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WELCOME TO HAKONE XV

Dear colleagues,

on behalf of the International Scientific Committee and the Local Organizing Committee, we
would like to thank you for attending the 15th International Symposium on High pressure
Low Temperature Plasma Chemistry in Brno — HAKONE XV. It is jointly organized by the
Masaryk University (CEPLANT, Department of Physical Electronics, Faculty of Science) and
The Union of Czech Mathematicians and Physicists Brno, Czech Republic.

The series of High Pressure Low Temperature Plasma Chemistry Symposiums was initiated
in Hakone (Japan, 1987). The following meetings were held in Kazimierz Dolny (Poland,
1989), Strasbourg (France, 1991), Bratislava (Slovakia, 1993), Milovy (Czech Republic,
1996), Cork (Ireland, 1998), Greifswald (Germany, 2000), Piihajarve (Estonia, 2002), Padova
(Italy, 2004), Saga (Japan, 2006), Oléron Island (France, 2008), Trencianske Teplice
(Slovakia, 2010), Kazimierz Dolny (2012) and Zinnowitz (Germany, 2014). The scope of the
conference, originally devoted to theoretical mechanisms of dielectric barrier and corona
discharges for ozone synthesis, basic oxidants generation and applications in water treatment
and environment protection, expanded significantly during the coming years. Gradually the
area of HAKONE interest has been extended to new emerging and innovative fields of
research and development, like biomedical plasma application, alternative materials, fuels and
other interdisciplinary plasma topics.

After exactly 20 years, the HAKONE conference returns to the Czech Republic and we are
glad to host this event here in Brno. Brno is an old city being one of the capitals in Moravia
already from 11th century. As the second largest city in Czech Republic it is also an important
centre for technology and research. There are several universities in the city and research
institutes. There are also many famous scientists connected directly to Brno, e.g. Gregor
Johann Mendel, Ernst Mach or Kurt Godel. We believe that such venue will be a perfect
ambient for HAKONE XV.

Unfortunately, this will be the first HAKONE conference without our colleague, friend and
one of the founders of the HAKONE symposium, Dr. Ulrich Kogelschatz. He passed away in
June this year. The HAKONE XV conference is therefore dedicated to the memory of Ulrich
Kogelschatz — an outstanding scientist and good friend to many of us.

In the name of ISC, LOC and with best wishes
Mirko Cernak and Tomas Hoder



WELCOME TO COST ACTION TD1208 ELECTRICAL DISCHARGES
WITH LIQUIDS FOR FUTURE APPLICATIONS

The COST Action TD1208 Electrical Discharges with Liquids for Future Applications is a
worldwide research network connecting currently about 100 research groups form more than
30 mainly European countries. It covers studies in the fields of electrical discharges generated
directly in liquid phase as well as gaseous discharges interacting with liquids using many
different discharge configurations and very broad range of power supplies. A wide spectrum
of fundamental phenomena such as breakdown in the liquid phase, discharge physics,
generation of active species and the consequent liquid chemistry induced by them are studied
experimentally. EXisting models are being improved using newly measured or calculated
basic kinetic data and new complex kinetic physical-chemical models are under development.

Besides the fundamental research, many applications are being investigated. The main
application fields are in water treatment, where plasmas interacting with liquids can help at
the decomposition of harmfully removable hazardous chemicals like dyes, pesticides,
hormones, pharmaceutics etc. Another broad field of applications is in material sciences for
surface treatment and nanoparticles synthesis where new alloy materials can be produced with
high efficiency. However probably the applications with greatest potential are in biomedicine
since virtually all biological matter contains water. Here, applications ranging from the simple
sterilization of surfaces to the direct therapeutic use of plasma on wounds or selective cancer
cell killing.

The workshop Non-Equilibrium Plasmas with Liquids for Water and Surface Treatment,
which is connected to HAKONE XV gives a unique opportunity to demonstrate the
application fields, mentioned above, to other plasma scientists using atmospheric pressure
discharges in gaseous phase, many in relevant areas. Thus new links can be established
leading to an acceleration of the research progress across atmospheric plasma physics and
plasma chemistry.

Frantisek Kréma and Bill Graham
Chair and vice-chair of COST Action TD1208



In memory of
Ulrich Kogelschatz

Ulrich Kogelschatz passed away after a short severe illness on June 25, 2016. He lived for
science to the end of his life. Our community has lost an outstanding scientist, supporter and
friend.

Ulrich Kogelschatz was born in 1937 in Germany. He obtained his academic education from
1957 to 1967 at Kiel University. During this period he also studied at Wesleyan University in
Connecticut (USA) for one year as a Fulbright scholar. After finishing his doctoral
dissertation in Kiel on the dynamics of electromagnetically impelled convergent cylindrical
shock waves, he joined the NASA Langley Research Center in Virginia (USA) until 1969. In
the same year, he started work as a senior scientist at the Brown Boveri Corporate Research
Center at Baden (Switzerland), later named ASEA-Brown Boveri corporate research centre.
In his early years in Baden, he made important contributions to the plasma physics of high-
voltage circuit breakers and corona discharges and to their application in electrostatic
precipitators for power plants.

From the 1970’s, Ulrich Kogelschatz investigated dielectric barrier discharges for various
applications. The first application was the generation of ozone. He and his collaborators
clarified experimentally the fundamental properties of individual plasma filaments and
complemented the experimental data with detailed numerical modelling of the reaction
kinetics in these plasmas. These results enabled a significant performance improvement to
existing technical ozonizers. At that time, nobody expected that basic research on a discharge
known about for more than 100 years could have such far-reaching technological and
economic consequences.

Later, Ulrich realized that this type of highly nonthermal plasma could be used for the
efficient generation of incoherent excimer radiation. Once again he made several important
contributions, both in terms of fundamental research and in transferring this knowledge to
technical applications. These resulted in the development of high-power excimer lamps and
the development of plasma displays. The success of the dielectric barrier discharge stimulated
major activity in the field of high-pressure, low-temperature plasma chemistry, such as the
conversion of exhaust gases and CO> and the production of hydrogen from hydrocarbons. All
these topics are still technologically and scientifically relevant and under research today,
much of such research based on work done by Ulrich.



He retired from ABB in 2000 but continued his work in plasma science. He joined the
University of Minnesota in Minneapolis (USA) and later the Universit¢ de Sherbrooke
(Canada), working on nanoparticle treatment by means of dielectric barrier discharges. He
also worked on photochemical generation of ozone. He supervised several PhD students,
participated in conferences and published several review articles. In 2005, he and
collaborators published the book ,,Non-Equilibrium Air Plasmas At Atmospheric Pressure®,
today a compulsory reference for everybody working in this field.

One of his most inspiring and relevant publications is entitled ,,Industrial innovation based on
fundamental physics" which makes the point, as exemplified by Ulrich’s outstanding
scientific work, that basic research can be combined with investigation of applications to
deliver economically, socially and humanistically important technical devices and solutions.
Recognizing his achievements, Ulrich Kogelschatz was awarded the A. H. von Engel prize in
2001 and the Rudolf Seeliger Prize in 2011.

Ulrich Kogelschatz was one of the founders of our International Symposium on High
Pressure, Low Temperature Plasma Chemistry in 1987 in Hakone (Japan) and participated in
all previous 14 meetings from the beginning of Hakone, often accompanied by his wife,
Dagmar. From 2008 to 2014 he was the chairman of the International Scientific and
Organising Comittee and, due to his personal activity, our HAKONE has become an ever
more interesting, attractive and universally recognized international conference. It is now the
duty and privilege of Ulrich’s colleagues and successors to follow where he has led and to
retain the quality and characteristic of HAKONE and our HAKONE community, so much of
which is due to Ulrich.

Many colleagues at this meeting will remember that Ulrich was knowledgeable about almost
every publication in our field, clearly having read it with the keenest scientific intellect and
assessing colleagues work with the highest respect and the broadest mind. To work
scientifically and to discuss results was always a joy for him and a pleasure and revelation for
those with whom he interacted. For his contribution to science and the sum of human
knowledge, his kindness to and respect for all colleagues and his unfailing generosity and
good humour he will be universally missed.

The International Scientific Committee
In September 2016, Brno, Czech Republic
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In recent years there is increased interest in plasma-based CO. conversion. Several plasma setups
are being investigated for this purpose, but the most commonly used ones are a dielectric barrier
discharge (DBD), a microwave (MW) plasma and a gliding arc (GA) reactor. In this proceedings
paper, we will show results from our experiments in a (packed bed) DBD reactor and in a vortex-
flow GA reactor, as well as from our model calculations for the detailed plasma chemistry in
a DBD, MW and GA, for pure CO; as well as mixtures of CO, with N, CH4 and H20.

Keywords: CO, conversion; modeling; experiments; DBD plasma; MW plasma; GA plasma

1 Introduction

The impact on global warming due to greenhouse gas emissions is one of the largest
environmental problems of the 21st century. One way to reduce the greenhouse gas
concentrations (mainly CO2 and CHa4) is to convert them into value-added chemicals and
liquid fuels. However, the classical methods for CH4 and CO- conversion, such as dry
reforming of CHa4 with CO, (DRM) and thermal dissociation of CO (i.e., reactions (1) and
(2)), require a large amount of energy:

(1) CHs + CO2— 2 CO + 2 H AH° =247 kJ mol?

(2) CO2— CO + 2 O2 AH° = 283 kJ mol*

Therefore, there is increased interest in alternative reforming techniques in pursuit of milder
reaction conditions with reduced energy costs. Atmospheric pressure plasmas offer unique
perspectives, because they can induce chemical reactions within gases with a reduced energy
cost at ambient pressure and temperature, because mainly the electrons in the plasma are
heated by the applied electric power, and these electrons can subsequently activate the gas by
ionization, excitation and dissociation collisions.

Several different types of plasma setups can be used for CO2 conversion, but the most
common types are dielectric barrier discharges (DBDs), microwave (MW) plasmas and
gliding arc (GA) discharges. In our group PLASMANT, we study the plasma-based CO>
conversion, either in pure CO2 or mixed with another gas, by means of modelling the plasma
chemistry in these three different plasma types, as well as experimentally in a DBD and a GA
plasma. This proceedings paper gives an overview of our recent work.

2  Experimental

As mentioned above, we do experiments with a DBD reactor as well as a GA reactor. The
cylindrical DBD reactor consists of an inner (grounded) electrode and a coaxial alumina (or
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quartz) tube, with inner and outer diameter of 17 and 22 mm, respectively. This tube is
covered by a stainless steel mesh electrode, connected to an AC high voltage power supply.
The inner electrode is a stainless steel rod with variable diameter, to allow investigating
different gap sizes. For instance, using an inner electrode with diameter of 8 mm vyields a
discharge gap of 4.5 mm, which we fill with beads of various sizes (typically between 1 and 2
mm diameter) and various materials (i.e., silica, alumina, zirconia and barium titanate).
However, by increasing the diameter of the inner electrode, we also investigate the
performance of a microgap DBD reactor, with discharge gaps of 250, 500 and 1000 um, and
bead sizes varying between 100 and 900 pm. For comparison, we also perform experiments in
an empty DBD reactor. The outer electrode has a length of 90 mm, which defines the length
of the discharge. The gas flow rate is controlled with a mass flow controller (EL-flow of
Bronkhorst). The total current is recorded by a Rogowski-type current monitor (Pearson 4100)
while a high voltage probe (Tektronix P6015A) is used to measure the applied voltage. To
obtain the charge generated in the discharge, the voltage on the external capacitor is
measured. All the electrical signals are sampled by a four-channel digital oscilloscope
(Picotech PicoScope) and the discharge power is obtained by a control system used to
calculate the area of the Q-U Lissajous figures. The output gas composition is analysed online
by gas chromatography. A schematic picture of the setup is illustrated in Figure 1.
Front view

Top view

Dielectric barrier
(alumina tube)

Gas gap with
dielectric beads

Inner electrode
(stainless steel rod)

Outer electrode
(nickel foil)

Oscilloscope

Gas
chromatograph

Fig. 1: Scheme of the packed bed DBD setup [1].

The GA reactor used in our work is a three-dimensional gliding arc reactor designed at Drexel
Plasma Institute (Philadelphia), in which the gas enters through a tangential inlet so that a
vortex flow is obtained. The plasma is stabilized in the center of the reactor by this vortex
flow and the gas flow is forced to go through the plasma (see Figure 2). Moreover, it is also
possible to insert an additional gas through an axial inlet. A diagram of the experimental
system is shown in figure 2. The reactor is powered by a DC current source type power
supply. The plasma voltage and current are measured by a high voltage probe and a current
sense resistor of 10 Q, respectively. With these values the plasma power can be calculated. In
the reactor tube, which is placed after the gliding arc, a thermocouple is inserted to measure
the temperature of the outflowing gas. The output gas composition is again analysed online by
gas chromatography.
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Axial inlet e ee—
(when applicable) — CTe—l HV DC current source
Cco, ./'Zﬁ "\"\~-f,.. power supply
— Cathode =
T al inl —
angente e, -’ a = , | Gas chromatography

Fig. 2: Scheme (left) and picture (right) of the vortex-flow GA setup [2].

3 Model description

To improve the application of plasma-based CO2 conversion, a good insight in the underlying
mechanisms is desirable. We try to obtain this by computer modeling. We focus especially on
the plasma chemistry in the three most commonly used plasma setups for this purpose, i.e.,
a DBD, a MW and a GA plasma. We try to model these plasma setups with 2D or 3D fluid
models, but when focusing on the detailed plasma chemistry, a 0D chemical kinetics model is
more appropriate, in terms of calculation time. This model solves the continuity equations for
the various plasma species, based on production and loss terms, as defined by the chemical

reactions:
dn; @ (W aff’ 1
& =Tfer-sl .

]

where a;V) and a;;® are the stoichiometric coefficients of species i, at the left and right
hand side of a reaction j, respectively, n; is the species density at the left-hand side of the
reaction, and k; is the rate coefficient of reaction j (see below). For each species included
in the model, i.e., different types of molecules, radicals, ions, excited species, as well as
the electrons, a separate balance equation is solved. Typically, up to 100 different species
are considered, which react among each other in up to 1000 different chemical reactions.
These balance equations yield the time-evolution of the species densities, averaged over
the plasma reactor volume. Indeed, this OD model only accounts for time-variations, while
spatial variations, due to transport in the plasma, are not considered. However, based on
the gas flow rate, we can translate the time-variation into a spatial variation, i.e., as
a function of distance travelled through the plasma reactor. In this way, we can account
for spatial variations of input power or gas temperature inside the plasma reactor.

Besides the species densities, also the average electron energy is calculated in this model,
based on an energy balance equation, again with energy source and loss terms as defined
by the chemical reactions. The average electron energy is used to calculate the energy-
dependent rate coefficients of the electron-induced processes, such as ionization,
excitation and dissociation. The rate coefficients of the other chemical reactions, i.e.,
between the neutral species or ions, depend on the gas temperature and are calculated
from Arrhenius equations, using data adopted from literature.

We developed a 0D chemical kinetics model for different gas mixtures relevant for CO>
conversion, i.e., pure CO2 [3-6], CO2/CH4 [7,8], CO2/N2 [9,10] and CO./H.O [11].
Depending on the gas mixture under consideration, different species need to be considered
in the model. Details can be found in the cited references. The models for CO2/CH4 and
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CO2/H20 were only applied to a DBD reactor, while the models for pure CO2 and CO2/N>
were developed for a DBD and a MW (and GA) plasma. In the latter two cases, a lot of
attention was paid to the behavior of the vibrational levels of CO2 (and N2), because of
their important role in energy-efficient CO2 conversion.

4 Results and Discussion

Results will be presented for experiments in a (packed bed) DBD and a vortex-flow GA in
pure CO., focusing on the conversion and energy efficiency at different conditions and reactor
setups. The modeling will focus on the detailed plasma chemistry, i.e., the role of
vibrationally excited CO: levels, playing a key role in energy efficient CO. conversion, as
well as the relative importance of various processes responsible for CO2 conversion, linking
this to the energy efficiency in the various types of plasma setups.

For the modeling results on the CO2/CH4 and CO2/H20 mixtures in a DBD reactor, we will
focus on the production of value-added chemicals. The main products formed are a mixture of
H> and CO, or syngas, with a tuneable H./CO ratio depending on the gas mixing ratio. The
production of oxygenated compounds, such as methanol, formaldehyde, etc, is very limited.
On the other hand, in the CO2/H20 mixture, significant amounts of H20. could be produced.
A detailed chemical kinetics analysis allows to elucidate the different pathways leading to the
observed results, and to propose solutions on how to further improve the formation of value-
added products.

Finally, we also studied the plasma chemistry in a CO2/N2 mixture, both in a DBD and in a
MW plasma reactor, to investigate the effect of this important impurity in effluent gases on
the CO> conversion, energy efficiency and product formation. The presence of N2 up to 50 %
in the mixture barely influences the effective (or overall) CO2 conversion and energy
efficiency, because the N2 metastable molecules (in the DBD) and the vibrational levels (in
the MW plasma) enhance the absolute CO. conversion, and this compensates for the lower
CO fraction in the mixture. Higher N2 fractions, however, cause a drop in the CO>
conversion and energy efficiency. Moreover, in the entire CO2/N> mixing ratio, several
harmful compounds, i.e., NoO and NOx compounds, are produced in the range of several 100
ppm. The reaction pathways for the formation of these compounds are again explained based
on a kinetic analysis, which allows proposing solutions on how to prevent the formation of
these harmful compounds.
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The propensity for atmospheric pressure plasmas (APPs) to become unstable has motivated many
strategies for obtaining quasi-steady state or pulse-periodic operation. Many such strategies rely on
confinement or close-by surfaces to stabilize the plasma. These discharges are then defined by
their confining boundaries, which in turn impacts their activation of gases, liquids and tissue. In
this paper, results from computational modeling will be used to illustrate strategies for confining
APPs to enhance chemical reactivity, and how that reactivity is impacted by the confinement.

