of corona discharge
Reactor II – gas was introduced into the whole volume of the reactor

Fig. 3. Typical traces of pulses voltage and current for two types of reactors
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Fig. 4 shows dependence between energy consumption and the overall CCl4 conversion for both
reactors. The energy consumption for Reactor I with gas introduce into the active zone was few times
smaller than for Reactor II. This result is a consequence of the change of the pulse current. In Fig. 4
shows that increase of the overall CCl4 conversion caused increase the energy consumption.
Overall CCl4 conversion, %
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Energy consumption, MJ/mol CCl4
Reactor II

Reactor I

Fig. 4. The dependence between the overall CCl4 conversion and the energy consumption for two
types of reactors
Reactor I – gas was introduced into the active zone of corona discharge
Reactor II – gas was introduced into the whole volume of the reactor

Products flow rate, mmol/h

The main product of the CCl4 decomposition is Cl2, for both reactors. Besides Cl2, COCl2, C2Cl4 and
C2Cl6 formed during the CCl4 decomposition process; however flow rates of COCl2, C2Cl4 and C2Cl6
were a few times smaller than the Cl2 flow rate (Fig. 5). C2Cl6 flow rate was between 0-0.002 mmol/h.
Is worth to mention, that the Cl2 flow rate increased and flow rates of other products not increased
with increase of the specific energy.
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Fig. 5. The dependence between the specific energy and products flow rates for Reactor I
Gas was introduced into the active zone of corona discharge
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4. Conclusions
CCl4 can be effectively decomposed by using the pulsed corona discharge in both reactors. The
highest overall CCl4 conversion (92%) was achieved in Reactor II, when gas was introduced to the
whole volume of reactor but the energy consumption was also high (49 MJ/mol CCl4).
Reactor I, when gas was introduced into the active zone of the corona discharge, was consumed
between 1.1 and 1.8 MJ/mol CCl4 of energy and obtained the overall CCl4 conversion between 48 and
67%.
Reactor I expend about 15 times less energy to achieve similar overall CCl4 conversion than Reactor II.
Cl2 is the main product of the CCl4 decomposition process. Besides Cl2, a small amount of COCl2,
C2Cl4 and negligible amount C2Cl6 formed during the CCl4 decomposition process.
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This paper presents the results of experimental and theoretical investigations of the process of nonthermal plasma-assisted reforming of aqueous ethanol solutions in the dynamic plasma liquid
systems using the DC electric discharges in a gas channel with liquid wall and the additional
excitation of ultrasonic field in liquid. Excitation temperatures (electronic Te*, vibrational Tv* and
rotational Tr*) dependences of plasma components on the discharge current were investigated for
different regimes (with and without ultrasound presence in the working fluid). The experiments
show possibilities and efficiency of low-temperature plasma-chemical conversion of liquid ethanol
into hydrogen-rich synthesis gas in different regimes.

1. Introduction
From physics and chemistry of fuel combustion it is known that addition of light inflammable gases
(H2, CO) essentially improves ignition/combustion of heavy oil and bio-fuels [1]. Therefore hydrogen
is considered as one of the most prospective energy sources for the future that can be renewable,
ecologically clean and environmentally safe [2]. Among possible technologies for free hydrogen
production, including steam reforming and partial oxidation of bio-fuels, a low-temperature plasmaassisted fuel reforming is believed to be a good alternative approach. Although the plasma reforming
process needs some additional electric power, its potential advantages: fast start-up, easy control,
cooking reliability, compact design, etc provide good perspectives in its applications in aerospace
technologies. For plasma fuel reforming, various methods using thermal and non-thermal plasma are
known. One of the potential sources of non-thermal plasma that can provide simultaneously a high
level of non-equilibrium and high density of reacting species in the plasma-liquid system is the electric
discharge in a flowing gas channel with liquid wall (DGCLW). The main idea is that DGCLW can be
burning directly within the liquid hydrocarbon fuels without preliminary gasification. Another
pecularity is that DGCLW can work in the bubbling microporous liquid which has a very large ratio of
the plasma-liquid contact surface to the plasma volume. As is known the ultrasonic (US) cavitation is
a very effective method for creating micropores in liquid [3]. Therefore, the DGCLW with additional
US pumping is also very interesting for research and development.
The objective of this work is to develop and to study new methods of low-temperature plasmaenhanced reforming of liquid hydrocarbon fuels for applications in prospective plasma-assisted
aerospace combustion technologies.

2. Experimental set-up
Experimental set-up for conversion of ethanol in synthesis – gas is shown on Fig. 1. It consists of a
cylindrical quartz test-vessel (1) sealed at the top and at the bottom by duralumin flanges (2) with a
built-in electrode system (3). The cooper rod electrodes (3) were inserted into the quarts tubes (4) and
installed coaxially one opposite other. The tubes (4) served also for the gas (air) inlet. A compressed
atmospheric air was injected along electrodes (3) through the open nozzle ends (4) and formed a stable
counter-flow gas channel surrounding by liquid ethanol (6). The electric discharge (5) was burned in
the gas channel between the immersed electrodes where an electric breakdown occurred. The solution
was filled into the reactor through the drain pipe (7) at the bottom flange. The outlet connections (8)
and (9) at the top flange were connected with a system of communicating vessels allowing control of
the liquid level and pressure in the reactor. The outlet pipe (9) served for transportation of the
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synthesis gas products from the reactor to the condensing vessel and further to the gas analysis.
Because of the electric-discharge heat release and heating of plasma-treated solution in the reactor, an
auxiliary cooling was provided by the water-cooled jacket (10).
Another reactor (Fig. 2) was prepared with the discharge in a gas channel with liquid wall (DGCLW)
2

Outlet of gas
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9
4

H 2O
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Inlet

Т, °С induced by US cavitations. 1- copper
2 with micropores (microbubles)
Fig. 2. DC DCGLW in the liquid
1
tube, 2 - glass insulator, 3 - work liquid, 4 - discharge channel, 5 - magnetostrictive US transmitter, 6electrode in liquid.
7
4
Air

Fig. 1. Experimental set-up for conversion of ethanol in synthesis – gas.
working with the air flow in the liquid under the induced microporous inhomogeneous conditions. The
airflow was injected into the work liquid through a tube covered by a glass insulator and it ran over a
flat dielectric surface of the magnetostrictive transmitter which produced ultrasonic (US) cavitations,
so the discharge channel was formed by the air flow and water vapours (microbubbles). The US
transmitter worked at the frequency of 18 kHz with the power ~20 W [10].
Various modes of the operation of the setup were studied: the mode where the voltage was applied to
the electrodes mounted into the lower and upper flanges (the discharge was initiated between them);
the mode where “+” was applied to the electrode mounted into the lower flange, whereas “–” was
applied to the liquid (“liquid” cathode mode); the mode where “–” was applied to the electrode
mounted into the lower flange, while “+” was applied to the liquid (“liquid” anode mode).
The mass-spectrometric and gas chromatography techniques for investigation of stable gas-phase
conversion products were used.
Diagnostics of plasma parameters in the PLS was carried out by using optical emission spectroscopy
(OES). A portable high-speed CCD-based spectrometer “Plasma-spec” with a spectral resolution ∼0.6
nm was used for recording spectra in the wavelength range 200-1100 nm. Deuterium lamp was used as
light sources for measuring absorption spectra of plasma-treated liquids. Excitation temperatures
(electronic temperature Te*, vibrational Tv* and rotational Tr*) in discharge plasma were determined by
OES methods. The electronic temperature Te* was determined by relative intensities of emission of
atomic hydrogen lines (Hα 656.3 nm, Hβ 486.1 nm). To determine vibration Tv* and rotation Tr*
temperatures SPECAIR simulation of molecular bands: C2 Swan-system (d-a), OH UV-system (A2Σ+X2П), CN Violet-system (B2Σ+-X2Σ+) was made.

3. Results and discussions
The impact of the plasma-forming gas on the ethanol reforming in the DGCLW was studied. For that,
the composition of gas-phase products of conversion in the reactor and the coefficient of energy
transformation were studied at different gas flow rates. Research was conducted for the mode of solid
electrodes. The composition and mixture ratio under the ethanol reforming was (5 mole of ethanol : 1
mole of water). The discharge current varied between 100 and 400 mA, the air flow rate varied from 0
to 110 cm3/s.
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The results for discharge current I= 100 mA demonstrates a good matching between gas
chromatography and mass-spectrometry data. For other currents the same matching is observed. It
should be noted that with increasing air supply in the discharge the concentration of H2 in syngas
products decreases. In fact, the highest yield of H2 is observed in the discharge mode without air
supply. But the time of H2 production in this case increases considerably, and the power consumption
also increases. All this reduces the coefficient of energy transformation (Fig. 3). Moreover, this
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Fig. 3. Coefficient of energy transformation of the ethanol processing in the DGCLW as function of
air flow rate. Ethanol-water solution (5/1), Id= 100 mA, solid electrodes.
decreases the lifetime of the system. Therefore, the total system performance without air supply seems
to be not very good .processing in the PLS with the DGCLW.
Fig. 4 shows the results of experiments and numerical modeling of concentrations of H2, CO2 and
other main stable components in output gas products after the ethanol processing in the PLS with the
DGCLW. The qualitative and quantitative agreement between calculated and measured data is quite
good, at least, for main components. One can see that the output concentration [H2] grows linearly
with the discharge current and it reduces exponentially with the gas flow rate.
In the discharge conditions, the kinetics of the H2 formation is determined mainly by the reaction
C2H5OH + H → CH3CH2O + H2. Since the ethanol concentration [C2H5OH] in solution changes
slowly, the [H2] production is determined entirely by the concentration of atomic hydrogen [H].
In the case under consideration, the main process responsible for the generation of H is the
dissociation of water molecules H2O by the direct electron impact. The rate of this process is
proportional to the specific electric power deposited to discharge (i.e., discharge current). Therefore,
the [H2] production is also a linear function of the discharge current in accordance with experimental
data. Outside the discharge, the only process that influences the H2 concentration is the water-gas shift
reaction CO + H2O → H2 + CO2. Via this process, the system reaches the complete conversion of CO
into CO2 and H2.
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Calculation

Experiment

Fig. 4. The results of experiments and numerical modeling of concentrations of H2, CO2 and other
main stable components in output gas products after the ethanol reforming. Solid electrodes.
The typical emission spectrum of plasma of the DGCLW working in ethanol-water solution is shown
on Fig. 5. Observed spectra of investigated plasma are multicomponent and contain emission lines of

Fig. 5. Typical emission spectrum of DGCLW for regime with “liquid” anode.
Hα, Hβ, electrode material lines Cu I (324.75, 327.4 nm), Na (588.58 nm), molecular bands of
C2(Swan system), CN(B-X), OH(A-X), a weak radiation of N2(C-B).
The results of OES diagnostics of plasma in the DGCLW working in the mode with the liquid anode

Fig.6. Dependences of rotational Tr* and vibration Tv* temperatures of the plasma components (CN,
OH and С2) from the discharge current Id for regime with “liquid” anode.

440

in ethanol/water mixture (5/1) at the air flow rate G=55cm3/s at currents Id=50-400 A are shown in
Fig. 6. From the temperature dependences obtained one can reviled that in the investigated regimes in
the DGCLW working with the liquid anode, the characteristic temperatures for radical CN are close
Tv (CN) ≈Tr (CN) and for molecule C2 are differ Tv (C2) >Tr (C2). At that, Tv (CN) and Tr (CN) exceed
Tv (C2) a little bit (~20%). With increasing discharge current from 100 mA to 400 mA, all temperatures
are decreased from 5000-4000 K to 4000-3000 K.
Fig. 7 shows the fragments of emission spectra related to the C2 (d3Πg-a3Πu) Swan band emission in
the spectral range 516-570 nm as obtained in plasma of the DGCLW with the liquid cathode working
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Fig. 7. Spectral distribution of the C2 (d3Πg-a3Πu) emission in plasma of the DC DGCLW with liquid
anode working in ethanol/water mixture (5/1) with and without US field. Discharge current Id = 100
mA, air flow rate G=55 cm3/s.
in ethanol/water mixture (5/1) with and without US field. One can see that fragments are almost
identical, so the effect is practically absent. It can be explained by the possible depletion of US
cavitations in the work liquid caused by additional gas evolution in plasma-liquid system due to
reforming.

4. Conclusions
The composition content of syngas and the power inputs on the ethanol conversion in the DGCLW
discharge depends on the gas flow rate and on the ethanol-water ratio in the solution.
It was shown that electronic temperature Te*(H) almost doesn’t depend on the discharge current Id,
while vibration Tv* and rotational Tr* temperatures slightly decrease with Id increasing.
The low-frequency ultrasonic field in liquid phase does not influence on the electronic Te* vibration
Tv* and rotational Tr* temperatures of plasma components for investigated regime of the discharge.
The kinetic plasma-chemical modeling is in a fairly good agreement with experimental data, at least,
for the main syngas components, H2 and CO, predicting a non-thermal plasma-chemical mechanism of
the ethanol conversion in the investigated plasma-liquid system.
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Calculations of water vapor decomposition products under the influence of vacuum ultraviolet
(VUV) emission (Xe excimer lamp, 172 nm) have been carried out. High reactive radicals OH* are
shown to have been appeared effectively and destroyed pollutants added to vapor.

1. Introduction
It is known, that under influence of emission with λ<190 nm water is effectively decomposed with
*
OH radical formation. The main reaction of decomposition is :
Н2О + hν → *OH + Н*
Absorption coefficient k= σN (N- concentration of water molecules) of saturated water vapor at room
temperature reaches values of 1-10 cm-1 at λ<172 nm (Figure 1), this provides emission absorption in
several centimeters layer.
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Fig.1. Water vapor absorption cross section σ as a function of wavelength [1].
Investigation of the new methods of *OH radicals formation is an actual task. Radical *OH is a
powerful oxidant which oxidation potential (2.8 eV) exceeds oxidation potentials of such widely used
oxidants as chlorine (1.4 eV), hydrogen peroxide (1.8 eV) and ozone (2.1 eV). Modern oxidation
technologies based on advanced oxidation processes (AOPs) use for the toxic organic compounds
decomposition mostly hydroxyl radical [2]. In AOPs, the organic compounds can be completely
decomposed to CO2 and H2O. Depending on AOPs, *OH radicals are generated by different methods:
by chemical oxidation using H2O2 , O3, in Fenton’s reactions; by radiation methods including UV
radiation, γ-radiation, e-beam; by photocatalysis using TiO2 etc [3].
At present time technologies based on VUV water decomposition are in the stage of research [4], this
in particular is connected with absence of acceptable VUV light sources . However, at last two
decades intensive research and development of excimer VUV light sources based on barrier discharges
in high pressure rare gases were carried out [5,6]. Emission spectra of such excimer lamps are
occupied wavelengths region of 120-180 nm , efficiency of conversion of electric power to emission
one can reaches 60%. In this way excilamps give a new methods of radical *OH formation.

2. Investigations of water vapor photolysis
During decomposition of water vapor following products are generated H2O2, H2,*Н,*ОН,O2, HO2*,O,
O(1D), O2 [7,8]. Unknown concentrations were found by solution of system of differential equations:
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dNi/dt= Σl Fil+– Σm Fim–
(i = 1–9),
where Ni – concentration of i-th products , Fil+, Fim– – flows of formation and decomposition of i-th
product in reactions l и m. Velocities of reactions and parameters of photo processes were taken from
[2,7,8]. As a VUV light source Xe excimer lamp (λ=172 nm , surface intensity I=10 mW/cm-2) was
considered.
In Figure 1 concentrations of main components of water vapor VUV-photolysis are presented.
Calculations were made for vapor layer thickness x=1cm irradiated during time interval t=10-3 s. In
Figure 2 concentrations of *ОН radicals generated by photolysis of saturated vapor at different
temperature are shown. In Figure 3 time behavior of radicals *ОН and pollutants concentrations in
irradiated water vapor (T=24 ºC) are presented. Initial pollutants concentration was equal to 1·1014
cm-3 , the main reaction of its destruction was proposed to be:
*

ОН +pollutants→ products

with velocity equal to typical value k=1·10-11 cm3s-1 [9].

Fig. 1. Concentrations of saturated water vapor (T=24 ºC) VUV –photolysis products:
1 –H*, 2– *OH, 3 – H2O2, 4 – H2, 5 – O, 6 - O2, 7– HO2.
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Fig. 2. Time behavior of concentration of *ОН radicals generated by VUV photolysis of different
temperatures saturated vapor, 1 – 90оC, 2 – 60оC, 3 – 24оC, 4 – 7оC.
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Fig. 3. Space distribution of radicals *ОН (1) and pollutants (2) concentrations in water vapor (T=24
ºC) irradiated by VUV emission.

3. Conclusions
Numerical investigations have shown possibility of formation of high reactive radicals *ОН during
VUV photolysis of water vapor. Calculations of pollutants degradation under influence of water
photolysis products have been carried out. These calculations have shown possibility of pollutants
destruction in these conditions.
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Topic 7
Surface processing and technology (cleaning,
coating, etching and modification equipment)
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An atmospheric pressure pin corona plasma jet was used to deposit polymeric coatings from
monomer precursor in both vapour and liquid aerosol states to allow a direct comparison of the asdeposited coatings with respect to the achievement of soft plasma polymerisation (SPP) where the
coating exhibits minimal fragmentation or damage to the monomer molecule while, at the same
time, being highly cross-linked. A long chain perfluorocarbon molecule was introduced into the
helium plasma and coatings deposited at rates of up to 50 nm/min. XPS, FTIR, contact angle and
ellipsometric measurements indicated that a controlled polymerization reaction had taken place in
the case of the vapour deposited samples through the vinyl group of the monomer, with only minor
fragmentation of the functional perfluoro chain. Furthermore, a high level of cross-linking was
achieved and the coatings were stable to a toluene wash. In contrast, while the liquid deposition
samples showed good retention of monomer molecular structure, they exhibited negligible crosslinking and were readily removed by immersion in toluene rendering them functionally useless.

1. Introduction
In conventional PECVD, gas precursors are bombarded with aggressive plasma species to produce
fragmentation and re-arrangement of the precursor monomers so that coating functionality remains
limited to simple materials such as SiOx, SiN or TiO2 and complex chemistry cannot be deposited
using such systems. In contrast, “soft plasma polymerisation” (SPP) is the ability to plasma deposit a
cross-linked solid film with a very high degree of structural retention of the starting precursor so that
the deposited coating retains the molecular complexity, functionality and value of the monomer. The
prospective benefits of SPP include single-step industrial coating of substrates with, for example,
complex and valuable, but sensitive, bio-active macromolecules such as enzymes and nucleic acids for
applications such as biosensors, lab-on-a-chip and biomedical devices and many other processes.
Around 2000, Badyal et al combined helium atmospheric pressure glow discharge plasma with liquid
aerosol precursor delivery to produce thin films with a high degree of monomer functionality retention
[1], [2]. This technology was further developed by Dow Corning Corporation [3], [4]. The
introduction of the liquid as aerosol was thought to protect the precursor from aggressive plasma
species by encapsulating it in a droplet to minimise fragmentation. The use of aerosol delivery
systems, however, produces complexities related to stability of the spray, control of droplet size,
generation of an even precursor distribution over wide areas, the requirement to accurately dispense
low volumes of liquid at a constant rate and rapid build-up of unwanted deposits on reactor surfaces.
In 2009, Herbert et al [6] introduced precursor as a vapour rather than aerosol into a non-thermal pin
corona plasma previously used for so-called liquid deposition. The introduction of vapours rather
than liquids allows for standard PECVD equipment (bubblers, mass flow controllers) to be used to
generate an easily controlled, even flux of precursor onto a substrate. The coatings were shown to
have the same functional chemistry retention and deposition rate as seen in liquid deposition plasma
coatings. It could be deduced that control of the reaction mechanism cannot be predominantly
dependent upon the presence of the monomer as an aerosol droplet but that that the key control
parameter is the low plasma power coupled per unit of monomer, resulting in coatings being deposited
in the power deficient regime described by Yasuda in vacuum polymerisation systems [7]. It was
concluded that the specific plasma type used, the pin corona, is inherently predisposed to deliver low
specific energy into the reaction zone and, hence, to SPP, even using gas precursors.
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The result was confirmed by further experiments using this plasma type in which O’Neill, Herbert et
al [8] showed that hexamethyldisiloxane (HMDSO) underwent SPP when injected into the plasma in
the vapour phase. In the same work the liquid deposition technique failed to polymerise non-volatile
polymethylhydrogen siloxane (PMHSO) atomized droplets at all flow rates. This deficiency in the
ability of the pin corona liquid deposition technique to cross-link monomer precursor had been
previously implied by work done by O’Neill et al [9] where PMHSO delivered as an aerosol into a pin
corona system similarly could not be plasma cured except through the addition of 25 – 75% by volume
of highly volatile tetraethylorthosilicate.
This work attempted to directly compare the performance of precursor in the conventional gas state
and in the so-called liquid deposition state applied to surfaces via a pin corona plasma of low specific
energy ~0.1 J/cm3. The precursor used was 1H, 1H, 2H – Perfluoro – 1 – Decene (HDFD) and the
resulting coatings were analysed for the two key performance parameters, namely the degree of
polymerisation/cross-linking and retention of molecular structure and functionality. The precursor
was chosen as it contains a polymerisable alkene group and fluorocarbon chain that can be readily
characterized: CH2=CH-(CF2)7-CF3.

2. Experimental
A plasma jet was constructed based on the aerosol-plasma jet system described by O’Neill and
O’Sullivan [10]. It consists of a dielectric head housing two tungsten needle pointed electrodes to
which are applied in parallel an alternating current voltage. A space around each needle allows a 5
L/minute flow of helium ballast gas to enter the device. Between the two needle electrodes is a port
for insertion of a pneumatic nebuliser through which 2 L/minute of helium was input into the
pneumatic gas feed port and a flow of 5 μL/minute of liquid precursor delivered by syringe pump was
input to the liquid feed port ensuring aerosol is introduced directly into the plasma region.
Alternatively, if the system is to be run in gas deposition mode, the working nebuliser is replaced in
the electrode head by a ‘dummy’ nebuliser in which the liquid input port is blanked and a precursor
plus helium carrier gas flow is fed into the gas input port. This precursor plus helium flow is the flow
output by the real, working nebuliser which was configured to discharge into a heated flask the output
of which flask fed directly into the dummy nebuliser. The flask was immersed in an oil bath at 200°C
in order that the precursor with a boiling point of 146°C should be vaporised on emerging from the
working nebuliser nozzle. The ~2 L/minute flow rate of precursor plus helium carrier gas ensured that
the time between leaving the working nebulizer and reaching the plasma region was <1 second
reducing the time available for cooling and condensation of the precursor. No evidence of such
condensation was seen.
Very Low Frequency electrical power was delivered to both electrodes at a frequency of c. 19 kHz and
a peak-to-peak voltage of c. 23 kV. The helium-precursor mix exited through a 75 mm x 15 mm
diameter fluoropolymer tube in which the corona plasma was generated from the tips of the vertical
needles. Coatings were deposited onto substrates placed directly under and 2 – 3 mm from the end of
the tube. Samples were generated in both vapour and liquid deposition modes at the following power
supply set powers as a percentage of full power: 2%, 5%, 10%, 20% and 40%. All coating runs were
180 seconds duration. The sample was then measured for coating thickness by ellipsometry. In order
to determine the degree of cross-linking a toluene wash was carried out on selected samples for 5
minutes. The sample was then again characterized for coating thickness by ellipsometry.
FTIR, contact angle and XPS measurements were taken. The droplet size distribution of atomised
liquid and vapour phase precursor was examined using the laser diffraction technique. Electrical
characterisation was by high voltage probe and toroidal current transformer.

3. Results
Discharge powers were in the range 1.4 to 4.9 W. The introduction of liquid droplets into the
discharge at constant set power resulted in a fall in measured discharge power of from 19% to 63%
depending on the setting. The laser particle size data showed that the liquid spray system introduced
droplets into the plasma region with a mean particle size of less than 10 microns in all cases. Increases
in precursor flow rate produced larger droplets and a wider distribution of particle sizes. Production of
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larger droplets with increasing flow seems intuitively reasonable due to the fixed nebulising gas flow
rate of the atomizer being distributed over a larger volume per second of liquid. No droplets were
observed in the vapour deposition mode confirming effective evaporation of all of the introduced
HDFD and no re-condensation of the vapour.
Contact angle data was taken on samples run at all 5 power settings in both vapour and liquid
deposition modes. In the case of the liquid deposition samples no reliable contact angle data could be
obtained. Contact angles dropped from an initial value of approximately 120° to approximately 30° in
5 minutes for all liquid depositions. Coatings were not well cured being liquid in appearance and were
readily removed by wiping. However, for the vapour deposition samples the contact angle dropped by
approximately 10° in the first 5 minutes after deposition and then stabilised to give values between
107° and 122°, typical for plasma polymerised perfluoro compounds [11].
Figure 1 shows FTIR spectra of original monomer and as-deposited samples on KBr substrates.

0.25

Absorbance (a.u.)

0.20

0.15

a)

0.10

b)
0.05

c)
0.00
2000

1800

1600

1400

1200

1000

800

600

-1

Wavenumber (cm )

Fig. 1. FTIR spectrum of a) 1H, 1H, 2H-Perfluoro-1-Decene monomer, b) liquid deposition plasma
polymerisation 2% set power and c) vapour deposition plasma polymerisation 2% set power
The original monomer shows major peaks at 1253, 1222 and 1155 cm-1 attributed to stretching modes
of the CF3 and CF2 groups of the perfluoro chain. Both the vapour and liquid deposited films also
contain peaks around 1240, 1210 and 1145 cm-1, reflecting the shift to lower wavenumbers reported in
plasma deposited fluorocarbon films and sometimes ascribed to the reduction of fluorine content in the
film or to formation of a disordered and cross-linked coating [12]. As both fluorocarbon peaks are still
well resolved in both deposition processes, it can be deduced that the fluorocarbon chain has not
undergone significant levels of fragmentation and degradation in either plasma process. The asdeposited spectra show loss of the monomer peaks at 1425, 967 and 990 cm-1 corresponding to loss of
the C=C bonds of the vinyl group. Both vapour and liquid deposited samples show slight peaks in the
region 1700 – 1800 cm-1 which may suggest some C=O formation [11], [14] in agreement with the
XPS analysis. The vapour deposited samples also showed peaks below 3000 cm-1 indicative of
saturated alkane chemistry and confirming polymerisation through the vinyl group. These
hydrocarbon features were not seen in the liquid deposition mode samples.
XPS analysis determined the following CF2:CF3 ratios for comparison with the ratio of 7:1 for the
theoretical molecule: 2% set power liquid deposition sample –5.8:1; 2% set power vapour deposition
sample –5.6:1. These values are lower than expected from the starting monomer indicating that some
degradation of the monomer has occurred, as is typical of all such plasma processes [6], [10], [11],
[14]. However, approximately 80% of the perfluoro chain has been retained intact, which compares
favourably with previously reported soft plasma polymerisation processes [16].
The C 1s high resolution curve fitting suggests some cross-linking in the vapour samples which is not
seen in the liquid sample. A shift in binding energy position of the peak assigned to CF3 from 292.9
eV in the liquid deposition sample to 293.8 eV in the vapour deposition samples suggests the presence
of the CF3 species in a pendant position in the vapour samples rather than at the end of a linear chain.
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This may indicate scission and reformation of the molecule in the vapour phase and confirms that the
fluorocarbon chain has undergone a cross-linking reaction.
Figure 2 shows the ellipsometric data from all ten vapour and liquid deposition samples before and
after toluene wash. Vapour sample deposition rate at up to 50 nm/minute drops off slightly with
increasing plasma power perhaps related to higher cross-linking producing a denser film at high
power. Liquid sample deposition rate is erratic and does not correlate well with discharge power and
may be related to the unstable contact angle data, confirming that a stable coating was not formed
using the aerosol assisted process. Vapour phase coatings produced significantly higher deposition
rates for most power settings. Coating stability was determined by immersing the samples in toluene
and re-evaluating the coating thickness using ellipsometry. The wash test results appear to be highly
significant. The vapour samples all show a minor loss of coating thickness after washing, probably
due to removal of any residual poorly polymerised material. However, the cross-linking detected in the
high resolution curve fitting of the XPS spectra appears to be sufficient to stabilise the film and
provides for significant wash resistance. In contrast, in the liquid samples almost no cross-linking has
taken place so that wash resistance is non-existent and the entire coating is removed in all cases.

Fig. 2. Ellipsometric coating thickness data from vapour and liquid deposited samples at 5 set powers
before and after toluene wash

4. Discussion
A low power, atmospheric pressure pin corona plasma has been used to deposit plasma polymerised
coatings from HDFD monomer precursor in both the gas state and in the liquid aerosol state.
The large reduction seen in discharge power on introduction of the aerosol appears due to the
nebulised droplets acting as a sink for free electrons. Fast electrons will be preferentially lost due to
their increased collision rate and because they are able to better overcome the negative potential of the
plasma sheath (the floating potential) set up by the droplet to ensure overall charge neutrality.
Essentially, the liquid droplets act as a cold boundary surface to the plasma sinking charged species
and imposing an overall cooling effect on the plasma. They are likely to change the Electron Energy
Distribution Function by reducing both the mean electron energy and the high energy end or tail of the
distribution. This reduction in electron density reduces the number of free electrons available to sink
power directly resulting in the decrease in plasma power seen.
The vapour deposited samples showed that it was possible to deposit cured polymeric coatings which
substantially retained the chemical structure of the precursor monomer so that the process could be
characterised as SPP. Analysis shows that the precursor has undergone a controlled polymerization
through the vinyl component of the molecule with low fragmentation of the functional fluorocarbon
chemistry of the monomer. Some levels of oxidation of the coatings were evidenced by carbonyl and
water peaks detected by FTIR and oxygen by XPS, as might be expected in this open perimeter system
with the substrate exposed to ambient air. The absence of complete oxidation is consistent with the
low specific power levels generated by this plasma type. The resultant coatings, however, produced
XPS and FTIR spectra fully comparable to those produced by pulsed vacuum plasma or by liquid
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aerosol plasma processing. Furthermore, wash tests, FTIR and XPS data showed clear evidence of a
high level of cross-linking, an essential attribute of a viable functional coating.
In contrast, although the liquid deposition samples showed good chemistry retention, the XPS data
suggested that cross-linking within the deposited coatings was negligible and the resultant wash tests
rendered the coatings functionally useless, even at plasma power levels equal to those of vapour
deposition processes. Difficulty in obtaining adequate levels of polymerisation of liquid state
atomised precursors with pin corona has been seen in previous work [8], [9].
Both deposition rate and the extent of cross-linking of the deposited coating should be associated with
the degree of monomer interaction with the plasma at the molecular level. It is self-evident that
monomer molecules in the vapour phase will be fully exposed to interaction with plasma species from
entry into the plasma region, throughout their flight and on the substrate surface. In contrast, most
monomer in the liquid state will be shielded from the plasma, certainly during flight and possibly to a
significant extent on the substrate surface. Vapour phase monomer molecules will, therefore, have a
much higher probability of engaging in plasma induced chemical reactions than liquid phase
molecules so that the vapour phase reaction rate is likely to be substantially higher generating more
cross-linking and thicker coatings at low plasma power.

5. Conclusions
This paper details what appears to be the first reported direct comparison of coatings targeting SPP
from both gas and liquid aerosol state precursors using a cool, atmospheric pressure, highly nonisothermal equilibrium pin corona discharge with a low specific energy ~0.1 J/cm3.
The work confirmed that, with this type of corona discharge, largely damage-free polymerisation of
monomer to deposit a functional coating can be readily achieved with precursor in the conventional
gas state operating in standard PECVD mode. The use of precursor in the liquid state as nebulised
droplets is, thus, not required to achieve SPP, as has been suggested elsewhere [1], [2], [3], [18], [19],
[20], [21]. Vapour deposition showed high retention of monomer molecular structure in the coating
combined with excellent cross-linking and durability, the two key SPP parameters of merit.
In contrast, the same process but using precursor as liquid aerosol in the so-called liquid deposition
mode was unable to achieve a comparable coating. Good retention of monomer molecular structure
was seen in the liquid coatings, but cross-linking within the coating was negligible thereby rendering
the deposits functionally useless.
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Many potential plasma applications (surface treatment and activation of nonwoven fabrics and
other planar materials) of Diffuse coplanar surface barrier discharge (DCSBD) require it to be
operating in continuous regime. Thus the continuous regime of DCSBD with the different
geometry of electrodes system and the suppressed triple point was investigated. To compare
particular electrodes geometry and lifetime of DCSBD, the electrical properties and efficiency of
cooling system was measured. Tripple point (ceramics-silver electrode-transformer oil) was
analyzed by SEM method before and after continuous test. The potential changes in electrical
properties of transformer oil used as insulation and cooling fluid in DCSBD was investigated after
approx. 1 month non-stop operation.