Keywords: atmospheric pressure plasmas, microdischarges, plasma-liquid interactions, plasma jets

1 Introduction

The development of low temperature, atmospheric pressure plasmas (APPs) has been chal-
lenged by a compromise between discharge stability, uniformity, and power deposition. The
propensity to form arcs and non-uniformities typically increases as specific power deposition
(W/cm?®) increases. One strategy to meet this challenge is microplasma based devices. In mi-
croplasmas, the surface-to-volume ratio of the discharge is large which enables surface pro-
cesses, such as thermal conduction and recombination, to stabilize the plasma.

The microplasma is a subset of a class of APPs more generally described as confined. In con-
fined plasmas, physical or electrical boundaries lend stability to the discharge to enable higher
power deposition, continuous wave (cw) or pulse-periodic operation. To some degree, plasma
jets are confined discharges. In these devices, a rare gas seeded with a small fraction of
a reactive gas flows through a tube and into the ambient, producing a plume of the rare gas
surrounded by air. [1] The discharge is initiated in the tube, and propagates as an ionization
wave (IW) into the confined plume. To some degree, packed-bed-reactors (PBRs) are also
confined discharges. [2] In these devices, small regions of intense electric field in the gas
phase are produced by deliberate (or fortuitous) arrangements of high permittivity materials
(or beads). The resulting volumetric IWs and surface ionization waves (SIWs) along the sur-
face of the beads are stabilized by their small dimensions or their proximity to surfaces. The
high production of ions, radicals and photons enabled by confined APPs is then instrumental
in activating gases, liquids and biological materials (tissue).

In this paper, results from computational investigations of confined APPs will be discussed
with the goal of providing insights to their stabilizing properties and ability to activate gases,
liquids and tissue. The motivating applications are environmental, as represented by PBRs for
remediation and fuel-reforming, and biotechnology, as represented by plasma jets for activat-
ing liquids and treating tissues. The model used in this investigation is nonPDPSIM,
a 2-dimensional plasma-hydrodynamics and plasma chemistry model which incorporates neu-
tral flow and surface chemistry, and which extends plasma transport into liquids.
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2 Confined Atmospheric Plasmas

The first example of confinement-enhanced stability of an APP is streamer propagation
through a packed bed reactor. In this example, quartz beads (¢/ep = 4), 1.8 mm in diameter,
were arranged between two co-planar electrodes separated by 1 cm. The beads are separated
by 430 microns or 700 microns, as is shown in Fig. 1. A single pulse of -30 kV was applied to
the top electrode for 25 ns with the bottom electrode being grounded. Propagation of a nega-
tive streamer through the PBR is shown in Fig. 1. In this geometry, there is natural electric
field enhancement at the vertical poles of the beads and a reduction in the electric field at the
horizontal equators. These electric field enhancements guide the initial avalanche and radical
formation towards the poles of the top beads, and continue to initiate secondary discharges
near the poles of beads lower in the PBR. This general trend is followed for both bead spac-
ings. However, the closer proximity of the beads (more confinement) creates regions of higher
electric field enhancement which produces a different manner of discharge propagation.
When there is more confinement, the discharge takes the form of standing filaments and SIWs
with a higher propagation velocity of the IWs. Aside from a strong cathode-seeking restrike,
which forms near the central bead, surface discharges are dominant in the less confined ge-
ometry. The more highly confined geometry with higher electric field enhancement produces
higher rates of initial radical formation. Regions having stationary filamentary discharges in
the more confined arrangement support increased radical production of: O3 26%, NO 76%

and OH 113%.

Electron Density OH Density NO Density O, Density
(cm™, 4 dec.), -30 kV (cm?®, 3 dec.) (cm® 3dec.) (cm®, 3dec.)

e

430 pm

a)m

a) t

10 t=18ns t=25ns b) t=25ns

MIN - OB TR I MAX

Fig. 1: Plasma properties for a single pulse, initial avalanche through a PBR having (top) 700 pm or (bottom)
430 um separation between the beads. (a) Electron densities and (b) radical densities. Maximum densities are:
[e] 10" cm?3, OH 7x10'' em™, NO 1x10'2 ¢cm?, and O3 1x10'! cm?.
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A second example of control of APPs through confinement is the multi-jet plasma comb
(MJPC) originating from a single ionization wave, first developed by Robert, et al. [3]. The
MIJPC consists of an otherwise conventional plasma jet that is capped at one end and which
has an array of holes. The IW propagating through the tube launches a sequence of daughter
IWs into the ambient air from each hole. In this example, simulations were performed of an
MPJC having holes of different sizes, 30 um to 750 um, to demonstrate control of the sec-
ondary IWs through confinement. Helium at 100 sccm having 0.001% air impurity is flowed
through the tube having an inner diameter of 750 um and out the holes into humid air, produc-
ing plumes of He, shown in Fig. 2. The electrodes consist of a biased ring inside the tube and
a grounded ring outside of the tube, overlapping the powered electrode. When the -20 kV
voltage is applied, an IW propagates along the length of the tube, and smaller IWs propagate
out of the holes perpendicular to the original IW, shown in Fig. 2. The resulting MJPC could
be used to treat a larger area than with a single source.

He-2.6x 10" cm® T.(0.1-10eV)
1Powered Electrode lDieIectric Tube
Ground 14 ns
lPump

MIN EEN BT EmmMmAX

Fig. 2: Properties of the MJPC. (left) He plumes and electron density at 22 and 44 ns. (right) Electron tempera-
ture during propagation of the primary IW.

There are at least two ways in which the sizes of the holes and confinement may affect the
propagation of the IWs in the MJPC. First, if a hole is smaller than the Debye length of the
plasma in the IW, the plasma in the hole is entirely comprised of sheath without any bulk
plasma. Second, the size of the hole determines the proportion of He in the humid air immedi-
ately outside of the tube. A larger hole, and therefore a larger He density, increases the likeli-
hood of propagation out of the tube as a lower E/N (electric field/gas number density) is re-
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quired to propagate in the He dominated plume. As a result, the IW does not propagate
through the smallest hole, which is smaller than the Debye length of the plasma. The ioniza-
tion wave that propagates out of the second hole is short and does not fully develop due to the
high mole fraction of humid air in the plume. The third hole and those larger produce second-
ary ionization waves (teeth in the plasma comb) that reach the grounded surface below.

The electron temperature during the propagation of the IW is also shown in Fig 2. Te is high-
est in the ionization wavefront, but decreases significantly after passing the fourth hole. It
seems holes that are too large significantly attenuate the primary IW traveling in the tube. As
the individual ionization waves contact the ground plane, they produce a restrike, resulting in
higher Te in the tube to the left of the hole. This restrike can disturb the propagation of subse-
quent teeth in the plasma comb. This process also may explain the low ne and slow propaga-
tion of the rightmost tooth of the plasma comb in Fig 2.

The control of APPs through confinement does eventually imprint into the manner of activat-
ing species. This correlation between confinement and activation is illustrated by plasma jets
to activate thin liquid layers in plasma medicine for sterilization and wound healing. For ex-
ample, results from modeling are shown in Fig. 3 for an atmospheric pressure plasma jet sus-
tained in He/Oz = 99.5/0.5 flowing into room air activating a thin water layer. The plasma jet
is generated by an ionization wave (the
plasma bullet) that propagates through the

lonization Source (cm™s™) Density (cm3) 47 ns

i ] ] 16 ns 24ns  H,0'+H,0" 0+0Q,
He rich plume emanating from the jet and 107" 2x10*"  1x10" 1x10"
(3 dec)

which produces a core of reactive oxygen
species (ROS) on axis. Reactive nitrogen
species (RNS) are preferentially produced
off axis by mixing with air. The end result X
when these gas phase reactive species solv-
ate into the liquid are regions which are
dominated by aqueous ROS, regions which

7.5 mm
are dominated by a subset of the RNS, in
this case aqueous NO, and a subset of RNS
. .. [«—3.3 mm—»
that are more uniformly distributed. J, /Water
3  Concluding Remarks H,0,.;; 2x10"° cm® 100 kHz, 50 ms, (3 dec)
Confinement of APPs is a method to pro- 200/

mote stability, intensify the plasma and NOG S ilhon

guide the plasma to optimally produce radi-
cals, ions and photons to activate gases, ONOO, NOo.i: Sx A0 et

liquids and tissue. Models of confined

8 mm

APPs are providing insights on methods to Nozzle

optimally deliver activated species. Fig. 3: Properties of an APP jet sustained in He/O, =

99.5/0.5 activating a thin water layer. (top) loniza-
tion wave during the discharge pulse and densities of
ROS after the pulse. (bottom) Aqueous species in the
liquid after 50 ms of treatment.
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NON-THERMAL PLASMA COMBINED WITH CATALYSTS FOR
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In order to use NTP, selectivity and energy efficiency should be improved. For this purpose,
combination of NTP and catalysts is effective. Several industrial applications have been
developed, including a pulsed streamer corona combined with TiO2 catalysts which has been
commercialized successfully. A packed bed has been used to combine NTP and catalysts. An
application is decomposition of VOC (volatile organic compounds). We have developed to initiate
NTP in honeycomb catalyst. This honeycomb discharge could be used for various processes to
combine NTP and catalyst.

Keywords: non-thermal plasma; plasma chemical process; barrier discharge; packed bed; surface
discharge; gas cleaning

1 Introduction

Positive pulsed corona has been used to generate non-thermal plasma at atmospheric pressure
[1]. With short pulsed high voltages, electrons migrate longer distance compared with ions
having heavier mass, therefore, electrons are driven across larger voltage drop so that most of
the input electrical energy is mainly transferred to the electrons. NTP in air produces reactive
radicals such as O and OH. These radicals promote various chemical reactions. For
environmental remediation such as exhaust gas cleaning, decomposition of VOCs and so on,
NTP processes have been developed and various products have been commercialized [2-5].
For environmental applications, the NTP process should be efficient, low cost and compact, to
be competitive with conventional processes. Combination of NTP with catalysts is a possible
method to improve competitiveness of NTP system. In this review, several NTP-catalyst
processes are introduced [6].

2 Generation of NTP combined with catalysts and examples of several applications
Figure 1-a shows the packed bed [7]. When an AC or a pulsed voltage is applied to the pellet
layer, the voltage is devided mainly by the contact points of the pellets due to low permittivity
of the air compare with the pellet. The partial discharge, therefore, takes place at each contact
points. Figure 1-b is a packed bed reactor using insulating wall to avoid sparking. This
reactor is successfully applied in cleaning of Diesel exhaust. With the complimental oxidation
of NO by NTP at lower temperature condition, the plasma-catalyst process is effective for
cleaning of diesel exhaust since selective catalytic reduction (SCR) process by ammonia
works at lower temperature [8]. In addition, NO2 converted from NO is more easily adsorbed
for decomposition when gas temperature becomes high.

Honeycomb is a commonly used type of catalysts because of lower pressure drop and
durability against vibration. It has been difficult to generate electrical discharge evenly
inside a honeycomb. If discharge is generated inside a honeycomb, a larger surface area can

34



15" High Pressure Low Temperature Plasma Chemistry Symposium

@ Ceramic tube

AC or Ground

.ou'om'mr.o;gw
)

Air flow ‘

H.V. Electrode

!o‘o DO CA OO

: L Catalyst pellet
(a) Discharge in a packed bed (b) Cylindrical packedibed reactor

Fig. 1 Packed bed reactor for combination of NTP and catalyst
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Fig. 2: Discharge inside a honeycomb.

be used for plasma chemical process. To realize the discharge in honeycomb catalysts, there
are several important works recently reported. One is the superposition of surface discharge
and AC discharge to obtain a large discharge volume [9]. Surface discharge is generated on
the inner wall of a cylinder, and AC voltage is applied between the centered electrode and the
electrode placed on the inner wall for the surface discharge. The other is a sliding discharge
that has been used to cover the large surface area of wings of airplanes to stabilize airflow
[10]. Surface discharge is generated using a pair of electrodes placed between a sheet of
insulator film. The other electrode is set apart from the electrode for surface discharge on the
film and energized with negative DC. From the surface discharge, streamers are extended by
the DC electric field and cover the large surface area. Figure 2-a illustrates the plasma reactor
for honeycomb [11]. A packed-bed discharge is used to form the preceding discharge. The
v-Al203 pellets (3 mm) are set in a quartz glass tube (inner diameter: 26 mm) with a stainless
steel rod (diameter: 6 mm) at the center as a discharge electrode. The outer surface of the
quartz glass tube is covered with an aluminum sheet of 15 mm length as a ground electrode.
Bundled thin quartz glass capillary tubes are used to simulate a honeycomb catalyst and to
observe the light emission. The inner diameter of the quartz glass capillary is 1 or 2 mm.
Length is 20 mm. Diameter of the bundle is 26 mm and the bundle is inserted into the outer
quartz glass tube. A stainless steel mesh (1 6mesh) is placed on the upper end of the
capillaries. This stainless steel mesh is connected to a DC power supply to form the
honeycomb discharge in the capillary. In the packed-bed, discharges are generated at
contacting points of the y-Al,O3 mm). The packed-bed discharge is used as the preceding
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discharge. When DC high voltage is applied between the bundle of quartz glass capillaries,
inside of the capillaries can be ionized, as if the AC discharge (packed bed discharge) is
sliding into the capillaries by the DC electric field. Figure 2-b shows photographs of the
discharge in the bundle of quartz glass capillaries of 1 mm inner diameter. Instead of using
a packed bed discharge, a ceramic electrode can be used for initiating a honeycomb discharge.
As shown in Figure 3, a flat plate electrode with holes for gas passages has been designed
[12]. Inside the ceramic plate, an induction electrode is embedded, and the other electrode is
printed on the surface. This ceramic electrode has many holes for gas passage. With AC
application between the induction and the printed electrode, surface discharge takes place at
the inner wall of each hole. This can be used to initiate a honeycomb discharge. With the
application of —DC to the counter electrode placed across the honeycomb made of cordierite,
honeycomb discharge can be generated.
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Fig. 3: Low temperature regeneration of DPF (Diesel Particulate Filter) using Honeycomb discharge.
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Fig. 4: PM oxidation efficiency using honeycomb discharge in DPF.
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Honeycomb discharge can be used to regenerate DPF (diesel particulate filter) by oxiding the
trapped diesel particles[12]. Figure 3 shows the experimental setup. The flow rate of dry air
was 5 L/min. The outlet gas from the regeneration reactor was analyzed by using a Fourier
transform infrared spectroscope (FT-IR). The regeneration reactor was placed in a convection
oven in order to control the ambient temperature. The oxidation efficiency was calculated
from the weight change of the DPF before and after the regeneration. Figure 4 shows the
oxidation efficiency versus ambient temperature. The applied voltage and the frequency of
the surface discharge electrode were fixed at 12 kVp-p and 1.0 kHz, respectively. The applied
voltage of the sliding discharge electrode was fixed at 4 kV in this experiment. The oxidation
efficiency increased with increasing the ambient temperature. Oxidation efficiency was more
than 11 g/kWh at 150 C. It should be added that, when the DPF was doped with Ag, the
efficiency has been improved to 23 g/kWh.

3 Concluding remarks

NTP-Catalyst processes have been utilized for various enviromental applications such as
cleaning of indoor air, VOCs, etc. Further understanding of the mechanism of activation of
catalysts as well as reactions by radicals is challenging, but will lead to various applications.
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A short overview of the emission spectroscopy methods for measuring the macroscopic electric
field in high pressure discharges is given. The occurrence of macroscopic electric field is
a consequence of space charge build up. It is a common feature of discharge sheaths, streamer
heads and double layers. The spectroscopic methods are based on polarization-dependent Stark
splitting and shifting of atomic lines in the presence of a relatively strong electric field. For high
pressure discharges Stark shifting of helium lines and their forbidden counterparts is used. The
advantage of Stark methods is their ab initio basis which makes them independent on other plasma
parameters. A different method for field measurement, based on helium line ratio, can be applied
in cases where Stark method cannot be used.

Keywords: Stark polarisation spectroscopy; electric field measurements; atmospheric pressure
discharges

1 Introduction

The occurrence of macroscopic, collective electric field is common in the laboratory plasma.
It is a consequence of separation of charged particles that leads to space charge buildup and,
in turn, to a directed macroscopic electric field governed by the Poisson equation. The region
of significant macroscopic field occurs commonly in the so called sheath regions, the
boundary layers where plasma is in contact with the confiding chamber or the electrodes. It is
also present in the so called double layers and similar occurrences of directed collective field
found both in the laboratory and astrophysical plasmas, for instance in atmospheres of outer
planets. The formation of streamer heads is another example of a high field region. In all these
cases, the electric field distribution in space and time, often determines the energy and flux of
charged particles, thereby determining ionization rates and other characteristics of the bulk
plasma. A number of experimental methods based on emission spectroscopy have been
developed for measuring the macroscopic field in plasma sheaths, see for instance [1-3].
Methods are commonly based on Stark splitting and shifting of atomic lines in the presence of
a relatively strong electric field. Compared to laser techniques [4-7], emission spectroscopy
can only be used for higher values of the electric field and provides somewhat reduced spatial
resolution but requires a simpler apparatus and offers ease of use, especially where higher line
intensities are available. On the other side, the laser spectroscopy techniques are based on
high lying Rydberg states which overlap at atmospheric pressure due to pressure broadening.
The emission spectroscopy methods are mainly concentrated on the use of helium and
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hydrogen lines and were applied to various types of discharges at lower [1-3] and higher
pressure [8-10]. The advantage of these methods is their ab initio basis, hence they can be
used for measuring electric field spatiotemporal distributions in diverse plasmas,
independently of other plasma parameters and fulfillment of special conditions. Due to the
Stark effect, hydrogen and helium lines are split into components with each component
shifted in the field. For measuring the electric field from the line profile numerical fitting
procedure can be established [11]. The model function for fitting is formed by assigning a line
profile f to each component i while the field strength is implicitly incorporated in the function,
via the component shift from the central wavelength given. Shift is defined by functional
dependence on the field S(E).

Fitting procedure has to be accommodated to the specific plasma conditions; due to different
line broadening mechanisms. This paper is an illustration of emission spectroscopic field
measurement in gas discharges. In the case of helium lines, along with the allowed line,
additional lines appear in the spectra which are forbidden in the dipole approximation i.e.
non-existent in the absence of field. Several examples of helium spectra obtained in our
laboratory are presented.

2 Experimental

In our laboratory the Stark methods for measuring electric field were developed and applied
to a wide range of discharges from low pressure glow to high pressure jet plasma. Use of
ICCD cameras enabled spatiotemporal examination of electric field distribution. Details on
experimental setups can be found in [9-11]. The gas flow and power supply are specific for
each experiment. The radiation from the investigated region is projected by a lens to the
entrance slit of a spectrometer. In order to obtain Stark shifts the radiation should be polarized
using a polarizer at the entrance slit. Radiation is polarized either in the electric field direction
(m-polarization) or orthogonally to the electric field direction (o-polarization). The
n-polarization is used more often due to larger shifts and a simpler interpretation of the
measured spectrum. Typically, the direction of the electric field in the sheath region is
orthogonal to the electrode surface.

3 Results and Discussion

Here, spectra from three different discharges will be presented. Namely, the low pressure
glow discharge [2, 11], dielectric barrier discharge [8, 9] and atmospheric-pressure plasma jet
[10]. The Grimm type low pressure DC abnormal glow discharge is characterized by
relatively short cathode fall with high field strength and high intensity of spectrum lines. The
dielectric barrier discharge operates at sinusoidal voltage and it usually operates at
atmospheric pressure in a wide range of frequencies. Similarly, to glow discharge it contains
a high field sheath and a low field region of bulk plasma. The atmospheric pressure plasma jet
usually appears when noble gas flows through the primary discharge region, i.e. through the
interelectrode space with the electrodes supplied by an AC or pulse high voltage. Discharge
formed in this way poses all streamer characteristics. All discharges in presented examples
operated in pure helium as working gas.
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In a recent paper, Stark shifts of allowed lines and their forbidden counterparts is reexamined
and calculated shifts are tabulated [11]. The He I 492.2 nm and 447.1 nm are the most used
lines for field measurement. Fitting procedure can be applied that takes into account all of the
components. This is especially important for low pressure discharges and/or at higher field
values [11]. At higher pressures, only one forbidden and one allowed line commonly appear
due to Van der Waals and resonant broadening. In this case the wavelength distance between
the forbidden and allowed line can be used to calculate the field by applying peak to peak
formula, see for instance [11]. The wavelength distance dependence on field may be
incorporated in the fitting procedure or simply applied after the fit. It should be noted that line
He I 4922 nm (2'P-4'D) is the best choice for measurement in atmospheric pressure
discharges since its forbidden counterpart (2'P-4'F) clearly appears in the spectrum, usually
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Fig. 1. Examples of He I 492.2 nm line from (a) a low pressure DC glow discharge and from (b) a dielectric
barrier discharge at atmospheric pressure. Corresponding fits are shown as line graphs.

For the purpose of comparison, two examples of He 1 492.2 nm spectra from a low pressure
glow discharge and from a dielectric barrier discharge at atmospheric pressure are given in
Fig. 1. At the atmospheric pressure discharge the overall fitting profile is comprised of two
Pseudo-Voight functions and the widths of the profiles take into account the instrumental,
resonant and Van der Waals broadening. These measurements were used to obtain the electric
field spatiotemporal distribution in the discharge [9] which is important for modeling.

Another example is the same line from the atmospheric plasma jet where a different fitting
procedure is performed, see Fig 2a. Namely the profile was fitted with two Voight functions
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with Gauss component fixed as known from the instrumental and Doppler broadening. The
electric field is then afterwards calculated from the wavelength distance of the two
components.

An interesting fitted profile is shown in Fig. 2b. It shows a much higher field and incorporates
a so called field-free component. Namely, the profile is obtained from the streamer head of
the plasma jet. Intense radiation that is not shifted in the field is detected in the optical path.
This component usually comes from the low field region for various reasons due to existence
of emitting atoms that are not in the field. Therefore, a non-shifted component has to be
included in the fit due to its overlap with the allowed component of the He 1 492.2 nm line,
see Fig. 2b. In this case, special care should be taken due to presence of three lines that have
relative position correlated to the field strength. Here a different fitting method was used than
in the original paper [10]. In the mentioned experiment, use of the Stark method in
combination with the Abel inversion demonstrated the field minimum at the jet axes — an
important result for understanding the plasma jet.
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Fig. 2: Examples of He I 492.2 nm line from atmospheric plasma jet. (a) Fit for each component and the overall
fit are shown as line graphs. (b) Example of He I 492.2 nm line from atmospheric plasma jet with strong field-
free component with the overall fit. Corresponding fits are shown as line graphs.

Although Stark polarization spectroscopy is independent of energy distributions and densities
of plasma particles it suffers from relatively low intensity of helium lines with forbidden
counterparts, especially at atmospheric pressure discharges. Additionally, at atmospheric
pressure, measurement of low field values is limited due to the overlap of the atomic line and
its forbidden component caused by pressure broadening. The overcoming of this drawbacks
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was the motivation for proposing another method for electric field measurement, based on
line intensity ratio of two singlet atomic lines of helium (He I 667.8 nm and He I 728.1 nm)
with respectable intensity [12]. Opposite to the exact, quantum mechanics based method of
Stark splitting, the new method is based on the excitation rate dependence on the electric
field, with recommended calibration.

Even though the method is postulated as a calibration method, by measuring the dependence
of line intensity ratio on the electric field strength at specific discharge conditions, its physical
background was investigated using a collisional-radiative model. This model provided the
functional dependence of line intensity ratio dependence on local field strength. It was found
that line ratio is directly connected to the local electric field strength and independent of
electron density. The method was recommended only for high pressure (e.g. atmospheric)
discharges where the local field approximation is valid and at regions with considerable
electric field strength (>3 kV/cm) where excitation from metastables is negligible. The
advantage of the method is the possibility of measuring lower electric field values and
measuring at the time instances with lower light intensity. These advantages enabled
additional investigations e.g. electric field evolution with discharge development. It was
found that the dielectric barrier discharge in helium transforms from subnormal to glow-like
with current increase [12].

4 Conclusion

The polarization dependent Stark emission spectroscopy is a powerful and practical tool for
investigating the macroscopic field in electric discharges. Several experimental examples of
the use of helium line Stark effect are presented. The line He 1 492.2 nm is the best choice for
measuring of the electric field spatiotemporal distribution in high pressure discharges. The
important advantage of this noninvasive method is its ab-initio nature, making it independent
of plasma parameters and fulfillment of special conditions. For measurement in conditions
where Stark method cannot be used, a method based on helium line intensity ratio is
recommended. This second method relies on local field approximation and therefore can only
be used at relatively high (atmospheric) pressure.
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In this presentation, we will describe the techniques and results for measuring plasma discharge
parameters of nanosecond pulsed discharges at atmospheric pressure by optical emission
spectroscopy. Special attention is focused on the breakdown period of the discharges, which are
generated between two parallel plate electrodes with very narrow gap. Information on the
generation of high energy electrons, the propagation of ionization wave and the modification of the
electric field profile can be clearly observed with spatial and temporal resolved measurement of
emission line intensities. Advantages as well as challenges for this work will be discussed.

Keywords: optical emission spectroscopy; nanosecond discharges; breakdown; ionization wave

1 Introduction

Optical emission spectroscopy (OES) is a very useful tool for diagnosing discharge
characteristics of atmospheric pressure nanosecond discharges. In this presentation, we will
review the results from our recent work on the investigation of nanosecond discharges by
using both spatially and temporally resolved spectra in the wavelength range of 400 nm to
800 nm.

Electron impact processes are the primary driving mechanism for the generation of active
species in nanosecond discharges at atmospheric pressure. The main goal of our effort is to
obtain electron density, effective electron temperature and even electron energy distribution in
the discharge. Driven by a nanosecond high voltage pulsed power supply, the discharge
characteristics are fast changing in time. The discharge usually consists of three periods: the
breakdown, the quasi-stationary discharge, and the afterglow. It is our opinion that most high
energy electrons are generated in the breakdown period, so we focus our attention on the
discharge development in the breakdown period.

2 Principle

When performing optical diagnostics for this kind of discharges, one may question what kind
of temporal resolution can be realized. This is a valid concern since the resolution depends not
only on the exposure time of the detector, but also on the lifetime of the emission species.
Another important question is about the spatial resolution. This is especially challenging since
the dimension of these discharges is generally small in the category of microdischarges. The
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last concern is how to relate the emission intensities to the electron density and the effective
electron temperature.

In the breakdown period, the electron density is quite low (<< 10'* cm™), the mean electron
energy could be quite high (> 3 eV) under the influence of externally applied strong electric
field, the characteristic time for discharge parameter evolution is ultra-short (sub-
nanosecond), and the major excitation mechanism is the direct electron impact excitation, i.e.
excitation from the atoms and molecules in ground state. In this period, the density of other
excited species is too low to contribute to step-wise excitation and the contribution from
recombination followed by collisional de-excitation from the Rydberg levels to lower levels is
also insignificant in this initial stage of the discharge development. This is because both of
these processes are generally related to low energy electrons (< ~ 3 eV) and have much longer
characteristic time (order of tens or hundreds of ns). Therefore, the emission from an upper
energy level truly reflects the existence of high energy electrons. Even though the natural
lifetime of a particular excited level can be tens of a nanosecond or longer, the effective
lifetime can be much shorter (~1 ns or shorter), due to strong collisional quenching at
atmospheric pressure. One of the consequences of this effect is the enhancement of temporal
resolution. For the same reason, the spatial resolution can also be increased. (This is the case
for quasi-static states). A photon emitted from a certain location represents the presence of a
local excitation process by electron impact.

In order to be able to “see” electrons with different energies, a mixture of two or more gas
species with different excitation threshold energies can be used. In this way, in the breakdown
period, a relative increase of the emission intensity emitted from a particular level is directly
related to the number of high energy electrons capable of causing that excitation from the
ground state. Therefore, the ratio of the change in emission intensities between two lines is
proportional to the ratio of excitation rate coefficients for these two levels, which depends on
the electron energy distribution or the effective electron temperature. Notice that the escape
factor for the collected emission lines emitted from this kind of discharges in the breakdown
period is not an issue, due to both the pressure broadening and low density of the lower levels.

Technically, the emission intensity of any given spectral line is extremely weak in the
breakdown period. The requirement of both temporal and spatial resolution does not help the
situation. This poses a serious threat to the signal to noise ratio for the collected emission
intensities. A way out of this challenge is, for any given time window, to accumulate the
emission over many tens of thousands of discharges. In order to retain meaningful time
resolution, one needs to be able to generate repetitive discharge with extremely low jitter.

3 Results and Discussion

With all the above considerations, we investigate the breakdown process in atmospheric
pressure nanosecond discharges with parallel-plate electrodes. The breakdown process
evolves in a form of cathode directed ionization wave, which can be seen from the fact that
the high optical intensity region firstly appears near the anode and propagates toward the
cathode [1].
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The temporally and spatially resolved electric field is obtained from the Stark splitting of the
He I 492.1 nm line. Compared with the average electric field (voltage / gap width), the
electric field is greatly enhanced at the ionization wave front and is significantly weakened
within the plasma column behind the wave front, showing a clear structure of ionization wave
propagation [2].

The spatial profiles and its temporal evolution for He II 468.6 nm, He I 667.8 nm, and Ar I
750.4 nm lines are obtained. It is found that the He II 468.6 nm line, which has very high
excitation threshold energy (75.60 eV), has its peak intensity at the ionization wave front,
where the electric field is strongest. However, the He 1 667.8 nm and Ar I 750.4 nm lines,
which have lower excitation threshold energy (23.07 eV and 13.48 eV, respectively), have
their intensity peaks behind the ionization front (near the anode). It can be expected that from
the wave front to the anode, the mean electron energy decreases while the electron density
increases, resulting in the phenomenon that the intensity peaks for different these lines locate
in the order of their excitation threshold energy.

Using a time dependent collisional-radiative model and the ratios of these lines, the evolution
of T¢ nigh and T, 10w (representing the local slope in the high energy and low energy part of the
EEPF, respectively) are obtained. The value of T¢ nigh is much larger than that of e, 10w (tens
of eVs v.s. several eVs), which indicates that an elevated high energy tail in the EEDF is built
up under the influence of strong electric field during the breakdown process (even though
abundant newly generated low energy electrons also exist). During the breakdown process,
the spatial distribution of the T, 1ow and the Te nigh generally follows that of the electric field,
i.e. the ionization wave front region has a much higher 7es compared the region behind the
wave front. At the end of the breakdown period (when the discharge region or the wave front
reaches the cathode), the location of the highest Te 1ow and T, nign 1s shifted away from the
cathode sheath, where the electric field is strongest. In fact, it can be estimated that the energy
relaxation length for electrons with hundreds of eV energy is in the order of ~ 100s um in
atmospheric pressure helium, which is comparable with the thickness of the cathode sheath.
This indicates the existence of a non-local behavior for high energy electrons. Therefore, the
fluid approximation (which basically assume a local relationship between the discharge
parameters like ionization frequency and electron mobility with the electric field) may not be
valid in a region with strong electric field or large field gradient. These arguments are also
supported by the result from a simple Monte-Carlo simulation.
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Gas discharge systems are well known for their formation of self-organised patterns. Beside the
structuring along the current direction, which is investigated since the beginning of the scientific
investigation of gas discharges, the formation of lateral structures in laterally uniform experimental
setups has drawn the attention in the last decades. In this contribution, a short overview over
lateral structures in barrier discharges, especially those working in the glow-like mode, is given.
We will have a look at the mechanisms stabilizing lateral patterns as well as their classification
within classical modes of operation. Furthermore, we want to give an overview over the variety of
observed patterns and especially the more complex ones involving multiple breakdowns per half-
cycle.

Keywords: barrier discharge; low-temperature discharge; pattern formation; dissipative solitons

1 Introduction

The barrier discharge is a long known discharge type and one of the oldest being used in
industrial applications. Classically, this type of discharge is separated into two modes: the
filamentary mode, dominated by streamer ignitions, and the diffuse mode, operating either as
a Townsend discharge or a glow-like discharge. However, while developing systems with
a small discharge gap — often a result of the increasing of the working gas pressure towards
atmospheric pressure — a somehow intermediate mode of discharge arose. While both the
shape of the overall current and the current density are typical for a glow-like discharge, the
lateral current distribution becomes inhomogeneous. Usually, the lateral current distribution is
spot like, similar to the current distribution of filamentary discharges. But also other shapes
have been observed, some being complex but regular patterns of discharge spots, other rather
irregular. In this contribution we shall give an overview over different patterns, the
experimental conditions of their appearance, and the underlying physical mechanisms.

2 Experimental setup

Although the details of the experimental setups in different experiments differ, they have
many things in common. A typical setup is sketched in Fig. 1(a). The discharge cell consists
of two dielectric layers, usually glass, enclosing the discharge gap. The discharge gap is
shorter than 1 mm, in this example 0.5 mm. The thickness of the dielectric layers in in the
same order. The electrodes are applied on the outside of the dielectric layers. At least one of
the electrodes has to be transparent so that the discharge can be observed in current direction.
An ITO (Indium-Tin-Oxide) layer is usual. The other electrode may consist of metal. The
diameter of the discharge area is much larger than the discharge gap; in this example a typical
value of 40 mm is shown. The working gas varies in different experiments. Noble gases are
common as well as nitrogen. The gas pressure varies from 100 hPa to atmospheric pressure.
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The system is driven with an AC voltage of some hundred volts amplitude and a frequency in
the range of several ten kHz to several hundred kHz.

a) c)
discharge gap -
0.5 mm
observation 40 mm
0.5mm 0.5 mm
U
N\

Fig. 1: (a) Sketch of the discharge cell with large aspect ratio. Both dielectric layers as well as the discharge gap
have a typical thickness of 0.5 mm. The diameter of the discharge is several centimeters wide, typically 40 mm.
At least one dielectric layer and the corresponding electrode is transparent, so the discharge can be observed in
current direction. (b) few discharge spots [1]. (c) hexagonal arrangement of discharge spots [1]. (d) discharge
forms a spot pattern during the first several breakdowns via an intermediate ring pattern [2]. (e) complex pattern
consisting of multiple breakdowns per half-cycle [3]. (f) ring-like pattern observed with a long exposure time
[4]. (g) same pattern as before observed with short exposure time; it consists of a fast moving pair of spots.

3 Examples for patterns and their mechanisms

The subfigures (b) to (g) of Fig. 1 show different examples of observed patterns. A loose
arrangement of spot (b) is very common, as well as the hexagonal arrangement of spots (c).
Both patterns can be converted to each other via a bifurcation. Fig. 1(d) shows a pattern
consisting of two ring-like discharges at the boundary of the discharge area. This is not
a stable pattern but an intermediate state while a pattern is forming during the first several
breakdowns after the ignition of the system. (¢) shows a rather complex pattern emerging in a
multi-breakdown discharge. The oscillating tails of the discharge spots govern their
interaction. Pattern (f) is a stable pattern and looks like a bright ring at the boundary of the
discharge area. An observation with a short exposure time reveals two different discharge
spots in fast motion along their axis.