1. Introduction
In recent years, there is a huge interest in non-equilibrium plasma applications for surface modification
of low cost materials as polymers [1-3], textiles [4], polymer films [5-7], nonwoven fabrics [8-10] in
order to gain surfaces with required properties for further utilization. Since low-pressure plasma
technologies are high-priced with long processing time admittedly there is an effort to realize surface
modifications at atmospheric pressure and restrict the need of costly vacuum systems [11-15]. On the
other hand, plasma at atmospheric pressure is quite different from that at low pressure. Typical diffuse
plasma generated easily at low pressures e.g. by glow discharge has with increasing gas pressure
tendency to overcome into hot filaments, so called microdischarges of streamer character. Such plasma
is hardly used in surface modification processes of thermally sensitive materials. One of possibilities
how to prevent plasma thermalization at higher pressures is to separate at least one of electrodes from
discharge area by dielectric layer. After supplying by AC high voltage with frequency from 50 Hz to
several kHz this electrode system enables to generate in the narrow gap (1-5 mm) between electrodes
dielectric barrier discharge (DBD) [16]. Due to the present of dielectric and accumulation of charge on
its surface during first half-period of voltage the electric field strength in concrete spots is reduced and
filaments become extinct. In the next half-period this charge facilitates the ignition of micro-discharge
on the same spot ad whole process continues by contraries [17]. This mechanism of short
microdischarge duration (1-10 ns) [18] explains the thermal non-equilibrium of DBD plasma with
high temperature of electrons and low temperature of heavier ions and neutral molecules. Although the
non-equilibrium plasma of DBD fulfils the requirements for surface treatment of materials from the
thermally surface damage point of view the randomly distributed narrow filaments can result in
inhomogeneous and insufficient surface treatment. To prevent the plasma filamentation and operate
the discharge in glow-like regime [19, 20] many atmospheric pressure plasma devices require helium
and occasionally neon containing working gas. However, the cost associated with using large amounts
of noble gases makes such atmospheric pressure plasma treatments impractical.
There are several electrode systems configurations using which dielectric barrier discharges (DBDs)
can be generated [16, 18]. For surface treatment of planar materials and nonwoven fabrics the surface
DBDs [8-10] seem to be the most applicable. This type of discharges is characterized by plasma
generated on the surface of dielectric layer consisting of numerous to the surface parallel orientated
microdischarges. Surface treatment of material can be achieved by bringing it in the direct contact
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with plasma for sufficient time. This plasma exposure results in surface properties changes of treated
material. In this way e.g. hydrophobic surface of polymer materials can be inverted to the hydrophilic
due to polar groups and radicals formation induced by plasma. Therefore plasma can offer an
alternative method to the conventional chemical and environmentally unfriendly methods for surface
treatment of nonwoven fabrics whose production continually grows.
Potential non-equilibrium plasma sources for particular surface modification of materials have to fulfil
several requirements. The most important one is to realize plasma surface modification in low-cost
working atmosphere at atmospheric pressure without any presence of rare gases that can provide
diffuse mode of discharge plasma. Such plasma source also should generate plasma with high power
density and in case of its implementation into industry lines its lifetime must not be limited what
means that plasma source have to enable continuous operation for very long time (several months).
On the basis of about mentioned aspects Diffuse coplanar surface barrier discharge (DCSBD) seems to
be the most applicable from surface modification point of view. Special design and geometry of
DCSBD electrode system gives possibility to generate non-equilibrium plasma practically in any gas
of atmospheric pressure. From another properties of DCSBD the macroscopically homogeneous
plasma concentrated in very thin layer (~0.3 mm), as shown in Fig. 1a, high plasma power density and
unlimited lifetime of DCSBD should be emphasised [21-23]. DCSBD was successfully tested for
surface treatment of polypropylene nonwoven fabrics, foils, paper and wooden, glass and aluminium
surfaces [24-30] and its effect on various surfaces is investigated not only at FMFI UK, Bratislava but
also at several research institution and traditional industrial sectors in Slovak (VÚTCH, Žilina – Fig.
1b,c; SAV, Bratislava) and Czech republic (INOTEX, Dvůr Králové nad Labem; TONAK, Nový Jičín
– Fig. 1d, PEGAS, Znojmo – Fig. 1f), Germany (pmTUC, Chemnitz; INP Greifswald), Poland (IW,
Lodz – Fig. 1e), Sweden (YKI, Stockholm) and in near future it will be delivered to Spain (IRIS,
Castelldefels).

a

c

b
a

d

f

e

Fig. 1. Illustrative photos of DCSBD utilization in different plasma devices for surface treatment: a)
macroscopically homogeneous plasma of DCSBD burning in ambient air at power consumption 400
W, b) ZUP 400 plasma device for continuous surface treatment of textiles (width till 40 cm) with four
DCSBD elements - VÚTCH, Žilina, c) ZUP 400 device in operation regime with two visible plasma
areas of bottom DCSBD elements, d) plasma device for surface treatment of rabbit hairs on the rabbit
pelts – TONAK, Nový Jičín, e) ZUP 200 plasma device for continuous surface treatment of textiles
(A4 size) with two DCSBD elements - FMFI UK, Bratislava, IW, Lodz, f) in-line plasma surface
activation of polypropylene nonwovens using plasma system of 5 DCSBD elements - PEGAS,
Znojmo.
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2. Experimental

DCSBD discharge system∗ consists of several parts (Fig. 2a) of which the most important one is the
electrode. Electrode with the active plasma area of 200 x 80 mm consists normally of silver strip
electrodes embedded 0.5 mm below the surface of 96 % Al2O3 ceramics (Fig. 2b) and is cooled by
circulating insulation oil at the side with electrodes. Both the width of silver electrode and the interelectrode gap is 1.3 mm.

a

b

Fig. 2. DCSBD system with its components: DCSBD element – electrode, oil reservoir with pump,
radiator (a), DCSBD electrode system in detail (b).
To prevent undesirable sparking between near-by electrodes, these are separated by 0.5 mm high
insulating barriers, which were prepared by milling the 1 mm thick ceramics into 0.5 mm depth and
plotting on the strip electrodes in these grooves (Fig. 3a). Since technical realization of the grooved
ceramics is quite complicated we investigated the DCSBD electrodes that were prepared using 0.5 mm
thick planar ceramics with strip electrodes 3 mm wide and separated by 1 mm-inter-electrode gap, as
shown in Fig. 3c. Moreover, to suppress the influence of triple point (ceramics-silver electrodeinsulating oil) the ceramics with electrodes were covered by thin ESL glass dielectric layer (Fig. 3b).
The DCSBD electrodes were energized by 18 kHz sinusoidal high voltage, supplied by HV generator
– Plasma Power Supply PPS02, KAMEA Electronics. Pearson current monitor Model 4100 and two
high voltage probes Tektronix P6015A (1:1000) monitored the electrical parameters of discharges.
The signals from all three electrical probes were recorded by Tektronix TDS 2024 oscilloscope (200
MHz). Obtained electrical waveforms were used to calculate the real electrical power of discharge
plasma. DCSBD systems based on the discharge elements of different electrodes geometry was
studied from the thermal and electrical
properties point of view in continuous
a
c
b
operation in duration min. 30 min. For
ceramics temperature measurements the
Micro-Epsilon CS series infrared
thermometer was used. After extreme
long continuous regime (weeks) of
DCSBD the potential changes in the area
of triple point were detected by SEM
method and after the tests the insulating
oil was analyzed with the purpose to get
information concerning the breakdown
voltage and water content changes.
Fig. 3. Photos of investigated DCSBD electrode systems: 1 mm thick ceramics with 1.3 mm-wide strip
electrodes in the 0.5 mm deep grooves (a), planar ceramics of thickness 0.5 mm with strip electrodes
of width 3 mm and inter-electrode gap 1 mm covered by ESL dielectric layer (b) and without ESL
layer (c).
∗

developed at Department of Experimental Physics, Faculty of Mathematics, Physic and Informatics, Comenius
University, Bratislava
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3. Results and discussion
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After calculating the real electrical power of plasma we plotted the calibration curves (Fig. 4a) whose
formulas enable to determine the real plasma power when power consumption of HV power source is
known. It is evident that the most efficient energy transmission to plasma was observed in case of the
grooved DCSBD electrode.Fig. 4. a) Calibration curves for determining the real plasma power of
particular DCSBD electrodes, b) time dependence of ceramics temperature measured in the middle for
particular DCSBD electrodes in the regime without and with ventilator.
In consequence of burning DCSBD the ceramics plate is warming end electrode must be cooled. The
heat is taking away through insulating oil that is after that cooled in radiator with ventilator. To
ascertain the ventilator importance we measured temperature on the ceramics in the middle of plasma
area without and with ventilator. As it can be seen in Fig. 4b without ventilator the ceramics
temperature was in all cases linear increasing till the moment of ventilator switching on when the
temperature reached the value of 85ºC. The slowest warming of ceramics was observed in the case of
grooved DCSBD electrode due to the largest surface that is in contact with oil.
For failure-free continuous operation of DCSBD it is very important to use as electrodes insulating
and cooling medium synthetic oil with very good dielectric properties. From this reason we studied the
breakdown voltage and water content for several samples of oil. The results are listed in Tab. 1. values
in column “Oil No.1” represent dielectric properties of quite new unused oil. Due to filling up the
cooling circle with oil and manipulation with it in laboratory ambient the dielectric properties are
getting worse (column “Oil No. 3”). The influence of more than one month-continuous DCSBD
operation of DCSBD on oil properties is illustrated by the values in column “Oil No. 2”. Column “Oil.
No. 4” represents the breakdown voltage value for oil that was stored for 45 days in jerrycan inside
which also some volume of ambient air was.
Tab. 1. Dielectric properties of insulating oil samples that is used in DCSBD also as cooling medium.
Oil No. 1
Oil No. 2
Oil No. 3
Oil No. 4
87
39
47
77
Breakdown voltage [kV/2.5 mm]
115
631
Water content [mg/kg]
Influence of DCSBD operation in continuous regime on the possible electrodes erosion in the area of
triple point was analyzed by SEM. Images in Fig. 5 illustrate the cross-section views of the triple point
for particular DCSBD ceramic with one silver electrode. Fig. 5a shows the reference planar ceramic
(from left: ceramics, silver electrode). In Fig. 5b it can be seen the silver electrode erosion after
DCSBD continuous operation in duration approx. 10 days. Fig. 5c shows DCSBD electrode whose
electrode system was covered by ESL dielectric layer (from left: ceramics, silver electrode, ESL
dielectric layer). Protective effect of ESL layer is visible in Fig. 5d where no erosion of electrode was
observed although this electrode was generating DCSBD for more than one month without
interruption. Quality of ESL layer is represented by Fig. 5e where the present of air micro-bubbles
indicates its low degree.
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a

b

c

d

e

Fig. 5. SEM images of triple point cross-section for particular DCSBD electrodes: reference planar
ceramics with silver electrode (a), planar ceramic after 10 days of continuous operation (b), planar
ceramics with silver electrode covered by ESL layer (c), planar electrode with ESL layer after one
month of continuous operation, air micro-bubbles in ESL layer (e).
Acknowledgement. This research has been supported by the Slovak Research and Development
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Plasma polymerization of allyl alcohol was done by atmospheric pressure glow discharge(APGD)
to attach hydroxyl groups to the glass surfaces. Allyl alcohol vapour was introduced by He
bubbling system. LF(300kHz) discharge power from 10 to 30 W was applied to parallel electrode
discharge apparatus. The deposition rate on the glass substrate which was inserted between the
electrodes reached about 0.4 m min-1; this rate was much higher than that obtained in the low
pressure system. Hydroxyl group contents on the deposited surfaces were about 18% and this
concentration remained for the higher power values.

1. Introduction
The introduction of hydroxyl chemical groups on the solid surfaces is very useful as the pre-activation
step before the surface coating such as the silane coupling reaction to insert functional chains and the
grafting of PEG for biocompatible surface.
We previously reported the surface oxidation to improve the wettability on the polyethylene powder
using APGD[1]. The plasma oxidation of the polymer will produce a mixture of -COOH, –CO and
–OH groups as the hydrophilic groups on the treated surfaces. It is thus difficult to obtain -OH group
without production of any other oxidants on the treated surfaces. Gombotz et al. [2] introduced
hydroxyl groups by low pressure glow plasma CVD of allyl alcohol on the PET film to activate the
surface before immobilizing the PEG on the surface. However, they could not obtain the complete
surface coverage of hydroxyl groups by low pressure PCVD. In the low pressure glow discharge, the
high velocity ion impact leads the degradation of the deposited surface. The results show that the
hydroxyl groups in the monomer molecule cannot easy to remain on the deposited surface. So the low
pressure PCVD of allyl alcohol could not have enough concentration of hydroxyl groups on the
surfaces. On the other hands, because the low ion energy in high pressure discharge, APGD CVD can
eliminate the possibility of any reaction which would be attributed to the ion impact reaction on the
surface. We report here the thin layer deposition on the glass surface by the APGD-CVD using allyl
alcohol(AA).

2. Experimental
LF(300 kHz) discharge power from 10 to 40 W are applied to a discharge apparatus that is composed
of parallel PylexR glass plates and outer metal electrodes. Allyl alcohol was used as a monomer
substance as the simplest alcohol molecule which has a double bond in the structure. The 2 slm of He
gas is mixed with 30-50 sccm of allyl alcohol vapour, then introduced to the discharge zone. A glass
plate(0.5 mm×10 mm×30 mm) is used as the substrate inserted in the discharge zone. The discharge
gap is 2 mm. The deposited films are investigated by surface roughness profiler, wettability
measurements using water contact angle method, elemental analysis and XPS for the chemical
derivatisation techniques to measure the absolute concentration of hydroxyl groups on the deposited
surfaces.

3. Results and discussions
Deposited film surfaces are slightly yellowish brown and are not soluble in water or ethanol.
Figure 1 shows the deposition thickness as a function of the discharge time at 30 W of the discharge
power and 7 sccm of the monomer flow rate.
The film thickness is almost linearly dependent on the discharge time. A deposition rate of about
0.4μm min-1 is attained. This rate is 30 times faster than that obtained in low pressure discharge[2].
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, Fig. 1 Deposited film thickness as a function of
the discharge time.
Discharge power: 30 W ; Monomer flow rate:
23.2 sccm; Carrier He gas flow rate: 2.0 slm

Fig. 2 Film thickness as a function of the
discharge power. Monomer flow rate: 23.2 sccm;
Carrier He gas flow rate: 2.0 slm; Discharge time:
10min.

This means that the APGD-CVD is a very efficient deposition system for a polymer deposition. In
general, the polymer deposition reaction will takes
place not only on the substrate but also on the
wall of the chamber in the low pressure PCVD.
But in the APGD CVD, deposition reaction only
takes place in the narrow plasma zone which is
restricted between the parallel electrodes. That is
the main reason why the APGD CVD has such
high rate deposition. Figure 2 shows the
deposition thickness as a function of the discharge
power. The deposition rate is little bit decreased at
the high power region. This means that a
monomer flow limitation will be attained at the
high power region.
Figure 3 shows the film thickness as a function
of the monomer flow rate.
The thickness is almost linearly dependent on the
flow rate of the monomer. Even in the highest
flow rate, the thickness is still increasing linearly.
This means that the flow rate limitation is not
reached in the figure. It seems that if we increase
Fig. 3 Film thickness as a function of the the flow rate higher than 23.2 -1sccm, we will
monomer flow rate. Discharge time: 10 min; obtain higher than 0.4 μm min as shown in
Carrier He gas flow rate: 2.0 slm; Discharge Figure 1.
Figure 4a shows the XPS C1s spectra of the
power: 30W.
deposited film surface. Figure 4b shows the C1s
spectra of the surface after being treated by
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trifluoroaceticacid anhydride(TFAA). After treatment with TFAA, two new peaks appeared in

the high binding energy region they are attributed to CF3 and COO－CF3. We can calculate
the OH group surface concentration by comparing XPS spectra data of the TFAA-treated
standard material such as poly-vinylalcohol(PVA) and using equation (1).
R–OH + (CF3CO)2O → R–OCOCF3 + CF3COOH

(1)

Figure 5 shows the concentration of hydroxyl groups on the deposited films as a function of the
discharge power measured by chemical derivatisation technique. The figure shows that we attained
about 18% of OH group on the deposited film surfaces. The OH group concentration is almost
constant between 10-30W of the discharge power.
The elemental analysis was done with the deposited films to confirm the results obtained by chemical
derivatisation technique. For the measurement of the elemental analysis, the sample materials were
collected from the deposited films by scrubbing of the substrates. The collected samples were
combusted in the fine tubing with oxygen. Elemental analysis was based on weight changes after
oxidation of the samples. Table 1 shows the mean data of the elemental analysis of the deposited
material. Differences between XPS data and elemental analysis data will be attributed to the small
amount of carbonyl group which are included in the deposited materials and to the structure changes
due to the cross linking of the allyl alcohol polymer.
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Fig. 4 XPS C1s spectra of a) the deposited film surface and b) the deposited film surface after being
treated by TFAA.

Tab. 1. Elemental analysis of the sample of deposited materials collected from the deposited substrates.
Residual % is nitrogen.
Elements
Carbon / %
Hydrogen / %
Oxygen / %
Analysis
63.97
8.65
25.47
Calc. value of AA
62.04
10.41
27.55
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4. Conclusion
We succeeded in depositing the cross-linked solid
polymer film which shows very analogous
composition for that of the allyl alcohol. Thirty
times higher deposition rate was attained than in
low pressure PCVD.
The obtained films contained about 18% of the
hydroxyl groups on the deposited surfaces.

Fig. 5 Concentration of hydroxyl groups on the
deposited films as a function of the discharge
power.
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The application of the atmospheric plasma for wool fabric offers a valid alternative to the
nowadays wet chemistry processes. Treatment of wool by means of Dielectric Barrier Discharge
(DBD) is the ambient friendly alternative solution for existing technological processes for textile
finishing.
The oxidative effect on the fiber is penetrative in case of liquid chlorination processes on wool. In
the case of plasma treatment, the oxidation is considered to be the superficial effect. The micro
Raman analysis permitted us to monitor the propagation of plasma oxidation effect into the fiber,
at least for the level of some microns. The penetration depth of the oxidation was found to be
proportional to the energy of the applied plasma treatment. It was found that oxidation process
occurs not only during DBD treatment but that it continues also in the post treatment period.

1. Introduction
The application of the atmospheric plasma for wool fabric offers a valid alternative to the nowadays
wet chemistry processes, widely used in the textile industry. The conventional use of liquid chlorine
solutions for the finishing of wool textiles produces hard effluent load on the ambient and doesn’t
correspond to the new coming ecological legislation. Atmospheric Plasma and Dielectric Barrier
Discharge (DBD) in particular offer the elegant solution for the finishing of wool and, in general, of
textile materials. The shrinkproofing treatment of wool, the optimization of dyeing and printing
processes by means of DBD is the advanced solution for such kind of technological processes [1].
It is believed that the level of the fiber surface oxidation due to the plasma treatment is one of the
factors responsible for the hand feel of the fabric, - very important commercial characteristic of the
wool fabric. The optimization of the oxidation level of the wool fiber can influence on the acceptance
of the garments made from the plasma treated wool by the market. Actual presentation is dealing with
the application of micro Raman spectroscopy for the investigation of wool fiber oxidation in the DBD
discharge and in the post treatment period.
The penetration of the oxidative effect in the fiber is typical for the liquid chlorination processes on
wool. In the case of plasma treatment, especially for low pressure plasma, the oxidation was
considered mostly as the superficial effect [1, 2]. The micro Raman analysis permits us to monitor the
propagation of the DBD discharge oxidation effect into the wool fiber, at least for the depth of some
microns.

2. Experimental
Materials
The experiment was performed with raw wool fibres of 20÷25 μm of diameter. Wool fibres were
scoured with dichloromethane for 24 hours using Soxhlet extraction [3]. The scoured fibres were
washed twice with ethanol and rinse twice with deionised water. The cleaned fibers were finally dried.
DBD treatment
The fibres were treated with a special CIVEN apparatus that permits to treat fixed fabric sample of lab
scale (about 30 x 30 cm2). The discharge was generated between a moving unit of two ceramic
electrodes and the grounded electrode (Fig. 1).
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Fig. 1. Schematic drawing of DBD Apparatus.
The samples of single fibres were mounted on a 0,1 mm thick glass slide, fixed at the ends with an
adhesive tape, and placed on the plane grounded electrode covered with the insulating silicone sheet.
The gap of 0.8 mm was maintained between the surface of glass slide and ceramic electrodes. The
treatments were performed using air as working gas (50 slpm, 30 % RH), at DBD discharge frequency
40 kHz, at a specific power 3,9 W/cm2, with periodic movement of the electrodes with the speed 10
m/min. After the treatments the samples were aged at ambient conditions.
Micro Raman Spectroscopy
Raman spectra were collected with WiTec Alpha 300s. The laser beam was focused to a spot of ca. 1
µm on the surface of the sample and ca. 3 µm on z direction. The spectra were collected in a range
between 430 and 1600 cm-1 with a resolution of about 1,1 cm-1. For statistical analysis there were
considered 3 points for each fibre; each point was measured 4 times.
The position of the laser spot was verified by optical microscope to be focused on the fiber surface and
then the sample plate was moved upward, to make the spot enter into the fiber. The spot position
corresponding to z = 0 corresponds to complete immersion of the spot into the fiber, when spot still
includes the surface layer (Fig. 2). The measurement starts from z < 0 position, by shifting the spot
from the inner fiber volume (cortex), crossing the fiber surface (cuticle) until complete exit of the spot
from the fiber.
Data treatment
To study the oxidative the spectral signals for disulphide bond -S-S- groups and for R-SO3H cysteic
acid bands were acquired and were normalized on the spectral signal for CH2 back bone groups
(considered to be unchanged with the plasma treatment). Total spectrum was measured in the
integration range 430 – 1600 cm-1 with the sample plate shifting from z = -4 μm to z = 3 μm. The
signal correspondent to CH2 scissoring band was measured at 1450 cm-1. The signal correspondent to S-S- band was measured at 520 cm-1 and the signal correspondent to R-SO3H cysteic acid band was
measured at 1045 cm-1 [4, 5].

3. Results and discussion

Fig. 2 represents typical signal acquired for one fiber treated by plasma at 212 J/cm2 and one another
(not treated) fiber. Fig. 3 represents (in the upper part) the spectra obtained for 3 different fibers,
treated at different applied specific energy (71, 212 and 565 J/cm2). All spectra were obtained in z = 0
spot position and then normalized on the spectral signal for CH2 back bone group. It can be seen the
increasing of the oxidation effect (increasing of the R-SO3H cysteic acid groups) with the increasing of
applied energy of plasma treatment. In the lower part there are two spectra measured on the same
untreated fiber, at different spot position, one for the z = o and another for z = -3 μm. It can be seen
that the presence of the R-SO3H cysteic acid groups is almost same for different spot positions inside
the fiber.
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Fig. 2. Example of micro Raman measurements through the single wool fibre: scheme of laser spot
penetration into the fibre (in the upper part) and typical measured signals (not normalized). The upper
curves in all (1 – 4) pictures correspond to one treated fibre (212 J/cm2), the lower curve - to another
(untreated) one. 1) Total measured spectrum; 2) CH2 scissoring bands signal; 3) -S-S- bands signal; 4)
R-SO3H bands signal.

Fig. 3. In the upper part: the spectra measured at z = 0 (position of maximal signal) for different
treated fibres. In the lower part: two spectra for the same untreated fibre acquired in spot position z = 0
and z < 0.
For the interpretation of the data presented in Fig. 4 the effective dimension of the laser spot should be
considered. As it was described before, z = 0 level corresponds to the position when the spot (as big as
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Fig. 4. The dependence of R-SO3H band signal (normalized on signal for CH2 groups) from the laser
spot penetration into the fiber. Different fibers are treated at powers 0 (untreated); 71; 212 and 565
J/cm2. Micro Raman analyses were performed 7 days after the treatment in the case of specific energy
of treatment 71 J/cm2, after 5 days in the case of 212 J/cm2 and after 2 days in the case of 565 J/cm2.
3 μm in vertical Z direction) is completely immersed into the fiber and still touches the fiber surface.
With this consideration one can see that at plasma treatment level of 71 J/cm2 the oxidation regards not
only the surface but also some inner layer. Only with complete immersion of the spot below 1,5 μm
under the surface, the oxidation signal drops to zero level. At higher energy (212 J/cm2) the oxidation
level is not become zero even for deep immersion of the spot. Further growth of the signal with depth
more than 2 μm can be attributed to the increasing of the experimental errors due to the decreased
absolute level of signals. At the highest applied energy (565 J/cm2) much larger oxidation level is
clearly observed inside the fiber. It can be concluded, in qualitative way, that for all reported energies
of plasma treatment, the oxidation regards inner layer of the fiber with a characteristic thickness in μm
range. The depth and the level of oxidation increase gradually with the applied plasma energy.
With continuing movement of the spot the growth of normalized R-SO3H/CH2 signal was observed up
to z = 3 μm, that corresponds to complete exit from the fiber. This fact proves the highest
concentration of oxide R-SO3H groups on the surface of the fiber.
After the DBD treatment the fibers were monitored by micro Raman spectroscopy for more than 8
weeks. For all applied treatment energies it was observed gradual increase of the oxidation level
during the post treatment period (Fig. 5). The velocity of post treatment oxidation is found to be
proportional to the applied energy. As one can see, the oxidation level was almost stable in first 10
days. This fact permits us to consider that data presented on Fig. 4 (obtained after 2 - 7 days after
treatments) to be correspondent to the moment of the treatment. On this basis we conclude that DBD
has affected the inner layer of the fibers just during the treatment and that the oxidation level was
increased further in the post treatment period.
As we know from literature, the energetic plasma treatments of both atmospheric and low pressure
plasma [1, 6] not only partially eliminate the lipid layer but produce different defects on the fiber
surface. Strong erosion of the fibers at high DBD treatment energy was also observed by us (Fig. 6). In
our micro Raman studies the plasma treatments were applied to the single fibers, thus increasing the
effect.
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Fig. 5. The post treatment monitoring of wool fibres: normalized signals of R-SO3H bands for spot
position z = 0, in function of the period of time after the treatment.

Fig. 6. SEM images (from left to right): untreated, DBD treated at low energy (40 J/cm2) and DBD
treated at high energy (400 J/cm2) wool fibers. DBD treatment was performed for a group of fibers
extracted from industrially scoured knitted fabric.

4. Conclusions

We suppose that the oxidation of the inner layer of the fibre (at a scale of 1 μm) occurs during plasma
treatment due to the diffusion of the generated radicals through the reduced lipid barrier layer (of
nanometer scale). The oxidative effect in the inner layer of the fiber continues also in the post
treatment period due to the ambient oxygen. The velocity of post treatment oxidation is proportional to
the energy of applied atmospheric plasma treatment.
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The atmospheric pressure plasma enhanced chemical vapour deposition is one of hot topics in the
field of plasma applications during last years especially due to considerably high growth rates and
lower costs. This work deals with the deposition of silicon oxide from hexamethyldisiloxane
(HMDSO) thin films using an atmospheric pressure plasma jet (APPJ) system in open air
conditions. A sinusoidal high voltage with a frequency between 19-23 kHz at power up to 1000 W
was applied between two tubular electrodes separated by a dielectric material. The main gas flow
consisted of dry air which was introduced through the torch at a flow rate of 108 l/h. The jet,
characterized by Tg ~600-800K, was mostly laminar (Re ~1200) at the nozzle exit and became
partially turbulent along the torch axis (Re ~3300). The spatially resolved emission spectra showed
OH, N2, N2+ and CN molecular bands and O, H, N, and Cr lines as well as the NO2
chemiluminescence continuum (450-800 nm). Thin films with good uniformity on the substrate
were obtained at high deposition rate, between 800-1000 nm.s-1, and AFM results revealed that
coatings are relatively smooth (Ra ~2 nm).

1. Introduction
Nowadays, the application of various atmospheric pressure discharges becomes one of the most
popular directions in plasma technologies. The main advantage of these techniques is moderate price
because no expensive vacuum systems are needed [1]. With respect to the deposition processes of
various coatings the high deposition rate is the main profit [2]. Unfortunately, the atmospheric
pressure deposition systems are mainly based on jets that have very small uniformity and the
properties of prepared layers thus strongly depend on the plasma conditions and position of substrate
with respect to the plasma jet [3]. At the common applications, the plasma operating in continuous
regime is used however some pilot studies have been made with discharges operating in pulsed
regime, mainly at lower pressure [4]. The presented contribution brings some first results of thin layer
deposition using the atmospheric pressure plasma jet operating in continuous as well as pulsed regime.
He work is supported by the plasma jet characterization and some basic properties of deposited layers
are demonstrated.

2. Experimental set up
The commercial device Plasmatreater AS400 was used for the presented study. The scheme of this
atmospheric operating plasma jet is given ion Fig. 1. Inside the nozzle, the rotating arc operating at the
audio frequency (19-23 kHz) is generated. Applied power was kept at 900 W for in the continuous
regime, 1000 W were applied in pulsed regime. The plasma before the output of nozzle is enriched by
monomer vapors. The plasma flow through the nozzle is nearly laminar (Re ~1200) and becomes
partially turbulent along the torch axis (Re ~3300). The plasma jet length was about 1 cm with
diameter up to about 2 mm at the maximum (see Fig.1) however the active particles were determined
in larger vicinity of the jet (see later). The discharge was created in the air at flow rate of 1800 Sccm,
the monomer flow rate was up to 1000 Sccm. The deposition rate was up to 1 micron per second. To
obtain uniform coatings, the plasma jet was continuously moved over the substrate by the speed of
0.5 m/s. The optical emission spectra during the treatment were collected using Ocean Optics HR4000
spectrometer covering wavelength range 330-790 nm with relatively good resolution of 0.14 nm that
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allowed determination of various atomic and molecular species. The double mask in the front of
optical fiber entrance was applied to obtain the space resolution better than 0.5 mm.

Fig. 1. Scheme of experimental setup (left) and plasma jet in air with HMDSO precursor at operation.

3. Results
The first part of the presented results shows the properties of plasma jet generated in the dry air
without any precursor in continuous regime.

Fig. 2. Spatially resolved intensity of oxygen 777.194 nm line – profile of the plasma jet.
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It can be clearly seen that the discharge is nearly symmetric with some turbulences at its edge. The
same profiles have been obtained also for the other particles identified in the spectra, i.e. atomic and
molecular nitrogen and lines of chromium and copper introduced into the plasma due to the electrode
erosion. The intensity of NO2 continuum produced by recombination processes was presented with
remarkable intensity in about two times larger volume and its intensity at the jet central part was
relatively lower with respect to the other species. To characterize the plasma it self, the electron
temperature has been calculated using the intensities of 15 chromium lines. The vibrational
temperature was calculated using nitrogen second positive bands of -2 sequence. Results obtained at
the jet axis are presented in Fig. 3. Electron temperature more or less linearly increases along the jet
axis and it is determinable within 15% uncertainty up to the distance of 5 mm form the nozzle. The
radial profile of the electron temperature is very flat; the temperature at the plasma edge is about 500
K higher than it was determined at the axis. Vibrational temperature of about 3500 K (with uncertainty
again of about 15%) is nearly independent on the discharge position.

Fig. 3. Electron and vibrational temperatures in plasma jet generated in dry air.
Both temperatures were determined also in the dependence on the monomer flow rate at the same dry
air mass flow as above. The results presented in Fig. 4 demonstrate that there is no significant change
of the electron temperature value, but no temperature elevation with increase of the axial position was
determined and thus the temperature is nearly constant at about 8500 K. Vibrational temperature
determined from nitrogen second positive system is about 500 K higher than in the plasma without
monomer but is nearly independent on the monomer flow. The temperature increase at larger distances
from the nozzle is probably due to some energy transfer reactions in the decaying plasma.

Fig. 4. Electron and vibrational temperatures in plasma jet generated in dry air enriched by HMDSO
monomer at different mass flow.
The intensities of all species mentioned above as well as of atomic hydrogen and CN radical show the
similar profiles in the plasma jet as it was presented in Fig. 2 for atomic oxygen. The intensity increase
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proportional to the monomer flow was observed for the species incoming form monomer (H, CN) but
the others were more or less independent on the monomer mass flow rate.
The first results with respect to the pulsed discharge regime are depicted in Fig. 5. The monomer flow
was kept at 500 Sccm at the applied power during the pulse of 1000 W. As it can be seen plasma
generated at small duty cycle under 50% was nearly non-radiating and thus also the temperature has
been not determined. At the higher duty cycles more or less no dependence on the duty cycle
parameter was obtained. The discharge shape was nearly independent on the duty cycle however its
dimensions (both axial and radial) increased with the increase of the duty cycle.

Fig. 5. Intensity of oxygen line at 777.194 nm and electron temperature in plasma jet generated in dry
air enriched by 500 Sccm of HMDSO monomer as a function of duty cycle.

Fig. 6. Structure of thin films deposited at different conditions (scale units of the upper pictures are
2 μm, 100 nm for the left bottom picture and 1 μm for the right bottom picture).
The deposited thin layers analyzes are demonstrated by Figs. 6 and 7. It can be clearly seen that the
layer structure significantly depends on the deposition conditions. Very smooth (Ra = 2.04 nm;
Rq = 2.74 nm) and compact SiOx layers can be created using the fast speed of gas through the nozzle
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(15 m/s) at moderate concentration of precursor. The nanoparticles of SiOx are created in the plasma
phase if very high amount of HMDSO is used and they are built in into the deposited coating, i.e. the
deposited thin film has a nanocomposite structure. On the other hand, if low plasma jet speed is
applied, the coating structure is nearly opened dendrite with very high effective surface. This structure
should have a great application potential mainly in deposition of photoactive titanium dioxide based
thin layers. The deposition rate of these films as it is marked in Fig 6 is very high and it was typically
of 800–1000 nm.s-1 for the uniform films and over 3000 nm.s-1 for nanocomposite layers.

Fig. 7. AFM pictures of silicon wafer surface (left) and the most smooth plasma deposited thin film
(right).

4. Conclusion
The atmospheric pressure plasma enhanced chemical vapour deposition of silicon oxide from
hexamethyldisiloxane (HMDSO) thin films using an atmospheric pressure plasma jet (APPJ) system
in open air conditions was studied. The jet, characterized by Tg ~600-800K, was mostly laminar (Re
~1200) at the nozzle exit and becomes partially turbulent along the torch axis (Re ~3300). The
spatially resolved emission spectra show OH, N2, N2+ and CN molecular bands and O, H, N, and Cr
lines as well as the NO2 chemiluminescence continuum (450-800 nm). Electron temperature of about
9000 K was determined from Cr spectral lines and it was nearly spatially independent within the jet.
Vibrational temperature determined from nitrogen 2nd positive system was between 3500 – 4000 K.
Both temperatures were independent on the monomer flow rate.
Thin films with good uniformity on the substrate were obtained at very high deposition rate between
800–1000 nm.s-1, and AFM results revealed that coatings are relatively smooth (Ra ~2 nm). The thin
film structures were strongly dependent on the plasma jet speed and precursor flow. Depending on
these parameters, the smooth, nanocomposite or opened dendrite structure films were obtained.
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EFFECT OF ELECTRODES CONFIGURATION ON
POLYIMIDE SURFACE ETCHING PROCESS IN BARRIER
DISCHARGE
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Surface of polyimide foil was etched in dielectric barrier discharge generated in argon using
sinusoidal alternating current of 50 Hz frequency under atmospheric pressure. The thickness of foil
was 0,025 and 0,125 mm. Three configurations of electrodes were applied: polyimide foil on metal
- gas layer - ferroelectric ceramics on metal (Variant A), gas layer between two polyimide foils on
metal (Variant B), metal electrode– gas layer - polyimide foil on metal (Variant C). The highest
mass reduction of foil sample was observed in Variant C. The highest etching rate (3,22 µg·cm2
·min-1) was obtained for thicker foil, when the discharge was generated in Variant A. Optimal
discharge gap depends on electrodes configuration. For Variant A electrodes discharge gap should
be 0,3 mm, while for Variant B it should be from 0,5 to 0,8 mm. The etching process causes
changes in the foil surface chemical composition. XPS spectra showed, that mainly benzene rings
were broken and short aliphatic hydrocarbons were formed. SEM and AFM researches showed
that treated polyimide surface became rougher than surface of raw polyimide.

1. Introduction
The purpose of this research was to define the most advantageous electrodes configuration in
polyimide surface etching process with a use of dielectric barrier discharge. According to references
[1–5], a few different reactor constructions were used to modify polymers surface. The most common
is a plasma system, where the discharge is generated between a high-voltage electrode and polyimide
foil, which is simultaneously a dielectric barrier, mounted on the lower electrode [1, 2, 3, 4]. In
another construction, where the lower electrode is a part of a moving system, the foil moves through
the discharge zone [5]. A construction, where the discharge is generated between two polyimide
surfaces is also used in the etching process [6]. Efficiency of modification is verified frequently with
a use of a wettability measurements, based on determination of contact angles of test liquids on the
polyimide surface [3, 5-7] and the roughness changes measurements [2, 4, 5, 7]. According to
mentioned researches, the purpose of this work was to reveal which type of the constructions in
a system, with two stationary electrodes, is the most advantageous in polyimide etching process in
argon, considering discharge gap. Efficiency of foil etching modification is showed as
a relation between a polymer mass reduction and etching time and a relation between etching rate and
etching time. Additionally, changes in polyimide surface morphology (SEM), roughness changes
(AFM) and surface chemical composition (XPS) were studied.

2. Experimental
The experimental set-up consisted of working gas vessel, mass flow controller (Brooks Instrument,
model 5850S), a plasma reactor and a power supply . Argon, with a flow rate of 0,195 Ndcm3/h, was
the working gas . The plasma reactor was supplied with 50 Hz sinusoidal alternating current. The
barrier discharge was generated under atmospheric pressure between two electrodes with three
different configurations: Variant A – metal/polyimide (grounded electrode) and ferroelectric
ceramics/metal (high-voltage electrode); Variant B – polyimide/metal (both electrodes); Variant C –
metal/polyimide (grounded electrode) and metal (high-voltage electrode). All experiments were
performed on samples of Kapton HN with a thickness of 0,125 mm from DuPont and 0,025 mm thick
from Suzhou Kying Industria Materials Co., Ltd. The electric parameters of the discharge were
measured with a use of oscilloscope Tektronix 2430A. Maximal voltage on electrodes varied in range
1,47 - 2,87 kV, current in outer circuit varied in a range 0,20 - 0,46 µA, depending on electrodes
configuration.
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Polyimide samples were treated in plasma for 5, 10, 15, 20, 25 and 30 minutes and weighted before
(m1) and after plasma process (m2) with accuracy of 0,00005 g. Samples mass reduction (Δm) was
calculated from the equation:
Δm = (m1- m2 )/S
[µg cm-2]
(1)
where: (S) is an electrode’s metal part area, assuming it as a discharge area.
XPS investigations of treated polymer surface were performed using a VG Scientific photoelectron
spectrometer ESCALAB-210 using Al Kα radiation (1486.6 eV) from an X-ray source operating at 15
kV and 20 mA. The surface morphology were examined by scanning electron microscopy SEM,
model Zeiss SUPRA, equipped with a Gemini column. Examined samples were coated with thin AuPd layer since polyimide foil is a good dielectric. The surface topography was examined with atomic
force microscopy AFM, model Nanoscope V Veeco, equipped with standard silicon nitride cantilever
NP Veeco.

3. Results and discussion
The theoretical and applied research of the barrier discharge [8] shows that a discharge gap
enlargement causes changes in the discharge microscopic and macroscopic conditions. Maximal
voltage on electrodes and value of charge transferred in particular microdischarges increase with
discharge gap enlargement. In this connection, two sets of experiments, that verify a relation between
thin (0,025 mm) polyimide foil etching rate and discharge gap for Variants A and B of electrodes
construction were undertaken. Results are shown on Fig. 1. The discharge gap was optimal when the
surface etching rate was the highest. For Variant A, the optimal discharge gap was 0,3 mm and for
Variant B it was 0,8 mm. That is why all experiments for Variant A were carried out for this discharge
gap. All experiments for Variant B were carried out for the discharge gap 0,5 mm. Applying wider
discharge gap (>0,5 mm) causes transfer of significant charge in a particular microdischarge. It makes
a possibility to micro-holes formation. Results of polyimide etching process in plasma generated
between the polymer surface and the ferroelectric ceramics surface are shown on Fig.2. and Fig.3.
Unexpectedly, the etched samples mass reduction did not increase linearly with the time of discharge
duration. For both samples, regardless of the thickness, a maximum of mass reduction was obtained
for process lasting 20 minutes. For this reason the etching rate depends on the time of process. For
thinner foil the etching rate decreased with time and for thicker foil it reached the maximum for 10
min. At this moment we could not explain this phenomenon. Probably a form of discharge was
changed as a result of the ferroelectric electrodes heating while the process time was lengthened. The
mass reduction of the thicker foil was several times higher than the thinner foils, because the electric
parameters of discharge changed with dielectric thickness increase. The increase of polyimide foil
thickness caused the discharge current increase from 0,20±0,014 to 0,26±0,004 mA.
Relations between foil mass reduction and etching time for Variants A, B and C are showed on Fig. 4.
In Variant B of electrodes configuration, the relation between mass reduction and etching time was
linear (Fig.4), in consequence etching rate value was constant and did not depend on etching time. The
etching rate of foil placed on high-voltage electrode was 0,82 ± 0,03 µg cm-2min-1 and for foil put on
grounded electrode was 0,72 ± 0,02 µg cm-2min-1. The etching rate was calculated from simple
equation as a slope coefficient.
For Variant C this relation is linear, thus the etching rate was constant and amounted to
0,49±0,06 µg cm-2 min-1. The sample mass reduction is the highest when the discharge is generated
between the polyimide surface and the surface of metal. The reduction of samples mass is similar for
Variant A and B up to 20th minute of discharge duration. For etching time longer than 20 minutes, PI
mass reduction is higher for Variant B in comparison with Variant A. Sample mass decrease indicates,
that the polyimide surface was decomposed as a result of discharge treatment.
To define changes of chemical composition on polyimide surface, XPS spectra of foil with a thickness
of 0,025 mm, treated for 15 minutes and XPS spectra of untreated foil were undertaken. Carbon,
oxygen and nitrogen contents in surface layer of polyimide are presented in Table I. Plasma treatment
causes, first of all, loss of carbon from the surface, that takes effect in C/N ratio decrease. The content
of various forms of C, O, and N in the surface layer of treated and raw foil are presented in Table II.
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Fig. 1. Effect of discharge gap on PI foil (s = 0,025 mm) etching rate (left).
Fig. 2. Effect of etching time on the PI mass reduction and the etching rate; Variant A of electrodes
configuration; d = 0,3 mm; s = 0,025 mm (right).

Fig. 3. Effect of etching time on the PI mass reduction and the etching rate; Variant A of electrodes
configuration; d = 0,3 mm; s = 0,125 mm (left).
Fig. 4. Effect of etching time on mass reduction of PI foils (s = 0,025 mm) in Variant A, B and C of
electrodes configuration (right).
Three N1s peaks, three O1s peaks and five C1s peaks were identified in XPS spectra of the treated foil
surface. The XPS spectra untreated polyimide revealed two N1s peaks, two O1s peaks and five C1s
peaks. Form of individual elements attributed to determined binding energies were identified on the
basis of literature references [9, 10]. The XPS spectrum of Kapton HN [9] was assumed as a standard
spectrum of untreated PI:

Polyimide surface plasma etching caused the decrease of C form from benzene ring (placed in position
1 and 2) concentration in comparison with concentration of these atoms on untreated surface. The
concentration of C forms placed in position 3, 5 and 6 increased in comparison with these forms on
raw PI surface.
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The changes in contents of carbon forms on PI surface showed, that while plasma treatment, benzene
rings were broken and short aliphatic hydrocarbons were formed in a first place. While hydrocarbons
switched from the surface to the gas phase, the specimen weight was reduced.
Table I. Elements content on the PI surface layer treated in plasma in comparison with surface layer of
untreated foil (left).
Table II. Oxygen, nitrogen and carbon content on plasma-treated polyimide film compared to
untreated polyimide (right).

This conclusion was corroborated by oxygen forms changes, that concentrations increased on the
treated surface in comparison with the raw surface.
SEM research showed, that the surface of sample treated in plasma differs from surface of untreated
sample. Marks in the form of roughness are noticeable on the modified surface (Fig 5a). Changes on
the surface of thin foil appear as hollows and bulges with a size of several dozen nanometers, while
surface of untreated sample is smooth (Fig 5b).
AFM research showed, that surface of untreated polyimide foil with a thickness of 0,125 mm is not
smooth (Fig 6a). It contains unevenness: hollows and bulges placed randomly.
a)

b)

Fig. 5. SEM images of PI samples (s = 0,025 mm) treated in argon for 15 minutes in Variant B (a) and
untreated sample (b).
Difference of heights between maximum and minimum level (Rmax) for this sample is from 0,756 to
5,597 nm, that means samples surface is not smooth. Surface of polyimide with a thickness of
0,125 mm treated for 15 minutes is markedly changed (Fig 6b). Larger hollows and bulges were
smoothened; however numerous slight depressions and bulges appeared, as a result, surface seemed
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to be rough. Rmax for this sample is from 5,217 to 10,721 nm. It means that examined sample had
strongly changed surface.
a)

b)

Fig. 6. AFM micrographs of PI films with a thickness of 0,125 mm: untreated (a) and treated in argon
for 15 minutes (b).

4. Conclusion
It can be concluded, that it is possible to etch polyimide surface with a usage of dielectric barrier
discharge generated under atmospheric pressure in argon using 50 Hz sinusoidal current.
The optimal experimental conditions are when the discharge is generated between metal electrode and
polyimide foil surface, being simultaneously dielectric barrier (Variant C) or when the discharge is
generated between two polyimide surfaces (Variant B). Then, etching rate is constant. For Variant B,
the etching rate amounted to 0,82 ± 0,03 µg cm-2min-1 for high voltage electrode and
0,72 ± 0,02 µg cm-2min-1 for grounded electrode. For Variant C, the etching rate amounted to
0,49±0.06 µg cm-2min-1
Discharge gap, which determines the most advantageous process conditions depends on applied
construction of reactor. When the discharge is generated between surfaces of polyimide and
ferroelectric ceramics, the discharge gap should be 0,3 mm. When the discharge is generated between
two polyimide surfaces or between surfaces of polyimide and metal the discharge gap should be from
0,5 to 0,8 mm.
Etching process causes changes in surface chemical composition. Polymers molecular structure was
transformed. Plasma treatment causes forming of unevenness with a depth from several to several
dozen nanometers. Distance between depressions depends on etching time and variant of electrodes
construction applied.
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THE EFFECTS OF OXYGEN ON PLASMAPOLYMERIZATION OF HMCTSO USING AN ATMOSPHERIC
PRESSURE DIELECTRIC BARRIER DISCHARGE
Yoon-Kee Kim, Gi Taek Kim
Department of Welding and Production Engineering, Hanbat National University
E-mail: ykkim@hanbat.ac.rk
Hexamethylcyclotrisiloxane and oxygen was used to deposit SiO2-like thin films with a helium
dielectric barrier discharge operated at 4kV 30kHz at atmospheric pressure. FTIR, FESEM, and
XPS were used to analyse the layers. The film deposited without oxygen has many large pores and
particles. The films deposited with low oxygen flow have a cauliflower-like structure with
embedded agglomerates. As increase of oxygen content in reaction gas, the films are flat and dense.
From the FTIR results, the amount of Si-O-Si bond in the films deposited with large amount of
oxygen is significantly increased.

1. Introduction
Plasma polymerized films using organosilanes have attracted great interest due to many applications in
electronics, optics, barrier film for food packaging, and corrosion protection of metals.[1-4] Most of
plasma-polymerizations were conducted in the low pressure vessels with expansive vacuum system
and were not suited for mass production for large surface. Recently several researchers tried to study
the plasma-polymerization at atmospheric pressure using non-thermal plasma, especially dielectric
barrier discharge (DBD).[5-7] Because DBDs can easily be formed and sustained at atmospheric
pressure they are well known to be mass production methods to cleaning and surface modification of
many substrates, such as metals, glasses, polymers etc.
Tetraethoxysilane (TEOS) and hexamethyldisiloxane (HMDSO) are the most utilized precursors for
the deposition of organosilicon layers because they are non-toxic, non-explosive, and safer to handle
than silane gases. The films formed by AP-CVD have large amount of carbon and hydrogen so that
they could not directly perform as a barrier to protect oxidation or corrosion.[8] Silicon dioxide films
were good barrier for protection of oxygen permeation and for enhancement of corrosion behaviour of
metals. There are many reports that SiO2-like films have been deposited using HMDSO at low
pressure and a few papers at atmospheric pressure.[7.9-12] However, most of them tried to form SiO2like films using only HMDSO even though there are many siloxane precursors.
In this work, we have tried to deposit SiO2-like films using hexamethylcyclotrisiloxane (HMCTSO) in
atmospheric pressure DBD. HMCTSO is one of the best organosiloxane precursors due to high Si
contents in a molecule, non-toxic, non-explosive, and high vapour pressure at room temperature even
though it is a solid. The chemical structures of film were controlled by oxygen content in feed gas. The
coatings were characterized by Fourier transform infrared spectroscopy (FT-IR), x-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM). The effects of oxygen concentration of
reaction gas on the surface morphologies and bonding structures of the films were investigated and
discussed.

2. Experimental
The configuration of the atmospheric pressure DBD system is shown in Fig. 1. A couple of metal
electrodes covered with alumina as the dielectric barrier to sustain stable DBD were connected with 30
kHz a.c. power. The reaction gas was sprayed through the slit made at the alumina tube between the
couple of high voltage electrodes to the substrate, silicon (100) wafer (15x30mm2), on the grounded
electrode-plate. The gap between high voltage electrode and top of substrate was set at 1.2 mm. The Si
wafer on the moving plate was repeatedly passed through discharge at 1mm/sec. A treatment with 10
passes lasted 5min. The monomer vapour in the glass bubbler containing HMCTSO (Sigma-Aldrich,
≥98%) was feed into DBD using helium carrier gas flowed at 50sccm. In order to study the effect of

477

oxygen on the chemical structure of deposited film, the flow rate of oxygen was varied in the range of
5~500sccm.
The chemical structure of the films was evaluated by FTIR spectroscopy (Nicolet, Magna IR550) in
attenuated total reflectance (ATR) modes. The XPS analyses were carried out in a MultiLab
ESCA2000 spectrometer. The x-ray source was a MgKα(1235.6eV) radiation. Field emission-SEM
analysis was carried out on Hitachi S-4800 in order to estimate the growth rate of films and observe
microstructures.

Fig. 1. Schematic diagram of atmospheric pressure DBD systems for deposition of SiO2-like films

3. Results and Discussion
The cross-sectional SEM morphologies of the films deposited on Si substrate at several flow rate of
oxygen are shown in Fig. 2. The film deposited without oxygen has very porous structure with many
spherical particles as shown in Fig. 2 (a). It is a typical CVD film structure when film is deposited
with high supersaturation of gas phase and low substrate temperature. In this experiment, the substrate
temperature covered with He DBD generated at 4kV 30 kHz is near room temperature. The large pores
in films were disappeared as adding oxygen but many hemispheres were still existed on the surface of
film deposited with 20sccm of oxygen. At 30 sccm of oxygen, the surface of film became very flat and
dense as shown in Fig. 2(c). The structure was not significantly changed as increasing oxygen flow
rate up to 500 sccm.
The FTIR spectra of the layers deposited at the several flow rates of oxygen are shown in Fig. 3. The
spectrum of the layer deposited without oxygen shows a broad absorption feature centred at 1110 cm-1
and a weak absorption band centred at 1195cm-1 assigned to the Si-O-C and rocking vibrational mode
of Si-O-CH3 group, respectively.[6,13] A broad absorption band centred at 930cm-1 was attributed to
the Si-OH stretching vibration. As adding small amount of oxygen, weak absorption peaks were
appeared at 820 cm-1 and 1056 cm-1 corresponding to the Si-O-Si bending and asymmetric stretching,
respectively.[14,15] A absorption peak was also appeared at 1275 cm-1 assigned to Si-CH3 stretching
in Si(CH3)n (n=1,2 or 3) and slightly increased the intensity of peak at 1195cm-1. The absorption peak
at 840 cm-1 corresponding to Si-CH3 stretching in the Si(CH3)3 groups was not found all of the spectra.
From the FTIR spectra it is believed that oxygen should increase the number of Si-O-Si bonding and
Si-CH3 in Si(CH3)n (n=1or 2). The intensity of the absorption peak centred at 820 cm-1 and 1056 cm-1
was significantly increased due to large amount of oxygen flow as shown in Fig. 3(b). This result
shows that the inorganic nature of the layer was increased with flow rate of oxygen. Tab. 1. shows the
chemical composition of the layers measured by XPS. Even though the atomic ratio of Si, O, and C in
a HMCTSO molecule is 1:1:2, the layer deposited without oxygen showed high content of oxygen and
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very low content of carbon. The carbon content was significantly decreased as adding small amount of
oxygen in the feed gas. From the XPS results, it is believed that the chemical composition of the layers
should be similar to SiO2.

(a)

(b)

(c)

(d)

Fig. 2. SEM morphologies of the films deposited on Si substrate at the oxygen flow rate of (a) 0 (b) 20
(c) 30 (d) 350 sccm.
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Fig. 3. FTIR-absorption spectra of films deposited in different oxygen flow. (a) small amount of
oxygen (b) large amount of oxygen
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Tab. 1. Chemical composition of the layers deposited with and without oxygen.
Chemical composition (%)
oxygen flow rate
silicon
oxygen
(sccm)
0
27.8
68.0
5
28.7
68.7
500
30.0
68.4

carbon
4.3
2.6
1.6

4. Conclusions
The present study reports the deposition of SiO2-like layer using DBD in He/HMCTSO with oxygen at
atmospheric pressure. The layer deposited using only He/HMCTSO has a cauliflower-like structure
and many large pores. Adding oxygen to reaction gas, the films have a glass-like structure with
embedded particles. Finally, the films become flat and dense as oxygen flow rate is increased. From
the FTIR results, the Si-O-C bond is reduced with increase of oxygen flow and Si-O-Si bond is
significantly increased. As a result, this work showed that it should be possible to deposit a smooth
SiO2-like film at atmospheric pressure DBD using HMCTSO and control microstructure and chemical
bonding of the layer with oxygen content in the reaction gas.
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In our contribution we present results on hydrophilic surface modification of polypropylene (PP)
nonwoven fabrics that were surface-activated by atmospheric-pressure plasma generated by
Diffuse Coplanar Surface Barrier Discharge (DCSBD) in ambient air. Subsequently, the plasmaactivated samples were grafted by acrylic acid monomer gas. Surface properties of the plasma
activated and polyacrylic acid post-plasma grafted nonwovens were tested by common strikethrough time and critical wetting surface tension (CWST) measurements. The layer of polyacrylic
acid grafted on the fibres was verified by ATR-FTIR.

1. Introduction
Polypropylene nonwoven fabrics have found great utility in many diverse applications. Most of these
applications require making naturally hydrophobic PP nonwoven permanently wettable. One of the
conventional methods, how to achieve desired properties, is chemical graft polymerization however
the ecological requirements force the industry to search alternative environmental safety methods.
An environmentally attractive alternative is the low-temperature plasma surface activation of PP
nonwoven fabrics. The majority of known low-temperature plasma activation of nonwovens for
subsequent grafting has been done at low pressures [1−3]. However treatment times at low pressures
are relatively long for practical applications and the plasma equipment expensive what makes lowpressure plasma processes costly and continuous operation practically impossible. Plasma processes at
atmospheric pressure appear to be more economical than at low pressure, moreover atmospheric
plasma has significant commercial potential for in-line textile treatment.
In presented contribution we summarize our results concerning hydrophilic surface modification of PP
nonwovens by plasma induced grafting method. Plasma surface activation was realized using ZUP 200
plasma device (Fig. 1) based on Diffuse Coplanar Surface Barrier Discharge (DCSBD). This type of
dielectric barrier discharge is characterized by microdischarges of high density generated on
a dielectric planar plate [4-6]. Due to high power density (100 W/cm3) of DCSBD non-equilibrium
plasma concentrated in the thin layer and possibility to keep the good contact between PP fabric and
plasma layer the treatment time can be significantly reduced.. It is supposed that as reactive species for
subsequent acrylic acid (AAc) grafting in gas phase surface radicals generated by the plasma
activation are used [7]. The surface properties of the AAc grafted PP nonwoven fabrics were
characterized by ATR-FTIR analyse. Liquid transport capabilities were analysed by common strikethrough time measurements and CWST measurements.

2. Experimental

In all experiments as tested material the industrial polypropylene nonwoven (18 g/m2, surface tension
39 mN/m) supplied by PEGAS Nonwovens Company (Czech Republic) was used. As the plasma gas
ambient air was employed and in all of grafting experiments AAc stabilised with hydroquinone
monomethyl ether (MERC Ltd.) was used.
DCSBD was fed by sinusoidal high voltage (20 kV peak-to-peak) with frequency of 15 kHz. The
power of DCSBD was adjusted to the value of 400 W. Experimental apparatus for study of AAc
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plasma induced grafting in gas phase is illustrated by Fig. 1 and 2. Fig. 1a shows the general view of
ZUP 200 plasma treater for continuous hydrophilic plasma surface treatment of fabrics. Plasma of
DCSBD burning in ambient air during treatment process can be seen in Fig. 1b. Fig. 1c offers the
scheme of DCSBD electrode system consisting of silver strip electrodes embedded 0.5 mm below the
surface of 1mm thick Al2O3 ceramics.
a)

b)

c)

Fig. 1. Photos showing ZUP 200 plasma treater for continuous fabrics treatment, the general view of
device with open chamber inside of which two DCSBD electrodes are placed (a), the bottom DCSBD
electrode in operation with visible plasma area generated in ambient air (b), and the scheme of
DCSBD electrode system (c).
The whole grafting procedure was realized as follows in these steps:
• PP nonwoven fabrics were surface-activated by device ZUP 200 in ambient air
• plasma-activated samples were placed into the glass chamber, which was closed and evacuated to
the pressure less than 20 kPa
• technical purity nitrogen was flowing through the bubbler with acrylic acid and introduced to the
glass chamber with various concentrations (AAc/N2 mixture) determined by different nitrogen
flow rate, see Fig. 2
• after reaching an atmospheric pressure inside the chamber nonwoven fabrics were kept in glass
chamber for different grafting times.

Fig. 2. The sketch of experimental arrangement for grafting: (1) glass chamber, (2) gas cylinder with
nitrogen, (3) bubbler, (4) air pump, (5) three way valve, (6) inlet valve, (7) vacuometer.

3. Results and Discussion
As can be seen in Fig. 3 and 4, our tests clearly showed hydrophilic effect of post-plasma grafting in
gas phase onto PP nonwoven fabrics. Before plasma activation tested samples were hydrophobic with
strike-through time more than 40 sec, moreover due to its inhomogeneous structure some fabric
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samples exhibited values more than 100 sec or test liquid did not even penetrate at all through
samples. Fig. 3 shows strike-through time values measured immediately after treatment. It is evident,
that PP fabric is after plasma induced grafting characterized by hydrophilic surface. The quality of
grafted surface markedly depends on grafting time and plasma pretreatment time. The best results
were achieved for plasma activation time 2.4 sec and grafting time 30 min, therefore in all other
experiments samples were kept in glass chamber with AAc/N2 mixture for 30 min.
a)

b)

Fig. 3. (a) Strike-through time values of PP nonwoven fabrics as a function of DCSBD plasma
pretreatment time and AAc grafting time, measured immediately after treatment. The AAc/N2 mixture
flow was 5 l/min. (b) Dependence of strike-through time on storage time (treatment ageing) for plasma
pretreated and AAc grafted PP fabrics, grafting time was 30 min and the N2 flow through the bubbler
was 5 l/min.
In order to markedly assign to influence of AAc grafted amount on PP nonwovens hydrophilicity
nitrogen was flowing also through two into series integrated bubblers with AAc. As can be seen in
Fig. 4, in this case for shorter exposure times better values of strike-through time were achieved.

Fig. 4. Comparison of strike-through time values for 1 and 2 bubblers integrated in the experimental
apparatus measured immediately after plasma induced grafting. Nonwoven fabrics were plasma
pretreated for different time, N2 flow rate was 1 l/min and grafting time 30 min.
Tab. 1 summarizes the effect of atmospheric pressure plasma pretreatment (30 sec) and plasma
induced AAc grafting in gas phase (N2 flow rate 1 l/min, grafting time 30 min) on PP nonwoven fabric
hydrophilization at fixed plasma power. The presented values of surface tension were measured
immediately after experiment and then also 4 weeks after experiment date.
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Tab. 1. Surface tension values for DCSBD plasma pretreated and AAc grafted nonwoven fabric
samples measured immediately after treatment and 4 weeks after plasma induced grafting in gas phase.
SAMPLE OF PP NONWOVENS
SURFACE TENSION
untreated sample
39 mN/m
plasma activated
76.8 mN/m
post-plasma grafted
85.5 mN/m
4 weeks after post-plasma grafted
70 mN/m
The surface of the untreated and the AAc grafted PP nonwovens was analysed by ATR-FTIR
spectroscopy (Fig. 5). There is the conformity between untreated and grafted sample. AAc exhibits a
sharp band associated with vibration bond C=O between 1680 and 1725 cm-1. Characteristic vibration
bond OH appears as a broad peak in the 2500 to 3000 cm-1 region. In the case of post-plasma grafted
nonwoven fabrics the shape of spectrum at 3000-4000 cm-1 is evidently changed however there is no
peak at 1715 cm-1. Therefore we changed treatment conditions, specifically plasma treatment time to
30 sec, N2 flow was 1 l/min and grafting time 30 min. The spectrum for this case is shown in Fig. 6.

Fig. 5 Comparison of (a) untreated, (b) AAc grafted (without plasma pretreatment), (c) plasma treated
and (d) post-plasma AAc grafted samples.

Fig. 6 ATR-FTIR spectra of (a) untreated PP fabric and (b) post-plasma AAc grafted fabric. The
grafted layer is characterized by the carbonyl band of C=O group at 1719 cm-1.
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4. Conclusion
In presented work possibility of permanent hydrophilic surface modification of PP nonwoven fabrics
by the post-plasma AAc grafting method was investigated. As initiator of grafting process plasma of
DCSBD installed in ZUP 200 device was used. After this plasma pretreatment nonwoven samples
were grafted by AAc in gas phase. Quality and permanency of post-plasma grafted PP fabrics were
tested by common strike-through time measurements, CWST and ATR-FTIR analyse.
Results confirmed increase of initially low surface energy of post-plasma AAc grafted PP nonwoven
fabrics with strike-through time dependent on plasma pretreatment and grafting time. On the other
hand relatively long grafting times, high statistic error values of measured data indicating
inhomogeneously grafted layer of AAc on the fibres surface and plumbless wastage of AAc monomer
gas make this treatment method impractical. Moreover, AAc grafted surface of PP fabrics was not
stable in time what indicates non-permanent modification. Presence of grafted AAc on the PP fabrics
surface was confirmed by ATR-FTIR spectroscopy. Spectrum for the post-plasma AAc grafted sample
was characterized by typical carbonyl and carboxyl band that is a conclusive evidence of AAc layer.
Acknowledgments. This research has been supported by the Slovak Research and Development
Agency, Project No. APVV-0485-06 and VEGA grant No. 1/0783/10.
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In this paper we present the results on ambient air plasma cleaning of aluminium surfaces
using the Diffuse Coplanar Surface Barrier Discharge (DCSBD). The plasma cleaning
effect was proven by means of Attenuated Total Reflectance FTIR spectroscopy. A ToF
LDI MS study has shown that the DCSBD plasma treatment modifying upper surface
region. The plasma treatment has resulted also in a significant increase in functional OH
groups’ number and in aluminium surface oxidation. The results of AFM measurements
have indicate that the DCSBD plasma treatment does not increase the surface roughness.

1. Introduction
In-line atmospheric pressure plasma cleaning is a hot subject of applied and industrial plasma research.
Two main reasons are the low cost of processing and environmental advantages comparing to low
pressure plasma treatment or treatment using chemicals [1]. The simplest in-line plasma treatments are
cleaning and activation of aluminium surfaces prior subsequent application of a surface coating [2,3].
For a long time aluminium and especially its alloys are at tremendously high use in different areas of
industry and human life. Although there are still questions how to prepare fast, how to do it cheap and
control the properties of aluminium surface to get desirable adhesion to functional coatings. That
essentially means metal surface cleaning and activation.
Subject of this paper is related to aluminium surface cleaning and activation. To define the surface
properties more precise than in case of industrially made aluminium or its alloys, thin model
aluminium layers deposited on glass substrates were used. For air plasma treatment an atmospheric
pressure plasma source called the Diffuse Coplanar Surface Barrier Discharge (DCSBD) was used.
The changes in surface properties as a result of the DCSBD plasma treatment will be presented and
discussed.

2. Materials and methods
Thin aluminium films were deposited by DC magnetron sputtering on glass substrates cleaned by Ar
ions bombardment. The deposition conditions were: i) working gas in chamber – Ar; ii) deposition
pressure in chamber – 3 Pa; iii) plasma driven by power – 6 W/cm2; iv) distance between target and
substrate – 7 cm.
For the surface treatment atmospheric pressure plasma source called the Diffuse Coplanar Surface
Barrier Discharge (DCSBD) was used. The DCSBD is a special type of barrier discharge plasma
source, in which both electrodes are embedded into Al2O3 ceramics in the same plane. Detailed
description of the DCSBD plasma electrode could be found elsewhere [4]. In the present work
optimized conditions for aluminium surface treatment were used [5]: i) distance between coplanar
electrode and the sample surface was set to 0.35 mm; ii) the power density was about 40 W/cm3
meaning about 300W from network. The DCSBD plasma treatment time changed from 3 s up to 100
s and treatment was done in ambient air at atmospheric pressure with relative humidity at about 40 %.
ThermoMicroscopes Autoprobe was used for the AFM measurements. The measurements were carried
in ambient air using standart AFM tips for contact mode measurements.
Attenuated Total Reflectance FTIR (ATR FTIR) measurements were carried on Bruker VERTEX v80
spectrometer. The spectrometer was equipped with MIRacle single reflection diamond ATR plate. All
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measurements were done at pressure 25 Pa in spectral range from 600 cm-1 to 4000 cm-1 with spectral
resolution 4 cm-1.
Time-of-Flight Laser Desorption Ionisation Mass Spectroscopy (ToF LDI MS) was measured using an
AXIMA CFR (Kratos Analytical, Manchester, UK) instrument equipped with a nitrogen laser emitting
at 337 nm. The laser source was operated in a repetition mode at 10 Hz frequency with a pulse time
width of 3 ns and has power up to 6 mW. All the measurements were carried in the vacuum with
pressure not more than 10-5 Pa.