4 Outlook

The understanding of the underlying mechanisms of pattern formation is in some cases well
known, but in other cases rather poor. While the basic mechanisms for the spot-like
appearance of the discharge are well investigated both in experiments and numerical
simulations, the more complex patterns and their dynamic often are explained only on
a qualitative level.
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Depending on the operating conditions, different regimes can be obtained in a Dielectric Barrier
Discharge (DBD): filamentary, diffuse/homogeneous or self-organized. For a plane-to-plane DBD
operated at high frequency (160 kHz) and at atmospheric pressure in helium gas, we show that the
addition of a small amount of nitrogen induces a transition from the homogenous regime to a self-
organized regime characterized by the appearance of stable filaments at the exit of the discharge.
In this paper, we detail the key role of the helium metastable in the transition from diffuse to self
organized discharge.
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1 Introduction

Similarly to what is observed in many other nonlinear systems, Dielectric Barrier Discharges
(DBD) can exhibit self-organized (SO) patterns. This phenomenon may look like as a spatial
organization of filaments [1] usually obtains in filamentary mode but other patterns have
been observed: strip, inversed hexagonal, concentric ring [2-4]. The appearance and the
dimension of these patterns suggest that these SO discharges ignited under a Townsend
breakdown. Recently, a hexagonal superlattice pattern has been observed, which consists on
several hollow rings equally distributed on the dielectric surface [5]. Observed with short
exposure time photographs, a hollow ring is the composition of periodic-driven vibrating
motion of discharge filament pairs. Therefore self-organized pattern is not necessary obtain
within one discharge, but successive discharges could lead to a pattern. This confirms that
self-organized denomination describes different kinds of discharge. This is certainly why it is
obtained in a wide spectrum of experimental conditions: SO discharge pattern can thus be
produced in one [6] or two dimensional discharge gap geometry [2], at low or at atmospheric
pressure [3] and under a large range of temperature [7]. However, discharges leading to
formation of SO pattern are most often produced in noble gases. In any case memory effect
seems the cause of SO pattern: discharge ignites where charges have been previously
deposited (the breakdown in this location being lower). Theses charges are deposited on the
electrode in the same location (by the current of the discharge) or in the vicinity (by the low
current (dark) between two filaments) of the previous discharge [8]. In this paper we focus on
the structure of a 2D-DBD in helium at atmospheric pressure and on the role of the adding of
nitrogen on the self-organization.

2 Experimental setup

The DBD is kept in a closed vessel to perform experiments in a well controlled atmosphere.
The plasma reactor is pumped down to 10 mbar prior to any experiment, and then is filled up
to atmospheric pressure using mixtures of helium and nitrogen. Two mass flow meters allow
regulating the amount of helium and nitrogen. In order to renew the atmosphere, a gas flow is
injected from one side of the discharge (longitudinal gas injection), keeping a constant
pressure through a gentle pumping of the vessel.

50



15" High Pressure Low Temperature Plasma Chemistry Symposium

The discharge is created between two plane electrodes, square with 3 cm side, each of them
covered by a dielectric barrier. The high voltage (bottom) electrode is covered with an
alumina plate 625 um thick, the grounded one (top) with a glass plate 1.1 mm thick. Both
dielectrics are separated by a 1 mm gas gap. So as to observe the discharge, the top electrode
is made of a thin layer of ITO.

The DBD is powered with a high frequency (160 kHz) power supply (RFPP-LF 10)
associated with a homemade matching network. Voltage is amplified using a transformer
(ratio 1:20). The electrodes are connected to the secondary of the transformer. Light emission
of the discharge is analyzed by optical emission spectroscopy and by short-exposure time
photographs taken with an intensified CCD camera (P1-MAX-3, Princeton Instrument).

3 Modification of the discharge structure

The nitrogen proportion is increased step by step. That means that the discharge is first ignited
in pure helium and remains switched on when increasing the N2 content in order to see the
transition between different discharge stages. For each step, analyses are performed after the
steady state is reached. At low concentration of nitrogen, discharge is diffuse and spreads over
the whole surface of the electrode (Fig. 1a). When N2 concentration increases, the discharge
area first decreases, but the discharge looks always diffuse. For a concentration around 1%,
some microdischarges appear and coexist with a homogeneous discharge. As can be seen on
Fig. 1.b, these filaments appear preferentially at the exit of the DBD (along the gas flow
direction). When N2 concentration increases again (Fig. 1.c), discharge may contain only
filaments. In some case, these filaments can be arranged along strips which can be seen at
naked eye (Fig. 3.a). This stage is rather unstable. For a higher N2 concentration, discharge
transits suddenly to a stable self-organized state (Fig. 1.d): the discharge is then composed of
1 mm? filaments regularly spaced by 2 mm and located on a "line" at the exit of the DBD.
0% N> 1.2% N> 1.9% N> 2.4%N>

(a) (b) G FER RO I ) A
Fig. 1: discharge pictures for increasing concentration of N in He. Exposure time is 6.25 us (1 period). A 2 slm

gas flow is injected homogeneously from the right of the picture to the left. (a): 100% He (b): 1.2% N (c): 1.9%
N> (d) 2.4% Na.

The discharge is analysed by optical emission spectroscopy. We focus specifically on the
emissions from N2 (2" positive system: SPS), He and N2* (1st negative system: FNS) shown
in Fig. 2a. In helium DBDs, the emission of the FNS (main band at 391 nm) is generally
attributed to Penning ionisation from helium mestastable He(23S), whereas the emission of the
SPS of N2 (main band at 337 nm) is attributed to direct electronic excitation [9]:

N, +e” —N,(C°I1,)+e”
N, +He(2°s)—> N; (B’S; )+e +He
Hence, the relative concentration of helium metastable can be estimated from the ratios of the

emission bands, knowing the electron concentration. We assume that the electron density can
be estimated as proportional to the current density J. Hence, one can write:

3 L I(391) - 1(391)
|He(2's) | =erte) (337) ” 1(337)
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where J is calculated from the measured discharge current and from the area covered by the
discharge (deduced from the pictures presented above). This method is valid until several
assumption. First of all, N.* is produced only by He" and not by electronic ionisation (i.e N
concentration must be low). Secondly, the electronic temperature, the electronic density
should be constant. This crude approximation prevents the comparison of the [He"] between
the different regimes of discharge (o is clearly not constant).
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Fig. 2: (a) Typical optical emission spectrum of the dischage. (b) Relative concentration of helium metastable
estimated from eq (1) vs N2 amount.

As seen in Fig. 2.b, an increase of the relative nitrogen amount in the He/N2 gas mixture
logically results in a decrease of the He™ while the discharge stays in diffuse mode. For around
2% of nitrogen, the discharge switches in the SO mode (Fig. 1.d) and this transition seems to
be associated with a small step increase (the y-axis is logarithmic) of the He" content.
However, one has to note here that during this transition the discharge current density strongly
increases (not shown here) which indicates a change in the discharge regime. Thus the used
approximation relating the current density with the electron concentration may be not
anymore avaliable at this point.

For low concentrations of nitrogen (typically below 1%), Penning ionisation can produce
electrons in the gap from one discharge to the following one (typical lifetime of He metastable
is higher by one order of magnitude than the half period). He" are dispersed over the whole
area of the electrode and so the discharge is mostly diffuse. The transition to a filamentary
discharge (presented in Fig. 1.c and Fig. 1.d) seems to occur when the He™ becomes too low.
The transition to the self organized mode (presented in Fig. 1.d) is sudden and associated with
a step of the N2 concentration. When the N2 concentration is increased (keeping the discharge
running), the concentration of N is higher at the entrance of the DBD than at the exit.
Morovers every metastable (produced in the previous state) are pushed by the flow toward the
exit. These both phenomena favour the ignition at the exit of the DBD. In this case discharge
ignites where charges have been previously deposited. We have measured that the charge
density is ten times greater at the discharge location (not shown here).

The state presented in Fig. 1-c, is of particular interest. For longer exposure time photographs,
or at nacked eye, this state appears like SO strips (Fig. 3.a). Moreover, the pattern seems to
depend on some uncontrollable experimental circumstance; in some case the discharge can
even looks diffuse. In any case these patterns or strips consist in fact on discharge filaments in
motion along the gas flow direction. Under special circumstance (very low flow, special
dielectrics) the motion of the filaments towards the exit can be seen at nacked eye. This state
is completely unstable: a little modification of the N2 ratio results in the transition to the mode
described in Fig. 1.d.
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An important feature is that all these filaments ignite simultaneously and move slowly as
presented in Fig. 3.b. This specific picture is the result of an acquisition of two periodes
separated by a delay AT. This delay allows to observe the displacement of the filaments and
then to calculate the velocity of the filaments. The red arrows indicate the displacement of
a few of these filaments.

QUSRS .

o veoets ) ©

Flow velocity (m/s)
Fig. 3 : a: self organized strips (100 acqusition of one period delayed by 1 ms) external flow: 2slm. b: motion of
the filament (2 acquisition delayed by 25 ms): external flow 6 sim. c: filament velocity versus flow velocity.

The gas flow can be modified in order to change the velocity of the gas. As we can seen in
Fig. 3.c the velocity of the filament depends on the external gas flow. However, it is typically
ten times lower than the velocity of the gas which indicates that a slow process governs this
movement. This is probably the results of the combination of the He" displacement along the
gas flow (due to the excitation frequency of the used power supply: 160 kHz, and knowing the
mean gas velocity (1.1 m/s for 2 sIm)), one can estimate that the metastables cross around
10 um between two discharges) and the fact that the ignition of a microdischarge is favored
by the charges deposited by the previous discharge (mechanism which tends to keeps the
filaments at the same place). The He” displacement allows the motion of the filament and the
electric charge slows down the displacement. As already described a slight increase of the N>
concentration results in the transition to the SO mode, for which the ignition becomes possible
only at the end of the discharge area.

4 Conclusion

Adding of nitrogen in a helium APGD sustained at high frequency (160kHz) tends to perturb
the discharge uniformity which transits to a pattern made of filaments. For the lowest N>
concentrations, discharge stays diffuse. Afterwards, filaments coexist with the diffuse
discharge and above a threshold concentration only a few filaments are localized at the exit of
the DBD. The helium metastables He(23S) play an important role in the transition of this
different state. Indeed He” favours the diffuse mode and the addition of N tends to decrease
the concentration of He" and then to promote the appearance of filaments. Moreover, in the
transition mode between diffuse and self organized regime, the He™ metastable displacement
along the gas flow is certainly responsible of the motion of the filaments.
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In this paper, the electrical behavior and the gas temperature of a modulated dielectric-barrier
discharge operated at 1.6 MHz are described as a function of the modulation frequency varied
from 1 to 10000 Hz. It is shown that the gas temperature and the breakdown voltage are reduced
when a modulation frequency higher or equal to 10 Hz is used. This effect is related to the gas
renewal rate of 8.3 Hz (i.e. gas residence time of 120 ms). Beyond 100 Hz, the dielectric
temperature decreases but this is accompanied by a significant decrease of the effective power.
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1 Introduction

Dielectric barrier discharge (DBD) devices are widely used to generate low-temperature
atmospheric-pressure diffuse discharges. Surface modification and medicine are a few
examples of fields in which DBDs are useful. However, one of the major disadvantages of
diffuse DBDs is their low power density. One way to raise it is to increase the excitation
frequency. Recent studies have shown that using excitation frequency in the medium-
frequency (MF: 0.3 to 3 MHz) range allows the power density to increase by one order of
magnitude in comparison to low frequency [1,2]. However, using a higher power density
leads to higher gas temperature and surface heating. In this paper, we show to which extend
the gas temperature and surface heating can be reduced in helium DBDs by modulating the
applied power as well as the consequences of the modulation on the discharge behaviour.

2 Experimental

The plasma reactor consists of a plane parallel DBD with solid dielectrics on each electrode.
The amount of impurities is minimized by the use of a mechanical pump connected to the
chamber. Experiments are performed at atmospheric pressure (101.3 kPa) with a constant
helium flow (99.999% purity) of 8.3 x 10°® m%/s through a 2 mm gap between the alumina
solid dielectric surfaces (see figure 1). Medium frequencies can be obtained using a waveform
generator (Agilent 33220A) and a power amplifier (Prana GN500) connected to the discharge
cell via non-commercial air core transformers [3]. Adjusting the capacity of the electrical
circuit, it is possible to tune at 1.6 MHz. With the excitation frequency fixed at 1.6 MHz, the
modulation frequency was varied from 1 Hz to 10 kHz with a duty cycle maintained at 50%
(i.e. 50% with power on and 50% with power off). Time-resolved optical emission (230 to
920 nm) was recorded using a H10721-20 (optimized for VIS) Hamamatsu photomultiplier
tube (PMT). A Princeton instrument Acton SP2500 spectrometer equipped with a PI-max 2
camera was used to record rotational spectra of No(C*IT, - B*I1,) in order to determine the
gas temperature. In addition, a thermocouple was positioned on the dielectric surface.
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Fig. 1: Discharge cell and electrical circuit. The gas gap lies along the z axis, while the line of sight of the optical
measurements is along the y axis.
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3 Results and Discussion

As expected in a MF discharge two distinct modes can be sustained: the Q mode and the
RF-a mode [1]. Modulation of the discharge, implies that the discharge turns on and off
frequently. First the discharge ignition is studied in figure 2 were waveforms are obtained by
calculating the RMS voltage and current of each time-period of the excitation frequency.
Even though the power density has to rise by one order of magnitude to yield the RF-«
mode, the RMS voltage rises by less than 10%. On the other hand, the RMS current is almost
quadrupled. In comparison to the Q mode, the rise of the RMS current and of the light
emission along with the RMS voltage drop indicates a faster breakdown in the RF- & mode.
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Fig. 2: Voltage, current and light emission waveform for the first 200 ps of the discharge with a modulation
frequency of 1 Hz. The light emission was recorded with the photomultiplier tube. Left) The discharge is in the
Q mode at 0.6 W/cm?. Right) The discharge is in the RF-o. mode at 16.0 W/cm?.

RMS voltage current characteristic curves are shown in figure 3. The characteristic curves are
very similar for each modulation frequencies: the slope is the same in the Q2 mode and in the
RF-a mode. On the other hand, the RMS voltage is systematically lower at 100 Hz in the «
mode. From the Irus-Vrus curves, one can notice that according to the modulation frequency,
the discharge ignition occurs at different voltage values. Accordingly, the breakdown voltage
as a function of the modulation frequency is also plotted in figure 3. It drops by more than
15% when the modulation frequency increases from 1 to 100 Hz, i.e. when the time off
changes from 500 to 5 ms. This could be explained by a higher electron temperature in the
bulk enabling the discharge to be sustained at lower field values as reported for radio
frequency discharge [4]. Above 100 Hz, the breakdown voltage can exceed that obtained at
1 Hz by almost 20%. As it will be discussed in the last paragraph of this section, this behavior
is related to the effective power density that decreases at higher modulation frequency. Let us
note that the transition voltage from the QO mode to the RF-o mode displays a similar behavior
to that of the breakdown voltage.
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Fig. 3: Left) Irms-Vrms curves for each frequency tested. The values are calculated from high resolution
sampling recorded during the plateau in figure 2 (when the current and voltage are stable). Right) Breakdown
and transition voltage for every modulation frequency. The time off between two pulses is also displayed on the
plot for reference.

In order to estimate the gas temperature, the rotational temperature of No(C*IT, - B°Ily)
transition with band head at 337.8 nm was used and compared with the temperature of the
dielectrics. As reported previously [2], the rotational temperature increases very steeply with
the power in the Q mode and more slowly in the RF-a mode. The behavior is the same when
the waveform is modulated. In order to compare different modulation frequencies, the
temperature at both breakdown and transition are considered. Whatever the modulation
frequency, the breakdown and the transition occur at very similar power: 0.49 W with
a standard deviation of 0.03 W at breakdown and 11.0 W with a standard deviation of 1.1 W
at transition.
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Fig. 4: Left) Rotational temperature of No(C3IT, > B3Il
breakdown and the transition. Right) Dielectric temperature as a function of the modulation frequency for the
breakdown and the transition.

¢) as a function of the modulation frequency for the

Figure 4 shows the rotational and dielectric temperatures at breakdown and transition as
a function of the modulation frequency. In contrast with the gas temperature dependence on
the duty-cycle [5], the measured temperatures are not decreasing when the off time delay
increases. Actually, the rotational temperatures at both breakdown and transition tend to
decrease between 1 and 10 Hz and then to remain constant. This can be explained by the time
required for the gas to renew within the discharge zone, namely 120 ms. Indeed, when the
discharge is on for less than 120 ms, the gas is heated during a fraction of the time that it

56



15" High Pressure Low Temperature Plasma Chemistry Symposium

spends between the electrodes area. For instance, at 10 Hz, the discharge is on during 50 ms
(i.e., 50 ms time off). Therefore, during the 120 ms that the gas spends in the discharge zone,
the gas is only heated during 60 ms in average. On the other hand, at 1 Hz, the discharge is on
during 500 ms and the gas is thus heated over 120 ms. As the rotational temperature can only
be recorded when the discharge is on (camera exposure=ls), the recorded temperature is
higher at 1Hz. Assuming that the power P is converted into gas heating according to
AT=Pt/CpvV and that the gas (during its residence time) is cooled by transferring its heat to
the solid dielectric via Newton's law of cooling: Pcoo=hAAT, the variation of temperature can
be estimated from Pcool — P, which yields

p
AT !

~ CpvV — hAt

where t is the exposure, A=0.001 m” is the solid dielectric area over which heat transfer
occurs, h is the heat transfer coefficient (estimated to 50 W/m?K), V is the gas volume,
v=0.15 kg/m? is the volumetric He mass density and C,=5200 J/kgK is the heat capacity at
constant pressure. The temperature calculated from the model is shown in figure 4 (P=10 W).
Clearly, the temperature decreases as the modulation frequency increases to finally reach
a stable value. Figure 4 also shows that the temperature of the dielectric at the transition tends
to decrease when the modulation frequency is larger than 100 Hz. This is caused by the
reignition time (the time it takes to light emission to reach its maximum or its plateau) that
becomes significant above 100 Hz. For instance, figure 2 indicates that the reignition time can
be up to 100 ps. Thus, when the modulation frequency is 10 kHz, the discharge is on during
50 ps. Therefore, the reignition time can no longer be neglected. Actually, the effective power
should be considerably lower at this low effective duty-cycle (not taken into account in the
measurement of the power), thus reducing heating. Another effect of this longer effective off
time is the breakdown voltage discussed in figure 3. Since the reignition time is high for low
applied voltage, it is natural that at very low voltage (about breakdown) the reignition would
take longer than the time on (i.e., effective on time of 0 s), hence, higher breakdown voltage.