3. Results and discussion
a. AFM measurements
The goal of AFM measurements was to check how the DCSBD plasma influences the morphological
surface state. The structure of untreated by plasma magnetron sputtered aluminium surface is grainy.
For the untreated surface typical grain size was about 700 nm and the surface had typical RMS at
about 6-8 nm. On the surface were presented relatively high islands more than 100 nm height.
Evidently, these islands are not the small dust particles because after few scans on the same spot they
are remaining on the surface without changing their shape, position and height. Apparently, the grains
are due to non-uniform growth of the film and surface oxidation.
After the DCSBD plasma treatment the aluminium surface state was changed significantly. After 3 s
treatment the average grain size decreases to about 150 nm and falls to about 100 nm for 100 s plasma
treatment. We believe that this is due to plasma cleaning of the aluminium surface, which is proven by
the other experiments discussed later.
The second very important observation is concerned with changes in surface roughness. Increasing the
treatment time the DCSBD plasma treatment slightly increases the surface roughness. Although after
the plasma treatment there was fewer amounts of mentioned high islands on the surface. The images
of the typical surface topography are shown in Fig. 2. Some general statistical results about the surface
morphology are presented in Table 1. The values in the Table are the typical values measured as an
average from at least four successful AFM scans for each sample. As it can be seen, the DCSBD
treatment is very „gentle“ to the surface. This fact can be important, for example, in modern
microelectronic applications where typical scale of elements is less than 100 nm.
Tab. 1. Statistical data from the AFM measurements of aluminium surface depending on the DCSBD
plasma treatment time.
Peak-to-peak
RMS, nm
Average grain
height, nm
size, nm
Not treated Al
78.72
8.93
600-900
3 s treatment
63.8
7.92
130-180
10 s
83.18
9.47
110-170
40 s
90.3
9.57
90-160
100 s
51.5
6.18
80-120

Fig. 2. AFM images of untreated aluminium surface (left) and
100 s DCSBD plasma treated aluminium surface (right)
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b. Attenuated Total Reflection FTIR measurements
The ATR FTIR method is widely used for characterisation of organic or polymer coatings and
interface aluminium substrate/polymer film [6], [7]. Although the presence of oxide layer on
aluminium surface allows to use FTIR in ATR mode even on the non-coated surface, in the case of
non-coated aluminium surface we observed that the ATR signal is very weak. For example, the typical
values for FTIR peaks in ATR mode usually about 0.2 a. u. and higher and for our case the peak’s
value were not more than 0.05 a. u. However this limitation still allows us to get some important
information.
ATR FTIR spectra of untreated aluminium surface has peaks related to Al-O stretching (with
wavenumber about 940 cm-1), water and OH vibrations (wide peak or few peaks in wavenumber range
from 3000 cm-1 to 3800 cm-1) and number of peaks related to the hydrocarbon contamination of the
surface. Peaks characterised hydrocarbon contamination are: i) C-H stretching doublet for sp3
hybridisation with wavenumbers 2956 cm-1 and 2872 cm-1; ii) C-H stretching doublet for sp2
hybridisation with wavenumbers 2926 cm-1 and 2853 cm-1; iii) C=C stretching with wavenumber 1633
cm-1; iv) H-C-H stretching with wavenumber 1455 cm-1; v) and peak of CH2 wagging vibrations with
wavenumber 1280 cm-1 [8].
Figure 2 presents evolution of i), ii) and v) FTIR peaks after the DCSBD plasma treatment. The
inverse peak’s direction is because ATR FTIR measurements involving background measurement and
sometimes peaks may behave in this way. This result is corresponding to our earlier conclusions based
on AFM measurements regarding the cleaning of aluminium surface by the DCSBD plasma treatment.
Table 2 indicates how typical relative intensity changes of mentioned peak’s related to the
hydrocarbon contamination depend on the DCSBD treatment time. For relatively small DCSBD
treatment times (up to 10 s) it was observed that the surface cleaning is not uniform and from point to
point the relative changes in peak intensity are not constant. For higher DCSBD plasma treatment
times the effect of plasma is constant on the whole surface.
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Fig. 3. ATR FTIR spectra of aluminium surface: a) untreated surface;
b) 10 s DCSBD air plasma treatment; c) 100 s air plasma treatment.
Tab. 2. Relative values of ATR FTIR peaks of different vibrations depending on the DCSBD plasma
surface treatment.
Untreated Al surface
3 s DCSBD pl. tr.
10 s DCSBD pl. tr.
40 s DCSBD pl. tr.
100 s DCSBD pl. tr.

C-H stretching,
2926 cm-1, a.u.
0.012..0.015
-0.0015..0.008
-0.0027..0.002
-0.0035..-0.0029
-0.0039..-0.0031

C=C stretching,
1633 cm-1, a.u.
0.01..0.012
-0.0025..0.004
-0.0038..-0.0012
-0.0055..-0.0040
-0.0062..-0.0053

H-C-H stretching,
1455 cm-1, a.u.
0.009..0.01
0.001..0.006
-0.002..0.002
-0.0023..-0.0018
-0.0028..-0.002

CH2 wagging, 1278
cm-1, a.u.
0.013..0.014
-0.0012..0.01
-0.0015..0.005
-0.0028..-0.0016
-0.003..-0.002

c. TOF LDI MS measurements
ToF LDI MS is sensitive tool for surface chemical composition analysis on a nanoscale level. This
method allows to get the information analysing positive or negative ions ablated by pulsed laser shot
from the surface. For current measurements laser power was set to constant value 6 mW with pulse
duration 3 ns. All the samples was analysed in profile scanning mode.
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Some general features similar for both positive and negative spectra were reveal during measurements.
Sample surface can be divided into two regions: i) region of adsorbed molecules, up to first 30 laser
shots at one place; ii) bulk material with characterised by stable peaks positions and intensities, from
30 laser shots up to few hundred shots. Transition of the spectra from one region is shown of fig. 4.
Spectra were accumulated as a sum of 10 laser pulse shots. The region of adsorbed molecules
characterises by higher than in bulk region number of peaks because of different adsorbed molecules.
Characteristics of this region are: i) small aluminium (27 atomic mass), aluminium oxide (43 a. m.)
and aluminium hydroxide (44 a. m.) peaks; ii) presence of carbon clusters patterns (24, 36, 48, 60, 72,
84, 96 a. m.), which is due to adsorption of hydrocarbon contamination from air; iii) high mass
fragments (from few hundred a. m.) which is strongly believed to be a fragments of organic
contamination. The structure of spectra is depended on the number of shots made by laser. After about
30 shots for all samples spectra changed to the bulk region. With respect to the DCSBD plasma
treatment compared to non-treated samples there are some changes in the spectra for region of
adsorbed molecules, although there are no systematical changes. It can be explained by the fact that
samples were exposed by air at least for one hour before they were measured by ToF LDI MS.
The bulk region is characterised by sharp peaks with high intensities. Major peaks in spectra are the
hydroxide (17 a. m.), aluminium (27 a. m.) and its oxide (43 a. m.) and hydroxide (44 a. m.) and
aluminium dihydroxide (60 a. m.). Comparison of non-treated and plasma treated aluminium surfaces
gives very strong and uniform changes in the bulk region (fig. 5). After the DCSBD plasma treatment
the in the spectra appears additional peaks of water (18 a. m., 36 a. m. and 38 a. m.), oxygen (32 a. m.),
tetrahydroxide (68 a.m) and aluminium oxide (102 a. m.) peaks. Also the intensity of hydroxide (17 a.
m.) and aluminium dihytroxide (60 a. m.) peaks are greatly increases. These changes in the spectra
allow us to conclude that the DCSBD plasma treatment is modifying the aluminium surface by
increasing the number of chemically active hydroxide groups and also leading to the surface oxidation.
However, our preliminary trying to estimate the changes in oxide layer thickness by optical
ellipsometry was not successful.
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Fig. 4. ToF LDI MS spectra of negative ions for
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4. Conclusions
Obtained results provide additional information about the effects of ambient air plasma exposure to the
aluminium surface. It was shown that the DCSBD plasma treatment leads to the efficient aluminium
surface cleaning and activation. The effect of plasma treatment on the aluminium surface depends on
the treatment time and for current experimental setup for uniform surface treatment exposure more
than 10 s is needed. Generally, the features of the plasma-surface interaction could be presented as
follows: i) a short 3-sec DCSBD plasma treatment leads to cleaning of the aluminium surface from
hydrocarbon contamination which is clearly indicated by the AFM measurements; ii) a longer
exposure have led to surface activation and surface oxidation. The ATR FTIR measurements for the
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non-coated aluminium surface were presented. We are not aware of any previous evidence work which
presents results of such measurements.
Open questions for this work are obtaining information about the oxide layer thickness after the
DCSBD plasma treatment and detailed measurement of oxide layer properties.
Acknowledgements. The authors thank to prof. RNDr. Josef Havel, DrSc. for providing the ToF LDI
MS analysis.
This research has been supported by the KAN 101630651, MSM 0021622411, APVV-0491-07 and
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The coating deposition process on a surface of mono-crystalline silicon was carried out by the PE-CVD method
under atmospheric pressure from 0.1%DMTOS+He, 0.1%DMTOS+He+(0.2-2%)O2 mixtures, and for additional
coating carbonification from a 0.1%DMTOS + He + (0.05-1%)CH4 mixture.
On the basis of the performed studies it has been shown that it is possible to obtain coatings of better tribologic
properties than those of the covered silicon support.

1. Introduction
The studies presented in the paper are a continuation of works on plasma deposited coatings
characterized by a small friction coefficient [1-7]. The deposition was performed in the dielectric
barrier discharge (DBD) by the plasma enhanced chemical vapour deposition (PE-CVD) method under
atmospheric pressure. Decamethyltetrasiloxane (DMTOS) (FLUKA, cat. no. 30537) was the coating
precursor. The precursor concentration in the gases was 0.1% at constant gas mixture flow of 9 dm3/h.
The coatings were deposited on plates of mono-crystalline silicon Si (100).
The purpose of the research was to determine the optimal deposition parameters, i.e. surface
temperature, time of carrying out the process, and composition of the gas mixture containing oxygen
(0-2%) or methane (0.05-1%) to obtain coatings with a friction coefficient smaller than that of the
silicon surface. The coatings were deposited during 5 to 30 minutes, changing the surface temperature
from 100°C to 400°C in subsequent experiments. The obtained coatings were subjected to
spectroscopic (FTIR, XPS), tribologic and microscopic (AFM) studies.

2. Discussion of Results
In the first stage of studies, the coatings were deposited during 5-30 minutes, at temperatures from
100°C to 400 °C, from a 0.1%DMTOS+He mixture. On the basis of spectroscopic studies (FTIR), no
relationship between the deposition time and qualitative composition of the coatings was found. On
the other hand, it was found that a change in the surface temperature affects only its quantitative
composition. The largest intensity of the absorption bands, corresponding to the Si−O−C bonds, was
recorded for the wavelength 1030 cm−1. Simultaneously, the presence of bands corresponding to
Si−O−Si, Si−O−C and Si−CH3 linkages of wavelength 799 cm−1 was observed. An increase in the
surface temperature causes a decrease in the intensity of absorption bands at 844 and 1260 cm−1)
characteristic of Si−CH3 linkages. At higher temperatures (300 and 400 °C) the intensity of bands
characteristic of the groups: CHx group (2966 cm−1), Si−O−Si, Si−O−C, Si−CH3 (799 cm−1) as well as
Si−O−C (1030 cm−1) increases (Fig. 1).
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Fig. 1. FTIR spectra of the films deposited from the mixture of 0.1%DMTOS+He, at temperatures
100oC-400oC. Deposition time 15 min.
From tribologic studies it results that coatings deposited from a 0.1%DMTOS+He mixture at surface
temperature of 100 °C are characterized by low friction coefficient (Fig. 2). An increase in the surface
temperature causes a considerable increase in the friction coefficient, irrespective of the process time.
The layers deposited during 30 minutes, irrespective of the surface temperature, were characterized by
worse tribologic properties than those of the silicon surface on which they were deposited. For easier
comparison of the results, the friction coefficient value of the silicon surface (0.157) has been marked
by a horizontal line.
On the basis of composition studies by the XPS method and FTIR studies it has been found
that coatings deposited from a 0.1%DMTOS+He mixture contain carbon (45-37%), silicon (34-37%)
and oxygen (19-26%)

3. Coatings deposited from an oxygen containing mixture
In subsequent experiments, oxygen (0.2-2%) or methane (0.05-1%) were introduced to the mixture to
carbonize the coatings.
FTIR spectra show that an increase in oxygen concentration in the mixture causes an increase in the
SiO2 content in the coating and a decrease in the share of the organic residue (CHx and Si−CH3). On
the basis of the results of XPS studies of coatings deposited during 10 minutes from a 1%
DMTOS+He+(0-2%)O2 mixture at various surface temperatures (100-400 °C), an evaluation of the
effect of oxygen addition on their composition has been carried out. It was found that a 0.2% oxygen
addition does not cause any change in the coating composition. An increase in the oxygen
concentration above 0.2% causes an increase in the silicon and oxygen content in the coating (Tab. 1).
The highest carbon content (~46 at. %) was observed for coatings deposited from mixtures without
oxygen and at its 0.2% content.
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Tab. 1. Percentage content of particular elements in layers deposited for 10 minutes from
0.1%DMTOS+He+(0-2%)O2 mixtures
Mixture
composition
Temp. [°C]
100
200
300
400
Mixture
composition
Temp. [°C]
100
200
300
400
Mixture
composition
Temp. [°C]
100
200
300
400

DMTOS+He
45.87
43.35
38.25
36.45
DMTOS+He
34.63
34.76
36.69
36.68
DMTOS+He
19.50
21.89
25.06
26.87

DMTOS+He
DMTOS+He
+1% O2
+0.2% O2
C [at. %]
45.87
5.56
39.40
38.51
40.04
10.86
34.84
32.23
DMTOS+He
DMTOS+He
+1% O2
+0.2% O2
Si [at. %]
34.07
43.09
36.25
28.14
34.68
41.20
37.10
37.70
DMTOS+He
DMTOS+He
+0.2% O2
+1% O2
O [at. %]
20.06
51.35
24.35
32.2
25.28
47.94
28.06
30.07

DMTOS+He
+2% O2
21.08
4.31
19.17
11.61
DMTOS+He
+2% O2
40.63
43.16
37.45
41.55
DMTOS+He
+2% O2
38.29
52.53
42.86
46.84

The carried out tribologic studies of the obtained coatings showed that the lowest friction
coefficient – 0.019 was achieved for the coating deposited for 10 minutes at the surface
temperature of 100 °C from a 0.1%DMTOS+He mixture. The other coatings deposited from
the same mixture for a longer time, as well as at higher surface temperature, did not show
better tribologic properties.

Fig. 2. Dependence of the friction coefficient value on the process time for coatings deposited from a
0.1%DMTOS+He mixture at various surface temperatures.
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4. Coatings deposited from mixtures containing methane
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FTIR spectra of coatings deposited during 15 minutes at the surface temperature of 100 °C from
0.1%DMTOS+He+(0-1%)CH4 mixtures are collected in Fig. 3.
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Fig. 3. FTIR spectra of coatings deposited from 0.1%DMTOS+He+(0-1%)CH4
mixtures at surface temperature of 100°C. Deposition time – 15 minutes.
The most intensive absorption bands of wavelength 1026-1028 cm−1 correspond to Si−O−C linkages.
Bands characteristic of Si−CH3 (844 and 1260 cm−1), CHx (2966 cm−1), Si−O−Si, Si−O−C, and
Si−CH3 (799 cm−1) linkages are also observed. From the spectra presented it results that an increase in
the methane content in the mixture causes a decrease in the intensity of all the absorption bands.
An analysis of the FTIR spectra (Figs. 1 and 3) does not show any differences in the qualitative
composition of coatings obtained from mixtures with and without methane. The observed wavelength
shifts from 1030 cm−1, characteristic of Si−O−C linkages, towards lower wavelengths of 1026-1028
cm−1, which probably results from the addition of methane to the gas mixture.
The friction coefficient values of coatings deposited during 15 minutes from 0.1%DMTOS+He+(01%)CH4 mixtures are presented in Fig. 4. The coating deposited at the surface temperature of 100 °C
from a mixture containing 0.05% of methane showed a similar friction coefficient value to that of the
coating obtained at the same conditions but without the addition of methane. Moreover, both
mentioned coatings were distinguished from among all those studied by very low friction coefficients
(0.029±0.003, 0.038±0.006, respectively). The coating obtained at 100 °C from a mixture containing
0.1% of methane exhibited a friction coefficient smaller than that of the silicon surface. The other
coatings, obtained from mixtures containing methane, showed tribologic properties similar to that of
the surface. An exception were coatings obtained at 300 and 400 °C from 0.1%DMTOS+He+2%CH4
mixtures, characterized by high friction coefficient.
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Fig. 4. Dependence of the friction coefficient values of layers deposited for 15 minutes from
0.1%DMTOS+He+(0-1%)CH4 mixtures on the surface temperature.
For layers deposited from 0.1%DMTOS+He+(0-2%)CH4 mixtures very differentiated friction
coefficient values were obtained. An analysis of the presented diagrams did not show any general
relationships between the particular process parameters (concentration of the added oxygen, surface
temperature) and the friction coefficient.
For coatings deposited from methane containing mixtures, and showing the lowest friction
coefficients, composition studies were performed by the XPS method and it was found that a small
(0.05-0.1%) addition of methane to the gas mixture (0.1%DMTOS+He+CH4) causes a slight increase
(46.8-47.4%) in the carbon content in the layer with a simultaneous decrease in the silicon and oxygen
content.

5. Conclusions
On the basis of the performed studies it has been shown that it is possible to obtain layers of better
tribologic properties than those of the covered silicon surface.
An eight-fold lower friction coefficient (0.019) was exhibited by the coating deposited during 10
minutes at 100 °C from the 0.1%DMTOS+He mixture. From the point of view of its tribologic
properties it was better than coatings obtained from mixtures containing a 1% additive of oxygen
(friction coefficient 0.101) or 0.05% of methane (friction coefficient 0.038).
Layers obtained from a 0.1%DMTOS+He mixture, due to their excellent tribologic properties, can
find numerous applications in MEMS devices.
Acknowledgments. This work was financially supported by Warsaw University of Technology
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The effects of the ambient air plasma generated using the Diffuse Coplanar Surface Barrier
Discharge (DCSBD) on crystalline Si (100) surface was studied. The Si surfaces cleaned and
activated by the plasma treatment were investigated by AFM and contact angle measurements. It
was found that the surface wettability increased by the plasma treatment tends to decay over time.
Surprisingly, when the plasma treated sample is stored in water the wettability is increased again.

1. Introduction
Nowadays, plasma technology provides an innovative, economical and environmentally friendly tools,
that are able to replace or improve some of the chemical production processes including cleaning,
activation or passivation of the surfaces, coating, etching.
In this paper we present the surface plasma modification of crystalline (c-Si) silicon samples. The
attention was paid to the c-Si due to its great importance in many fields of modern industry, mainly
microelectronics industry [1]. This study could bring interesting results for future use or improvement
of already existing production processes.
The changes of the c-Si surface properties after plasma treatment were studied by contact angle
measurement and AFM. Because of the difficulties to measure directly the surface free energy (SFE)
of solids, contact angle measurement provides an indirect and very simple method to determinate SFE
[2]. The knowledge of surface free energy, as well as, the wettability of surfaces is very important in a
wide range of applications.
It was found that the plasma treated surfaces do not show a stable behavior with time, the water
contact angles tend to increase, an indication that an aging process called hydrophobic recovery occurs.
Surprisingly it was found that the wettability increased once again, if the aged treated sample was
immersed in water solution and dryed.

2. Experimental setup
Dielectric barrier discharge the so called DCSBD (Diffuse Coplanar Surface Barrier Discharge) was
used to plasma treatment (Fig. 1) [3]. Electrode system was made by parallel metallic electrodes
embedded in Al2O3 ceramic dielectric. This construction provides the large area of thin layer of highly
non – isothermal cold plasma. Vacuum sample holder on the rails enables to move with samples in
accurately adjustable distance from the dielectric barrier in plasma layer.
The crystalline polished Si (100) n – type wafers doped with antimony were used. Samples were
sorted into two groups: the samples cleaned by isopropyl alcohol (IPA) and the samples cleaned by
IPA and then immersed in 1% HF solution at room temperature for 45s. The silicon surface cleaned by
IPA is terminated by native oxide. In case of the silicon surface cleaned with HF solution the native
oxide layer was etched and the surface tends to be hydrogen termination [4].
Contact angle measurements were realized by Surface Energy Evaluation System (SEE System).
Surface free energy was calculated by Acid – base model. In the case of this model, SFE is divided
into two components, one including the long – range interaction, called the Lifshitz – van der Waals
component (LW) and the other including the short – range interaction, called acid – base component
(AB) [2]. Water, glycerol and diiodomethane were used as the measuring liquids.

496

Plasma treatment was realized in air at atmospheric pressure, discharge power was 300 W, treatment
time 2.4 s. The distance between the sample surface and the ceramic plate was 0.3 mm.

Fig. 1. Experimental device. a) DCSBD reactor with movable sample holder, b) detail of the
discharge electrode (cross – section).

3. Results and discussion
The contact angle values of water and surface free energy for the different samples and condition of
samples are summarized in Tab. 1. The plasma treatment of silicon surface makes the sample
hydrophilic and the degree of hydrophilicity depends on the way, how the surface is cleaned (Fig. 2).
Tab. 1. Water contact angle (WCA), surface free energy (SFE) and its components of untreated and
treated silicon surface with and without native oxide.
Untreated
Treated
Untreated
Treated
With native
With native Without native Without native
oxide
oxide
oxide
oxide
WCA [°]
38.6 ± 2.7
5.0 ± 0.9
84.6 ± 1.8
11.1 ± 0.3
Total SFE [mJ/m2]
56.7 ± 1.7
62.0 ± 0.6
48.8 ± 0.9
62.9 ± 0.8
LW component [mJ/m2]
41.2 ± 1.2
43.1 ± 1.6
47.9 ± 0.4
44.1 ± 1.2
2
AB component [mJ/m ]
15.4 ± 1.8
19.3 ± 1.1
0.9 ± 0.2
18.2 ± 1.0
The behavior of cleaned silicon surface, without any plasma modification is in principle known [4],
[5]. After immersion in HF solution, a clean Si surface becomes hydrophobic due to the absorbtion of
hydrogen ions. On the other hand, in non – HF solution, silicon surface remains covered with an oxide
film and silicon oxide layer is hydrophilic [4].
After plasma modification, the situation was changed significantly. The surface free energy decreased
considerably and the wettability increased. This fact could be explain partly due to removing of
contamination from the surface, partly due to increase in hydroxyl OH groups density, which are
responsible for hydrophilic properties of silicon surface [4]. This fact is confirmed by increase of AB
components of total surface free energy in case of HF treated and IPA cleaned investigated samples.
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Fig. 2. Contact angle measurement of silicon surface. Water drop on the silicon surface with and
without native oxide layer before plasma treatment and after plasma treatment.
AFM images of untreated and 1s treated surface (Fig. 3) show that the plasma has an influence on the
surface morphology too. Fig. 3a) shows the typical surface of clean polished silicon wafer and the
change of surface morphology after 1s plasma treatment is shown in Fig. 3b). RMS roughness
increased from 2.23 nm before plasma treatment to 19.6 nm after 1 s plasma treatment.

a)
b)
Fig. 3. AFM images of a) typical surface of polished silicon wafer and b) the change of surface
morphology after 1 s plasma treatment.
In Fig. 4 and Fig. 5 the ageing effect of the both types of treated surfaces is shown. It is evident, that
values of water contact angle (Fig. 4) increased during the storage time, but the behaviour of ageing
process is different for the two investigated samples. In case of the sample without native oxide layer
before plasma treatment, etched in HF solution, contact angle of water rapidly increased within a few
hours. In principle, within ten hours the water contact angle achieved the value that changes during
another hours slightly. On the other hand, the samples with native oxide film aged more slowly.
Within the first day, the increase of water contact angle was practically negligible.
The both samples exposed to an ambient air more than 150 hours tended to achieve almost the same
values of water contact angle. For completeness, Fig. 5 shows the course of surface free energy during
ageing process, which corresponds with the water contact angle.
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Fig. 4. Ageing effect of treated surface with and without native oxide layer which is exposed to an
ambient air. Contact angle of water increased within the time. Moreover, this ageing process depends
on the cleaning method before plasma modification.

Fig. 5. Ageing effect of treated surface with and without native oxide layer. The values of total surface
free energy corresponding with the previous water contact angle.
To prove that hydrophilic OH groups could rotate to bulk material we dipped samples to water. It was
found, that the aged sample immersed in water solution made the sample more hydrophilic once again.
The results for both samples are summarized in Tab. 2. After plasma treatment samples were exposed
to an ambient air for 60 hours, corresponding values of water contact angle are in Tab.2 labeled as
Aged sample. After that, the samples were dipped in water solution at room temperature for 1 minute,
60 minutes and 240 minutes. After water immersion, samples were dried and the changes of
wettability were investigated. In both cases, the water contact angle decreased, the wettability
improved.
Tab. 2. Water contact angle of aged samples (60 hours after plasma treatment) and subsequent change
of contact angle after water immersion.
Aged sample
After 1min
After 60min
After 240 min
[°]
immersion [°]
immersion [°]
immersion [°]
With oxide layer
11.5 ± 1.0
3.3 ± 0.1
3.4 ± 0.6
3.9 ± 0.9
Without oxide layer
27.3 ± 3.2
19.4 ± 2.9
17.3 ± 0.9
17.7 ± 1.6
Generally, the well-known hydrophobic recovery of SiO2-coated surfaces after air plasma treatment is
assigned to the recontamination by hydrocarbons due to exposure to the ambient air. This, however,
does not provide any explanation for the observed hydrophilic recovery due to immersion.
Consequently, we hypothesize that, similarly as in the case of plasma-treated polymer surfaces [4],
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likely cause of hydrophobic recovery is surface reorientation of the polar OH groups caused by plasma
treatment away from the surface. If the interfacial environment is aqueous due to a strong interaction
with water molecules they are drawn out to the surface and make it hydrophilic, if it is air the surface
OH groups will reorient to the bulk.

4. Conclusion
In the current work, the properties of silicon surface before and after plasma modification were studied.
In addition to, the influence of different cleaning process on the subsequent properties was
investigated. It was found, that the cleaning process of silicon surface influence, not only the
properties before, but also the properties after plasma treatment. The ageing process of surface with
removed native oxide film was much faster than in case of the sample with oxide film. By means of
the immersing the aged treated sample in water it was possible to partly restore the wettability. Also,
the plasma treatment of silicon roughed its surface.
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The chemical effects of coplanar surface DBD at atmospheric pressure in air and air with diluted
toluene (500-2000 ppm) were investigated comparing two electrode ceramics – 96% Al2O3 and the
same ceramics with the TiO2 functional coating. In air with diluted toluene, the toluene
decomposition was observed with the efficiencies increasing with the energy density, reaching
67% (Al2O3) and 95% (TiO2). The gaseous products of toluene decomposition were mostly CO2,
CO, HCOOH, HNO3 and water. A substantial difference was observed in the formation of solid
organic polymer deposit between both ceramics. The simultaneous presence of discharge plasma
microfilaments and TiO2 coating resulted in the complete absence of deposit formation. This selfcleaning effect has some important application in the field of plasma mediated polymer materials
treatment.

1. Introduction
The Diffuse Coplanar Surface Barrier Discharge (DCSBD) generates a thin layer of atmospheric
pressure non-thermal plasma on the surface of dielectric electrode [1]. Typically DCSBD employs
Al2O3 as dielectric barrier owing to its excellent dielectric strength and good thermal conductivity.
Titanium dioxide (TiO2) is well known for its UV-photocatalytic properties for generation of atomic
oxygen. Having poor dielectric and mechanical properties, TiO2 is not suitable as material for
dielectric electrode elements. However a thin layer of TiO2 on Al2O3 surface can operate as a catalytic
functional coating without negatively affecting the dielectric strength of discharge system. Properties
of such enhanced Al2O3 ceramics were studied on plasma decomposition of toluene, a common VOC.
In this paper effectiveness of toluene removal by DCSBD, products of decomposition and the effects
related to the presence of TiO2 on the surface of discharge ceramic are investigated.

2. Experimental
2.1. DCSBD reactor and gas flow system
The DCSBD electrode element is made up of a square shaped plate (101x101x0.635 mm) of alumina
ceramic (96% Al2O3) with two screen-printed circular silver electrodes in concentric configuration
(inner electrode diameter 20 mm; interelectrode gap 1.5 mm) on one side. Some of the discharge
ceramics were coated with sol-gel made TiO2 (1 – 3 layers) fired at various temperatures to alter the
rutil/anatase ratio phases of final TiO2 layer. Each TiO2 layer (1 ml of TiO2 sol per layer) was spincoated on cleansed ceramics at rotational speed of 1100 rpm. After setting the prepared ceramics
samples were fired in oven at 350, 700 and 900 °C for duration of 1 hour each. The electrode was
mounted to the PMMA made fixture, equipped with the gas feed system to the discharge plasma zone
and with the insulation oil cooling system. To avoid unwanted electrical breakdown between screenprinted silver electrodes, circulating synthetic transformer oil insulated the electrodes. The flow of
transformer oil enabled thermal stability of investigated dielectric electrode. The electrode reactor was
driven by a LIFETECH VF700 power supply (10 kV, 38.5 kHz).
Atmospheric air was used as carrier gas in our experiments. Air was bubbled through liquid toluene to
get enriched by toluene vapours. Using two flow controllers with maximum ranges of 1 and 2.5 l/min
respectively we have set the total flow rate of gas mixture (0.5-2 l/min) as well the exact concentration
of toluene (500-2000 ppm). Temperature was controlled to ensure constant concentration of toluene
saturated vapours in the mixture. The air-toluene mixture obtained in the mixing chamber was led to
the discharge chamber. The discharge chamber was optimized to the volume of the generated plasma.
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The gaseous products of toluene decomposition were continuously transported through the outlet tube
into a glass gas cell of 10 cm length equipped with KRS-5 windows, residing inside FTIR
spectrometer (BRUKER Vector 22).

Fig. 1. Schematics of the experimental setup.

2.2. Diagnostics
The V-A characteristic of the discharge was measured with Tektronix P6015A HV probe and Pearson
current monitor Model 4100. Signals were processed by Tektronix TDS 2024 (200 MHz, 2.5 GS/s)
digital oscilloscope. The discharge power was calculated from the obtained waveforms using
Tektronix Wavestar software.
The products of chemical reactions initiated by the DCSBD plasma were analyzed by Fourier
Transform infrared (FTIR) spectroscopy using BRUKER Vector 22 spectrometer. Absorption spectra
were obtained in continuous flow regime from sets of 10 scans per sample from spectral range of
4000-500 cm-1 with 1 cm-1 resolution. Nitrogen was let into the sample chamber to minimise ambient
CO2 influence on absorption spectra. The decomposition efficiency of toluene was measured from the
decrease of absorbance of the typical toluene absorption band at 3040 cm-1.
Uncoated and TiO2-coated ceramics were used for evaluation of the self-cleaning effect reported in
[2]. The experiments were made for total gas flow of 0.5 l and toluene concentration of 1000 ppm for
all types of ceramics. The duration of toluene products deposition to the surface of the electrode
elements was set to 2 hours + 2 hours. After 2 hours of operation the inlet and outlet gas feed tubes
were swapped. This approach made possible to obtain more homogenously distributed deposit on the
ceramic surface. The amount and distribution of the formed deposit on the electrode elements were
compared to each other.

3. Results and discussion
The calculated discharge power of the Al2O3 ceramic during our experiments was 13±1 W, on the
TiO2 coated ceramics was slightly higher, 14±1 W. The discharge in air produced mostly ozone, N2O5
HNO3 and small amounts of NO2, N2O and water. The TiO2 ceramic boosted the ozone, N2O5 and
water production.

502

3.1. Toluene decomposition
The typical spectra of toluene in air before and during discharge are shown on Fig. 2. The gaseous
products of plasma initiated toluene decomposition are mainly CO2 (667 and 2359 cm-1), CO (2172
cm-1), HNO3 (878, 1325 and 1718 cm-1) and HCOOH (1105 and 1775 cm-1). Besides C-containing
products water, ozone (1055 cm-1) and noxious gases like N2O (2236 cm-1), N2O5 (1246 cm-1) and
NO2 (1628 cm-1) are present in the spectra. There was no significant difference in spectra for both
Al2O3 and TiO2. The concentration of noxious gases increased linearly with energy density. The TiO2
ceramic surface produced less NO2 than Al2O3. The N2O generation rate was independent from
ceramic type and toluene concentration. N2O5 is a transient product and contributes to HNO3
production as we examined from the spectra of time evolution of absorbance levels of gaseous
products.

Fig. 2. Typical spectrum of gaseous products of 1000 ppm toluene decomposition. TiO2 ceramic at 1000 ml/min.

The decomposition efficiency on TiO2 coated ceramics is higher than on pure Al2O3 at the same
energy density (Fig. 3.).

Fig. 3. 500 ppm and 1000 ppm toluene decomposition efficiency as function of energy density, based on 3040 cm-1
absorption band.

The toluene removal for 500 ppm (1000 ppm) concentration reaches 75% (72%) for 1 layer and 95%
(85%) for 3 layers of TiO2 coating. One can clearly see that the maximum decomposition efficiency
for Al2O3 ceramic is peaking around 70%. Further lowering of flow rates would bring marginal
increase in performance at unreasonably high energy costs. At lower energy densities both types of
ceramics deliver approximately the same performance.
The TiO2 ceramic surface can cope more effectively with higher toluene concentrations than Al2O3
(Fig. 4.). The toluene decomposition efficiency decreases approximately linearly with increasing
toluene concentrations in the gas mixture. The production of ozone in air-toluene mixture is peaking
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around 600 J/l for Al2O3 and 700 J/l for TiO2 both for 500 and 1000 ppm toluene (Fig. 5.). The only
difference between the two measured concentrations was in 2 times higher maximum for 500 ppm.
Further increase of energy density results in decrease of O3 levels, which indicates direct involvement
of O radicals in toluene decomposition process.

Fig. 4. Toluene removal efficiency as function of
toluene concentration.

Fig. 5. Ozone absorbance levels in air-toluene
mixture during plasma decomposition as function of
energy density, based on 1055 cm-1 absorbance band.

3.2. Deposit formation
During the experiments formation of a brown-yellowish deposit layer on the discharge ceramics took
place. FTIR analysis of deposit identified it as a complex mixture of organic compounds. For Al2O3
ceramic surface the characteristic pattern of formed deposit with the traces of filamentary channels is
shown on Fig. 6.

Fig. 6. Toluene deposit pattern on discharge ceramic with high constrast detail on microdischarge traces.
Al2O3 ceramic, 2000 ppm toluene after 1 hour of continuous operation at 13 W.

We have observed that the rate of deposit formation was substantially reduced for TiO2 ceramic
surfaces in contact with plasma (self-cleaning effect). The microdischarges on Al2O3 surface had
tendency to get localized on several spots approximately evenly distributed along the electrode gap as
is shown on Fig. 6. In contrast, the microdischarges on TiO2 functional coating had generally lower
probability of reappearing on the same spots and thus allowing less deposit to aggregate on the
ceramic surface. The greater mobility of microdischarges due to possibly altered surface morphology
of TiO2 coating and more effective chemistry assisted by TiO2 seems to be accountable for observed
self-cleaning effect. The deposit formed on the pure Al2O3 ceramic and TiO2 coated ceramics are
shown on Fig. 7. It is clearly visible that with increased number of TiO2 layers the amount of deposit
(aggregates) formed in area of plasma microdischarges significantly decreases. Presence of 3 layers of
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TiO2 results in complete absence of organic deposit in area of plasma. Our study showed that the
number of deposited layers has higher influence on discharge performance than the firing temperature
of sol-gel layer.

Al2O3

TiO2 700°C
1 layer

TiO2 700°C
2 layers

TiO2 700°C
3 layers

Fig. 7. Deposit formed on Al2O3 and TiO2 ceramics.

4. Conclusion
Properties of pure Al2O3 and TiO2-coated ceramics were tested on a DCSBD plasma reactor for
decomposition of toluene in air-toluene mixtures containing 500–2000 ppm toluene. TiO2 seems to be
better choice over Al2O3 regarding the decomposition efficiency. The TiO2-coated ceramics removed
up to 95% of toluene and coped generally better with higher toluene concentrations as well. Besides
better efficiency we have observed a self-cleaning effect on TiO2 surface too. We have shown, that
presence of 3 layers of TiO2 on ceramic surface results in complete absence of organic deposit in area
of plasma microdischarges. The self-cleaning effect seems to be a result of changed microdischarge
behavior due to possibly altered surface morphology of TiO2 coating together with its photocatalytic
effect. These phenomena will be subject of further investigation.
Acknowledgement. This work was supported by Slovak Research and Development Agency APVV0485-06.
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Polytetrafluoroethylene (PTFE) sheets were treated by the diborane/H2/He plasma for the
deflurination to improve the painting performance and the adhesive strength with an epoxy glue.
Diborane was generated by the H2/He plasma treatment of a boron plate. And then, the
defluorination plasma treatment with this diborane/H2/He mixture gas performed to PTFE sheet.
Fluorine atom content of treated PTFE surface was decreased to about one hundredth of that of
untreated PTFE. The water contact angle of treated PTFE was also decreased from 120º to 50º. A
paint coated on treated PTFE adhered to its surface strongly.

1. Introduction
Fluorinated polymers such as polytetrafluoroethylene (PTFE) have many unique characteristics: for
example, high chemical resistance, high dielectric constant, high heat resistance and low coefficient of
friction. Thus, they have been used as typical inert materials for many situations, such as packaging
materials. They have a big problem, however: the difficulty of the paint and adhesion. Some agents
that contain metallic sodium are often used for surface treatment of these polymers to improve the
paint and adhesion. However, this treatment needs a large amount of cleaning water and the disposal
of much waste fluid. Moreover, their surfaces become blackish through the wet treatment. So a new
dry process instead of the wet treatments has been desired.
In our previous studies, the APG plasma treatment was found to be able to improve the adhesion
strength between some kinds of fluorinated polymer films and epoxy glue [1-3]. Generally, the low
surface energies of the fluorinated polymers lead to the low adhesive strength between such polymers
and glue, and the fluorine atoms on the fluorinated polymer surface lead to the low surface energy of
the polymers [4]. We considered that the fluorine atoms generated through the dissociation of C-F
bonds by the plasma needed to be changed into a gaseous compound by reacting with some reactants,
and that the gaseous compound had to be removed from the polymer surface as fully as possible.
Boron trifluoride (BF3) is one of the gaseous fluorine compounds at room temperature and the bond
enthalpy of fluorine with boron (757 kJ mol-1) is bigger than that of fluorine with hydrogen or carbon
(570 or 552 kJ mol-1) [5]. Thus, trimethoxyborane ((CH3O)3B, TMB) was selected as a source of boron
atoms and the effect of this reactant on the adhesive strength was examined in the previous study [3].
TMB/H2/He plasma treatment improved the adhesion property greatly. However, the adhesive strength
of PTFE was still weaker than that of the wet method, and a small amount of boron oxide was
deposited on the sample surface since TMP contains oxygen atom. Thus, this result indicated that
diborane (B2H6) is best boron source, but we cannot use diborane as a boron source lightly since it is
very ignitible and toxic gas. Ohmi et. al. reported that diborane was generated by the H2/He plasma
treatment of boron plate in their recent research paper [6]. Therefore, we tried to examine the
defluorination of PTFE by the combination of the diborane generation plasma and the B2H6/H2/He
plasma surface treatment in this study.

2. Experimental
Fig. 1 shows the discharge apparatus which had two discharge areas. The discharge areas were
bounded for quartz glass plates, and so H2/He mixture gas flowed in one direction. The upstream and
downstream discharge areas were used for diborane generation and PTFE surface treatment,
respectively. The boron plate (thickness, about 0.1 mm) was prepared from boron and binder
(polyethylene powder) mixture powder by pressing. PTFE sheet, whose sizes were 20 × 20 × 0.2 mm,
was washed by ultrasonic cleaner with trichloroethylene and deionized water before treatment.
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Fig. 1 Schematic diagram of the discharge apparatus.

Tab. 1. The plasma treatment conditions.
The discharge apparatus was placed in the atmosphere,
Discharge
power of
and the discharge area was purged with H2/He mixture
500 W
diborane
generation
gas. The upstream plasma for diborane generation and
downstream plasma for PTFE treatment were Discharge power of
50 W
generated with a 27.12 MHz and 300 kHz power PTFE treatment
0.5 ~ 5 min
supply, respectively. Table 1 shows the plasma Treatment time
2 slm
treatment conditions. Treated PTFE sheets were He flow rate
H
flow
rate
10
sccm
examined using XPS, water contact angle (WCA)
2
Pressure
atmospheric
pressure
measurement, paint abrasion test and peel test.
The chemical state was measured with the XPS
(ULVAC-Phi, ESCA-5800ci). The x-ray source provides monochromatized Al Kα radiation at a power
of 350 W. The takeoff angle used in these experiments is 45°. The binding energies of XPS spectra
were corrected with the C1s peak position (C-C, 284.6 eV) and the F1s peak position (PTFE, 689.0 eV)
[7, 8]. The water contact angle measurement was carried out as follows: a treated sample was laid on a
level plane and 1μl of diluted water was dropped on its surface. Then the angle was measured with a
goniometer. The value of the contact angle was the average of angles measured at 5 points on the
sample. The paint abrasion test was carried out as follows: a black dye ink was coated on a sample
surface. Then, it was abraded by a tissue (Kimberly-Clark Co., Kimwipe) abraider under 1 kg loading
on 100 ~ 300 times. The samples for the peel test were prepared in the following way. First, a treated
sample film was glued on an aluminum plate with epoxy glue (Ciba-Geigy Co., Ltd., Araldite standard
grade). Then the film was pressed and kept at 50ºC for 12 hours. When the peel strength was measured,
the peel speed was fixed at 200 mm min-1. In this study, a film treated with a sodium solution
(NILACO Co., Ltd., Tetra Etch) was used as a control sample: each film was soaked in the sodium
solution for 10 seconds, and then it was rinsed with ethanol and diluted water.

3. Results and discussions
Fig. 2 shows the variation of the WCA of treated PTFE. The WCAs of H2/He plasma (without
diborane) treated PTFE (sample A) were decreased to about 70º only by 30 seconds treatment.
According to the WCA of a general polyethylene film (about 80 º), chemical state of the H2/He plasma
treated PTFE surface came close to that of polyethylene because of the defluorination of PTFE and the
additional reaction of hydrogen atoms. The WCAs of diborane/H2/He plasma treated PTFE (sample B)
for 0.5 and 1 minutes showed same values of sample A, but those for more than 1 minute showed
lower WCAs. Meanwhile we tried that PTFE treatment was started in two minutes after diborane
generation was started (sample C). The WCAs of sample C, shown with filled triangle in Fig. 2,
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Fig. 2 The variation of the water contact angle as Fig. 3 The variation of atomic content ratio F/C as
a function of the treatment time. z, H2/He plasma a function of the treatment time. z, H2/He plasma
treatment; , diborane/H2/He plasma treatment; treatment; , diborane/H2/He plasma treatment.
▲, PTFE treatment was started in two minutes
after diborane generation was started.
indicated same values of the sample B for more than 1 minute. Therefore, this result indicated that
diborane generation had not been started until 2 minute. This reason was supposed that the boron plate
needed about 2 minutes heating to obtain enough temperature to vaporize diborane [6].
Next, to investigate the chemical states of sample A and B, the sample surfaces were measured by XPS.
Fig. 3 and 4 show the variation of atomic content ratio F/C and O/C, respectively. And the C1s and B1s,
XPS spectra were shown in Fig. 5 and 6, respectively. The F/C of sample A was severely decreased by
the plasma treatment without diborane. However, a peak assigned the CF2 group was remained in the
C1s spectrum of the sample A surface as shown in Fig. 5 b). This result indicated that the defluorination
was not completed. And the sample A surface was slightly oxidized as shown in Fig. 4. We supposed
that the oxidation was occurred by the plasma treatment with residual air in the discharge area and/or
post-oxidation. The F/C of sample B was significantly decreased as shown in Fig. 3. Though quite
small amount of fluorine atoms remained on the sample B surface, there was no peak related to the
CFx group in the C1s spectrum of the sample B surface as shown in Fig. 5 C). And the B1s spectrum of
the sample B surface as shown in Fig. 6 indicated that some fluorinated and oxidized boron
compounds deposited on the sample B surface. Therefore, we considered that slightly-remained
fluorine atoms derived from boron compounds on the sample B surface, and that the defluorination of
PTFE surface was done completely.
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Finally, we examined the adhesive strength between a dye paint and PTFEs via the paint abrasion test.
Fig. 7 shows the photographs of PTFE sheets used for the paint abrasion test. While the black dye on
the untreated PTFE was removed easily, those on the sample A and B were hardly removed. Moreover
the amount of the removed dye of sample B was smaller than that of the sample A. We assumed that
the boron compounds deposited on the sample B did not effect on the adhesive strength between the
dye and treated PTFE since the amount of the boron compounds was quite small (B/C ≈ 0.03).

4. Conclusion
The defluorination of PTFE was completely
succeeded by the combination of the diborane
generation plasma and the PTFE treatment. Since
the diborane/H2/He plasma treated PTFE (sample
B) surface became the polyethylene like surface,
we considered that more low WCA value and
much higher adhesive strength will be obtained
only by the O2/He plasma treatment on the sample
B.

CF2

Intensity (a.u.)

c)
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The atmospheric pressure dielectric barrier discharge burning in nitrogen in homogeneous mode
was used for the deposition of thin films. The films were deposited on glass and silicon substrates
from hexamethyldisiloxane (HMDSO) vapours and propane-butane. The substrate temperatures
during the deposition process were elevated up to values within the range 25 – 200 °C in order to
obtain hard thin films. The deposited films were characterised by Rutherford backscattering and
elastic recoil detection methods, infrared spectroscopy measurements and depth sensing
indentation technique. It was found that the films properties depend significantly on substrate
temperature at deposition. An increase of substrate temperature during deposition leads primarily
to an increase of film hardness.

1. Introduction
The homogeneous DBD burning in nitrogen at atmospheric pressure (called atmospheric pressure
Townsend-like discharge - APTD) is suitable discharge type for thin film deposition [1]. In our
previous study [2] we were able to deposit thin films from HMDSO in nitrogen APTD. However, the
deposited films were polymer-like, their maximum hardness was 0.6 GPa and contained about 40% of
carbon. Because such films cannot be used as hard protective layers, procedures for obtaining harder
films were needed. In this contribution we report a possibility to increase the film hardness by the
increase of substrate temperature during the deposition process. We deposited two types of thin films:
the SiOx films were deposited from HMDSO vapours, the a-CNxHy films were deposited from
propane-butane.

2. Experimental
The experiments were carried out in a metallic discharge reactor with the dimensions 500 mm ×
500 mm × 500 mm. The discharge burned between two planar metal electrodes, the upper covered
with Simax glass, 1.5 mm in thickness. The bottom electrode was rectangular with dimensions
150 mm × 60 mm, the upper electrode was circular with a diameter of 36 mm. The bottom electrode
could be heated using a heating spiral and the electrode temperature was measured with a
thermocouple. The films were deposited on thin glass substrates with dimensions 160 mm × 65 mm ×
1 mm and 500 µm silicon wafers, 76 or 102 mm in diameter. The glass substrates were placed directly
on the bottom electrode. In the case of silicon (Si) substrate, a 1 mm thick glass plate was placed
between the bottom electrode and Si. The discharge gap between the substrate and the upper electrode
was set to 0.5 mm.
The SiOx films were deposited in homogeneous mode of DBD (APTD) from HMDSO vapours mixed
with synthetic air and pure nitrogen. The 6 or 16 sccm of synthetic air bubbled through liquid HMDSO
in a glass bottle container. It was then mixed with the main nitrogen flow of 6 slm. The HMDSO flow
rate was determined by weighting the liquid before and after the deposition. The concentration of
HMDSO in nitrogen was 70 ppm and 173 ppm whereas the concentration of oxygen was 200 ppm and
532 ppm for the air flow rates of 6 sccm and 16 sccm, respectively. The CNxHy films were deposited
from propane-butane mixture. The 13 sccm of propane-butane was mixed with the main nitrogen flow
of 6 slm. Configuration of gas supply was optimized in preliminary deposition experiments. The final
set-up, used for the depositions discussed in this paper, was as follows. The working gas mixture was
supplied through an inlet in the upper corner of the discharge reactor. The reactor was pumped out
from the opposite bottom corner. The deposition uniformity was further improved by gas exhaustion
of 50 sccm through an opening in the centre of the upper electrode.
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Before starting the experiments the discharge chamber was pumped down to a pressure of 20 Pa and
then filled with nitrogen to a pressure of 101 kPa. Atmospheric pressure during the deposition was
maintained by slight pumping. High voltage with a frequency of 6 kHz was used for discharge
generation. The type of discharge, as concerns filamentary or homogeneous mode, was determined
from the current-voltage measurements recorded by the digital oscilloscope HP 54820A Infinium (500
MHz, 2 GS/s). The input power to the 6 kHz high voltage generator was 26 W for the homogeneous
mode deposition on glass substrates. Maintenance of the homogeneous discharge mode restricted the
input power as well as applied voltage in a small range, especially for Si.
In this case, the input power ensuring the homogeneous mode was only 15 W and the flow of air
bubbled through liquid HMDSO was only 6 sccm. The power consumed in the discharge was several
watts depending on input power and used substrate [3].
The chemical structure of the films was studied by Fourier Transform Infrared Spectroscopy (FTIR)
using a Bruker Vertex 80v spectrometer. The films deposited on Si were measured in transmittance
mode taking bare Si substrate as a reference. The films on glass substrates were measured in
attenuation total reflection (ATR) mode using diamond crystal (one ATR reflection, angle of incidence
45°). The sample compartment was evacuated down to 2.51 hPa in both measurement modes. The
resolution of the spectrometer was set to 4 cm-1.
The complete atomic composition was determined by ion beam methods combining Rutherford
backscattering (RBS) and elastic recoil detection analysis (ERDA). The atomic fractions of C, O and
Si were measured by RBS using 2.4 MeV protons perpendicularly bombarding the surface. The
sensitivity to carbon content was enhanced using proton resonance effect at the energy of 1.74 MeV.
ERDA and RBS with an incident beam of 2.75 MeV α-particles at 75° to the surface normal were
simultaneously used to determine the percentage of H.
The hardness and elastic modulus values were assessed from depth sensing indentation tests using a
Fischerscope H100 tester with Vickers indenter. The load and the corresponding indentation depth
were recorded as a function of time for both loading and unloading processes. The desired material
parameters were obtained from analysis of loading and unloading curves. The indentation tests were
carried out for several different indentation depths (i.e. several different applied loads) in order to map
the mechanical properties of the film/substrate system from near surface up to the film--substrate
interface. The applied load ranged from 1 to 100 mN with the force resolution of 0.04 mN. The
accuracy of the indentation depth measurement was ±1 nm. Each indentation test was repeated at least
16 times.

3. Results
SiOx films
The elemental composition of thin films deposited on Si substrates (air flow rate of 6 sccm through
liquid HMDSO) was studied by RBS/ERDA measurements. The results of RBS/ERDA analyses
showed that the carbon content in films decreased with temperature from 23 to 2.5% (see Fig. 1), the
oxygen-to-silicon ratio increased with increasing temperature. This ratio reached 2.3 for 150 °C but
not all the oxygen atoms were bonded in the Si-O-Si network as revealed by the presence of OH
groups in the FTIR spectra. The film density increased from 1.0 to 2.0 g cm-3.
The film elastic modulus and plastic hardness increased with increasing deposition temperature
approaching the mechanical properties of SiO2 in the temperature range 120 – 150 °C. The film
microhardness in dependence on temperature is depicted in Fig. 2.
The deposition rate decreased with increasing temperature from 5 nm min-1 at 25 °C to 2.8 nm min-1 at
150 °C. However, the chemical structure, optical and mechanical properties of the films deposited at
150 °C approached those of SiO2 films deposited in low pressure discharges. More information on the
film properties can be found in [4].
films deposited from propane-butane
Information about chemical structure of the films deposited from propane-butane/N2 mixture was
obtained by ATR-FTIR spectroscopy. Since diamond was used as ATR crystal the detected intensity
was very low in the range 1800—2700 cm-1 and, therefore, the typical peak of C≡N bond at about
2200 cm-1 could not be observed. Two regions, 500--800 and 2650--4000 cm-1, with the peaks related
to absorption in the film and glass substrate are shown in Figs. 3 and 4.
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Fig. 1. Elemental composition of thin films deposited on Si substrates (air flow rate of 6 sccm through
liquid HMDSO) obtained from RBS/ERDA measurements.

Fig. 2. The film microhardness for different deposition conditions. The numbers at curves indicate air
flow in sccm / nitrogen flow in slm during the deposition.
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Fig. 3 ATR spectrum of films deposited from propane-butane at substrate temperature of 200 °C.

Fig. 4 ATR spectrum of films deposited from propane-butane at substrate temperature of 200 °C.
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High frequency region (Fig. 4) shows weak absorption peaks attributed to C-H stretching of
hydrocarbon groups that can be generally found overlapping each other in the region 2850--3100 cm-1.
Three maxima at 2875, 2932 and 2964 cm-1 can be distinguished but peak fitting confirmed five
expected peaks corresponding to sp3 C-H1,2,3 stretching. Two broad peaks at 3213 and 3331 cm-1 were
attributed to stretching of primary amines R-NH2. They could also overlap a stretching peak of
secondary amine =NH or sp2 C-H peaks.
Low frequency region (Fig. 3) reveals typical peaks of Si-O-Si stretching and bending absorption
peaks in the range below 1100 cm-1 (from glass substrate). Peaks between 1250 and 1480 cm-1 were
assigned to sp3 C-Hx or sp2 C-Hx deformation modes. Two maxima at 1550 and 1610 cm-1 can be an
overlap of C=C stretching with N-H bend of primary and secondary amines.
Mechanical properties of the films deposited from propane-butane are similar as for soft a-C:H films
according to Robertson’s classification of amorphous carbon films [5]. The hardness of the films
deposited at 200 °C ranged from 0.5 to 0.8 GPa in case of deposition on glass substrate and from 1.3
to 1.5 GPa for films on silicon substrates. These values are at least one order of magnitude higher than
hardness of common polymers, for example polyethylene, which hardness is around 0.01GPa [5].
However, the films exhibited similar indentation response as polymer like carbon materials, they
exhibited significant indentation creep and anelastic deformation. The elastic modulus of these films
was in the range from 12 to 27 GPa. The films were resistant against delamination and cracking.
Acknowledgement. The present work was supported by the Ministry of Education of the Czech
Republic under contract MSM0021622411 and by Institutional Research Plan No. AV0Z10100521.
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Glass is widely used material, but for many applications it’s surface characteristics are necessary
to be modified. One possibility is a preparation of hydrophobic coating on the glass surface. In our
work the non-thermal plasma generated at atmospheric pressure was used to investigate the
preparation of hydrophobic silane layers on the glass surface. We compared the properties of films
prepared on glass non-activated/activated using low temperature plasma generated at atmospheric
pressure in the air. As a model silane we used 3-aminopropyltriethoxysilane (APTES). Properties
of the silane layer created have been analyzed by the means of the contact angle measurements.
Persistence of the silane layers has been tested by the means of the boiling test.

1. Introduction
Surface modification by a silanization reaction is a technique often used in different areas:
nanotechnology, microelectronics, biotechnology etc. It is a successful method for the initial treatment
of substrates in the production of biomaterials and biosensors, where there are high requirements for
biocompatibility and adhesion. Silanes are deposited on the substrate surface which is typically
inorganic and to be linked with an organic polymer, where they act as an adhesion promoter.
Among the most studied and promising materials in this area, being already used as substrates, are
glass and silicon [1]. Large number of publications devoted to the study of silane layers deposition
onto glass and silicon substrates has been published recently [2, 3, 4, 5, 6, 7]
Glass is by chemical composition essentially a silicon oxide (SiO2), so the knowledge gained by
studying the glass surface can also accordingly be used for silicon, surface of which rapidly oxidizes
in ambient air and becomes covered with a layer of native oxide with possibly adsorbed impurities.
These impurities may be mechanical (dust) and of organic or inorganic origin (grease, oil depletion,
chemical residues from the production). The presence of adsorbed substances on the glass surface can
lead to deterioration of the glass surface properties and prevents the creation of chemical bonds
between the glass surface and functional layer being prepared on it.
Silanes are chemical substances based on silicon, having a general summary formula RnSiX(4-n), where
R and X are functional groups that have different properties. R is an organic functional group attached
to the silicate in hydrolytically stable state and X are hydrolysable groups that are converted by
hydrolysis to silanol groups (Si-OH). Silanol groups will then react with the hydroxyl groups (OH) on
the surface of inorganic substrate, in our case the surface of glass.
Surfacing materials are at present still mostly carried out by the chemical methods, so-called “wet
chemical method”. The wet chemical methods are based on using various chemical substances, which,
however, are often toxic and dangerous not only for humans but also the environment and there is a
problem with their subsequent disposal. With the development of plasma technology in recent decades,
the use of low-temperature plasma for the surface treatment materials becomes favoured increasingly.
Low temperature plasma can change the surface energy of treated material, respectively the type and
density of functional groups on it’s surface and so can change the surface reactivity towards a wide
range of materials. Depending on the working gas, in plasma are generated active particles appropriate
for plasma treatment, as electrons, ions and various excited and metastable particles. Excited particles
have sufficient energy to break the chemical bonds on the surface of the substrate. Because the
resulting breaked chemical bonds are unstable in terms of thermodynamics, functional groups are
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trying to minimize their energy state and therefore willingly enter chemical reactions. Another
advantage of using low temperature plasma for surface treatment is the fact that heavy particles
present in the low-temperature plasma have low temperature, resulting in surface changes of only a
few molecular layers without damaging the bulk of material.
Non-equilibrium plasma processes using plasma generated at low pressures are well studied and
realised above all in microelectronics. For these processes a vacuum equipment is necessary, causing
many problems and limiting their wider application, especially in continuous processing. Recently, a
suitable alternative became available, using dielectric barrier discharges (DBD) able to generate nonequilibrium plasma at pressures close to or equal to atmospheric pressure. Barrier discharges achieve
high efficiency of formation of radicals and metastables suitable for activation of material’s surface [4,
8; 9]. Plasma technology using the DBD provides an effective tool for surface treatment of materials,
especially for in-line treatment of flat materials (e.g. non-woven textiles, glass, wood), not only in
research but also in industrial applications [10, 11, 12, 13]. In our experiments a novel atmosphericpressure plasma source, the so-called Diffuse Coplanar Surface Dielectric Barrier Discharge (DCSBD)
was used. The DCSBD generates a thin uniform layer of macroscopically homogeneous plasma with
high plasma power density (up to ~100 W/cm3) at atmospheric pressure and without any inert gas
admixture [14]. This type of discharge is therefore appropriate to modify the surface of smooth and
planar materials such as non-woven textile, glass, silicon and wood. The input energy is directly used
for plasma processing, which allows short treatment times and the incorporation of the DCSBD
directly in continuously working production lines.

2. Experiment
The objective of the experimental part of our work was to compare silane layers prepared on
chemically cleaned glass surfaces and glass surfaces activated by plasma. In our work we used (3Aminopropyl) triethoxysilane (APTES, molecular formula C9H23NO3Si supplied from Merck
Company, Germany) for preparing the silane layers. This type of silane has many applications as a
component improving layer compatibility, adhesion promoter in the manufacture of glass fibres and in
many other finishing processes. In small quantities it is also used in sealants, gaskets and paint
coatings.
On the surface of glass under normal conditions there are four different hydroxyl -OH groups [3].
They are responsible for the hydrophilic properties of glass and condensation reactions by which it can
bind other chemical compounds to the surface of glass. To create quality silane layer on the glass
surface high concentration of surface OH groups is very important [3]. Completely clean glass surface
is hydrophilic, contact angle of water drops on a clean glass reaches a value <2º. When the hydrophilic
SiO2 surface is exposed to moisture (e.g. water vapour contained in ambient atmosphere), there is
adsorbed water layer, which is bonded to the surface through hydrogen bridges. Contact angle of water
on the clean glass exposed to open atmosphere is about 30º. Plasma is able to activate the glass surface
and therefore we expect that by the use of plasma we could prepare silane layers with better
parameters (more homogeneous and more resistant) than on the glass, which was not activated using
the plasma. Under the activation of a surface we understand the removal of contaminants from the
surface and the establishment of functional groups that can react chemically. To clean and activate the
surface of the glass we used DCSBD plasma source that has been tested as an effective tool to increase
hydrophilicity and to activate the surface by removing of organic contamination and possible increase
in the concentration of the surface OH groups. No significant changes in surface roughness of glass
have been observed at treatment times up to 20 s, which was verified by measuring the surface
morphology by AFM [15].
As the glass substrates were used microscope slides with dimensions 26 × 76 × 1 mm3. To establish
well defined initial conditions, before the experiment all the glass samples were chemically precleaned by the following procedure: 3 min sonicating in acetone, 3 min sonicating in isopropanol
(IPA) and 3 min sonicating in distilled water. After each sonication the surface was dried by the means
of a stream of pure nitrogen.
The plasma cleaning was carried out using the Diffuse Coplanar Surface Barrier Discharge (DCSBD)
[14] generated in atmospheric-pressure ambient air, at the discharge power of 400 W and the treatment
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time 5 s, using continuous mode of treatment, when the sample was moved over the DCSBD electrode
surface (Fig.1, left) at the distance of 0.3 mm.
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Fig. 1: Schematic diagram of the plasma treatment set-up (left), contact angle measurements
on glass samples treated by the plasma generated at the discharge power of 400 W in ambient
air (right).
The surface of the glass samples was investigated by contact angle mesurements using the Surface
Energy Evaluation System (Advex Instruments s.r.o., Czech Republic)[16]. Analysis of the contact
angles is very quick and simple macroscopic analytical method for the determination of hydrophilic,
respectively hydrophobic surface properties. The contact angles of droplets of distilled water (2 μl) on
plasma untreated and plasma treated glass samples were measured. The reported contact angle value
represents a mean of 20 measurements. Results of the contact angle measurements for plasma
activated glass are shown in Fig. 1 (right). A significant decrease in the contact angle value is
observable already at very short treatment times (1 s).
The silanization was carried out in 1% solution of APTES in toluene. Both untreated/plasma treated
samples have been silanized for various time intervals: 10 minutes, 1, 2, 3 and 24 hours. After the
silanization the samples have been sonicated for 10 min in toluene. The silane layers have been
afterwards cured at 120°C for 1 hour. After the cooling, contact angle measurements and boiling test
have been carried out on the silane layers.
The persistence of the layers has been analyzed by the means of the boiling test. Silanized glass
samples have been cooked at the boiling point in distilled water. After certain times of boiling, the
contact angle measurements have been carried out.

3. Results and discussion
The contact angle analysis showed that after the silanization the surface of the glass samples is more
hydrophobic than before the silanization. The values of contact angles measured on plasma treated
samples have been in general greater than the ones measured on untreated samples (Fig. 2, left). This
can be credited to the plasma-cleaning effect and, possibly, to the increased surface OH groups density
on the plasma activated samples, due to which the silane hydrolyses more readily at the surface of the
sample, thus creating a denser silane layer.
The boiling test showed that the plasma treated samples retain greater hydrophobic character than the
untreated samples (Fig. 2, right). The overall results show better quality of the silane layers created on
the plasma activated glass surfaces.
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Fig. 2: Contact angle measurements on glass samples silanized for various time intervals (left), contact
angle measurements on glass samples boiled for various time intervals; the silanization time was
3 hours (right).

4. Conclusion
In this work we addressed the silanization of the glass surfaces using plasma pretreatment of glass
samples. As the model silane the 3-aminopropyltriethoxysilane (APTES) was used.
The values of contact angles have been in general bigger for the plasma treated samples when
compared with the untreated samples.
The results of the boiling test showed, that the plasma treated samples retain greater hydrophobic
character than the untreated samples.
The above mentioned results have been credited to the cleaning effect of the atmospheric-pressure
non-equilibrium DCSBD plasma with a possible increase in the OH groups density on the surface of
the plasma activated samples.
Presented results suggest that using the plasma activation it is possible to prepare silane APTES layers
with better properties than for the non-activated, chemically cleaned glass surfaces.
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Silicon and silicon wafers are an essential element in the semiconductor and microelectronics
technology. They serve as a basis for electronic devices and MEMS (Micro-Electro-Mechanical
System) or in SOI (silicon-on-insulator) materials. Bonding of silicon wafer with each other and
with other materials is an important technological step, and depends on activation and surface
treatment, which uses different chemical processes. The work is devoted to the activation of
silicon surface using non-thermal plasma generated by novel atmospheric-pressure plasma source,
the so-called Diffuse Coplanar Surface Barrier Discharge (DCSBD). Changes of the surface
energy were investigated by measuring of contact angle and surface topology by AFM.

1. Introduction
Currently a trend towards miniaturization in the development of integrated circuits requires new
technologies to design nano-sizing and increased amount of components. Microelectronics,
optoelectronics and photovoltaic applications are using a combination of several materials and their
properties in various structures. MEMS technology [1] integrates a variety of mechanical and
electromechanical elements on the substrates (usually silicon wafer) in which the crucial role is
preparation of thin film structures and wafer bonding with each other or with other materials (wafer
direct bonding - WDB) [1-5], which require a specially treated surface. Finishing of the silicon wafer
includes repairing damage after cutting from the parent crystal, perfect smoothing, and cleaning and
surface activation. For this purpose a different mechanical and chemical processes (CMP- chemomechanical polishing) are used. The processes of smoothing the surface, etching and cleaning are
complicated and today it is a tendency to replace wet chemical and high-energy processes with plasma
based technology, which is environmentally friendly and economicaly advantageous solution [6-8].
The silicon surface in ambient air is quickly covered with a thin layer of native oxide (1-2 nm), which
is ended with OH-groups [3]. So the surface of silicon, which is naturally hydrophilic, is covered with
the layer of various adsorbed impurities. The larger particles and objects (dust) and organic
contaminants (e.g. oil vapour) from materials which have been in contact with the silicon surface have
affect the adhesion of silicon wafer [3]. Cleaning and surface activation is essential process for further
use of the silicon wafer and it is important to avoid its degradation. The wafer direct bonding requires
clean, smooth and hydrophilic surface (it means high density of active OH-groups on the surface) [5].
Non-equilibrium plasma has in comparison with classical methods of surface finishing a number of
advantages. High-temperature processes may cause degradation of the material, many structures are
sensitive to high temperature (low melting point materials) and different thermal expansion
coefficients may damage the connections. In the case of wet chemical processes use of harmful
chemicals and subsequent drying is required, which may be problem from ecological and economical
point of view. The criterion for suitability of plasma based cleaning and activation processes is the low
temperature of ions and neutral particles to prevent damage the surface and high temperature electrons
are needed to ensure activation of the surface.
It is known, that non-equilibrium plasma can be relatively easily generated at reduced pressures (10-3 103 Pa), however, there are vacuum and pumping equipment needed and so investment costs, batchwise processing and relatively long treatment times may be an restriction for wider implementation. A
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suitable alternative is using of the Dielectric Barrier Discharges (DBD). Dielectric barrier prevents the
accumulation of large charge in discharge gap and plasma overheating. At present volume DBD - so
called industrial corona is mainly used. In this type of plasma source diffuse nature of the discharge is
provided by the carrier gas flow or admixture of noble gases. In our work we used the Diffuse
Coplanar Surface Barrier Discharge (DCSBD) [9] with unique properties. DCSBD enables to generate
a thin uniform plasma layer with the high power density (100 W/cm3) in any working gas without any
admixture of rare gases. Due to temperature non-equilibrium, plasma generated by DCSBD is suitable
for surface treatments of materials and was successfully used for such treatment of various materials
as non-woven textile, wood, aluminium, glass [10-13].