2

4 Conclusion

The effect of the repetition rate was studied in a time-modulated DBD generated at medium
frequency (1.6 MHz). A modulation of about 100 Hz looks optimal as it enables to decrease
the breakdown voltage and the gas temperature. More specifically, at 100 Hz, the rotational
temperature is about 50 K lower than at 1 Hz. Moreover, the breakdown voltage is 15% lower
than at 1 Hz. The reason for the higher rotational temperature below 10 Hz is, the discharge is
on during a time too long for the gas renewal rate in the discharge zone to effectively reduce
the temperature. On the other hand, above 1 kHz, the effective duty-cycle is significantly
reduced by the reignition time, which decreases the effective power. Finally, the breakdown
voltage reduction at 100 Hz might be related to a higher electron temperature. This
assumption is presently under investigation using a collisional-radiative model to calculate the
electron temperature from experimental spectra [6].
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This paper presents 2D simulations of nanosecond pulsed discharges in different Ha/air mixtures at
atmospheric pressure. A fluid model is coupled with a detailed kinetic scheme to simulate the
discharge dynamics between two point electrodes. For Ha/air mixtures with equivalence ratios
between 0.3 and 2, it has been observed that major positive ions produced by the nanosecond
discharge are N2*, O2" and HN2". The discharge dynamics is shown to vary only slightly with the
equivalence ratio of the H/air mixture, which is of interest for plasma assisted combustion
applications.

Keywords: plasma-assisted combustion; 2D simulations; nanosecond discharge; hydrogen-air
mixture; detailed chemical kinetics

1 Introduction

Since a few years, nanosecond pulsed discharges have been extensively studied at
atmospheric pressure as they efficiently produce many reactive chemical species at a low
energy cost. This is of great interest for several applications and in particular for plasma
assisted combustion. First studies on the influence of nanosecond discharges on combustion
were focused on identifying the key kinetic mechanisms and gas heating processes. Different
models have been developed in 0D [1-4] to compare results with experimental studies at low
pressure in which the discharge is rather homogeneous. In these studies, the key role of
dissociative reactions No* + O2 — N2 +20, involving different electronically excited states of
N2 has been put forward, both for the O atom production and also for the fast gas heating by
nanosecond discharges. Recently, several numerical 1D and 2D simulations have been carried
out to understand the influence of nanosecond pulsed discharges on the flame structure. As an
example, Bak et al. [5] have simulated in 2D the plasma-assisted stabilization of a laminar
premixed methane/air flame at atmospheric pressure. In [5], the plasma and combustion
kinetics are solved simultaneously with as input a given Gaussian-shaped electric field. As at
atmospheric and higher pressures, nanosecond discharges have usually filamentary structures,
it is important to simulate self consistently the discharge phase. As far as we know there are
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only few studies with the self-consistent 2D simulation of the nanosecond discharge at
atmospheric or higher pressures for plasma assisted applications [6,7]. Takana et al. [6] have
simulated in 2D a nanosecond pulsed DBD in lean methane-air mixture at 10 atm to be close
to typical conditions in internal engines. Tholin et al. [7] have simulated in 2D a nanosecond
discharge between two point electrodes for the ignition of a lean (equivalence ratio ¢$=0.3)
premixed Ho-air mixture at atmospheric pressure. In [7] a self-consistent 2D fluid model for
the nanosecond discharge was coupled to a 2D reactive Euler code to simulate all the spatial
and temporal time scales of the nanosecond discharge and combustion ignition. As a first step
in [7], it was assumed that H> has no influence on the discharge structure for a lean Ho/air
mixture with an equivalence ratio of $=0.3 and the discharge was simulated in air. Recent
experiments [8] show that the fuel has an influence on the discharge structure. Therefore, in
this work we propose to simulate the nanosecond discharge in Ha/air mixtures with different
equivalence ratios (¢=0.3,1 and 2) at atmospheric pressure. The objective is to study the
influence of the change of the mixture composition on the discharge structure and dynamics.

2 Model formulation

We use a classical 2D fluid model for a nanosecond discharge between two point electrodes
separated by 2.5 mm [9]. A pulse voltage is applied with a rise time of 2 ns and then a voltage
plateau of 5 kV. In a first step we assume no gas heating by the discharge. We focus on the
study of the discharge dynamics until a conducting channel is formed between the two point
electrodes. We have implemented a detailed kinetic scheme for Hy/air mixtures mostly given
in [2] with 8 positive ions (N2*, H2", O2", N4*, HN2", Hs", HO.", HO3"), O™ and electrons.
Electron transport parameters and electron impact rate coefficients for the different mixtures
studied have been pre-calculated as a function of the reduced electric field using Bolsig+ [10].

3 Results and Discussion

Figure 1 shows the distribution of the absolute value of the electric field and the electron
density at t=4.2 and 4.5 ns in a stoichiometric (¢=1) Hz/air mixture. As already observed in air
[9], the discharge between two point electrodes consists of a positive ionization-wave and a
negative ionization-wave propagating in the opposite direction. Both fronts impact each other
at a connection time of t=4.5 ns. After the connection, the positive ionization-wave propagates
very rapidly toward the cathode in the volume preionized by the negative discharge to form a
conductive channel, bridging the interelectrode gap as in air [9].

59



15" High Pressure Low Temperature Plasma Chemistry Symposium

(a) 4.2n8

01 08 04 10

(b)4.5ns

i<

07 08 09 10 11

Fig. 1: Cross-sectional views of the magnitude of the electric field and electron density for the nanosecond
discharge in a stoichiometric (¢=1) H/air mixture at t=4.2 and 4.5 ns.
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Fig. 2: Axial distribution of charged species densities at t=4.2 ns a stoichiometric (¢=1) Ha/air mixture.

Figure 2 shows the axial distribution of all the charged species at t=4.2ns. We note that in
both discharge fronts where the electric field is the highest, N2* is the major positive ion
whereas in the discharge channels, the main positive ions are HN2" and O>". Figure 3 shows
the 2D distribution of several ions at the connection time t=4.5ns. We clearly observe a non
uniform distribution of the different ions in the interelectrode gap.
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Fig. 3: 2D distributions of charged species densities at t=4.5 ns a stoichiometric (¢=1) H/air mixture.

It should be noted that extremely fast reaction of negative ions destruction O + H, —» H.O + e
has no appreciable effect on the electron density, since the concentration of O ions is
relatively small, see Figs. 2,3. Finally, we have compared the discharge characteristics for
different equivalence ratios (¢p=0.3,1 and 2). Table 1 shows the ignition times of both
discharges and their connection time. We observe that the ignition time of the positive
discharge and consequently the connection time increase, but only slightly, as the equivalence
ratio ¢ increases from 0.3 to 2. These first results show that, the differences in the gas mixture
composition and the changes in the electron transport parameters and electron impact rate

coefficients for mixtures with equivalence ratios ¢ varying between 0.3 to 2, have only a very
small influence on the discharge dynamics and structure. In a future work, we will study the
gas heating by the nanosecond discharge and the production of radicals.
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Ignition time of the Ignition time of the Connection time of
negative discharge positive discharge both discharges
$=0.3 2.2ns 3.4ns 4.4 ns
¢=1 2.2ns 3.6ns 4.5 ns
$=2 2.2ns 3.8ns 4.6 ns

Table 1: Ignition and connection times for different Ha/air mixtures with equivalence ratios of $=0.3,1 and 2.

4 Conclusion

In this work, we have simulated 2D nanosecond pulsed discharges in different Ha/air mixtures
at atmospheric pressure. A detailed kinetic scheme has been coupled to a 2D fluid model.
Electron transport parameters and electron impact rate coefficients are calculated for different
mixture compositions. We have shown that the dynamics of the discharge varies only slightly
for Ha/air mixtures with equivalence ratios ¢ between 0.3 and 1.
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Coplanar barrier discharge was used to study previously reported pre-Townsend phase
luminescence on alumina with high permittivity coating in helium diffuse operation mode. The
aim of this study was to obtain the spectrum of this discharge phase. Pre-Townsend phase was
observed also in argon, proving that this phenomenon is presented also in the filamentary mode of
discharge operation.
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1 Introduction

Electrical charge deposited by the microdischarge evolving on the dielectric barrier is the
fundamental cause behind the non-thermal character of dielectric barrier discharges (DBD).
Rapid build-up of counter electrical field created by deposited surface charge results in
extremely short life-time of microdischarge, and therefore an insignificant heat transfer to the
neutral gas. After the polarity change of DBD electrodes, deposited surface charge lowers the
magnitude of external inception voltage. Furthermore, its presence is claimed to be
responsible for the time jitter of consequent micro-breakdown and its magnitude [1]. It is
clear, that any deeper understanding of the processes associated with deposited surface charge
would provide an important insight into DBD microdischarge formation dynamics.

When we compare the time duration of single microdischarge (MD) event with the time lag
between two consecutive MDs, we find out that deposited surface charge remains unaffected
by active discharge environment for more than 90% of its time. During that time, deposited
charge is free to migrate along the dielectric surface, or interact with ambient gas, which leads
to its gradual relaxation. The presence of surface charge relaxation in He and He/N> volume
DBD was confirmed by direct assessment of surface electric field via electro-optic Pockels
effect [2, 3]. However actual mechanism has not been addressed there, most likely due to lack
of associated optical emission signal. In our recent article of [4] we were able to show, that in
a diffuse mode of He coplanar DBD a specific type of luminescence wave with extremely
weak optical emission can be observed. The luminescence wave preceded the formation of
Townsend electron avalanching at the anode edge. A distinct feature of coplanar DBD
comparing to the volume DBD, is that well defined domains of opposite polarity surface
charges are simultaneously presented on the same dielectrics. We have concluded that the
observed pre-Townsend phase luminescence is a manifestation of so called “backward
discharge”, which renders a partial surface charge recombination immediately before the
change of electrode polarity.
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In the presented work two still open questions related to our observation of backward
discharge will be addressed: (1) spectral characterization of observed phenomenon; (2) the
presence of detectable pre-Townsend phase in the coplanar DBD filamentary mode of
operation.
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Fig. 1: Experimental set-up for: (A) spectroscopic measurement in diffuse mode configuration; (B) high-speed
camera measurement in filamentary mode configuration.

2 Experimental

Coplanar electrode discharge consisted of pair of brass electrodes with adjustable rectangular
electrode gap, which were immersed into insulation oil and covered by alumina dielectric
plate (96% Al>Ogs; thickness 0.6 mm), coated with a high permittivity dielectric coating (ESL
4113-H; & = 120-140). Two sets of metal electrodes were used: (A) single strip configuration
with inter-electrode gap of 4.7 mm; (B) point-plain configuration with inter-electrode gap of
2.5 mm (Fig.1). The light coming out of the helium discharge was first spectrally resolved by
monochromator SK1 (resolution 20 nm) and then analyzed by single photon counter (Becker-
Hickl SPC-150) equipped with photomultiplier working in photon counting mode (PMC-100-
4). The spectrum was measured with the step 20 nm to cover the spectral range 300-760 nm.
A time-resolution of 200 ns was achieved by synchronization of the photon counter with the
voltage signal. Phase-resolved images of argon discharge were captured using PI-MAX3
ICCD camera. External clock signal from function generator was used to synchronize the
ICCD with the voltage signal.

3 Results and Discussion

Fig. 2A shows spectrally resolved measurement of helium discharge on alumina dielectric
covered with high permittivity coating (HPC), which offered best contrast for observing
extremely weak optical emission associated with pre-Townsend luminescence wave. In order
to obtain the spectrum of the luminescence wave, the signal was integrated over time interval
60-69 s, i.e., within the pre-Townsend phase for all measured wavelengths (Fig. 2B). The
current state of spectral resolution does not allow us to resolve the presence of any particular
spectral line. The highest intensity emission is observed in the area around 700 nm. This is
present for the whole period of discharge which makes He line at 706.5 nm to be an unlikely
explanation. Therefore, we propose that solid state fluorescence of alumina ceramics
exhibiting sharp emission at 693 nm [5,6] is observed.

Experiments in argon filamentary mode confirmed the presence of pre-Townsend phase as
well. Figure 3 shows that the associated emission starts approximately at -14 us in the middle
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of the inter-electrode gap and heads towards the wedged electrode (left side) inside the
created discharge channel, where O us represents the position of current maxima of the
microdischarge event.
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Fig.2: (A) Spectrally resolved evolution of helium discharge (B) Spectrum of pre-Townsend phase (set-
up B).
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Fig. 3: ICCD plane view filmstrip of pre-Townsend phase for argon discharge (set-up B). Integration time 1us
per frame, 2300 accumulations. Last picture is a single shot of a fully developed discharge (please note the
change in dimension scale).

4 Conclusion

Spectrally resolved measurement of helium discharge indicates that fluorescence of alumina
ceramics contributes to the overall emission of the discharge even during its dark phase. At
the moment, insufficient resolution does not allow us to detect any spectral lines in the pre-
Townsend phase, therefore the spectrum appears continuous. Using a point-plain
configuration of electrodes filamentary mode in argon was stabilized and the pre-Townsend
phase was recorded.
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The aim of this work is to combine nanosecond repetitively pulsed discharges with microplasmas
in a pin-to-pin configuration in air at atmospheric pressure. Discharge characteristics are studied
by employing optical emission spectroscopy and electrical measurements. As the gap distance is
decreased from the millimeter scale to 200 um, differences in discharge properties include the
emergence of atomic ion emission lines and much lower rotational temperature of N2(C).

Keywords: microplasmas; sparks; ultrafast heating; optical emission spectroscopy

1 Introduction

Non-thermal plasmas are useful for many applications such as biomedicine, aerodynamic
flow control, nanomaterial synthesis, biological decontamination or surface treatment. In
some of these areas, it is advantageous or necessary to operate in air at atmospheric pressure
and at room temperature. Several methods have been developed to control the main
characteristics of the plasma, two of which consist of confining the discharge in different
ways. The first is temporal confinement with nanosecond repetitively pulsed (NRP)
discharges, where a pulsed electric field optimizes dissociation or ionization rates, and thus
the production of interesting plasma species [1]. Repeating these electric pulses at high
repetition frequency (PRF) allows for the accumulation of these species. In air at atmospheric
pressure, several regimes can be generated, and the spark regime has been shown to be the
most reactive [2]. On the other hand, the heating rate is much higher for the NRP spark than
for the other regimes, which can be a problem for heat sensitive materials and applications.
The second method is to contain the discharge to the micrometer scale [3]. Confining the
discharge in microplasma geometries, i.e. less than 1 mm in at least one dimension, could
enable more control over the temperature because microplasmas can channel more energy
towards plasma chemistry and less to heating, via a high electric field and enhanced surface
processes. The high surface-to-volume ratio also increases heat transfer, enabling more
control over the temperature.

Combining the NRP and microplasma regimes can increase the chemical activity and
optimize the temperature for applications, as has been demonstrated in noble gases [4]. Our
objective is to study NRP microplasmas in air at atmospheric pressure because of the
relevance to applications. The mains characteristics are described with optical emission
spectroscopy and voltage-current measurements.
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2 Experimental setup

In this study, NRP spark discharges were generated in air at room conditions between two
tungsten electrodes spaced by with a gap distance of 200 pm or 2 mm with a 100 pm radius of
curvature, as shown in figure 1. Pulses 11-15 ns in duration and up to 14.5 kV in amplitude
were produced by a pulse generator (FID Technology FPG 40-30 NK), and impedance
matching was achieved using 200 Q and 100 Q resistances. The voltage Vprobe Was measured
using a passive voltage probe (Lecroy PPE6kV, bandwidth 600 MHz). The current Iprobe Was
recorded using a current transformer (Bergoz CT-D5.0, bandwidth 400 MHz). All signals
were recorded with oscilloscope (Lecroy Wavesurfer 24 Xs-A, 200 MHz bandwidth). The
measurements were synchronized with the plasma using a common trigger source (Stanford
Research Systems DG645 or ARMEXEL PDG-2520).
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Fig. 1: Schematic diagram of the experimental setup for plasma generation, voltage-current measurements, and
optical emission spectroscopy.

Optical emission spectroscopy (OES) was performed with a spectrometer (Princeton
Instruments SpectraPro 25001) equipped with an ICCD camera (Princeton Instruments
PI-MAX 4). The optical path was formed by two oft-axis parabolic mirrors with focal lengths
of 20 and 5 cm. The light converged onto a 600 um diameter optical fiber bundle (Ocean
Optics QP-600-2-SR-BX). Emission from the (0, 2) and (1, 3) bands of the N> (C — B)
transition was studied with the 2400 gr.mm™! grating, and the system was calibrated in relative
intensity with a quartz tungsten halogen lamp (Oriel Instruments No.63355).

3 Results and Discussion
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Fig. 2: (a) Short circuit experiment to determine the stray inductance, with the measured (black) and modeled
(red) voltage across Lgray = 0.2 pH. (b) Measured voltage (solid black) and current waveforms (solid red) of an
NRP microplasma in air at atmospheric pressure, with d = 200 pm and PRF = 8 kHz. Also shown are the voltage
across the discharge Vpiasma (dotted black) and plasma current Iyiasma (dotted red).
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The procedure for electrical characterization begins with the definition of passive components
in the circuit. The stray inductance formed by the lead wires and electrodes Lgway is measured
with a short circuit experiment by contacting the needles. In this case, Vprobe is considered as
induced voltage across Lsiay. Figure 2a shows the matching between Vprobe and L.di/dt with
Lstray = 0.2 pH. The voltage across the gap Vplasma 1S calculated with equation 1. The parasitic
capacitance C = 2.4 pF formed by the electrodes is used to calculate Iyjasma using Vplasma.

Al b dvl 5
‘/plasma = Vprobe Lstmy% ]Plasma = dprobe — C Z;l(;f e (1)

Figure 2b shows typical waveforms for NRP microplasmas in air at atmospheric pressure.
The plasma current reaches a maximum value of 36 A, and the discharge energy per pulse is
113+12 pJ. These values are in the range of NRP sparks in millimeter gaps [5], but in this
case d =200 um. The reduced electric field E/N, calculated using the gas number density N
for P =1 atm and T = 450 K measured by OES at the beginning of the pulse (see figure 4),
reaches a maximum value of 802 Td., which is much higher than that reported for millimeter-
scale NRP sparks [5].
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Fig. 3: (a) Measured optical emission spectra of an NRP microplasma in air at atmospheric pressure
(PRF = 5 kHz, Vprobe = 2.7 kV) for three time steps after the discharge, acquired using gate width = 6 ns and 200
accumulations on CCD. (b) Maximum emission intensity of plasma species as a function of time.