2. Experiment
The plasma treatment of silicon samples was carried out using the DCSBD [9] plasma source working
at atmospheric pressure in ambient air. The DCSBD electrode geometry consists of many parallel
strip-line silver electrodes embedded 0.5 mm below the surface of 96 % Al2O3 ceramics (Fig. 1a). The
discharge was powered by 18 kHz sinusoidal voltage with amplitude of approximately 10 kV,
supplied by HV Plasma Power Supply PPS02 (Kamea, Slovak republic). The effective thickness of
discharge plasma generated above Al2O3 ceramics was approximately 0.3 mm. The design of plasma
reactor, allowing treatment of the samples in a continuous mode is seen in Fig. 1b. The sample (4) was
placed on the moving cart (3) and a distance between the sample and electrode surface was manually
adjusted, in our case this distance was 0.3 mm. By activating programmable stepper motor the cart
with the sample was moved above the electrode surface (1) with specific speed, which determinate the
treatment time and exposed the whole sample surface to the active plasma area (2).
plasma
electrodes
ceramics

(a)

(b)

Fig. 1. The scheme of DCSBD electrodes system (a), schematic sketch of the plasma treatment set-up
(b), 1 – DCSBD electrodes system, 2 – plasma, 3 - moving cart, 4 – sample.
The electrical parameters of discharge were monitored by Pearson current monitor Model 4100 and
two high voltage probes Tektronix P6015A (1000:1). The signals from all three electrical probes were
recorded by the digitizing oscilloscope Tektronix TDS 2014B. The total power consumed by plasma
was calculated from measured current-voltage waveforms.
The silicon wafers used in this study were N-type, doped with phosphorus, Si(111), having resistivity
(33-45).10-3 Ω.cm, from ON Semiconductors Czech Republic, s.r.o. Wafer diameter was (100.0±0.5)
mm and thickness (381±25) μm.
In our experiments the effect of the atmospheric plasma tretment on three type of precleaned silicon
wafer surfaces has been investigated: the wet chemically cleaned surface, silicon oxide surface
prepared by thermal oxidation and silicon surface cleaned in solution of hydrofluoric acid. The first
type of samples (samples A) were before plasma treatment cleaned in ultrasonic bath in acetone,
isopropanol and distilled water for 6 minutes in each liquid. Another way how to create a hydrophobic
surface is oxidation of silicon wafer at high temperature (500 °C for 1 h) in an oxygen atmosphere.
Thermally oxidized silicon surface (sample B) is dehydrated and so lack of silanol groups on the
surface make it hydrophobic. The third type silicon samples (samples C) were after wet chemically
cleaning (a savoir samples A) immersed into solution of hydrofluoric acid (HF/H2O, 1:10 in volume),
which removes the top layer of oxide and immediately creates a new thin layer of native partially
dehydrated oxide. Using this process silicon samples were turned to hydrophobic, what enabled
verification of the plasma treatment effectivity to return the samples surface to hydrophilic [3].
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The plasma treatment was carried out using the DCSBD plasma source in atmospheric pressure
ambient air, at the discharge power of 300 W, the treatment time was 3, 5 and 10 sec respectively,
using continuous mode of treatment.
The surface energy changes of the silicon samples before and after plasma treatment was evaluated by
measuring the contact angle. The contact angle measurement is a widely used method to determine the
surface wettability or hydrophilicity. As a measurement device we used Surface Energy Evaluation
System (See System, from Advex Instr. Co. Ltd., [14]), as a test liquid distilled water (volume drops
1.5 μl) was used. The surface energy of concrete samples was determined by using the acid-base
model for three-liquid method (in our case: distilled water, glycerol and diiodomethane) through the
imaging the contact angle of liquids and his evaluation using software SeeSoft.
Morphological changes on the surface of silicon samples have been mapped by Atomic Force
Microscopy (AFM).

3. Results and discussion

As illustrated in Fig. 2 showing the analysis of the water contact angle measurement (Water Contact
Angle - WCA) of samples A, B, C before plasma treatment it is clear that the initial values of surface
energy were different depending on the precleaning process of the surface. Most hydrophobic surface
has been measured in the case of sample B – precleaned with hydrofluoric acid. After plasma
treatment at the exposure time 10 sec, the surface of all samples became hydrophilic and the WCAvalue was below the measurable value of 5 degrees. Therefore, we determined the surface energy
values of the samples after ageing 24 hours since plasma treatment, when the surface still showed
a hydrophilic character.

Before plasma treatment
Plasma treated 10 s - after 24 hours ageing
70

2

Surface energy [mJ/m ]

60
50
40
30
20
10
0
Kremík

Si-chemically cleaned

Term.oxid

Si-thermally oxidized

HF oxid

Si- cleaned with HF

Fig. 2. Effect of the atmospheric plasma treatment on the value of surface energy for three types of
silicon samples, plasma treatment time was 10 sec, discharge power 300 W.
Plasma treatment of silicon samples results in the reduction of the WCA after short exposure time in
plasma (3 sec) to less than 5°, which indicates hydrophilic character of the surface. Silicon surface
ageing of the sample A after plasma treatment is shown in Fig. 3, which illustrates that ageing of the
silicon surface is strongly depended on the treatment time. The WCA value has been returned to the
value of a reference sample after a few days, however, for most applications it is important to keep the
stable hydrophilic character of surface only for several hours.
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Fig.3. Ageing of plasma treated silicon surfaces (A) for several treatment times: 3, 5, 10 sec, treatment
was done in ambient air of atmospheric pressure at discharge power 300 W.
As illustrated in Fig. 3, samples exposed to the plasma for 10 sec remained hydrophilic for the first
three hours. Fluctuating nature of the "ageing curve" can be partly explained by the sensitivity of the
activated hydrophilic silicon surface to the external conditions (ambient air), and also by the fact that
silicon as semiconductor material is very sensitive to certain gases from the air [15]. Therefore it can
be assumed that the ageing of treatment was affected by adsorbed impurities and gases from the air
and manner of storage.

Fig.4. Ageing of plasma treated thermally
oxidized silicon surface (B) for treatment time
7 sec, discharge power 300 W, in atmospheric
pressure ambient air.

Fig. 5. Contact angle values of plasma treated
silicon surfaces precleaned with HF (C) as
function of exposure time.

The reference sample of thermal oxidized silicon (B) have a higher WCA value (49.14° ± 4.09°) than
chemically cleaned silicon (A) (36.08° ± 1.22°). Plasma treatment of samples B at the treatment time 7
sec (Fig. 4) leads to strongly decreasing of WCA-value stable for 5 hours. This hydrophilic surface
shows slower ageing compared with the surface of sample A and after 14 days its WCA value is less
than the reference sample´s contact angle. The behavior of ageing plasma treated samples after their
contact with water was also investigated. As can be seen in Fig. 4, the aged samples rinsed in distilled
water tend to decrease the contact angle, what may be caused by reorientation of polar groups on the
surface.
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The WCA-value of the sample cleaned by hydrofluoric acid (C) was studied as a function of plasma
treatment time (Fig. 5). The measured initial WCA-value was of 67.60° ± 3.97°, what means that these
samples had the most hydrophobic surface. As illustrated in Fig. 5, 1 sec exposure time in plasma
leads to a decrease of WCA-value and after 5 sec treatment time WCA - value is less then 5°.

a)
b)
Fig.6. AFM images of the thermally oxidized silicon surface (sample B) before plasma treatment (a),
for 7 s plasma treated in ambient air atmospheric pressure DCSBD, discharge power 300 W (b).
Morphological changes due to plasma treatment were investigated using AFM measurement
conducted on the plasma treated silicon surface. Fig. 6 shows the AFM images of the untreated and
plasma treated (7 sec) thermal silicon oxide surface, which illustrate negligible changes in surface
roughness moreover in some cases the surface is even smoother. For hydrophilic surface treatment of
silicon the short treatment times are sufficient thus in this case the changes in surface roughness play
no role.

4. Conclusions
The obtained preliminary experimental results show the availability of using DCSBD discharge for
surface treatment of silicon wafer in the air at atmospheric pressure. Even short treatment times, on the
order of seconds, were sufficient to increase the surface energy of silicon substrates. This type of
discharge appears to be promising and suitable for a dry low-temperature processes without damaging
the silicon surface.
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Biological applications

INACTIVATION OF MICROORGANISMS IN RIVER WATER
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This work was aimed at the investigation of inactivation of all kinds of microorganisms, total coli
and E. coli in river water using corona and spark discharges in water, corona discharge in gas,
ozonation and Fenton reaction. Our experiments demonstrated that ozonation and Fenton reaction
are the most efficient method of water disinfection comparing to pulsed spark and pulsed corona
discharges. The pulsed spark discharge in water is capable of killing all microorganism similarly to
ozonation, however, with much lower energetic efficiency. The pulsed corona discharge turned out
to be the less effective method of water disinfection.

1. Introduction
In spite of extensive investigations in many laboratories, there is still not enough data on surface water
(rivers, lakes) purification by the electrohydraulic discharges. Electrohydraulic discharges in water
cause the destruction and inactivation of viruses, yeast, and bacteria. It is generally assumed that the
mechanism responsible for killing microorganisms through electrohydraulic discharges involves an
electric field, shock wave, UV radiation and radical reactions. The destruction of microorganism
depends on the microorganism cell structure. It is different for each bacteria species and depends also
on the mode of electrohydraulic discharge [1]. In the case of the corona discharge, E. coli bacteria
cells are destroyed mainly due to reactions with oxidizing radicals OH and H2O2 with compounds
forming the bacteria cell wall [12], whereas in the spark and arc discharges they are mainly damaged
by shock waves and UV radiation [3, 4].
In this work we investigated the influence of corona and spark discharges in water and gas phase as
well as conventional ozonation of water and Fenton reaction on inactivation of all kinds of
microorganisms, total coli and E. coli. Water samples were taken from the Strzyża river, in Gdańsk
region. The Strzyża is a type IV sanitary class river, so it has a total coli number of over 3000 colony
forming units (cfu) in 100 ml. Due to this fact, it cannot be used to supplying region inhabitants with
drinking water. This would be possible only after complete removal of coli bacteria, e.g. by plasma
processing.

2. Experimental setup
The processing of the river water samples was conducted in a reactor of corona discharge in water and
in a reactor of corona discharge in gas with water aerosol. Corona discharge in water was performed in
a glass tube reactor (inner diameter of 22.5 mm) equipped with water pumping and cooling systems
(Fig. 1). Every sample had a volume of 400 ml. Water samples were being pumped once through the
reactor tube at different flow rates and discharge voltages. A pulsed positive discharge was generated
between a high voltage stainless steel hollow needle electrode and a grounded brass rod electrode (10
mm in diameter), both immersed in the water. The inner and outer diameter of the hollow needle were
1.4 mm and 1.6 mm, respectively. The discharge was generated at the edge of the hollow needle,
whereas the rest part of the needle was covered with an insulator. Corona discharge was generated
when the needle-rod spacing was 45 mm, whereas the spark discharge was formed in the spacing of
9 mm. Positive high voltage pulses were applied to the hollow needle electrode from a discharge
capacitor C1 (2 nF) – Fig. 1. The pulse repetition rate of 50 Hz was fixed by the rotation velocity of a
rotating spark gap switch. The amplitudes of the voltage and current corona pulses were up to 40kV
and 35 A, respectively, with a full width at half maximum (FWHM) of 3,8 µs and an energy of 0,42 J.
The amplitudes of the voltage and current spark pulses were up to 27 kV and 30 A, respectively, with
FWHM of 1,4 µs and an energy of 0,17 J.
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Fig. 1. The corona and spark discharge reactor with water pumping and cooling system and pulsed
power system (C1 = 2 nF, C2 = 22 nF, R = 10 kΩ).
One set of polluted water samples was processed by corona discharge at 3 different flow rates: 36, 69
and 175 ml/min. Another set of samples was treated by spark discharge at a flow rate of 38 and 71
ml/min.
The treatment of river water was also performed using gas phase corona discharge in a nozzle-to-mesh
reactor (Fig. 2). The gap between the nozzle and mesh was 45 and 60 mm, but discharge length
depended on the water spread, and was about half the length of the gap.
The oxidisation processes, i.e. ozonation and Fenton reaction,
were also held in a 400 ml volume samples. For ozonation, the
process employed a bottle washer that washed the sample with
ozone for 60 seconds. The O3 concentration in the inlet gas was
20 g/m3. The ozone was created in Direct Barrier Discharge
(DBD) reactor from pure oxygen, at a flow rate of 1 l/min. The
ozonator was operating at 15 W. Samples were treated by
ozonation for 45 s, 91 s, 152 s, and 212 s. Fenton reaction was
performed by adding 1 ml of Fe2SO4 and 0.17 ml of H2O2 (3%
solution). Initial pH of distilled water, and river water were 6.5
and 8.1 respectively. In some samples the pH value needed to be
adjusted through acidic or alkali solution. Some water samples
were treated both with hydrogen peroxide and ozone after fixing
pH at 7.8. This was to induce peroxone reaction instead of
Fenton:
>5
2 O 3 + H 2 O 2 ⎯pH
⎯⎯
→ 2 OH· + 3 O 2

The processed water was taken from the Strzyża river in
February 2010. The water initial characteristics was as follows:
Fig. 2. Gas phase corona reactor.
temperature 18°C, Total number of coli bacteria 11750 cfu/ml,
number of E. coli 280 cfu/ml, total number of microorganisms at 36 and 220C were 30500 and 74500
cfu/ml, respectively.
Every water sample was tested for microbiological markers such as: number of microorganisms in
360C after 72 h of growing, number of microorganisms in 220C after 24 h of growing, total number of
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coli bacteria and number of E. coli bacteria.
In all samples, the concentration of the non-purgable organic carbon level (NPOC) was

determined using Sievers InovOx Total Organic Carbon (TOC) analyzer.

3. Results and discussion
A comparison of bacteriological results of the total number of microorganisms and coli concentrations
in river water samples treated by corona discharge, spark discharge and ozonation are presented in
Figs. 3 and 4. The energy efficiencies of various treatments are presented in Fig. 5. It is seen that
processing by corona discharge caused significant reduction in the concentrations of microorganisms
and bacteria but did not kill them completely. The lower the flow rate, the more energy efficient it
was.
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The spark discharge was even more effective than the corona, causing a 100% decrease in the number
of microorganisms and bacteria after 622 s of processing, except for the total number of
microorganisms in 360C which survived in the number of 36 cfu/ml. The energy efficiency of spark
discharge was three times higher than the corona, but still much below that of ozonation.
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as a function of processing time using ozonation, spark discharge and corona discharge.
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water samples as a function of processing time using ozonation, spark discharge and corona discharge.
The ozonation process caused a fast decrease of total bacteria concentrations when increasing
treatment time. After 45 s of processing, the total coli number dropped from initial 11750 cfu/ml to 10
cfu/ml and E. coli number from 280 cfu/ml to 1 cfu/ml. Processing time of 152 s resulted in killing the
coli bacteria and microorganisms. The energy efficiency was a magnitude higher than that of the
electrohydraulic discharges.
The Non-Purgable Organic Carbon (NPOC) concentrations measured in every water sample are
similar, i.e. 5±0,4 ppm. It is seen that NPOC concentrations were not affected by the treatment in this
experiment. It shows that neither electrohydraulic discharges, nor ozonation oxidized organic
compounds to CO2. Thus, their action is limited to inactivation of microorganisms, possibly with
destruction of their structure, and to oxidation of one organic compound into another.
The process of water treatment using gas phase corona discharge showed no significant change in
microbiological pollution levels. It could be due to the small spread of water droplets, or high water
pressure. Further study of this system is needed.
The oxidization processes showed, that the sample with reduced pH Fenton reaction treatment was the
most effective in reducing the number of microorganisms (Fig. 6). E. Coli and Coli numbers dropped
to 0 cfu/ml and the concentration of microorganisms in 220C and 360C decreased from 7800 and
565 cfu/ml to 100 and 19 cfu/ml, respectively.

4. Conclusions
Our experiments demonstrated that ozonation and Fenton reaction are the most efficient method of
water disinfection comparing to pulsed spark and pulsed corona discharges. However, Fenton reaction
to be most efficient, it requires a reduction of the pH level and Fe2+ addition. The pulsed spark
discharge in water is capable of killing all microorganism similarly to ozonation, however, with much
lower energetic efficiency. The pulsed corona discharge turned to be the less effective method of water
disinfection.
The nozzle treatment corona discharge proved to be ineffective in its current configuration. However,
further studies using other electrode configurations and materials as well as high voltage power supply
may improve energy efficiency of spark or/and corona discharge and make them competitive to
ozonation.
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In modern medicine human mesenchymal stem cells are gaining increasing importance. Using
helium-based gas mixtures (He + N2 + H2) as well as helium enriched with suitable film-forming
agents the inner surface of polymer bags can be modified with a plasma process developed at
Fraunhofer IST. The effect of plasma treatment is investigated by FTIR-ATR spectroscopy as well
as surface tension determination based on contact angle measurements. Plasma treatment in
nominally pure helium increases the surface tension of the polymer foil due to the presence of
oxygen traces in the gas and oxygen diffusing through the gas-permeable foil, resp., reacting with
surface radical centres formed in the discharge. For the same reason the area density of primary
amino groups on the surface obtained by treatment in mixtures with nitrogen is comparably small.
With regard to their applicability in cell cultivation three different coatings (bases on APTMS,
DACH and TMOS) were tested. It is shown that primary amino groups play an important role in
cell cultivation of adherent growing bone marrow mesenchymal stem cells.

1. Introduction
Living cells are being used more and more frequently in modern medicine such as stem cell therapy,
blood transfusion and bone marrow transplantation or in the case of deep burns. Since the cultivation
of cells in open systems carries a high risk of the cell cultures becoming contaminated, a new
procedure has been developed in which closed bag systems are used in order to exclude the possibility
of contamination. The internal surfaces of the bags are coated by means of atmospheric-pressure
plasmas so as to enable adherent cell growth on these surfaces using automated equipment.
Functionalization of polymer surfaces can be easily achieved by plasma treatment using oxygen or
nitrogen containing gas-mixtures [1-3]. In order to ignite a discharge exclusively in the inside of a
closed volume, which is surrounded by dielectric walls, but not in the immediately adjacent gas
(normally air), to create functional groups on the interior walls, it is necessary to use process gases
with smaller breakdown field strengths than the gas in the environment. For this purpose a new
efficient atmospheric-pressure plasma process has been developed, utilizing reactive gas mixture or an
organic film forming agent in combination with helium as process gas in order to create a coating
containing functional groups such as primary amines (–NH2) or silanols (Si-OH) on the inner walls of
the bag.

2. Experimental
Gas permeable and transparent bags made of polyolefin suitable for suspension cell culture (Miltenyi
Biotec) were used for coating and adherent cell cultivation experiments.
The plastic bags were filled automatically with the corresponding gas mixture in an automated filling
system developed at Fraunhofer IST. Addition of film-forming agents like 3-aminopropyltrimethoxysilane (APTMS), 1,2-diaminocyclohexane (DACH) or tetramethoxysilane (TMOS) to the
plasma gas was accomplished by passing helium trough a bubbler containing the liquid monomer at
room temperature. To ensure a defined gas mixture within the bags, they were emptied and refilled
several times. The plasma treatment was also integrated in the automated filling system. It was
performed using a DBD arrangement with electrodes located above and underneath the bag, so that the
discharge ignited exclusively inside the bag upon application of an alternating voltage of sufficient
magnitude [4].
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As a high voltage electrode a 150 x 300 mm2 steel electrode, covered with a 3.4 mm thick glass plate
as a dielectric, was used, a thin aluminum plate (150 x 300 mm2) covered with a 5 mm thick
polyethylene sheet served as a ground electrode. Typical parameters used include an electrical power
of approx. 50 W and a treatment duration of several seconds (5-20 s).
Hig h v oltage ele ctro de
(stee l) + glass 3,4 m m

Filled plastic b ag

1 cm

G rou nd e le ctrod e
(alu minu m)

Fig. 1: Schematic illustration of the plasma treatment procedure

Table 1: Gas mixture and film--forming agent and created surface functional groups

Gas mixture / film- forming agent

Surface functional groups

Pure Helium

O-containing groups

Helium with additions of N and H

-NH , -NH

3-Aminopropyl-trimethoxysilane (APTMS)

-NH , Si-OH

1, 2-Diaminocyclohexane (DACH)

-NH

Tetramethoxysilane (TMOS)

Si-OH

2

2

2
2
2

APTMS ( > 97 %), DACH (99 %) and TMOS (98%) were supplied by Sigma-Aldrich. The purity of
helium was > 99.999 % (Air Liquide).
The modified internal surfaces of the bags were analyzed using FTIR-ATR spectroscopy (FTIR
Nicolet 5700, Thermo Fisher Scientific Inc., Waltham, MA, USA) equipped with an MCT detector
and a DuraSamplIR single-reflexion 45° diamond ATR crystal using unpolarized light and a spectral
resolution of 4 cm-1 for qualititative measurements and a spectral resolution of 1 cm-1 for the
determination of the amino group density on the derivatized samples.
The number of primary amino groups per square nanometer on surface functionalized polymer bags
(treatment: He + N2 + H2) was determined by chemical derivatization with 4-trifluoromethylbenzaldehyde (TFBA, > 98 %, Sigma-Aldrich) followed by quantitative FTIR-ATR measurements
(CD FTIR-ATR) of the absorption band area generated by the vibrations of the C-CF3 moieties in the
resulting 4-trifluoromethyl-benzaldimines. A detailed description of the method is given in [5].
Surface tensions were calculated from contact angle measurements (OCA 60, dataphysics) using the
approach of van Oss and Good where the total surface tension of a material i can be expressed as the
sum of the Lifshitz-van der Waals component and the Lewis acid-base component [6], [7].
As test liquids served water (Mili-Q-grade), ethylene gylcol (> 99%, Sigma-Aldrich) and
diiodomethane (> 99 %).
Cell cultivation of bone marrow mesenchymal stem cells was performed at Helmholtz Centre for
Infection Research HZI. The cells were stained with DIOC6 and measured with a fluorescence
microscope.
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3. Results and Discussion
3.1 Surface analysis
Surface modifications of the plastic bags were carried out using several different procedures. On the
one hand surface functionalization was performed by defined gas mixtures (pure helium or He + N2 +
H2) resulting in the incorporation of functional groups on the polymer surface using atmospheric
pressure plasmas with a DBD arrangement. On the other hand surface coatings were achieved using
the same arrangement, but using helium enriched with suitable film-forming to generate functional
groups (-NH2, Si-OH) as well as Si-O-Si networks on the inner wall of the bag surface. Three different
monomers were chosen for plasma-polymerization. Tetramethoxysilane (TMOS) provides Si-OH
groups, 3-aminopropyl-trimethoxysilane (APTMS) was used to equip the surface with both Si-OH and
primary amino groups. Silicon-free amino-group containing coatings were deposited using 1,2diaminocyclohexane (DACH).
The results in Tab. 2 summarize the increase of surface tension due to the incorporation of functional
groups depending on the gas mixture used. The increased surface tension on plasma treatment with
pure helium is comparable to that of the modified polymer surfaces after incorporation of primary
amino groups by plasma treatment in mixtures of helium, nitrogen and hydrogen or helium enriched
which amino containing film-forming agents. The reaction of helium with the polypropylene surface
leads to the formation of radicals on the polymer surface. Due to diffusion of oxygen through the
polymer walls during or after the treatment, oxygen containing functional groups are incorporated on
the polymer surface resulting in an increased surface tension.
Tab. 2. Surface tension components and total surface tensions [mN/m] of the treated polymer depending on the
gas mixture and the film-forming agent resp. after 10 s of plasma treatment

Gas mixture / film- forming
agent
Pure Helium
Helium + N and 1 % H
2

APTMS
DACH
TMOS
Polypropylene untreated

2

γtotal [mN/m]

γLW

γAB

34,9
36,1

34,5
33,0

0,4
3,1

37,7
41,1
36,5
26,3

34,1
40,8
35,1
26,3

3,6
0,3
1,1
0

The coating of the internal surfaces of the plastic bags was characterized by FTIR-ATR-spectroscopy.
To eliminate substrate interference difference spectra were obtained by subtracting a spectrum of an
untreated polymer bag from the spectra obtained after the treatment. The FTIR-ATR spectra in Fig. 2
show the most prominent absorption bands characteristic of the molecular structure of the plasmapolymerized coating. In the case of TMOS-coated polymer bags the dominant peak at approx.
1050 cm-1 is attributed to Si-O-Si and Si-O-C vibrations. The absorption band of Si-O-H is located at
wave numbers greater than 3000 cm-1. Silicon-free coatings are obtained by coating the polymer bag
with 1,2-diaminocyclohexane (DACH). The characteristic absorption bands are identified at
~ 1650 cm-1 originating from the deformation vibration of primary and secondary amino groups. N-H
stretching vibrations are located at wave numbers > 3000 cm-1. In the case of APTMS-coated polymer
bags the deposited coating contains a Si-O-Si network (~ 1100 cm-1), Si-OH (> 3000 cm-1) as well as
primary amino groups (~1650 cm-1, > 3000 cm-1).
Regarding different treatment times, it can be seen that the precursor inside the bag is consumed
within the first 5 s as no significant differences in the FTIR-ATR spectra are observed for prolonged
treatments. To minimize damages of the polymer surface which is known to lead to the generation of
low molecular weight oxidized material (LMWOM) [8] or to an etching of the coating the plasma
treatment time should be chosen as short as possible.
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Fig. 2: FTIR-ATR difference spectra of plastic bag coated with tetramethoxysilane (top left),
1,2-diaminocyclohexane (top right) and 3-aminopropyl-trimethoxysilane (bottom)

The number of primary amino groups per square nm was determined by the CD FTIR-ATR
measurements as described in [5]. For polymer foils functionalized with gas mixtures containing
nitrogen and hydrogen about 0.7 –NH2/nm2 could achieved after the addition of 9 % nitrogen and 1 %
hydrogen and slightly more primary amino groups, about 0.9 -NH2/nm2 were achieved after the
addition of 18 % nitrogen and 2 % hydrogen. By chemical derivatization of APTMS and DACHcoated plastic surfaces only the accessible primary amino groups are detected. In the case of APTMS
1 -NH2/nm2 was determined after a plasma treatment of 10 s, whereas in the case of DACH up to
4 -NH2/nm2 were detected under the same process conditions.
The comparatively low amount of primary amino groups can be explained by residues of oxygen in
helium as well as by oxygen which diffuses through the polymer foil during plasma treatment as the
plastic bags are gas permeable.
3.2. Cell Cultivation
Cell cultivation of bone marrow mesenchymal stem cells was performed at Helmholtz Centre for
Infection research. In Fig. 3 the influence of different surface modifications are compared among each
other. At day three of cell cultivation there is no significant difference found between the three
coatings. The density of growing cells seems to be comparable to cell cultivation on a conventional
cell culture plate, whereas on the untreated polymer bag no adherent cell growth is observed. After 14
days of cultivation confluent cell growth is observed on the amino-containing coatings, but on the
TMOS-coated plastic surface the cells have detached. The effect of nitrogen-rich plasma polymer
films is already described in the literature [9].
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Fig. 3: Cell cultivation of adherent bone marrow mesenchymal stem cells on the modified plastic bags at day 3
of cultivation (above) and at day 14 of cultivation (below). As control serves a commercial availiable cell culture
plate, magnification 10x.

4. Conclusions
Using gas mixtures of helium and suitable reactive species or film-forming agents, plastic bags can be
modified for the use in adherent cell cultivation. Due to residual oxygen in the gas mixture or the
diffusion of oxygen through the gas-permeable polymer wall even the treatment with pure helium
leads to a rise in surface tension which is comparable to the surface tension achieved by coating with
APTMS or surface functionalization in gas mixtures of helium, hydrogen and nitrogen. Traces of
oxygen within the gas mixture also lead to a reduced amount of primary amino groups. Performing
cell cultivation of adherent bone marrow mesenchymal stem cells the role of primary amino groups on
the surface was highlighted. In the case of TMOS-coated plastic bags only initial adherence was
observed, but after 14 days in culture the cells had detached. In contrast, the use of amino-containing
monomers leads to confluent cell growth on the modified surfaces. In further experiments the plasma
process should be optimized to generate higher concentrations of primary amino groups on the surface,
e.g. to perform secondary modifications such as biotinylation or coupling of specific markers.
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Bio-decontamination of water and surfaces contaminated by bacteria (Salmonella typhimurium,
Bacillus cereus) was investigated in two types of positive DC discharges in atmospheric pressure
air, in needle-to-plane geometry: the streamer corona and its transition to a novel regime transient
spark with short high current pulses of limited energy. Both generate cold non-equilibrium plasma.
Electro-spraying of the treated water through the needle electrode was applied for the first time
and resulted in fast bio-decontamination. Experiments providing separation of various biocidal
plasma agents, along with the emission spectra and coupled with oxidation stress measurements in
the cell membranes helped better understanding of the mechanisms of microbial inactivation. The
indirect exposure of contaminated surfaces to neutral active species was almost as efficient as the
direct exposure to the plasma, whereas applying only UV radiation from the plasma had no
biocidal effects. Radicals and reactive oxygen species were identified as dominant biocidal agents.

1. Introduction
Nonequilibrium plasmas, thanks to their reactive nature, find numerous biological and bio-medical
applications, especially at atmospheric pressure for no need of costly vacuum equipment. Atmospheric
pressure plasmas applied for sterilization and bio-decontamination are mostly generated by radiofrequency (RF) [1-2] discharges, and various plasma jets and afterglows [1-5], usually in rare gases
(He or Ar) with/without admixtures of O2 (or H2O). They have been tested on a large variety of
prokaryotic microorganisms (bacteria, spores, viruses) and some eukaryotic yeasts, fungi and
microalgae, resulting in partial disinfection up to complete sterilization. Atmospheric air plasmas have
additional advantages of no need of special gases and an easy application in ambient environment.
Bio-decontamination by air plasmas was tested in DC [3, 6], dielectric barrier (DBD) [4, 7-10], RF
[1], and pulsed discharges [4, 7]. The plasmas can be also generated directly in water or on water-air
boundary [3, 8-9, 11], which is of great interest for water decontamination.
In bio-decontamination by plasma, it is crucial to understand the role of various mechanisms involved.
The significant mechanisms depend on the plasma composition (gas), temperature, treated
microorganisms and the environment (air, water, surfaces, etc.). In atmospheric pressure plasmas, the
major role is typically attributed to radicals and reactive oxygen species (ROS, e.g. OH, O, O3) [1, 2,
3-4, 6, 9-11] and to charged particles, especially O2- [7] affecting the cell membranes. UV radiation
plays a role only if photons in UV C germicide region (220-280 nm) or in vacuum UV are produced
[10-11]. In cold air discharges (corona, DBDs, pulsed discharges), NO γ and other sources of UV C or
VUV are usually not generated, so radicals and ROS are identified as the dominant bio-inactivation
agents [3-5, 8-9].
In this paper, the biocidal effects of two plasma sources in atmospheric air with water are investigated
– positive DC streamer corona (SC) and a novel regime named transient spark (TS). Despite DC
applied voltage, these discharges have a pulsed character with nanosecond repetitive pulses. We focus
on the identification of the dominant plasma agents in bio-inactivation by coupling the electrical
discharge characteristics, their emission spectra, and biocidal effects. Comparing direct with indirect
plasma effects enables separation of various biocidal plasma agents. In addition, measurements of the
oxidative stress induced in microbial cells applied for the first time in plasma bio-decontamination
enable further indicate their respective roles.

2. Experiments
2.1 Experimental set-ups
The experimental setup for fundamental investigations of the DC discharges in point-to-plane
geometry, with a high voltage (HV) hollow needle electrode enabling water flowing through the
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discharge zone and a plane or mesh electrode is depicted in figure 1. The gap spacing was varied from
5-10 mm. A positive DC high voltage was applied through the ballast resistor R (20 MΩ for SC and ~5
MΩ for TS). The discharge voltage was measured by a high voltage probe Tektronix P6015A. The
discharge current was measured: on a 50 Ω (SC) or 1 Ω (TS) resistor and by a Rogowski current
monitor PEARSON 2877. The current and voltage signals were processed by a digitizing 200 MHz
oscilloscope Tektronix TDS 2024. The discharges were photo- and video-documented with digital
cameras Olympus E410 or Nikon Coolpix S10.
The emission spectroscopy optical system comprised a dual fibre-optic spectrometer Ocean Optics
SD2000 for fast scanning in the UV and VIS-NIR regions (200-500 and 500-1050 nm, resolution 0.6–
1.2 nm), fused silica lenses, and fibre optics. The discharge set-up was placed in a Faraday cage
together with the optical components mounted on lateral and vertical translation stages.
The bio-decontamination effects of the DC discharges were tested on flowing water of ambient
temperature. We also compared direct and indirect plasma effects on contaminated solid agar surfaces
(Figure 2). A needle electrode was placed about 1 cm above the agar surface in the centre of the Petri
dish and the discharge was applied for 1 or 2 min. In direct treatment, the agar was grounded with a
wire. Indirect plasma effects on the contaminated agar were tested by:
1) placing the grounded mesh electrode ~2 mm above the agar, this shielded the electric field and
trapped the charged particles, letting but neutral particles and partial UV light to reach the surface;
2) placing the 3 mm thick quartz window onto the agar surface and a grounded ring electrode on its
top, this let only the light emitted from the discharge to reach the agar, including UV. We also
tested MgF2 window transmitting vacuum UV.
Syringe pump with water
DC HV
generator
NE - 300

R ~M
Emission
spectrometer
Ocean Optics
SD2000

Lens

Filter

Iris

HV probe
Tektronix P6015A

Oscilloscope
Tektronix TDS2024

Digital camera
Olympus E410
Current probe
Pearson Electronics 2877

50

Data
processing

Faraday cage

Fig. 1. Experimental set-up for DC discharges, with a high voltage hollow needle electrode enabling
water flowing through the discharge zone and a plane or mesh electrode.

(a)

(b)

(c)

Fig. 2. Electrode arrangements for (a) direct and (b, c) indirect plasma treatment of contaminated agar
plates. (b) Mesh electrode ~2 mm above agar surface trapped the charged particles and shielded the
electric field. (c) Quartz (MgF2) window only transmitted light from the discharge (including UV).
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The agar in the direct treatment (Figure 2a) represents a certain electrical resistance, typically 1-2
kΩ depending on the water content. In indirect set-ups (Figure 2b,c), a small resistor r was inserted
between the mesh (or ring) and the ground to simulate the agar’s resistance. Its exact value was set
empirically from case to case to make the discharge pulses of about the same amplitude and shape as
in the direct treatment on agar. This ensured the same discharge properties in all three set-ups.
2.2. Treated microorganisms and microbial cultivation
Bio-decontamination effects of investigated DC discharges were tested on selected Gram-negative
bacteria Salmonella typhimurium and Gram-positive Bacillus cereus in distilled water with initial
populations 103 - 107 colony forming units per mL (CFU/mL), or directly spread on the solid nutrient
(agar, Roth Ltd.) on a Petri dish, about 106 per dish. The microbial cultivation was carried out in a
sterile environment. The plasma experiments were performed with both discharges, at various
parameters and treatment times and repeated 5-8 times. 3–4 Petri dishes from each sample were taken
for statistical evaluation. These were incubated during 12–24 h in a thermostat at 37 °C. The grown
CFUs on the samples were counted and evaluated.
2.3. Measurements of the oxidative stress
Interaction of ROS with the bacterial cell membranes results in the peroxidation of membrane lipids.
The final product of lipoperoxidation is malondialdehyde (MDA), quantifiable by spectrophotometry
after the reaction with thiobarbituric acid (TBA) at 90–100 ◦C [12]. This method of thiobarbituric acid
reactive substances (TBARS) was applied for the first time to measure the oxidative stress induced in
bacteria in water exposed to SC and TS. We assigned the TBARS concentrations from the absorbance
of MDA at 532 nm from Lambert-Beer’s law with absorption coefficient 1.57×105 mol−1 L cm−1 [12].

3. Results and discussion
3.1. Applied DC discharges and their emission
Two types of positive DC discharges operating in atmospheric air with water were investigated: a
well-known streamer corona (SC), and a novel transient spark (TS). These discharges generate nonequilibrium plasmas inducing various chemical and biological effects important in biodecontamination. Their electrical parameters and emission spectra were documented in detail in our
previous works [13-14]. SC is typical with small current pulses of streamers (~10 mA) with a
repetitive frequency of ~10 kHz and generates cold plasma (~300 K).
With further voltage increase, the streamers establish a conductive channel that gradually leads to the
spark pulse. However, when the sparks forms, it is in our set-up only transient since the discharged
energy given by the external circuit is small (0.1–1 mJ). This transient spark is a repetitive (0.5–10
kHz) streamer-to spark transition discharge, with each spark pulse (~1 A) preceded by one or a
sequence of streamer pulses. Thanks to the very short pulse duration (~10–100 ns) given by the small
circuit capacity and a limiting series resistor R, the plasma cannot reach equilibrium conditions and
remains at relatively low gas temperature, depending on frequency (~500–1500 K).
We employed optical emission spectroscopy, a powerful technique of plasma diagnostics to both SC
and TS. They both generate cold, nonequilibrium plasmas (300–550 K) in the discharge channel. OES
characteristics of the applied discharges described in detail in [13] showed that electrons with the
highest energies were present in TS. These electrons initiate dissociations, ionizations and excitations
of various species. Atomic O, N and H radicals, and the N2+ ions have only been detected in TS, and
there were a lot of OH radicals. Part of O radicals reacts with air O2 and forms ozone O3. There was no
UV C radiation detected from SC and TS.
3.2. Flowing water treatment through the stressed electrode
The contaminated water flew directly through the stressed hollow needle electrode, and so through the
plasma active zone in its proximity, which substantially improved the volume efficiency compared to
our previous set-ups for water treatment [15]. The effect of electrostatic spraying (electro-hydrodynamic atomization, EHDA) occurred when the high voltage was applied on the needle electrode
[16]. The temperature of the treated water did not change in SC and was increased by maximum 10 K
in TS. The lethal heat effect of the discharges to bacteria can be excluded.

540

3.3. Oxidative stress induced in bacteria
Figure 3 shows the TBARS concentration gain Δc(TBARS) correlated with the bio-decontamination
efficiency of SC and TS applied to the electro-sprayed water with S. typhimurium and B. cereus. The
same samples were irradiated by biocidal UV C radiation (Hg lamp, 254 nm, 1 min) for comparison.
UV C radiation induced almost no Δc(TBARS) despite its efficiency was very high. Obviously, UV
dominant biocidal mechanism is not peroxidation of cell membranes. On the contrary, SC and TS
treatments significantly enhanced Δc(TBARS). This indicates that oxidations of cell membranes by
ROS are important in microbial inactivation. More ROS is linked with the higher efficiency.
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Fig. 3. TBARS concentration gains and decontamination efficiencies of S. typhimurium (left) and B.
cereus (right) in water treated by SC and TS with electro-spray, compared with 1 min exposure to UV
C (shown with standard error of the mean, n – number of repeated experiments).
3.4. Direct vs. indirect plasma treatment

Fig. 4. Photographs of Petri dishes with contaminated agar by S. typhimurium; left side: untreated
control and treated by ethanol, right side: treated by SC (upper row) and TS (lower row) direct, neutral
species only, and UV light only. Results with B. cereus were similar.
We compared direct SC and TS plasma treatment with 2 types of indirect exposure described in
section 2.1. Figure 6 shows the photographs of the Petri dishes with contaminated agar after direct and
both indirect treatments, together with the untreated control sample, and a sample treated with 50 μL
drop of liquid ethanol (96%) for comparison. The effects of plasma (and ethanol) on contaminated agar
are clearly visible as dark voids, whereas control sample is homogeneously covered by cultivated
bacteria (bright). Dark voids with bright spots represent incomplete decontamination, the spots are
CFUs grown from single bacteria. With respect to the total number of bacteria spread on one Petri dish
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(106), a few tens of survived bacteria that cause these bright CFUs in the voids are quite negligible.
Both direct plasma and indirect exposure to neutral reactive species (and partial UV) caused apparent
bio-decontamination (voids) with on tested bacteria. SC resulted in a larger treated area on the Petri
dish, likely due to the electric wind that drives active species from the point towards and along the agar
surface in one preferential direction. TS treatment was localized in the dish centre but more intense.
Interestingly, there was very little difference between the direct and indirect plasma treatments with
both discharges. This indicates that neutral reactive species are crucial even in the direct exposure.
Exposure to the UV light only, transmitted by quartz or MgF2 windows demonstrated no visible
decontamination. This correlates with the emission spectra of SC and TS lacking any UV C or VUV.
Similar effects of direct and indirect plasma treatment agree with the emission spectra, oxidation stress
measurements and our previous findings [15]. Apparently, radicals and ROS (O, N, H, OH, O3, O2-)
represent the dominant biocidal agents in atmospheric air SC and TS discharges.

4. Conclusions
Bio-decontamination of water and surfaces contaminated by bacteria (S. typhimurium and B. cereus)
was tested in two types of positive DC discharges in atmospheric pressure air in point-to-plane
geometry. The streamer corona with small current pulses generates cold non-equilibrium plasma. With
increasing applied voltage, the streamers transit to the novel regime transient spark with short (<100
ns) current pulses (~1-10 A) of 0.5–10 kHz repetitive frequency and very limited energy. Thanks to
the very short spark pulse duration, the TS plasma remains relatively cold (~500 K).
Both SC and TS were found very efficient when the contaminated water was sprayed through the high
voltage needle electrode and thus through the active discharge zone. EHDA effect occurring with
corona discharge in this regime applied for the first time enhanced the efficiency of the process.
The comparisons of direct and two types of indirect exposure of contaminated agar plates to the
plasma of SC and TS enabled the separation of the various biocidal agents. We demonstrated that the
direct plasma and indirect exposure to separated active neutral species had almost the same effect on
bacteria. On the other hand, separated plasma radiation, including UV, had no significant effect. These
investigations, together with the emission spectra, indicated the major role of radicals and reactive
oxygen species (O, OH, O3). Their role in the plasma treatment was confirmed by the absorption
spectroscopic detection of the products of cell membrane oxidation stress in TBARS method.
In summary, we demonstrated that cold atmospheric air DC discharges can be efficiently used for biodecontamination of water and surfaces. The dominant biocidal plasma agents are radicals and ROS,
which agrees with findings published by many other authors.
Acknowledgements. Effort sponsored by Slovak grant agency VEGA 1/0293/08 and Slovak Research
and Development Agency APVV SK-CZ-0179-09.
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Direct medical application of atmospheric pressure plasma is a growing field of research interest.
One focus is on plasma supplemented wound healing. Normally, wound healing starts a few
minutes after tissue injury. However, under certain pathological conditions this process can be
impeded and chronic wounds may arise. A main problem of chronic wounds is its contamination
or infection by microorganisms. It is well known that microorganisms can be inactivated by
atmospheric pressure plasma treatment. However, if plasma will be used to treat chronic wounds,
any negative effects on healthy cells and tissue have to be excluded. Using a simple in vitro
wound healing model (scratch assay), the response of human skin cells (keratinocytes) to plasma
treatment, with and without co-cultivated microorganisms is investigated. S. epidermidis was used
as test microorganism because it is an opportunistic pathogen member of the human skin flora,
which can be very dangerous to immunocompromised patients. We examined the growth rate of
adherent keratinocytes in a modified scratch assay with and without S. epidermidis co-cultivation
and the response of this system to argon plasma treatment using a non-thermal atmospheric
pressure plasma jet (APPJ). It could be demonstrated that microorganisms are inactivated
effectively by plasma treatment. Moreover, the healing rate of plasma treated artificial "wounds"
contaminated with microorganisms could be improved compared to the untreated control. With
these results a first simple proof of the potential of atmospheric pressure plasma to act selectively
in wound antiseptics was given.

1. Introduction
In Germany alone, some 2.5 million people living with poorly healing chronic wounds. Colonization
or infection by microorganisms is one of the main reasons for massive impediment and delay of
healing and tissue repair processes possibly leading to chronicity of the wound. Therefore, effective
wound antisepsis is a prerequisite for an undisturbed and uncomplicated wound healing. In medicine
various antiseptic agents are used for antimicrobial treatment of wounds [1]. Ideally, wound
antiseptics should act selectively i.e. should inactivate microorganisms without deterioration of the
surrounding tissue. In best case, a wound antiseptic has an additional potential to stimulate tissue
repair. However, one of the major drawbacks of actually used wound antiseptics, like octenidine,
povidone-iodine and polihexanide, is that its antimicrobial effects are mostly accompanied by
impediment of tissue regeneration.
A promising alternative to chemical antiseptics may be non-thermal atmospheric pressure plasmas.
The possibility to inactivate microorganisms by non-thermal plasmas has been shown several times
[2]. Up to now such applications are mainly focused on surface decontamination, e.g. for heatsensitive medical devices or pharmaceutical packing materials [3]. The direct application of
atmospheric pressure plasmas on the human body for wound treatment purposes represents a new
quality of plasma application and is one of the main tasks of the new research field called plasma
medicine. However, to estimate the healing potential of physical plasmas and to exclude unwanted
side effects, research in plasma medicine has to be accompanied by detailed in vitro studies using cellbased models. The aim of our work was to adapt the scratch assay, a well-established in vitro wound
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healing assay [4], as a basic test model to investigate the selective antiseptic effectivity of an
atmospheric pressure plasma jet (APPJ).

2. Material and Methods
Cell line: Adherent human keratinocyte cells (HaCaT, provided by Prof. Fusenig, German Cancer
Research Center, Heidelberg, Germany) were cultivated in RPMI 1640 cell culture medium (Roswell
Park Memorial Institute Lonza, Verviers, Belgium) supplemented with 1 % penicilline / streptomycine
(Biochrom, Berlin, D) and 8 % fetal calf serum (Sigma Aldrich, Taufkirchen, Germany) at 37 °C / 5 %
CO2. Cells were seeded at a density of 4 * 105 cells per 60 mm plastic dish. The tests were performed
after 4 days at 100 % confluency.
Scratch Assay: To simulate the situation of mammalian cells in connective tissue, the original scratch
wounding assay [5] was modified. Following mechanical scratching, confluent cells were protected by
a 0.6 mm 1,5 % agarose-RPMI overlay. After 10 min gelling time 4 ml fresh RPMI 1640 were added.
In case of cell co-cultivation with S. epidermidis, an additional scratch was made to penetrate the
agarose layer (Fig. 1). The size of the scratch was observed by microscopy and recorded subsequently
by measurement of the scratch width using Adobe Photoshop Software. Scratch reduction was
calculated by subtraction of scratch width at t=n hours from scratch width at t=0 hours.
Plasma treatment: The APPJ (kINPen 09, INP Greifswald, Germany) used in this paper is shown in
Figure 2. The device has got the CE marking which certifies that the product has met EU consumer
safety, health or environmental requirements. The device consists of a hand-held unit (Dimensions:
length = 170 mm, diameter = 20 mm, weight = 170 g) for the generation of a plasma jet at atmospheric
pressure, a DC power supply (system power: 8 W at 220 V, 50/60 Hz), and a gas supply unit. The
device consists of a quartz capillary (inner diameter 1.6 mm) containing a centered 1 mm pin-type
electrode. In the continuous working mode, a high frequency (HF) voltage (1.1 MHz, 2-6 kVpp) is
coupled to the pin-type electrode. The plasma is generated from the top of the centred electrode and
expands to the surrounding air outside the nozzle. The plasma jet is about 7 mm long and about 1 mm
wide. Plasma temperature did not exceed 50 °C at the tip of the visible plasma jet [5].The scratched
region was plasma treated in that way that the visible tip of the plasma jet was just in contact with the
scratched cell layer or agarose overlay. The length of the treated scratch line was 40 mm. The speed of
the plasma jet over ground was 10 mm/s. Treatment time was 40 s.

agarose with scratch
mikroorganism
HaCaT cell line
with scratch
petri dish

Fig. 1: Schematic assembly of the modified
atmospheric scratch assay

Fig. 2: Schematic setup of the
atmospheric pressure plasma jet

3. Results and Discussion
The aim of the present work was to investigate the selective interaction of an atmospheric pressure
plasma jet with eukaryotic cells (mammalian cells) in the presence of prokaryotic cells
(microorganisms). We used the immortalized, human, non-tumorigenic keratinocyte cell line HaCaT,
which is often deployed as a substitute for native human keratinocytes. This spontaneously
transformed epithelial cell line, which largely keeps their proliferation potential and their biochemical
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performance in culture in contrast to other immortalized cell lines, comes with the same differentiation
properties like human keratinocytes [6].
In the well-established scratch assay used in this study, mechanically injured (scratched) keratinocytes
showed rapid and directed proliferation in case of damage of the confluent cell layer. Similar to the in
vivo situation, mechanical injuries (scratches) of two-dimensional keratinocyte layers are closing from
the borders to the centre. (Fig. 3). Control HaCaT cells are closing such an artificial wound with a
speed of about 1 mm/day.
t0

t10

t24

Fig. 3: HaCaT human keratinocytes immediately (t0), 10 h (t10) and 24 h (t24) after artificial injury by
mechanical scratching („wounding“)
To come near to in-situ conditions of mammalian cells in connective tissues, the cell layer was
shielded by a carbohydrate gel overlay comparable to the outer layer of wounds caused by secretion
(ichor). It was shown that this overlay allows penetration of low-molecular reactive species.
Additionally, the layer effectively prevents drying phenomena caused by the APPJ gas flow but leaves
cell performance unchanged. Time to “wound” closure in the scratch assay remains unaltered
compared to uncovered cells (Fig. 4). Due to the agarose overlay, the cells were additionally protected
from the plasma jet temperature. The physiological temperature for the optimal growth of eukaryotic
cells is 37 °C and a deviation of 3-4 °C in either direction will be tolerated [7]. HaCaT keratinocytes
were even shown to have increased proliferation rates at 38.5 °C [4]. A significant decrease of
(mammalian) cell survival might be observed at temperatures above 42 °C and long incubation times
(>50min).
1
0,9

scratch width reduction [cm]
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HaCaT witout overlay
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Fig. 4: Scratch assay using HaCaT human keratinocytes; comparison of scratch assay with agarose
overlay and without agarose overlay
To simulate the situation in an infected wound, a suspension containing 104 microorganisms
(S. epidermidis) was placed directly into the scratch line. Subsequently, this area was treated by APPJ
for 40 s and cell proliferation was monitored. As it is shown in Figure 5, infected and APPJ treated
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cells showed a better overall performance compared to infected but not APPJ treated cells. After 24
hours cell growth slowed down probably due to strong growth of remaining microorganisms (Fig. 5,
¡). In infected but not APPJ treated cell cultures, besides a slower “wound healing” in general due to
the higher microorganism load, cell detachment was found and scratch width increased again after
about 24 hours (Fig. 5, ).
In general it is not necessary to sterilize colonized or infected wounds, but to reduce the microbial load
below a critical colonization rate. Commonly, a contamination rate of 105 viable microorganisms per
gram of tissue is given as critical value for wound infection but this depends strongly on patients’
individual situation. However, a reduction of microbial load will result in an improvement of wound
healing at organisms with otherwise intact immune status [8]. A considerable reduction of the
microorganisms was shown by plasma treatment. Immediately after addition of S. epidermidis in the
produced "wound" a plasma treatment followed. The treated suspension with microorganisms was
centrifuged. The same was done with an untreated microorganism suspension. The resulting
microorganism cell pellets showed significant differences indicating a substantial inactivation of the
microbial load by plasma treatment (Fig. 6).
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Fig. 5: Scratch assay using HaCaT human keratinocytes: Fig. 6: Microorganism cell pellet after
performance of cells after infection. Comparison of 40 s plasma treatment (A), and without
scratched cells treated with APPJ (infected, plasma) and plasma treatment (B)
cells without APPJ treatment (infected)

4. Conclusions
Human keratinocytes did not lose the ability of proliferation after injury by mechanical influences.
Moreover, cells covered with an agarose layer showed identical growth characteristics after artificial
“wounding” compared to cells without agarose overlay. Consequently, the practicability of the
modified scratch assay as in in vitro test model to investigate biological effects of an APPJ was
proved.
An APPJ treatment of 40 s reduced the cell-growth impeding activity of the co-cultivated
microorganisms markedly whereas the ability of human keratinocytes to proliferate was kept. A fast
and sustained closure of an artificial “wound” (scratch) occurred in the plasma treated systems, only.
Contaminated but not APPJ treated systems were overgrown by S. epidermidis right from the start of
the experiment resulting in impeded cell growth, cell detachment and death. Using this simple in vitro
wound healing model, the potential of atmospheric pressure plasma to allow a selective antiseptic
treatment was demonstrated in principle.
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Indirect plasma treatment of non-stirred distilled water (5 ml) by surface dielectric barrier
discharge (DBD) in ambient air results in acidification and generation of nitrate (NO3-), nitrite
(NO2-) and hydrogen peroxide (H2O2). After 30 min plasma treatment, pH<2.8 was found as well
as concentrations of 113 mg . l-1 NO3-, 1.5 mg . l-1 NO2-, and 18 mg . l-1 H2O2, respectively.
Furthermore, high concentrations (106 - 108 cfu . ml-1) of suspended vegetative microorganisms
like Escherichia coli were inactivated in non-buffered aqueous media within 5 – 15 min plasma
treatment. To clarify possible mechanisms of reactive species generation as well as of
microorganism inactivation in plasma-treated water, the interface between plasma and liquid phase
was analyzed by Fourier transformed infrared spectroscopy (FT-IR) and optical emission
spectroscopy (OES). Neither UV-C radiation nor cytotoxic nitric oxide (NO•) or hydroxyl radicals
(HO•), but nitrous oxide (N2O), ozone (O3) and nitric acid (HNO3) were measured. Possible
reactions of these gaseous molecules with the aqueous liquid could result in acidification and
generation of NO3-, NO2- and H2O2. Furthermore, these species detected in the gas as well as liquid
phases, could serve as reaction partners to generate NO•, HO•, nitrogen dioxide (NO2•), pernitro
acid (ONOOH) and hydroperoxy radicals (HOO•) in the liquid which could be responsible for
antimicrobial effects.

1. Introduction
Inactivation of microorganisms in liquids by plasma treatment is a well known phenomenon. It was
demonstrated both by direct plasma treatment, i. e. plasma generation directly in or in close contact
with liquids [1-3], and by indirect plasma treatment where the plasma is generated in close vicinity to
but without direct contact with a liquid surface [4]. In several studies, acidification and generation of
nitrate, nitrite and hydrogen peroxide was found as a result of plasma treatment [3-7]. The aim of this
paper is to analyze the genesis of low-molecular reactive species in non-stirred distilled water after
indirect treatment by a surface dielectric barrier discharge (DBD) in ambient air. Interpretation of data
from plasma diagnostics and liquid analytics combined with theoretical considerations and
microbiological investigations will help to get more insight into the complexity of plasma-water
interactions as well as into possible mechanisms of microbial inactivation

2. Experimental Part
Surface dielectric barrier discharge:
Plasma treatment of a 5 ml liquid volume was realized using a surface dielectric barrier discharge
(DBD) arrangement based on an electrode array consisting of 1.5-mm-thick epoxy-glass fiber bulk
material for circuit boards (50 mm diameter; breakthrough voltage of 40 kV . cm-1) with two 35-µmthick copper electrodes (Fig. 1). On the one side, the high-voltage part of the DBD array had an etched
line-like structure consisting of four concentric 0.75-mm-wide ring-shaped electrodes (diameter of the
outer ring: 35 mm; distances between the ring-shaped electrodes: 3 mm). On the other side a 35-mmdiameter round non-structured flat copper surface served as counter electrode at ground potential. This
electrode array was mounted by a special construction into the upper shell of a petri dish (60 mm
diameter) in that way that the distance between the high-voltage electrode surface and the surface of a
liquid in the lower shell of the petri dish was adjusted at 5 mm. All experiments are performed at
ambient air conditions using a pulsed sinusoidal voltage of 10 kVpeak (20 kHz) with a 0.413/1.223 s
plasma-on/plasma-off time. Energy of 2.4 mJ was dissipated into the plasma in each cycle of high
voltage [4].
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Fig. 1. Schematic drawing of the indirect surface DBD arrangement [4].
Physical methods:
Optical emission spectroscopy (OES) in the UV spectral range was performed using a compact
spectrometer (AvaSpec-2048, Avantes) with an entrance slit of 25 µm and a spectral resolution of
0.6 nm. Due to the small plasma intensity a large exposure time of 10 s and a two scan average was
necessary to obtain a valuable spectrum.
The Fourier transformed infrared spectroscopy (FT-IR) was performed with the multicomponent
FT-IR Gas gas analyser Gasmet CR-2000 (ansyco). For data analyzing the software CALCMET was
used.
Chemical methods:
For all photometric measurements a UV/VIS Spectrophotometer SPECORD® S 600 (analytic jena
GmbH, Jena, Germany) was used. Nitrate as well as nitrite concentrations in plasma treated distilled
water are estimated by photometric analysis using commercially available test kits (Spectroquant®,
Merck). Nitrate reaction with 2,6-dimethylphenol gives, after a reaction time of ten minutes
4-nitro-2,6-dimethylphenol, an orange colored product, whose absorption was measured at 340 nm.
Nitrite reacts with sulfanilic acid and N-(1-naphthyl)-ethylen diamine hydrochloride via azo sulfanilic
acid to a magenta colored azo dye whose absorption at 525 nm was measured. Hydrogen peroxide
detection based on the reaction of titanyl sulfate to yellow-colored peroxotitanyl sulfate, which was
detected at 405 nm.
For pH measurement, a semi-micro pH-electrode (4.5 mm diameter; SENTEK P13, Sentek Ltd., UK)
was used.
Biological methods:
As test microorganism overnight cultures of Escherichia coli NTCC 10538 (Institute of Hygiene and
Environmental Medicine, University of Greifswald, Germany) were diluted using physiological saline
(NaCl 0.85 %; 8.5 g NaCl per 1000 ml water), respectively, to get concentrations of 106-108 colony
forming units per milliliter (cfu . ml-1). The number of viable microorganisms (cfu . ml-1) was estimated
by the surface spread plate count method using aliquots of serial dilutions of microorganism
suspensions according to the European Pharmacopoeia. Detection limit of this procedure was
10 cfu . ml-1. Inactivation kinetics of microorganisms is depicted in semi-logarithmic plots. If the
number of microorganisms fell below the detection limit, i. e. no viable microorganisms have been
found, for clearness these values in the graphs are set at 5 cfu . ml-1.

3. Results and discussion
In non-buffered physiological saline solution, E. coli was completely inactivated after 7 min treatment
by surface DBD (Fig. 2). Similar treatment of 5 ml water resulted in a steep decrease of pH from 7 to
less than 4 within the first 5 min of plasma treatment, followed by a slight further decrease reaching
more or less stable pH values between 2 and 3 within 30 min (Fig. 3A).
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Fig. 2. Inactivation of E. coli suspended in non-buffered physiological saline by plasma treatment.
A supporting effect of acidic pH for antimicrobial plasma activity has been found elsewhere, too, but it
was also found that acidification alone was not sufficient for bacteria inactivation [1, 4, 8].
Furthermore, nitrate (NO3-) as well as nitrite (NO2-) concentration in plasma treated 5 ml water was
measured using spectrophotometric methods. NO3- increased within 30 min indirect DBD treatment
from zero to 113 mg ⋅ l-1 (Fig. 3 B). Similar kinetics has been found by Moussa et al. working with
gliding electric discharge in wet air [9].
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Fig. 3. Liquid analytics of plasma treated water: pH (A), nitrate (B), nitrite (C), hydrogen peroxide(D).
NO2- increased from zero to 1.5 mg ⋅ l-1 within the first 10 min of plasma treatment, but declined back
to near zero after 30 min plasma treatment (Fig. 3 C). This short-term increase of NO2- as well as its
relatively low concentration compared to NO3- can be explained by the fact that the transformation of
NO2- into NO3- is accelerated at acidic conditions. Moreover, this transformation is self-catalyzed by
NO3-. Both the increasing and relatively high NO3- concentration in parallel to decreasing pH caused
by indirect DBD plasma treatment is evidence to suggest that generation of nitric acid (HNO3) may
play a central role in liquid acidification. Furthermore, HNO3 is able to diffuse into the liquid.
Additionally, a clear H2O2 generation occurred in water during indirect DBD plasma treatment. The
concentration increased up to 18 mg ⋅ l-1 within 30 min indirect DBD plasma treatment (Fig. 3 D) [4].

551

In order to understand the plasma-induced acidification and generation of NO3-, NO2- and H2O2, as
well as inactivation of microorganisms in liquid, the gas/plasma phase was analyzed by FT-IR and
OES. OES indicates nitrogen-related bands in the UV-A and UV-B range (second positive and first
negative system of N2) but no emission in the bactericidal effective UV-C range (Fig. 4 A). By FT-IR,
no cytotoxic nitric oxide (NO•), but nitrous oxide (N2O), ozone (O3) and traces of nitric acid (HNO3)
were measured (Fig. 4 B). These findings are in agreement with numerous investigations of the
chemistry in non-thermal plasmas, e.g. [20].
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Fig. 4. OES (A) and FT-IR spectra (B) of the gas/plasma phase
These detected gaseous molecules may interact with the aqueous surface or diffuse directly in the
liquid. Possible reaction channels resulting in acidic protons (H+), nitrate, nitrite and hydrogen
peroxide are shown in Fig. 5 just as reactions to generate nitrogen oxide (NO•), nitrogen dioxide
(NO2•), hydroxyl radicals (HO•), pernitro acid (ONOOH) and hydroperoxy radicals (HOO•) which
may act as antimicrobial effective agents.

Fig. 5. Possible (air-)plasma/gas-liquid-interaction and reaction channels [3, 8, 10-18].
To explain the complexity of these reactions and the resulting biological effects, some examples
should be mentioned in a more detailed manner. Ozone (O3), which is better soluble in water than
oxygen (O2) is a strong oxidizing agent. Its oxidizing effect is intensified in acidic media. Nitrous
oxide (NO•) is well soluble in water, too. O3 can be decomposed by NO• to nitrogen oxide (NO2•) and
O2 [15]. Dinitrogen trioxide (N2O3), which can be generated from a reaction of NO• with NO2•, can
react as nitrosating agent with thiols, primary and secondary amines [18]. Radicals like the superoxide
anion radical (O2•-) or the hydroperoxy radical (HOO•) with short life times exist a few seconds or
minutes, only. In acidic media O2•- is converted into HOO• (pKa = 4.8). This small uncharged
molecule can penetrate the cell membrane, converted back to O2•- in the neutral cytoplasma and can
react with intracellular components [3, 11, 19]. Additionally, other reactions resulting in toxic
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products can be mentioned. Dinitrogen pentoxide (N2O5), which can be formed by a reaction of NO•
with NO2•, or 2 NO• with 3 O3, has strong oxidizing properties, too [10, 20]. Peroxonitrite may oxidize
lipids, fatty acids and proteins directly [11]. Furthermore, it is able to react with carbon dioxide (CO2)
to ONOOCO2- and dissociate to nitrogen dioxide (NO2•) and carbonate radical (CO3•-). The latter
initiates many destroying reactions and is more toxic than HO•. [18] Two protons (H+) and one NO2can react to nitrosooxidanium (H2NO2+) which may break down to water and nitrosonium cation
(NO+) [21]. NO+ reacts with many biomolecules [11, 18].
Consequently, the generation of ozone and nitrous oxide in the plasma/gas phase may be the initial
point of a multiplicity of chemical reaction cascades in water resulting in the secondary generation of
radicals and other low-molecular products. Some of them or the “cocktail” of all may cause biological
effects as the inactivation microorganisms as it was demonstrated by E. coli. To approve these theories
of chemical reactions and deduced biological effects, a lot of further investigations must follow.
However, liquid analytics for specific detection of radicals as well as low-molecular ions will play a
key role in this research. Furthermore, the role of ions in the plasma/gas-phase must be considered, too.

4. Conclusion
The indirect surface DBD treatment of 5 ml water in ambient air under atmospheric conditions
resulted in decrease of the pH, as well as genesis of nitrate, nitrite and hydrogen peroxide. Furthermore,
inactivation of E. coli suspended in non-buffered physiological sodium chloride solution was found.
The analysis of the plasma/gas phase by FT-IR and OES show the existence of dinitrogen oxide and
ozone.
Several reaction channels starting from ozone and dinitrogen oxide can be hypothesized which may
lead to decrease of pH as well as the generation of nitrate, nitrite, hydrogen peroxide, and other
secondary reaction products which could be responsible for biological effects like bacteria inactivation.
In future, more effective and detailed liquid analytics will play a key role to clarify both mechanisms
of plasma-liquid interactions and biological plasma effects.
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LOW ENERGY ELECTRON BEAM DRIVEN RADIOLYSIS
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A concept to induce chemical reactions in dense gases by ionizing radiation is described. Electron
beams of 12 keV particle energy are used as the radiation source. The electrons are sent through
thin (300 nm) ceramic membranes into the gas. The table-top setup can be used with pulsed as
well as continuous beams. It is shown that dose rates of more than 1023 and 1028 eV/(gs) can be
achieved in continuous and pulsed mode, respectively. Radiolysis of isopropanol which has been
performed in a test experiment is described to demonstrate the concept.

1. Introduction
Most chemical reactions require external energy transferred to the reactant species to drive the reaction
or at least to overcome the activation energy for starting the reaction. Heat is the most common form
of energy to be used for that purpose. Here we discuss the deposition of the kinetic energy of electrons
as an alternative. Chemical reactions induced by particle radiation are well known and if molecules are
destroyed by the radiation the process is called “radiolysis”. In most cases this is an unwanted side
effect of radiation fields in the form of bleaching, formation of color centers in optical elements,
damaging electronic equipment, and in the worst case radiation sickness of people exposed to ionizing
radiation. However several experiments have been performed in which high energy particles were
used to deliberately induce chemical reactions. Sterilization is an example for radiation treatment of
biological material. Dissociation of carbon dioxide is an example from inorganic chemistry which is of
interest in the context of attempts to process flue gases emitted from installations which burn fossil
fuels such as coal burning power stations.