Figure 3 shows several time steps of the optical emission spectrum of the discharge at
PRF = 5 kHz and Ve = 2.7 kV. The activity in the spectrum can be described in three
phases. First, the N> second positive and N>" first negative systems begin emitting during
pulse at ¢ = 3 ns, similarly to previous studies of NRP discharges [5]. Second, there is the
emergence of atomic ion lines O" and N* towards the end of the pulse at # = 9 ns. Finally, N,
O and Hq lines appear well after the pulse at # = 21 ns. At the same time, there is also
a continuum spectral component whose intensity varies together with that of the atomic ions.
The principal difference in comparison to other studies with larger gaps is the absence of
emission from the N> (B—A) transition and the appearance of neutral atomic species after the
ions [5]. The presence of atomic ion species has already been reported for millimeter-scale
NRP sparks generated in Propane-Air mixtures [6] and pure N> [7]. Like in these studies, our
measurement is not spatially resolved and light near the electrodes can be collected. On the
other hand, no atomic ions were observed in spatially resolved spectra from the middle of the
discharge of a 4-mm gap NRP spark in atmospheric-pressure air [5].
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Figure 4a presents the evolution of the rotational temperature of N»(C), determined by fitting
experimental spectra to spectra modeled using Specair. Figure 4b presents two examples of
spectral fits. To generate the discharge stably at high PRF without damaging the electrodes,
the following pulse burst scheme was used for temperature measurements: bursts of 5 pulses
at PRF = 30 kHz are repeated with a burst frequency of 300 Hz. For the 200 pm case, the
temperature could be measured only at the first temporal step because the presence of the
other species and continua overlapped the spectrum of N at latter times. Figure 4a shows
similar temperatures between the 200 um and 2 mm cases for t = 9 ns and 12 ns of the first
pulse of the burst. However, as the burst progresses, the 2 mm case evolves towards a high-
temperature steady state with an initial temperature of about 2000 K, whereas that of the
200 pm case remains at only 550 K.
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Fig. 4: Measured rotational temperature, deduced from the N>(C—B) (0,2) and (1,3) bands: (a) evolution of the
temperature in 2 mm and 0.2 mm configurations performed on 5 successive pulses and PRF = 30 kHz in burst
mode. (b) Spectral fits for the first and the third pulse of the 2 mm discharge gap (526 ns).

4 Conclusion

We have characterized several similarities and differences of NRP microplasmas in air at
atmospheric pressure with NRP sparks in millimeter-scale gaps. The reduce electric field is
higher than in other studies with millimeter gaps [5]. OES of emission integrated over the
entire discharge reveals the emission of O* and N* lines, possibly indicating chemical kinetics
different from millimeter-scale NRP sparks. Moreover, rotational temperature measurements
demonstrate a much lower initial temperature at the beginning of the pulse for d = 200 pum,
which may imply significant differences in the inter-pulse heat transfer and chemical kinetics.
However, due to the lack of spatial resolution so far, the roles of surface and microplasma
effects on the temperature and plasma chemistry cannot yet be isolated.
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PARALLEL OPERATION OF PULSED PINHOLE DISCHARGES
FOR HYDROGEN PEROXIDE GENERATION

K. Yasuoka, R. Saeki, K. Ikeda
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Multiple pulsed pinhole discharges have been developed to generate hydrogen peroxide for an
ozone-hydrogen peroxide advanced oxidation process. A ceramic plate with 10 very small holes
was used as a diaphragm to separate the conductive water into two parts. Ten pinhole discharges
were generated simultaneously in a solution with a conductivity of 30 mS/cm by applying bipolar
rectangular voltages. A generation rate of 2.7 g/h and an energy yield of 2.3 g/kWh were obtained
at 2 kV and 20 kHz. Within 40 min of operation with an ozone gas feed, 1 L of 400 mgroc/L acetic
acid solution was mineralized by up to 82%.

Keywords: pulsed pinhole discharge; parallel operation; hydrogen peroxide; advanced oxidation

1 Introduction

Advanced oxidation processes (AOP) utilizing hydroxyl radicals are a promising method for
mineralizing persistent organic compounds in wastewater. In particular, ozone-hydrogen
peroxide (H202) AOPs are suitable for processing a large amount of wastewater with high
total organic carbon (TOC) [1]. However, these systems require a continuous supply of H>O»,
which necessitates the in-situ generation of H>O». A plasma-based ozone-H>O> system [2] has
been proposed, in which H>O» i1s generated by a pinhole discharge [3,4] driven by repetitive
bipolar rectangular voltages. This report describes the formation of a pinhole discharge and
parallel operation of pinhole discharges and presents the energy yield of H>O2 production, and
acetic acid mineralization.

2 Experimental

Figure 1 presents a schematic of the experimental setup of an AOP system, which consists of
an inverter circuit and a reactor in which the H,O2 and externally supplied ozone react to
produce hydroxyl radicals. The reactor is divided into two parts by a 1-mm-thick ceramic
plate with 10 pinholes (0.3 mm diameter). Sodium sulfate solution (1 L, 3 wt%) was poured
into the reactor to measure the H>O: concentration. An acetic acid solution mixed with
phosphate buffer solution to a total volume of 1L was used as the water sample for AOP. The
water sample was characterized by an organic content of 420 mgroc/L, conductivity of
30 mS/cm, and pH of 7.6. In the AOP experiments, ozone gas (180 g/m?) was fed into both
parts of the reactor at a flow rate of 1 L/min. The output voltage and frequency of the inverter
were varied in the ranges of 2—4 kV and 10-20 kHz, respectively. A 19 or 39-nF series
capacitor was inserted between the inverter circuit and the reactor to control the pulse width
of the pinhole-discharge current. A bipolar voltage was applied to the center screws on both
sides of the reactor. A cooling system was introduced to prevent the water from boiling.
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Fig. 1. Schematic of the experimental setup. Fig. 2. Reactor voltage and current waveforms.

3 Results and Discussion

Figure 2 shows the voltage and current waveforms of the reactor over one cycle of 20-kHz
bipolar voltages using the 19-nF series capacitor. Although the output voltage at the inverter
was 1 kVp-p, the peak voltage at the reactor was approximately 1.7 kV due to the addition of
the capacitor voltage. The initial peak of the current corresponds to the displacement current.
The current duration was 3 ps with the 19-nF capacitor and 10 ps with the 39-nF capacitor.

The formation of the pinhole discharge and its emission spectra were observed using a single-
hole reactor with the same configuration as the reactor shown in Fig. 1. At the beginning of
the voltage application, pinhole discharge was not generated, as shown in Fig. 3(a). After
10 voltage cycles, a small bubble was generated due to the Joule heating of water in the hole.
The bubbles expanded at 900 us, as shown in Fig. 3(b), and then gradually shrank after
1000 ps. Finally, a pinhole discharge was generated in a small bubble at 1150 ps, as shown in
Fig. 3(c). The generation ratio of the pinhole discharge for each voltage pulse was 80—90%.
The average rotational temperature calculated from the OH radical spectrum was 4400 K. The
rotational temperature varied from 4800 K in the initial discharge stage to 3500 K in the final
stage. Based on this result, some of the water vapor inside the bubbles seems to dissociate into
H, O, and OH before the discharge is initiated.

f0gog06 20000 fpa 30018 200080 fpa 30023 20008 fpa

-

1150 us

(a) (b) (c)
Fig. 3. Images of the pinhole without a bubble (a), with an expanding bubble (b), and with a pinhole discharge(c).
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Figure 4(a) shows a photograph of the 10 parallel pinhole discharges in sodium sulfate
solution with a conductivity of 30 mS/cm. The power input to the reactor was 557 W at
20 kHz. Hydrogen-a, hydrogen-3, and oxygen lines and a strong sodium line were observed.
The small bubbles traveling upwards at the center of the photograph are the externally fed
ozone bubbles. The other, larger bubbles were generated by the pinhole discharges.
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j'tLE'iE'tL
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inductance C Inverter
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Fig. 4. Photo of the parallel operation of 10 pinhole discharges in Na;So4 solution (a) and equivalent circuit (b).

The equivalent circuit of the pinhole discharges is shown in Fig. 4(b). In this diagram, Cy, Ry
and Ch denote the solution capacitance, solution resistance, and capacitance of the ceramic
plate. Ry is the pinhole resistance, which varies with the plasma formation. The values of the
circuit elements are ordered as follows: Cy > Cy , Rn >> Ryw. The value of R, without plasma
was ~6 kQ and the plasma resistance R, was calculated as approximately 5 kQ. When R, is
approximately equal to or greater than Ry, the current flows through a pinhole without
a plasma formation, and another bubble is formed in the pinhole. In this way, the parallel
operation of pinhole discharges is obtained.

The concentration of H2O> in the sodium sulfate solution was measured for 1 min under
various repetition frequencies and series capacitances. Figure 5 shows that the H»O»
concentration increased linearly with time in all cases. The pinhole discharge was generated
upon the reversal of the applied voltage. The peak voltage, peak current, and current pulse
duration were 2 kV, 13 A, and 10 ps, respectively, at 39 nF and 20 kHz. A HyO;
concentration of 45 mg/L, generation rate of 2.7 g/h, and energy yield of 2.3 g/kWh were
obtained at an average discharge power of 1.2 kW. Leys et al. reported a generation rate of
0.31 g/h and an energy yield of 4.1 g/kWh in a solution with100 puS/cm with 50-Hz AC
voltage [5]. Because our value is 100 times higher than that reported by Leys et al., more
efficient generation is expected with decreasing current density.
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Fig. 5. H202 concentration versus operating time. Fig. 6. TOC concentration in acetic acid solution

versus operating time.

Mineralization of the acetic acid was conducted by feeding ozone gas into the reactor, which
was operated at 1 kV and 10 kHz. Figure 6 shows the acetic acid concentration as a function
of time. The phosphate buffer solution kept the solution pH at approximately 7. Within
40 min of operation, 1 L of acetic acid solution with an initial organic content of
400 mgroc/L was mineralized by up to 82%. The decomposition rate and energy efficiency
were 0.48 groc/h and 0.41 groc/kWh, respectively.

4 Conclusion

Parallel operation of pinhole discharges was introduced to increase the hydrogen peroxide
production rate for the ozone—hydrogen peroxide process in conductive solutions. A hydrogen
peroxide concentration of 45 mg/L, generation rate of 2.7 g/h, and energy yield of 2.3 g/lkWh
were obtained at an average discharge power of 1.2 kW. By feeding the ozone gas into the
reactor, 1 L of acetic acid solution containing 400 mgroc/L with a conductivity of 30 mS/cm
was mineralized by up to 82% after 40 min of operation.
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We renamed the plasma by gliding arc discharge serpentine plasma. In this study in order to
investigate dependency by gas kind, we measured the dynamic behavior of plasma using a high-
speed camera, high-speed current and voltage probe. It was confirmed that the behavior of plasma
differed greatly between molecules and atoms.

Keywords: gliding arc discharge; atmospheric pressure plasma; plasma diagnostics; high-speed
camera; serpentine plasma

1 Introduction

We have been studying about the basic and applications of atmospheric pressure discharge.
Specially, there has been interest in the use of so-called gliding arc discharge (GAD) for
various applications in material processing, gas conversion, water treatment, biological
disinfection and agricultural applications [1-8]. As for GAD plasma, the consumption power
is bigger than dielectric barrier discharge (DBD), creeping discharge and is smaller than
Inductively Coupled Plasma (ICP). As for the atmospheric pressure discharge, small expense
is required because it is easy to apply the scaling size law, it is convenient for large-scale
large area processing. However, in the case of ICP, application is limited to a generated
plasma or gas temperature, in general, to become over 5000 K. On the other hand, GAD
plasma has a problem to be a nonequilibrium discharge. In other words, the discharge is not
always maintained and repeats a discharge and extinction of arc. In GAD, a breakdown of
atmospheric gas is generated at the shortest gap between two divergent electrodes. After the
breakdown, the plasma keeps gliding along the same direction as the gas flow, which causes
an increase of applied voltage, with a transition from thermal to non-thermal equilibrium until
the applied voltage reaches a critical voltage that is needed for the next breakdown. The
previous plasma disappears at the moment of the next breakdown. This cycle from the
ignition to the gliding is repeated continuously. In recent years a lot of reports about the
observation of GAD plasma were published by after the development of a high-speed camera
[9,10]. There are very many papers using the argon gas. However, in industrial applications,
the possibility of using the inert gas will be low, most of the investigation in inert gases is not
effective when it is used with the GAD plasma. As for the atmosphere, oxygen (O2), nitrogen
(N2), carbon dioxide (CO2) and H>O vapor are included as components, and gaseous
properties should be totally different from inert gases. A high-speed camera was used to
investigate the basic process of the GAD plasma in this study. Our fundamental study on the
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simultaneous observation of the dynamic behavior of plasma path with a high-speed camera
and the corresponding electrical properties for GAD revealed that the plasma path was
‘serpentine’ due to gas turbulence and reconnections were repeated frequently especially in
high gas flow to suppress the increase of plasma power. Therefore, we distinguished this kind
of non-equilibrium plasma from normal arc plasma and named it serpentine plasma.

2  Experimental

Fig. 1 shows the schematic illustration of experimental setup for the serpentine plasma system
with UV assistance and equipment for observation of electrical properties and dynamic
behavior. Two electrodes, which are made of iron, are 100 mm in height, knife-edge shaped
and their shortest gap was 5 mm. The electrodes were set inside an acrylic chamber which has
an outlet on the top for gas exhaust. Ar, N2 and CO. were used to investigate the influence of
gas flow rate. The gas flow rate was controlled with a digital flow instrument from 10 to
40 litter / min. We used a low-pressure mercury lamp (Hamamatsu, L937-01) as an UV
source of which the photon energy for the main spectrum is about 5 eV. On the other hand,
the work function of electrode materials is 3.91 eV, photoemission occurs by irradiated UV
source. We do patent application about this method.
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ANy 1
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Current Clamp
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fT] Flow Controller
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Trigger out 08sC

Fig. 1: Experimental setup of synchronized high-speed camera & I-V measurement system.

High voltage (sine wave, 60 Hz) was applied between two electrodes with a high-voltage
transformer (VIC international, 120:1). Waveforms of applied voltage and discharge current
were measured with a high-voltage probe (Tektronix, P6015A) and a current clamp
(Tektronix, TCP2020), respectively. Both waveforms were captured with a digital
oscilloscope (Lecroy WaveRunner 204Xi-A). Time-resolved digital photographs for plasmas
were recorded by a high-speed digital camera (Nobby Tech. Ltd., Phantom V.1210) with the
frame rate of 30,000 fps. The observation times for the digital oscilloscope and the high-speed
camera were synchronized by an external trigger signal from a pulsed signal generator
(Hamamatsu, C10149).

3 Results and Discussion

Fig. 2 shows gas flow rate dependency of current-voltage characteristics using CO2, N2 and
Ar. The Black line is voltage and the left vertical axis shows the voltage the red line is
current, and the right axis shows the current value. When flow rate increases, amplitude
grows, and the vibration frequency becomes higher. However, as for the molecular gas of CO>
and N, the temporal change was slower than Ar. lonization energy is different depending on
each gas. Each gas’s ionization energy is as follows; CO.: 14.0 eV, Na2: 14.53 eV,
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Ar: 15.8 eV. However the breakdown voltage was measured in standard sphere gap, in the
case of a knife-edge shaped electrode such as GAD, it is not applicable. Furthermore, in the
system used for our experiment, that a low-pressure mercury lamp was used should be
considered by assistance of discharge start.
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Fig. 2: Gas flow rate dependency of I-V characteristics of each gas

It would be connected with each other that an inert gas is easy to ionize in comparison with
molecules and its voltage repetition frequency is high. But the relations with flow rate were
unknown, and supposedly chilling effect by gas would be related.

Fig. 3 shows the synchronized measurement of the end of discharge (10.47 ms) and new
breakdown (10.50 ms).
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Fig. 3: Synchronized measurement of end of discharge (10.47 ms) and new breakdown (10.50 ms)

A trace of paths of ‘fog-shaped’ discharge was left with the image of 10.50ms, but the voltage
rose and the current dropped pulsingly like the graph. Paths of discharge produce not only
extinction of the arc but also re-connection. Fig. 4 shows re-connection of paths of discharge.
The high-speed camera image was taken by a front, but mirrors were located on both sides,
and a three-dimensional property of paths of discharge was identified. Paths of discharge did a
re-connection during 10.17 ms from 10.20 ms. Fog-shaped trace was left like a case of the
extinction of arc. The reason why the paths of electric discharge do a re-connection is not
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clear, but we consider that discharge changed in a lower impedance state because the path was
twisted for three dimensions. Fig.5 shows consumption power at 40 L/min. The product of
I-V properties measured with a digital oscilloscope derived the power. Because I-V properties
were not sine waves, it was not easy to demand from power accurately, but comparison
between gases was possible. We should pay attention to the value of the vertical axis having a
large difference. Power of CO2 which was molecules was the biggest on the average of 50ms
and becomes in order of N2, Ar, He. It may be the condition that is close to AC arc in the case
of molecules. In other words a thermionic emission condition is satisfied partially.
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Fig. 4: High speed images of re-connection of paths of discharge (at N, 40 L/min)
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Fig. 5: Gas kind dependency of consumption power at 40 L/min.

4  Conclusion

A synchronous measurement was carried out with a high-speed camera and high-speed
current and voltage probe. The dependency of gas kind was investigated in atmospheric
pressure serpentine plasma. Plasma control with mixed gases for application is expected.
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An accelerating streamer in barrier discharge is generated in 10 torr pressure air. Using the
complex voltage waveform, the stable and reproducible discharge is triggered. From the ratio of
two spectral bands of molecular nitrogen the electric field is determined in 2D. These results are
well resolved in time and space thus suitable as a benchmark for computation of the streamer
initiated plasma-chemistry in air.