Fig. 1. Schematic drawing of the test setup. The electron beam is formed in the vacuum device (2) and
sent into the reaction cell (1). Air is pumped through the system with a membrane pump (5). Gas
composition is measured in the mass spectrometer (3) evacuated by a turbo-molecular pump (4). The
thick arrows indicate the main flow of air and the dashed arrow the admixture of isopropanol.
Here we discuss a novel technology which can be used for small-scale, table-top laboratory
experiments in which both very high doses and dose rates can be applied to matter. Scaling to larger
devices may be possible by up-scaling some of the parameters and parallel operation of many of the
devices described here. We focus on the treatment of a flow of gas irradiated by low energy electrons.
To put the parameters into perspective with earlier experiments we will compare them with an
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experiment which has been published by R. A. Lee in which CO2 was dissociated by applying a
600 keV electron beam [1].

e-gun

cell

Fig. 2. Photograph of the e-gun (left) and reaction cell (right). The electron beam comes from the left
side and is stopped in the small volume in the Al part shown in the insert.
The basic concept of the technique described here is to reduce the particle energy of an electron beam
from several hundred keV to the 10 keV region. Since the electronic stopping power increases strongly
when the velocity (and thereby the kinetic energy) of the projectiles is decreased [2,3] there is a much
higher specific energy transfer from the beam to the target material and high doses and dose rates can
be achieved with low or moderate beam currents. The only price which has to be paid is the reduced
amount of material which can be treated because the low energy beams have a rather low total power.
However, since dose and dose rate are parameters normalized to the amount of material the only
requirement for experimental studies is to use a sensitive diagnostics which works for small samples.
An advantage of using low energy beams is that no hard x-ray radiation is produced so that the
experiments can be performed in any laboratory environment. This is the general concept. It is also
used to realize brilliant light sources [4] and several aspects of the technology have been studied in
this context [3,5,6]. Aspects of the technology concerning gas chemistry and examples of the
parameters in comparison with ref. [7] and ref. [8] are discussed in the next paragraph.

2. Experimental Parameters
Here, low energy electron beams are sent into gases at atmospheric pressure to induce chemical
reactions. The typical particle energy is 12 keV. Very thin entrance windows are required for sending
electrons of this energy into gases without significant energy loss. Ceramic material in the form of
300 nm thin silicon nitride membranes is used for that purpose. The technique has so far mainly been
used to realize vacuum ultraviolet light sources by sending electron beams into rare gases where they
induce intense excimer emission in the 80 to 200 nm wavelength region [6]. Free standing silicon
nitride membranes are routinely manufactured by the solid state industry for various purposes such as
pressure sensors. A silicon nitride layer is deposited on both sides of a silicon wafer. Then the wafer is
structured on one side, opening the chemically stable silicon nitride surface layer. Then the bulk
silicon material is etched away in these areas. The etching process stops at the silicon nitride layer on
the other side of the wafer thereby forming the free standing membrane. The membrane material
actually has to be either non-stoichiometric silicon nitride or a double layer of nitride and oxide to
limit the internal stress of a free standing membrane.
The energy loss of low energy electrons traversing such a 300 nm membrane has been studied both
experimentally and by model calculations [5]. The energy loss depends partly also on the gas filling
due to backscattering in the gas and is on the order of 15% for the experimental conditions described
here. The power deposited in the gas can therefore be estimated by multiplying the beam current by
10 kV. Various geometries of the membranes can be used. Quadratic membranes of 0.7×0.7 mm2 are
routinely used for our experiments. Slit foils 0.7×40 mm2 are also available as an alternative. The
current which can be sent through the membranes is limited by the thermal stability of the membrane
which is heated by the energy loss in the membrane. Heat conduction along the membrane, radiation,
and, most effectively, contact with the gas is cooling the membrane. In practice up to about 10 µA
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corresponding to 100 mW average beam power can be sent through the 0.7×0.7 mm2 membranes into
the gas.

Fig. 3. Mass spectrum of air with isopropanol added. The thin line shows the spectrum of air alone.
Isopropanol has mass 60. The heaviest fragment observed here is m = 58. Mass 45 can be interpreted
as isopropanol with one CH3 group removed and mass 19 as OH3.
Electronic stopping is the dominant mechanism of the interaction of electrons in the membrane and
also in the gas. This means transfer of kinetic energy of the projectile electrons to the bound electrons
of the target material. This “stopping power”, the energy transfer per unit length along the path of the
electron can be described by the Bethe-Bloch formula. However, the path of the electrons has a very
complex geometry due to multiple scattering of the low energy electrons. This leads to an effective
range of the electrons which is much shorter than the path of the electrons. Monte Carlo calculations
are therefore required to describe the power deposition in the target material quantitatively. A study on
this issue has been published in ref. [3] for the conditions of the experiments described below.
Applying this study to air, approximated by nitrogen or CO2 at atmospheric pressure, it is found that
1 mm is a typical range for the 10 keV electrons exiting the foil and that the beam power is deposited
within a volume of about 1 mm3. Note that there are regions in the center and close to the foil where
the dose rates are significantly higher than the average values which will be estimated from the beam
power and the 1 mm3 volume.
There is another aspect of the technology described here which can be important for studying particle
beam induced chemical reactions: pulsing of the beam. A strong dependence of the efficiency for
inducing reactions via radiolysis from the dose and the flow of material has been described in the
literature [7]. This can be understood qualitatively based on the following arguments. A gas kinetics
aspect is emphasized in ref. [7]. If the ionization rate is high, the electron density and recombination
rates are high and the electrons recombine with the ions before they can form negative molecules. The
reaction pathway may for this or similar reasons depend on the dose rate. Also, if the material which
has been treated by the beam is not removed from the irradiated volume, back reactions can occur
which will reduce the net efficiency of the process which should be induced. A similar situation is
found for example in excimer lasers where the laser medium is removed from the laser cavity after
each shot to be cooled, cleaned and chemically restored before it flows back into the discharge region
of the laser.
The electron beams used here can be pulsed easily with a wide range of pulse lengths. It can therefore
be considered to adjust the pulse length and the flow of material for optimum efficiency of the reaction
to be induced. The instantaneous beam power can be significantly increased in the pulsed mode of
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operation. The heat capacity of the material of the membrane can store energy deposited in the foil
which is then removed during the time between pulses. As long as the beam energy deposited in the
membrane stays below a certain limit, the instantaneous beam power can be very high. In the case of
the 300 nm thick, 0.7×0.7 mm2 membranes an experimental limit of 2 A * 10 kV = 20 kW over 50 ns
corresponding to 1 mJ per pulse has been found. This corresponds to a dose on the order of 1 J/cm3 or
∼1000 J/g = 106 J/kg = 1 MGy) in the ∼1 mm3 volume described above if nitrogen at atmospheric
pressure (1.25 mg/cm3) is used as a typical example of molecular weight and target density. Note that
essentially all combinations of pulse energy and pulse duration resulting in the same pulse energy can
be selected for the experiments. For comparison: the dose delivered to CO2 in ref. [1] per shot from a
Febetron 706 electron accelerator was 0.69 Mrad = 6900 Gy.

Fig. 4. Time dependence of the partial pressures of m = 19, 40, and 45 is shown. Around t = 4200 s the
electron beam was switched on and around t = 5000 s it was switched off again. The modification of
gas composition of reactive species is obvious whereas the concentration of argon (m = 40) is
unaffected by the electron beam.
The key parameter for radiolysis experiments defined in the literature is the so called G-value. It
describes the number of molecules produced per 100 eV radiation energy deposited in the medium.
Typical G values for example for dissociating CO2 into CO and oxygen can be found in the literature.
Several earlier experiments are summarized and compared in a paper by R. Kummler et al. [7]. A
numerical model based on a large number of reactions with their corresponding rate constants is
established in this paper and the model is compared with experimental results. An important finding is
that the G-value depends strongly on the dose rate (see Fig. 1 in ref. [7]). Dose rates from 1014 to
1028 eV/(gs) are discussed and a variation from G=0 up to G=9 is found for this specific reaction. The
highest G-values (G ≈ 8) are found for dose rates above 1026 eV/(gs). A practical energy efficiency for
the radiolysis process of 25% can be calculated from G=9 taking the dissociation energy of ∼3 eV for
CO2 into C+O into account. The energy efficiency of the radiation source would of course have to be
taken into account in an actual device for gas chemistry.
The well studied example of CO2 radiolysis can be used to judge the usefulness of the low energy
electron beam technology for basic studies by estimating the dose rates which can be achieved in the
experiments. A 10 keV electron beam deposits its energy in about 1 mm3 CO2 at atmospheric pressure.
This corresponds to 2×10-6 g CO2. With a beam current of 10 µA and 0.1 W = 6.24×1017 eV/s results a
dose rate of 3×1023 eV/(gs) for the dc beam described above. With the current increase up to a factor
of 2×105 (10µA to 2A) which is possible in the pulsed mode tests with dose rates up to 3×1028 eV/(gs)
can be performed. The coincidence of the parameters which are possible for the table top device which
is described here with the dose rates which are discussed in the literature for efficient gas kinetic
reactions is our key argument to suggest the application of the low energy electron beams for
radiolysis experiments.
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It should be noted that the technology has already been used for gas chemical experiments several
years ago in collaboration with the Siemens Company in the context of reformation of methane fuel.
Here we describe a renewed and more general approach. For that purpose we have built a small gas
cell in combination with some basic diagnostics using a mass spectrometer and performed a test
experiment.

3. Test Experiment
The test setup is schematically shown in Fig. 1. A photograph of the setup is shown in Fig. 2. The
12 keV electron beam is produced by a cathode ray tube and sent through the silicon nitride membrane
into a small cylindrical aluminum of 3 mm diameter and 2 mm long cell. The gas which should be
treated by the beam was slowly sucked through the cell with a membrane pump. The flow was
regulated with a needle valve. Gas analysis was performed with a (Ametek, Dycor D200MP) mass
spectrometer (MS). The MS was pumped with a small turbo-molecular pump (Pfeiffer DCU). The gas
inlet was realized by a needle valve which was regulated for a pressure on the order of 10-5 mbar from
a background pressure on the order of 10-6 mbar. Thin tubes with 1 mm inner diameter were used to
connect the cell and the MS-inlet to allow short reaction times of the system.
Unfortunately we could not perform a test experiment which corresponds directly to the radiolysis
experiments of CO2 which we have referred to above because the reaction product CO has the same
mass (28) as the nitrogen molecule and could not be distinguished in our makeshift setup. To
demonstrate that chemical reactions can be induced with the table-top, low energy electron beam
irradiation technique we added some isopropanol vapor to air. It shows up with a set of peaks in the
mass spectrometer as shown in Fig. 3. The electron beam ionization in the mass spectrometer
obviously leads to signficant fragmentation of the isopropanol molecules. The MS was then set to a
mode in which peaks at M = 19, 40, and 45 could be monitored with time and the electron beam was
switched on and off to search for an effect on the signal. The result is shown in Fig. 4. It clearly shows
that reactions can be induced by the electron beam which leed to a modification of the gas composition.
In summary we have developed a technique which allows experiments for radiation induced chemical
reactions with compact and safe laboratory devices. It may be used for fundamental studies and to find
reactions which are of practical importance and make use e.g. of existing radiation fields like in
nuclear reactors or which justify from their commercial or environmental interest the investment in an
up-scaled facility for electron beam induced chemistry.
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The important quantities, which affect performance of corona discharge based devices such as
electrostatic precipitators are discharge voltage and power. We studied the effect of a magnetic
field on the needle to plate DC corona discharge in stationary air or with flow of air through the
discharge chamber with the aim to increase discharge voltage and power. We found that for low
currents and for both polarities of the needle the magnetic field has no substantial effect on
discharge voltage. On the other hand for the needle negative and for higher currents magnetic field
increases discharge voltage and power.

1. Introduction
Corona discharges have wide range of applications such as source of ozone for treatment of water,
electrostatic printers, surface treatment and electrostatic precipitators (ESP). The quantities, which
affect performance of corona discharge based devices such as ESP are the electrode design, the gas
velocity distribution in the discharge chamber and namely the values of operating voltages and power
delivered to the discharge [1].
This paper is focused on study of the needle to plate DC corona discharge with the aim to increase
discharge power through application of the stationary magnetic field on the discharge. The magnetic
field was applied perpendicularly to the vector of the current density.
The papers that have dealt with studies of the effect of magnetic field on different types of electrical
discharges at atmospheric pressure are not too numerous [2-5]. These papers use the fact that magnetic
field affects motion of electrons. Their paths are curved, lengthened, ionization is enhanced and
therefore the discharge performance could be affected.

2. Experimental arrangement
The experimental arrangement, see Figure 1, consisted of a discharge chamber, an electric power
supply with electrical parameters diagnostics and an air supply system.
The discharge chamber was made from non-magnetic materials. The chamber had rectangular cross
section with inner dimensions 10×25×30 mm. At the axis of the discharge chamber was placed
stainless steel needle electrode of the diameter 0.8 mm. As a second flat electrode we used brass
parallelepiped. The distance between the tip of the needle and the plate electrode was 10.2 mm. At the
side of the discharge chamber there was one opening for the input and the second opening for the
output of air. The experiments were performed with air from a cylinder. A mass flow controller MFC
adjusted the airflow through the discharge chamber. The experiments were performed either with
stationary air (0 slm) or with the flow of air through the discharge chamber 1.5 slm. We also
measured the relative humidity RH of input air.
The discharge chamber was placed either away of the magnetic field or between two Nd2Fe14B
permanent magnets (dimensions 35×35×10 mm). The magnetic induction at the center of the discharge
chamber at the place of the tip of the needle was 5500 gauss.
The DC regulated high voltage power supply provided voltage up to 30 kV. The needle was ballasted
by a resistor RB = 6.89 MΩ. The mean value of the discharge current was determined from the
magneto-electric system miliammeter or as the mean value of the signal obtained from the voltage
drop on the earthed resistor RI = 55 Ω. This signal was recorded on the first channel of the DS 1150C
digital storage oscilloscope. The discharge voltage was determined as the mean value of the signal
recorded through the high voltage probe HVP on the second channel of this oscilloscope.
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Fig. 1. Experimental arrangement. RH – relative humidity sensor, MFC – mass flow controller,
RB– ballast resistor, RI – earthed resistor.

3. Experimental results and discussion
Our experiments were performed for both polarities of the needle and for the discharge in stationary or
in a flowing air. The corona discharge for each polarity of the coronating electrode can exist in
different regimes. These regimes for the positive corona are burst - pulse corona, streamer corona,
glow corona and finally a spark. In case of negative corona these regimes are Trichel pulse regime,
pulseless glow regime, filamentary streamer regime and a spark [6]. For the purpose of this paper we
will therefore denote the lower currents region (smaller than approximately 0.15 mA) as a region,
which corresponds to the discharge glow regime and the higher current region (currents exceeding
0.15 mA), which corresponds to the discharge streamer regime.
The effect of magnetic field on the V-A characteristics of the discharge in the low current region, for
both polarities of the needle electrode and for airflow rates 0 and 1.5 slm is shown in Figure 2.
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Fig.2. Effect of the magnetic field and flowrate on the V-A characteristics of the discharge in the low
current region for both polarities of the needle. Distance d=10.2 mm. MGF–with magnetic field.
In this figure is seen a strong polarity effect as well as the fact that in this current region the more
important role is played by the airflow rate through the discharge chamber than the role of the
magnetic field. It is also seen that the application of magnetic field for both polarities of the neeedle
has no substantial effect on V-A characteristics both for the discharge in stationary air as well as for
the discharge with the flow of air through the discharge chamber 1.5 slm.
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The effect of the magnetic field on electrical parameters of the discharge for the needle negative, for
higher currents that is for the discharge in the glow and streamer regime, and for airflow rates 0 and
1.5 slm is shown in Figure 3.
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Fig.3. Effect of the magnetic field and flow rate on V-A characterists of the discharge for the needle
negative, for the glow and streamer regime. Full symbols – airflow rate 0 slm; empty symbols– airflow
rate 1.5 slm. Distance d=10.2 mm.
As it is seen from Figure 2 and Figure 3 the effect of the magnetic field on the discharge voltage is
different for the discharge in different regimes. For the discharge in the low current region, both
polarities of the needle (Figure 2) and for both values of airflow the magnetic field has no substantial
effect on the discharge voltage. By contrast for the needle negative and for the discharge in a streamer
regime (Figure 3) applying a magnetic field increases for particular current the discharge voltage.
These results results can be explained in the following way. The electrons leaving the needle electrode
due to the applied electric field E move toward the flat electrode, and because of the Lorentz force
they are accelerated. The volume density of this force is f e = Fe n = q n E , where n stands for the
density of the electrons. When the magnetic field is applied in the expression for the volume density of
the Lorentz force, there appears also the magnetic component f m = Fm n = q n (v × B ) = j × B , where j
stands for current density and B is magnetic induction. This expression shows that not only the
magnetic induction but also the current density determines magnitude of this force. In case of higher
currents the corona discharge exists in the filamentary streamer regime. Due to these higher currents,
and because streamers are accompanied by a sharp decrease in the area crossed by electrons, the
current density is strongly increased. Therefore the Lorentz force volume density f m = j × B , caused
by applying a magnetic field on moving electrons, is substantially increased. Due to the action of this
force the paths of the electrons are curved and consequently to maintain a constant current the
discharge voltage must be increased. The increase of the discharge voltage when the magnetic field is
applied is certainly related to the increase of power delivered to the discharge.
The effect of the magnetic field on the discharge power for the needle negative and for airflow rates 0
and 1.5 slm is shown in Figure 4. From this figure it is seen that for higher currents application of the
magnetic field increases discharge power. For the lower currents the increase of power is not
substantial.
The corona power is a quantity, which strongly influences performance of corona discharge based
devices such as electrostatic precipitators.
In fact the ESP collecting efficiency strongly depends on corona power. In the lower range of
collecting efficiencies, relatively small increases in corona power result in substantial increases in
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collecting efficiency. On the other hand, in the upper ranges, even large increases in corona power will
result in only small efficiency increases.

With MGF

14

Without MGF

Mean power [w]

12
10

With MGF

8

Without MGF
6
4
2
0
0,0

0,2

0,4

0,6

0,8

Mean discharge current [mA]

1,0

1,2

Fig.4. Effect of the magnetic field on the discharge power for the needle negative. Full symbols –
airflow rate 0 slm; empty symbols– airflow rate 1.5 slm. Distance d=10.2 mm.

4. Conclusion
We studied the effect of the stationary magnetic field on electrical parameters of the needle to plate
DC corona discharge. For magnetic induction at the place of the tip of the needle 5500 gauss we found
that:
a). For low discharge currents, both polarities of the needle and for the discharge in stationary
air or for the discharge with airflow through the discharge chamber 1.5 slm the magnetic field does not
substantially affect electrical parameters of the discharge.
b). For the needle negative and for higher currents (corona in the filamentary streamer regime)
the magnetic field for particular current increases discharge voltage. This effect is stronger for the
discharge in stationary air than for the discharge in flowing air.
The obtained results can be considered as a certain contribution to the functioning of corona discharge
based devices, for example electrostatic precipitators.
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Plasma assist high temperature partial oxidation pyrolysis of ethanol was investigated. The energy
efficiency vs. pyrolysis chamber temperature and vs. ethanol-to-oxygen molar rate was obtained.
The best regimes for highest energy efficiency were obtained. The outflow syngas components
were investigated.

1. Introduction
From physics and chemistry of fuel combustion it is known that addition of light inflammable gases
(H2, CO) essentially improves ignition/combustion of heavy oil and bio-fuels [1]. Therefore hydrogen
is considered as one of the most prospective energy sources for the future that can be renewable,
ecologically clean and environmentally safe [2]. Among possible technologies for free hydrogen
production, including steam reforming and partial oxidation of bio-fuels [3], a low-temperature
plasma-assisted fuel reforming is believed to be a good alternative approach [4,5]. Also the use of fuel
reforming can be rather perspective for hypersonic (M > 5) aircrafts as will allow solving two basic
tasks: the presence of quickly combustible fuel on board of aircraft and the maintenance of cooling of
aircraft systems. The possible approach to the decision of these tasks can be on-board reforming of
fuel (for example, kerosene), i.e. its conversion into H2 and CO2: hydrogen can be used for combustion
and carbon dioxide - for aircraft cooling purposes.
For plasma fuel reforming, various methods using thermal and non-thermal plasma are known [6].
Thermal plasma, which is thermodynamically equilibrium, has characteristics of high ionization by
higher energetic density. This has merits of good rate of fuel decomposition but demerits of poor
chemical selectivity and high specific energy consumption. Non-thermal (low-temperature) plasma,
which is kinetically non-equilibrium, has characteristics of low ionization but benefits of high
reactivity and selectivity of chemical transformations providing high enough productivity at relatively
low energy consumption; this can be obtained by high voltage discharge in a flow at low or high
atmospheric pressures [7,8].
For reforming with plasma support (pyrolysis, steam reforming, partial oxidization) it is preferable to
utilize the high plasma flow rate generators: the pulsed systems and systems on the base of
TORNADO discharge type [9] etc.
Thus, in work ethanol reformation at high temperature partial oxidation pyrolysis with pulsed plasma
assist was investigated.

2. Experimental setup and analyse methods
The pyrolysis of ethanol after initial plasma-assisted ethanol reforming was studied by using the pulse
DGCLW. The unit with pulse DGCLW was shown in Fig. 1. The installation consists of two main
parts: 1) electric discharge plasma reactor, which generates a pulsed discharge in gas channel with
liquid ethanol, and 2) pyrolytic reactor, which treats ethanol-air vapors mixed with products generated
by plasma reactor, where (1) is a Teflon insulator around the steel pins, (2) are steel pins through
which voltage is applied, (3) are copper electrodes, conical bottom and top cylinder, (4) is a discharge
plasma zone between electrodes, (5) is a bubble between electrodes, (6) is a bubbling zone in the
liquid, (7) is a work liquid (solution of 96% pure ethanol and distilled water), (8) are mixing inlet and
outlet chamber, (9) is a steel pyrolytic chamber; (10) are electric heaters, (11) is a casing; (12) are
thermocouples for temperature control, (13) is a glass vessel (0.5 l) for syngas collection.
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Fig. 1. Schematic of ethanol pyrolysis after plasma-assisted reforming of ethanol in the DGCLW.
For gas analyse gas chromatography (GS) by chromatograph 6890 N Agilent and masspectrography
(MS) by monopolistic mass-spectrometer MX 7301 methods were used.

3. Results
Typical voltage and current oscillogrammes presented in Fig. 2:

Fig. 2 Discharge current and voltage oscillogrammes
Here you can see that discharge current was about hundreds of Ampere when voltage was about
thousand Volts and pulse duration was about few microseconds.
The ethanol postdischarge pyrolysis studies results after initial plasma-assisted ethanol reforming are
presented in Figs. 3 — 4. The parameters in the system were following: pulsed discharge frequency of
400 Hz, air flow rate of 17-28 cm3/s, time of treatment (measurements) up to 10 min (600 s); the
temperature in the pyrolytic chamber varied from 0 to 870 K. Fig. 3 shows the H2 intensity obtained
by mass-spectrometry and the partial H2 content in syngas products measured by
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Fig. 3. H2 intensity (MS) and partial H2 content in syngas products (GC) after the ethanol reforming
versus postdischarge pyrolitic chamber temperature
gas-chromatography after the treatment. One can see a good correlation between gas chromatography
and mass-spectrometry data.
Fig. 4 shows the values of energy efficiency α in the system depending on temperature in the
postdischarge pyrolytic chamber. It is seen an energy efficiency increase with increasing temperature.
Some modes with the change of air flow modes (correspond to additional air supply into the pyrolytic
chamber compared with an air supply in the discharge) have lower energy efficiency than the mode
with a constant air flow because of varying partial output of isobutene iC4H10.

Fig. 4. Energy efficiency of ethanol reforming versus temperature in the postdischarge pyrolytic
chamber.
Energy efficiency calculation formula:

α=

∑ Syngas × LHV (Syngas )
i

i

i

IPE
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In this formula LHV means syngas component low heat value when IPE means electrical power for
plasma. The next Fig. 5 shows the rates of syngas generation in the system. One can conclude that the
investigated combination (electric discharge+postdischarg pyrolysis) reforming of ethanol
demonstrates smart efficiency of this approach.

Fig. 5. The rate of syngas generation versus temperature in the pyrolytic chamber.
The next Fig. 6 shows LHV of syngas that depends from ethanol/oxygen-in-air molar rate due to
stehiometric ethanol partial oxidation formula:
1

C H OH + / O → 3H ↑ + 2CO↑
2

5

2

2

2

So we can see the LHV enhancement when ethanol/oxygen-in-air molar rate moving to 2.

Fig. 6 Syngas components LHV versus ethanol/air molar rate
The next Fig. 7 demonstrated MS data of H2 intensity for pulsed plasma assisted pyrolysis and only
pyrolysis with ethanol/oxygen-in-air molar ratio 5.2:1. From this picture seems no synergism between
pulsed plasma ethanol reforming and hightemperature partial oxidation pyrolysis processes. Pulsed
plasma assist pyrolysis energy efficiency was sum of pulsed plasma ethanol reforming and only
pyrolysis energy efficiencies. "D+P" markers show plasma assist pyrolysis process MS data when "P"
shows only pyrolysis process MS data.
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Fig. 7 H2 intensity (MS) pulse plasma ethanol reforming and hightemperature partial oxidation
pyrolysis versus postdischarge pyrolytic chamber temperature

4. Conclusions
1. The use of pyrolytic chamber allowed getting the energy efficiency value more than three time
higher that such value for the similar plasma-liquid systems without pyrolytic chamber.
2. Process energy efficiency was the sum of pulsed plasma reforming and hightemperature partial
oxidation pyrolysis processes.
3. The best energy efficiency is observed at the maximal pyrolytic chamber (600 °С).
4. The ethanol/oxygen molar ratio increasing decreases H2+CO LHV and improves CH4 LHV and
C2H2 LHV.
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Power consumption of the gliding arc discharge plasma rector and its stable operation depends on
many factors, among which the most important are: power supply system configuration,
processing gas flow rate and its chemical composition. Trace gases admixtures can essentially
influence the plasma chemistry process. Argon admixture to the processing gas stabilizes the
discharge and makes possible to transfer larger power from the power supply system to the
discharge. Correctly selected power supply system decides about plasma chemistry and
technological application of this kind of nonthermal plasma.

1. Introduction
Atmospheric pressure low temperature plasmas are applied in many industrial processes. They are:
treatment of flue gases emitted by industrial processes of combustion, painting and varnishing, wastes
utilization, deodorization, disinfection and sterilization, material processing and new material
manufacturing for application in microelectronics and nanotechnologies. Non-thermal and nonequilibrium plasma based methods allow treatment of organic materials, like rubber, fabrics,
biomaterials and they are ecologically justified alternative for chemical ones [1].
In Poland the plasma processes, although investigated in research laboratories, are applied in industry
at much less scale than in industrialized countries of Europe and all other the World [2]. Polish power
industry is based on fossil fuels combustion that emits pollution in the form of sulphur and nitrogen
oxides, soot and ashes, necessary to utilize. Plasma technologies can be the reasonable alternative for
chemical, gypsum based wet methods, environmentally noxious, but still applied in power industrial
practice.
Investigations in the field of industrial application of plasma chemical methods, conducted in many
research centres and universities in Poland and abroad, are now concentrated on obtaining controllable
plasma parameters and chemical reactions in large volume of treated gases [3, 4, 5, 6, 7]. Repeatability
of the plasma-chemical process depends on stability of plasma parameters, which influence the proper
chemical reaction path. The main parameters: are the chemical composition of the plasma gas, its
pressure, flow rate, geometry of plasma reactor and electrical parameters of power system, i.e. value
and form of supply voltage, power, and frequency.
Arc discharge can be the source of non-thermal and non-equilibrium plasma at some conditions of
power supply system, reactor electrodes’ geometry and gas flow rate [8, 9]. The gliding arc discharge
plasma is the example of this kind of low temperature plasma that can be generated in multi-electrode
reactors at atmospheric pressure.
Gliding arc reactor considerably differs from other non-thermal plasma sources. The resistance of
inter-electrode gap depends on the kind of gas, its flow rate, degree of ionization and it also changes
its value in wide range during the single operation cycle. Moreover, the discharge is displacing
through electrodes periodically starting from the thermal short arc in the least electrode distance and
increases its volume and length with the fast gas flow and electrodes’ distance growth. Plasma
generated in the gliding arc reactor is in non-equilibrium state: the temperature of “hot electrons” (Te)
is much higher then gas temperature (Tg) [10].
This kind of source of high energy electrons without heating the plasma gas in the whole volume of
plasma reactor chamber is essential for typical plasma chemistry applications.
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2. Experimental setup
In experiment we use three electrodes gliding arc plasma reactor with ignition electrode. Plasma is
generated in the chamber of reactor in one of the processing gases: argon, nitrogen and air, at the
atmospheric pressure. We use different gas flow rates – from 0.3 m3/h to 3.5 m3/h. The gas flow less
then 0.5 m3/h was used only for argon, in which discharge can be sustained at much lower voltage than
in nitrogen and air. Figure 1 presents our laboratory stand. Reactor’s geometry, diagnostic conditions
and operation parameters of the investigated suppliers are gathered in table 1.

Fig. 1. Laboratory stand: plasma reactor – 3-eletrodes GA with ignition electrode; optical diagnostic –
spectrometer: SOLAR TII SL40-2-3648-USB, calibration light sources: OceanOptics AR-1 and CAL2000; flow rate controller – Bronkhorst High-Tech EL-Flow E-7000; thermovision camera – VIGO
System V-20 ER005-10; oscilloscopes – Tektronix TDS-380 and TDS-2024B with Tektronix P2220
1x/10x and P6015A 1000x probes.
We use three power supply systems for gliding arc discharge plasma reactor. Each power supply
system is based on three phase transformers with different limbs’ material and different ignition
systems. The first is the “integrated” power supply system (figure 2a) based on transformers with the
soft external characteristic. Using non-linearity of magnetic circuit we can obtain the integration of
basic functions of power supply in one device: preliminary ionization, 150 Hz ignition and sustaining
the discharge during operation cycle, limitation of current value [11]. The second is the power supply
system based on transformers with the amorphous limbs (figure 2b) with external 15 kHz ignition
system. And the last is the power supply system based on five-limbs transformer with four winded
cores in which the windings of external limbs are used to supply the 50 Hz ignition electrode (figure 3)
[12].
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a.

b.

Fig. 2. Integrated power supply system.

Fig. 3. Power supply system based on five-limbs transformer.
Tab. 1. Working parameters of the gliding arc plasma reactor.
Discharge chamber geometry
chamber diameter
80 mm
electrode length
141 mm
electrode distance in the ignition area
6 mm
electrode distance in the extinction area
35 mm
Gas parameters
process gases
argon, air, nitrogen
gas flow rates
0.3 – 3.5 m3/h
Power supply system parameters
inter-electrode voltage
400 – 1500 V
electrode current
1.0 – 3.5 A
ignition voltage frequency
50 Hz, 150 Hz, 15 kHz

3. Results and discussion
Chemical composition of the processing gas together with gas flow rate growth causes the changes of
power transferred to the gliding arc plasma reactor. Power consumption as a function of gas flow rate
is presented on figure 4.
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Fig. 4. Power consumption for different gases and flow rates (power supply system based on
transformer with amorphous limbs, primary windings voltage: 130 V).
In case of argon as a processing gas, we obtained a linear power consumption characteristic. Otherwise,
for nitrogen and air, the power consumption decreases with gas flow rate growth.
For the same power supply system we obtained power consumption for various argon concentration in
processing gas (figure 5).
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Fig. 5. Power consumption for various argon concentration in working gas (power supply system
based on transformer with amorphous limbs, primary windings voltage: 130 V, processing gas:
nitrogen).
Increase of argon concentration in processing gas enlarge power consumption and stabilizes discharge,
that is critical for low gas flow rates.
For integrated power supply system we obtained ignition at lower voltage, but for argon concentration
in processing gas less then 30%, we observed discharge instability (figure 6).
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Fig. 6. Power consumption for various argon concentration in working gas (integrated power supply
system, primary windings voltage: 230 V, processing gas: nitrogen).
We also observed close to linear characteristics of power consumption for different gas flow rates (in
case of argon concentration in processing gas is greater then 30%).
For power supply system based on five-limbs transformer obtained results show, that power
transferred to discharge increases with the gas flow rate growth. Higher argon concentration in
processing gas didn’t affect discharge power and its only stabilize the discharge (figure 7).
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Fig. 7. Power consumption for various argon concentration in working gas (power supply system
based on five-limbs transformer, primary windings voltage:110 V, processing gas: nitrogen).
We also measured the changes of discharge current for different power supply systems and various
argon concentrations in processing gas (figure 8). For all power supply systems we observed increase
the discharge current with the increasing of argon concentration in working gas.
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Fig. 8. Discharge current as a function of argon concentration in processing gas for different power
supply systems.
Plasma-chemical processes request controllable parameters of plasma generated in the reactors with
gliding arc discharge. Repeatability of the process depends on stability of plasma parameters, which
influence the proper chemical reaction path. The main parameters: are the chemical composition of the
processing gas, its pressure, flow rate, electrons and heavy particles temperature, geometry of plasma
reactor and electrical parameters of power system, i.e. value and form of supply voltage, power, and
frequency. Properly selected power supply system together with chemical composition and flow rate
of the processing gas allows reaching the request plasma parameters.
Power transferred to discharge primarily depends on power supply system configuration, and
especially on the internal reactance of transformers supplying the working electrodes of GA. Power
transferred to the chemical process can be controlled by using different power supply systems. On the
other hand, for all power supply systems maximum voltage value is limited by the minimal voltage
required to breakdown which depends on chemical composition of processing gas. So, the controllable
composition of the processing gas can be used to change the power transferred to discharge. For the
constant maximum voltage value we can control the current value by power supply system internal
reactance or by argon concentration in the processing gas. An increase the current value causes
increasing the power transferred to discharge, and simultaneously decreasing the energy efficiency
because generated plasma becomes more thermal. Higher gas temperature also affects the faster
thermal destruction of working electrodes.

4. Conclusions
Power consumption of the gliding arc discharge plasma rector and its stable operation depends on
many factors, among which the most important are: power supply system configuration [10, 13, 14],
processing gas flow rate and its chemical composition. Trace gases admixtures can essentially
influence the plasma chemistry process. Argon admixture to the processing gas stabilizes the discharge
and makes possible to transfer larger power from the power supply system to the discharge.
Correctly selected power supply system decides about plasma chemistry and technological application
of this kind of nonthermal plasma.
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