Keywords: streamer; air; electric field

1 Introduction

The fundamental mechanism of the gas discharges in high-pressure air is called streamer.
Streamer in atmospheric air is a contracted ionizing wave that propagates into a low- or non-
ionized medium exposed to a high electric field. It is characterized by a self-generated field
enhancement at the head of the growing discharge channel, leaving a trail of filamentary
plasma behind. Such a wave phenomenon results from the space charge left by electron
avalanches [1-3]. This mechanism takes place in discharges from 760 torr pressure in the
laboratory plasmas or industrial applications to the few torr of upper atmosphere lightning
phenomena [2,4,5]. The knowledge of the streamer’s electric field is crucial for understanding
the initial conditions leading to the induced atmospheric chemistry. More precisely, the
detailed spatiotemporal evolution of the electric field of the running streamer head is of
particular interest as that is the primary location of the high-energy electrons contributing to
the chemical changes. In general, the experimental understanding of streamer dynamics and
its initial phases are far from perfect. Streamers propagate with velocities reaching up to
several percent of the speed of light making them truly a challenge for diagnostics. Joint
theoretical and experimental understanding is important for air-plasma applications [2] as well
as for lightning in upper atmosphere [4,5].

We investigate the triggered streamers in 10 torr pressure air. Using the simple kinetic
scheme, we determine the electric field in the running streamer head in 2D. Our experimental
results clarify the complete period of the streamer development — from its ignition to its
approach to the cathode. The experimentally determined electric field profiles can be used as
a benchmark for the streamer initiated plasma-chemistry in air [6].

2 Experimental

The reproducible stable streamers were generated in volume barrier discharge arrangement
between two Macor covered electrodes of mutual distance of 4 cm. The synthetic air at 10 torr
pressure filled the stainless steel chamber. The electrical characteristics obtained from the
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current and applied voltage measurements using the methods published in [6-8] are shown in
figure 1. Analyzing the emission of the second positive (337 nm band head wavelength) and
the first negative (391 nm band head wavelength) systems the electric field distribution in
time and space was determined with high resolution according to the methods presented
recently in [6].
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Fig. 1: Electrical characteristics of the triggered streamer discharge in 10 torr air. The electric field values (red
line) are given as a factor of the critical breakdown field of 120 Td. The electric field is the spatially averaged
magnitude over the whole gap computed from the instantaneous gap voltage and the gap dimension of 4 cm.

3 Results and Discussion

As it can be seen already from the analysis of the electrical measurements, the electrical
resistance, current and the averaged electric field in the gap are changing rapidly during the
discharge development. During the streamer propagation (i.e. between the 20" and 25
nanosecond) the current rises up to one Ampere and the resistivity of the gas falls over one
order of magnitude. Consequently, the electric field in the gap decreases as the transient glow
discharge is created. From the optical measurements, especially the axial scans of the
temporally resolved streamer luminosity, the velocity of the streamer was determined. It
reached the maximal value of approximately 8x10° m/s. From the radial scans of the emission
of above mentioned spectral bands the radial development of the streamer electric field was
determined. The maximal local value was 360 Td, i.e. a factor 3 higher than the breakdown
field at given conditions.

4 Conclusion

Understanding the development of such a basic plasma parameter as the electric field one is
able to determine the initiated plasma chemical changes under selected conditions. The
pressure of 10 torr mimics the conditions in lower Earth atmosphere where ozone layer occurs
and can be affected by lightning. Moreover, it is a suitable model-case for higher-pressure
streamer discharges. As the streamer is the very first phase of many electrical breakdown
phenomena, understanding the electric field values and the initiated chemistry is of the main
importance to analyze the generated plasma thoroughly.
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In this work, an optical wave microphone, which works based on Fraunhofer diffraction caused by
phase modulation, was applied to detect pressure waves emitted from surface dielectric barrier
discharges and plasma jets. Synchronized measurements of the optical wave microphone, electrical
properties, plasma emission, and iodine-starch observation were carried out.

Keywords: plasma jet; optical wave microphone; pressure waves; iodine-starch method

1 Introduction

Our research focuses on the energetic distribution of electric discharges in atmospheric
pressure, especially on the energy transfer from the discharge plasma to the atmosphere in the
form of pressure waves including sound waves and shock waves. Because atmospheric
pressure plasmas such as plasma jets are used in biomedical applications, the detection of
pressure waves is important issue from practical and fundamental points of view. Therefore,
the development of optical method detecting plasma-generated pressure waves is expected
since conventional mechanical sensors can not be placed close to electrodes due to high
electric field. An optical wave microphone, which works based on Fraunhofer diffraction of
laser beam, is available to detect very slight phase modulation caused by pressure waves
[1-7]. In this work, we introduce a fibered optical wave microphone that improves upon the
conventional optical wave microphone with regard to signal-to-noise ratio. The fibered optical
wave microphone was applied to plasma jets and surface dielectric barrier discharges
synchronizing with high-speed camera observation and iodine-starch method [8].

2 Experimental

Figures 1 and 2 show schematic illustrations of the setups of the fibered optical wave
microphone with synchronized systems of high-speed camera and iodine-starch method. The
fibered optical wave microphone is composed of a fiber laser (637 nm, 7 mW, 1.5 mm in
diameter), a lens (/=7.93 mm), a fiber (Single mode, diameter of core: 4.3 um, 5 m), and
a detector (Hamamatsu, S5935-01). Any electronic amplifier to gain signals was not used. We
utilized plasma jet and surface dielectric barrier discharge devices as different types of plasma
targets. The dielectric plate of the surface dielectric barrier discharge device is composed of
ADOs3 ceramic substrate (15 mm in width, 37 mm in length, and 1.25 mm in thickness). The
device of a dielectric barrier discharge plasma jet was made of a glass tube (8.0 mm in outer
diameter, 2.5 mm in inner diameter) with wrapped powered and grounded electrodes (13 mm
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in width) separated each other by 20 mm on the tube. The gas was supplied into the glass tube
with the flow rate of 1-10 L/min. Sinusoidal high voltage was applied to the powered
electrode of both devices using a function generator (NF, WF1948) with an amplifier (Trek,
10/40A). The high-speed camera used in this experiment (Photron, Phantom v1210) operates
at a maximum frame rate of 100,000 frames per second. Streams of reactive oxygen radicals
induced by the plasma jets were observed using a liquid iodine-starch reagent, which contains
0.3% potassium iodide and 0.5% starch in distilled water. When this liquid reagent is reacted
with reactive oxygen species having oxidation potentials > 0.54 V, the color is changed from
transparent to purple.
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Fig. 1: A schematic illustration of the experimental setup for synchronized observation of fibered optical wave
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Fig. 2: A schematic illustration of the experimental setup for synchronized observation of fibered optical wave
microphone and iodine-starch method.
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3 Results and Discussion

The relationship between the electrical and optical properties of the surface dielectric barrier
discharge can be explained by comparing the observed applied voltage waveform, current
waveform, pressure waves and camera images. It was found that the incidence of a pulsed
current corresponded to that of the observed pressure wave. Our experimental results show
the numerous pulses in the current waveform are attributed to the generation of micro-
discharges, generating micro-shock waves which are detectable using the fibered optical wave
microphone.

For plasma jets, the relationship between pressure waves and streams induce inside the
iodine-starch liquid was studied (Fig. 3). When the frequency of the applied voltage was set to
the same frequency as the specific frequency of the glass tube, stronger pressure waves that
have a single-frequency could be observed at the downstream of the device. The distribution
of the pressure waves was limited within the diameter of plasma jets. When plasma jets were
irradiated to the liquid reagent under same experimental conditions, plasma jet-induced
narrow stream was observed in the liquid (Fig. 4). This narrow stream may be related to the
pressure waves supplied into liquid phase from gas phase by the plasma irradiation. The
phenomenon was not able to be observed when gas flow rates were higher than 5 L/min.
although the intensity of pressure waves increased.

Ground

Laser beag

Fig. 3: A photograph of the experimental setup of the optical wave microphone and plasma jet.

Fig. 4: The plasma jet induced narrow stream after 5 s from plasma-on.
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4 Conclusion

We investigated the relationship among the electrical properties, shock waves, and micro-
discharge images of surface dielectric barrier discharges by simultaneously using a high-speed
camera and fibered optical wave microphone. The following results were obtained.

(1) The pulses of the current reflect the generation of micro-discharges.

(2) The fibered optical wave microphone can detect the shock waves that originate from the
micro-discharges.

(3) There was polarity dependence in the incidence of pulsed current. The number of current
pulses in the negative half period increased compared to that in the positive half period.

(4) The number of observed pressure waves and micro-plasmas in the negative half period
increased compared to that in the positive half period, reflecting the polarity dependence in
the incidence of pulsed current.

For the experiments on plasma jets, the fibered optical wave microphone measurement was
used in atmosphere to investigate frequency properties of the generation of pressure waves
from plasma jets in advance of measurement of pressure waves in distilled water irradiated by
plasma jets. Then, the detection of pressure waves inside distilled water was attempted. The
following results were obtained.

(1) Optimum frequencies of the applied voltage to generated single-frequency pressure waves
from plasma jets should be adjusted to specific frequencies of the glass tube that depend on
gas flow rates. The optimum frequencies showed proportional increase with the gas flow
rates.

(2) Pressure waves could be detectable even in the distilled water when the gas flow rate of
1 L/min. although the penetration of the pressure waves from atmosphere into the water was
rather suppressed. A narrow stream of oxygen radicals was also induced at the same condition
with an iodine-starch method. The phenomenon was not able to be observed when gas flow
rates were higher than 5 L/min.

(3) Therefore, we suggest that the propagation of pressure waves in liquid is one of
possibilities that relate with the narrow stream of oxygen radicals induced by plasma jets.
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ACOUSTIC SPECTRA CHARACTERISTICS OF HIGH PRESSURE
PLASMA USING OPTICAL WAVE MICROPHONE

T. Nakamiya?, F. Mitsugi?, Y. lwasaki®, T. Ikegami?,
Ryoichi Tsudal, Yoshito Sonoda®
1Graduate School of Industrial Engineering, Tokai University, 9-1-1, Toroku Higashi-ku,
Kumamoto, Japan 862-8652
2Graduate School of Science and Technology, Kumamoto University, 2-39-1, Kurokami
Chuo-ku, Kumamoto, Japan 860-0082

E-mail: nakamiya@tokai.ac.jp

We apply the new method to examine electric discharge sound using Fraunhofer diffraction effect
of visible laser beam. This new system is called the optical wave microphone by us and is very
useful for the detection of sound wave without disturbing the sound field. Applied voltage, current
and the electrical discharge sound of Coplanar DBD (Dielectric Barrier Discharge) were measured,
and examined the fundamental relationship between the discharge and the acoustic properties.

Keywords: discharge sound; high pressure plasma; Fraunhofer diffraction; optical wave
microphone; laser

1 Introduction

Dielectric barrier discharge is very attractive for industrial applications because they can
provide non-equilibrium plasma conditions at atmospheric pressure. Traditionally mainly
used for industrial ozone production, DBD have been focused from practical applications such
as surface treatment, pollution control including the removal of the environmental pollutant
such as NOx, plasma actuator and the further applications are expected [1]. Future
applications may include their use in greenhouse gas control technologies. The coplanar
electrical discharge, where the electrode arrangements consist of two electrodes embedded
inside a dielectric with a fixed electrode distance, is a kind of the DBD. The phenomenon
clarification of coplanar DBD chiefly examines voltage, current, and luminescence. The
example of using the electrical discharge sound is not seen as a means of the phenomenon
clarification. To examine the fundamental characteristic of coplanar DBD, voltage, current
signal, and the electrical discharge sound are measured, and examined the fundamental
relationship between the coplanar discharge and the acoustic properties. However, it’s not
easy to detect the sound signal in plasma reactor by the conventional condenser microphone
technique. Therefore, we have attempted to develop a new diagnostic method (optical wave
microphone), in which sound wave is measured by an optical sensor based on a Fraunhofer
diffraction effect [2,3] between the sound wave and laser beam. The optical wave microphone
is very useful to detect not only audible sound but also ultrasonic sound wave without
disturbing the sound field. In addition, the optical wave microphone has a potential to
diagnostic the plasma state even during operation because this measurement system is totally
insulated.
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In this paper, we measured the ultrasonic wave emitted from the coplanar DBD using the
optical wave microphone. The condenser microphone was also used for the comparison. The
time-resolved waveforms of the applied voltage, the current and the ultrasonic wave were
measured simultaneously and the relationships were analyzed.

2 Experimental

The coplanar DBD is generated in order to understand the relationship between the discharge
and the acoustic properties. The electrode to generate the coplanar DBD consists of two-
electrodes system embedded inside a dielectric with a fixed electrode distance. This type of
discharge also has been used as an ozonizer but has recently attracted much attention because
of its potential as a plasma actuator.

The top view and cross-section schematic diagrams of the electrode are shown in Fig. 1. The
main part of coplanar DBD is a high-purity Al>O3 ceramic substrate (15 mm in width, 37 mm
in length, and 1.25 mm in thickness) and is also used as the dielectric. The discharge plasma
is generated on the surface.

Al,O,4
|
p : ________ :’ Top view
B Side view
)
H.V. Source

Fig. 1: Top view and cross section of electrodes module.

Figure 2 shows the experimental setup to detect the sound signal from coplanar DBD in the
air. The high voltage is produced by the high frequency and high voltage power supply. The
high voltage is applied to the electrode in atmospheric pressure. The sound signal (the audible
sound wave and the ultrasonic wave) is generated by the discharge of the electrode. The
discharge current is measured through the current transformer (frequency range = 1kHz~
IMHz). The applied voltage, the voltage of current transformer of coplanar discharge and the
acoustic signal is stored in the digital oscilloscope (Tektronix TDS3034).

Condenser microphone signal
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Detector
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Fig. 2: Experimental setup to detect the coplanar discharge sound.
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The acoustic signal is measured by the optical wave microphone and the condenser
microphone (Rion, UC-29, 20-100 kHz). The condenser microphone is set up 2 cm away from
the electrode and the proving laser beam (685 nm, 28 mW, ¢2 mm) of optical wave
microphone passed through 1cm above the discharge device. Therefore, the distance of the
optical wave microphone and the condenser microphone is 1cm. The sound wave has reached
to the optical wave microphone after a delay of 29.4us from the condenser microphone when
the sound speed is assumed to be 340 m/s.

The discharge sound crosses the laser beam between the laser beam and Lens1. The diffracted
laser beam is performed the optical Fourier transform by the Lensl and detected by the
photodiode detector. The diameter of the laser which reaches to the photodiode detector is
adjusted by the beam expander (Lens2 and Lens3).

3 Results and Discussion

Figure 3 shows time-resolved waveforms obtained from (a) the high voltage probe, (b) the
current transformer, (c¢) the optical wave microphone and (d) the condenser microphone. The
sampling frequency is 25 MHz. The sound signal of optical wave microphone after low-pass
filter of 100 kHz is shown at Fig.3(c). The time delay from the sound emission to the
detection
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Fig. 3. Time-resolved waveforms of (a) High voltage probe, (b) Current transformer, (c¢) Optical wave

microphone and (d) Condenser microphone. The treatment of digital low pass filtering (<100 kHz) is performed
for (¢).
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is made correction in Fig.3(c) and (d) by considering the sound velocity and the distance
between the device and the condenser microphone or the laser beam of the optical wave
microphone. As can be seen in Fig.3(b), the current is composed of the pulsed discharge
current and the displacement current which is caused by the capacitance of the ceramics of the
device (6 pF). It is revealed from the comparison of the applied voltage and the current
(Fig.3(a) and (b)) that the pulsed discharge current which has the pulse width of a few 100 ns
flows for about 5 pus when the time derivative of the applied voltage exhibits almost maximum
value. It can be said that the discharge occurs mainly two times in the one cycle of the applied
voltage although there are the polarity dependencies which are well known in many reports. It
is obvious that the discharge emits the ultrasonic wave because the result observed by the
condenser microphone shows the typical waveform of compression wave (Fig.3(d)). The
ultrasonic wave is generated when the pulsed discharge current flows as can be seen from
Fig.3(b) and (c). The optical wave microphone could detect the ultrasonic wave from the
discharge as shown in Fig.3(c). As can be seen from Fig.3(c), the waveform is rather different
from that of the condenser microphone and the frequency resolution of the optical wave
microphone is rather higher compared to that of the condenser microphone because the optical
wave microphone is sensitive to the high frequency wave which the condenser microphone
can not detect. The reason of the complex waveform of the optical wave microphone is still
not understood. However, it is confirmed that the waveform after the low pass filter
(< 100 kHz) treatment shows a good agreement with the waveform of the condenser
microphone. In this time-resolved measurement, it was found that the ultrasonic wave was
emitted from the coplanar DBD. In addition, it was revealed by employing the optical wave
microphone that the ultrasonic wave was composed from high frequency components which
may have relationship with the harmonics of the applied voltage and could not be observed by
the condenser microphone.

4 Conclusion

We applied the new diagnostic method of the optical wave microphone to the coplanar
dielectric barrier discharge. The time-resolved waveforms of the applied voltage, the current
and the ultrasonic wave were stored. The obtained results are as follows.

(1) The emission of ultrasonic wave from the discharge which synchronizes with the pulsed
discharge current was observed.

(2) The optical wave microphone was very useful to detect the ultrasonic wave over 100 kHz
which condenser microphone could not be detected. The frequency components may have
relationship with the harmonics of the applied voltage.

(3) The waveform of the optical wave microphone after the low pass filter treatment showed
a good agreement with the waveform of the condenser microphone.
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In this work, gliding arc was studied in both buoyancy and gas flow dominated regimes. It was
shown that in latter case, the microdynamics of re-ignition can cause the movement of the plasma
channel to become non continuous, even backstepping.
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1 Introduction

One of the best known plasma sources is an electric arc, which is known and industrially
employed for decades [1]. The arc got its name thanks to arc-like curved shape, originating in
buoyancy acting on heated plasma channel. If the electrode geometry enables it, the plasma
channel may start to slide upwards along these electrodes and thus forming a gliding arc [2].
When operated at high voltage and low current density, the gliding arc is closer to
atmospheric pressure glow discharge than to typical arc as it is strongly nonisothermic.

The typical feature of gliding arc on divergent electrodes is the repetitive character of its
lifecycle. The discharge starts at the shortest distance between the electrodes, then moves up
and when it reaches maximum elongation, it extinguishes. In the very next moment, a new
plasma channel is formed again at minimal electrode distance and the whole cycle is repeated.

One of the key parameters of the gliding arc is the speed of the plasma channel upward
movement. It was previously shown [3] that both higher gas flow and stronger buoyant force
acting on gliding arc can result in higher speed. However, closer examination reveals that the
problem of plasma channel speed definition itself might be more complex.

2  Experimental

The gliding arc was generated between slanted copper electrodes with a minimum distance of
45 mm and an initial angle between them of 36°. These electrodes were connected to
a current limiting high voltage transformer, in this experiment supplying 4 kV at 50 Hz AC.
The electrode system was enclosed in nonconductive discharge chamber with argon gas inlet
nozzle positioned at the bottom of the chamber, horizontally centred between the electrodes.
Front and back walls of the chamber were made of heat resistant glass and allowed direct
optical observation by digital camera capable of high speed (up to 1000 frames per second)
video recording. More detailed description of the experiment can be found in [4].
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3 Results and Discussion

In Fig. 1 (a), the evolution of gliding arc plasma channel in relatively low gas flow conditions
(280 sccm) is shown. The red symbols show the instantaneous top, i.e. the vertical position of
the highest point of plasma channel (horizontal position is here not considered). It can be
seen, that in this case, the position is linearly dependent on time throughout the whole glide
and gliding motion is continuous, until its quenching at maximum height (3.6 cm). The speed
is constant at value of 0.25 m/s.
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Fig. 1: Temporal evolution of the instantaneous top (i.e. highest point of the plasma channel) in two different
flow rate conditions: (a) low gas flow rate = 280 sccm, (b) high gas flow rate = 1000 sccm.

The situation significantly changes by increasing the gas flow to higher rates (1000 sccm), as
is seen in Fig. 1 (b). If the detailed evolution depicted by red symbols was ignored and the
attention was only paid to the starting and ending points (linear blue line), the decrease in
maximum height (2.3 cm) and increase in linear speed (0.39 m/s) would still be observed, just
as expected [3] for an increased flow rate. However, in reality the upwards motion of plasma
channel is disrupted by several drops in height and the actual speed (green colour) of the
plasma channel in each segment of the evolution is higher than the linear approximation of the
average speed. As the microdynamics of the plasma channel is governed by this higher, actual
speed, the macroscopic approach in most of gliding arc studies, which neglects to look deeper
into plasma channel evolution details, might in some cases lead to inaccurate results.

4  Conclusion

In this paper, the frame by frame image analysis of high speed camera recordings reveal more
details about temporal evolution of the plasma channel of the gliding arc. Significant
differences were found between low and high gas flow regime. While at low flow the channel
moved upwards steadily and with constant speed, high gas flow can cause disruptions of the
plasma channel followed by the reignition in lower position. This makes the distinguishing of
the actual and globally perceived speed crucial for correct interpretation of glide arc qualities.
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Various aspects of uniform appearance of diffuse coplanar surface barrier discharge are discussed,
leading to the conclusion, that generated plasma should be viewed as macroscopically, not
microscopically uniform. For some particular condition however, a real diffuse operation mode
can be stabilized. These conditions will be presented here.
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1 Introduction

So called Diffuse Coplanar Surface Barrier Discharge (DCSBD) represents a particular type
of coplanar DBD, characterized by mm-sized electrode geometry and operation at specific
power density higher than 2 W/cm?. From the time of its first appearance in 2002 [1], the
DCSBD had proven its exceptional treatment efficiency for ample variety of solid materials:
nonwovens fabrics [2], wood [3-5], powders [6], composite materials [7,8] etc. Nevertheless,
the justification for using the term diffuse in its name is still challenged by informed critics.
Their strongest argument states: current waveform of DCSBD exhibits multiple sharp peaks,
which indicates the presence of streamer formation mechanism. Therefore, DCSBD differs
from the APGD in helium or APTD in nitrogen, and naming it diffuse results in a terminology
confusion. The standard (canonical) response to this argument is: (1) DCSBD indeed involves
streamer mechanism formed discrete microfilaments, consisting of central filamentary stem
and diffuse footprints propagating above the insulated power electrodes; (2) with increasing
gap voltage, the diffuse part of plasma light emission strengthens compared to the filamentary
plasma emission to the point when the diffuse part of generated plasma is dominant. The term
diffuse does not refer to the actual microscopic uniformity of generated plasma, but to the
macroscopic uniformity (i.e. optical appearance) created by merged diffuse footprints of
individual microfilaments. Apparently, the controversy lies in different viewpoints on whether
it is acceptable to use the term diffuse also for the macroscopically uniform DBD.

In the following contribution, we present new supporting pieces of evidence to the both sides
of dispute. Using a high speed imaging technique, we are able to show real examples where
DCSBD formed plasma fulfilled even the most stringent definition for being diffuse. On the
other hand, several examples will be presented, where point (2) of the canonical
argumentations is proven to be inaccurate. Finally, a new insight into the merit of dispute will
be presented with the corresponding photographic material.
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2 Experimental

High-speed ICCD camera PI-MAX3-1024i-SR-46-CM (Princeton Instruments) equipped with
true-macro objective telelens (SIGMA 105/2.8 MACRO) was used to follow microscopic
uniformity of DCSBD. Two distinct electrode configurations were used. Single electrode pair
with inter-electrode gap of 4.7 mm (f=9.5 kHz) was used for experiments in helium and neon.
Multiple strips electrode (1.5 mm wide; 1 mm gap; =15 kHz) was used for tests in ambient
air, nitrogen, argon and oxygen. In both cases 96% Al,O3 with the thickness of 0.635 mm was
used as dielectric barrier. All experiments were performed at atmospheric pressure.

3  Results and Discussion

(A) (B) ©
Fig. 1: DCSBD in air (14x14 mm): (A) individual microfilaments viewed by naked eye (exposure 1/8 sec); (B)
diffuse appearance of fully energized DCSBD (exposure 1/8 sec); (C) high-speed camera measurement
(exposure 10 ps).

Fig. 1A-B illustrates the line of canonical argumentation for air DCSBD. Upon increasing the
applied voltage, diffuse parts of individual microfilaments (Fig. 1A) are fused together,
forming uniform strips directly above the embedded electrodes (Fig. 1B). When we make
high-speed camera snapshots of the interacting microfilaments, the spatial stratification of
diffuse plasma becomes apparent (Fig. 1C). What the canonical argumentation took as
a merged diffuse plasma has in fact a treeing structure above both positive and negative feed
electrodes. The same observation has been made already in [9], although only for a single pair
of coplanar electrodes. Observation in other gases (Fig 2) revealed, that the treeing of diffuse
part is a common phenomenon, with the possible exemption of O2 and H> [10], where the
optical limits of our spatial resolution did not allow to resolve the presence of any kind of
filamentary structure.

A) (B) ©
Fig. 2: High-speed camera snapshots showing treeing structures in (A) nitrogen and (B) argon. In oxygen (C)
presence/absence of the treeing is uncertain.
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Although the diffuse part of DCSBD is not diffuse at microscopic level, one cannot deny that
to the naked eye DCSBD exhibits substantially higher degree of uniformity in comparison to
volume DBD of the same power input and comparable inter-electrode gap. Further
investigation by high-speed camera measurements revealed a lower tendency of coplanar
DBD microfilaments to become spatially stabilized than the volume DBD does. According to
our recent analysis [11], the inherent instability of coplanar microfilaments may originate
from the presence of thermal body force due to the asymmetric cooling in the vicinity of
dielectric barrier wall.

Our experiments performed in helium and neon showed, that the real diffuse mode, lacking
thin microfilament channels and sharp current peaks, can be stabilized in these particular
gases (Fig. 3). Details on their temporal development were reported in [10]. A quite peculiar
feature of observed diffuse mode is the formation of striated emission region above the anode.
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A (B) ©
Fig. 3: Diffuse mode of coplanar DBD: (A) in helium; (B) in neon — both in artificial colors; (C) current-voltage
waveform for helium.

With respect to the aforestated dispute, the necessity of introducing the new term of real
diffuse DCSBD provides a supporting evidence of unfortunate choice of terminology in the
past. There is however one aspect of DCSBD diffusiveness which we have omitted so far. In
all above presented applications of DCSBD the discharge panel did not operate in the free
space. Instead it was always brought into intimate contact with the surface of treated dielectric
material, and the discharge was formed in an extremely narrow gap. The distortion of electric
field within the gap results in the reduction of its tangential component with respect to the
electrode surface, and enhancement of its normal component. In such narrow gap, the electron
avalanche propagating in the normal direction may not have enough space to develop
a critical size for the transition into the filamentary glow discharge.

Fig. 4 shows the manifestation of DCSBD constrained in such manner. The narrow gap of
0.1 mm was created between the Al>O; discharge electrode and transparent sapphire wafer.
For all tested gases (Fig. 4) we could see a continuous diffuse light emission emanating above
the embedded electrodes. The effect was most pronounced in N3, although the diffuse light
emission co-exists with partial filamentary breakdown in the tangential direction. In air,
partial breakdowns in tangential direction were less frequent. Nevertheless, for chosen width
of the gap we could clearly see numerous tiny filamentary breakdowns in the normal
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direction. In argon the treeing structures remained for the chosen gap width, but as can be
seen at the central electrode, it was superposed on the emanating diffuse light. Our
observations are in agreement with the electrostatic numerical model prediction, devised to
explain observed strip-like structures on DCSBD treated Si wafers [12]. Results shown in Fig,
4 confirmed, that at

RS S Dol

[T, 4 XY

(A) (B) ©)
Fig. 4: High-speed camera view (exp. time 100 pus) on DCSBD formed in narrow gaps: (A) nitrogen; (B) air —

magnified 2.5%; (C) argon.

optimized treatment conditions DCSBD is fully capable to form microscopically uniform
diffuse plasma even for molecular gases.

4 Conclusion

The justification of using term diffuse based on the prevalence of diffuse microfilament part
of free coplanar DBD is misleading. Presumably diffuse microfilament part has in fact a
discrete filamentary structure. Visual uniformity of free DCSBD is chiefly due to the high
spatial mobility of its microfilaments. Using helium or neon working gas, it is possible to
stabilize a real diffuse regime of operation, which meets generally accepted definition of
diffuse DBD regime. Nevertheless, in the case of real surface treatment the DCSBD is always
constricted into the narrow gap between the plasma panel and treated surface. Our high-speed
camera images gave a compelling evidence that microscopically uniform diffuse plasma can
be naturally formed in such narrow gaps.
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DIELECTRIC BARRIER DISCHARGE IN AIR ON SURFACE AND
IN THE GAS GAP UNDER SINGLE NANOSECOND VOLTAGE
IMPULSES
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A comparison of volume and surface DBD in air under single high voltage impulses of
nanosecond duration is done. Some peculiarities of the memory effect manifestation in these
conditions and effect of the voltage impulse front steepness on the discharge current amplitudes
are analyzed. The influence of the surface charges was found to be identical for channel form of
the SD and homogeneous form of VD.

Keywords: surface barrier discharge; volume discharge; impulse voltage; memory effect

1 Introduction

Numerous investigations of dielectric barrier discharge (DBD) were carried on in recent years
as the discharge of this type is used in many plasma technologies. There are at least two basic
electrode arrangements to generate DBD. First one which forms a volume barrier discharge
(VD) can consist of two electrodes one of which (or both) is covered by a dielectric layer. The
discharge between the electrodes develops as a volume stage in the gas gap and a subsequent
surface stage on the barrier surface [1]. The second arrangement can consist of a dielectric
plate with one electrode which forms the surface discharge (SD) on its one side and a second
extended electrode on the reverse side. This last basic electrode configuration is used now
relatively wide as a source of charge species in plasma chemical reactors. It has been shown
previously in a range of works that both types of the DBD have many features that are alike in
comparable conditions. One of the main features that are essential for both types of the DBD
is the manifestation of a so called memory effect connected with the influence of charges on
the barrier left from previous discharges on the development of the subsequent discharges [2].
The comparison of both types of discharge is done usually under a.c. or periodic impulse
voltage. The aim of the present work was to compare experimentally VD and SD under single
high voltage impulses of nanosecond duration and to analyze possible peculiarities of the
memory effect manifestation in these conditions and to analyze possible influence on the
discharge of the steepness of the voltage impulse front.

2 Experimental

All experiments were done with plane electrode arrangement in laboratory air at normal air
conditions. A dielectric plate of Alumina 1 mm thick and 60x80 mm in dimensions was used
as a barrier in the arrangement to form a SD. The discharge grounded electrode was either a
strip of Ni 1 mm wide and 8 mm long or a small piece of foil of Al placed on one side of the
barrier, while the high voltage electrode was a strip 8 mm wide with all boards covered by an
epoxy layer to prevent appearance there of the surface discharge. The foil electrode had all its
edges covered by an epoxy compound except for a small open section 1.5 mm long where the
discharge could appear.
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To form a VD two plane steel disk electrodes 30 mm in diameter were used. A dielectric
barrier of Alumina 2 mm thick was placed on one of electrodes at a distance 1 mm from the
other electrode. The Alumina barrier has been chosen in both cases as this material has very
high surface resistance in normal air conditions.

Two different high voltage impulse generators were used. A so called cable generator used to
investigate SD produced voltage impulses of 350 ns duration with 35 ns front duration and
amplitudes up to 7 kV. The other generator used to form a VD could produce impulses of
600 ns duration, 75 ns rise time and amplitudes up to 20 kV. Oscillograms of voltage
impulses and discharge currents at the front and at the falling part of the voltage impulses
were registered by DPO 7354 oscilloscope with 3.5 GHz frequency bandwidth and
LeCroy WaveRunner 104Xi-A oscilloscope with 2 GHz frequency bandwidth.

The current measuring element for SD was a low inductance shunt R = 11.5 Ohm. For VD the
sensitivity of the measuring element was 0.64 A/V. It must be stressed that all oscillograms of
SD in the figures are not inverted. So the polarity of the signals in the figures corresponds to
the high voltage electrode and not to the corona one which is contrary to the VD case.

Special attention was paid to the neutralization of the surface charges before first high voltage
application. A very soft grounded metallic brush was moved delicately over the barrier
surface to neutralize the charges. The experiments have shown that neutralization of charges
by means of grounded brush does not provide full charges removal. To do so the barrier
surface has been washed with soaped water and dried for 1 hour under a flow of warm air.

It must be noted that the experimental conditions for SD provided a microdischarge channel
form of the discharge whereas the VD was found to be of a homogeneous type.

3 Results and discussion

Different cases of the SD development were analyzed for Um = 4.1-4.2 kV: a) a single voltage
impulse of different polarity was applied to the discharge electrode with surface charge
carefully removed from the barrier surface (fig.1 A, B); b) a sequence of voltage impulses of
the same polarity were applied to the discharge electrode without a removal of the surface
charge. This was done for a strip and for a small piece electrodes under voltage impulses of
both polarities (fig. 3); ¢) a series of voltage impulses of variable polarity were applied in
a succession to the discharge electrode. Several oscillograms for the last case with positive
voltage impulse on the corona electrode are given in fig.1 (C, D, E). It must be noted that for
every single application of a high voltage impulse two surface discharges are known to
appear. It is seen in all oscillograms. So the charge left on the barrier after voltage impulse
application is a resultant charge of two surface discharges.

Oscillograms show that current amplitudes of sequential SD are sensible to the very first
change of polarity of the applied voltage impulse. It is especially related to the positive
discharge. After about 6 or 7 discharges of positive polarity with intermittent discharges of
negative polarity the positive current values for the front discharge become identical (fig. 2).
So the surface charge distribution on the barrier surface becomes identical while there is
a strong influence of the surface charge on the SD intensity after first change of the polarity.

For very first voltage impulse application the moment of SD appearance does not change if

the amplitude of the applied voltage is the same (fig. 1) and corresponds to the rise part of the
voltage impulse. With an increase of the voltage impulse amplitude from 4.1 to 5 kV it was
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possible to check discharges that appeared with a much longer time delay relatively to the
moment of voltage impulse application. This delay could be up to 150-200 ns. An increase of
the impulse amplitude for the same front duration means an increase of the voltage impulse
front steepness. It leads to an increase of the formation time of the discharge.

Typical oscillograms of VD current under positive voltage impulse given in fig. 4 show
a much higher values of the discharge current than in the SD case. This difference can be
connected with higher values of the applied voltage (nearly 18 kV for VD compared to 4.5 kV
for SD) but the duration of the discharge in both cases is practically the same (40 ns).

w 5 Vidiv
u(t) 1 600 mV/div
i(t) :
i(t)
wiv dw “tt.).
50 ns/div i 600 mV/div 50 ns/div
A) B)
C) First positive discharge D) Fifth positive discharge E) Fifteenth positive discharge.

Fig. 1: Typical oscillograms of the SD currents. Cases A and B are for positive and negative voltage impulse.
The surface charge was neutralized before the discharge. Cases C-E are for positive voltage impulses after
a change of the polarity and without a neutralization of the charge. Channel sensibilities are the same as in fig. A
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Fig. 2: Values of SD current amplitude as a function of the number of sequential discharges without
a neutralization of the surface charge. A-positive impulses, strip electrode, B-negative impulses, C — positive
impulses foil electrode
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Fig. 3: Oscillograms of SD from small electrode edge under positive impulse voltage. A — first impulse
application, B —after 4 discharges
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A series of volume discharges (VD) under positive voltage impulses was registered for
different numbers of sequential applications of voltage impulse. Oscillograms for three
different cases are given in fig. 4 and correspond to first discharge (A) without a surface
charge on the barrier, second discharge (B) with a charge and tenth discharge (C) with the
charge on the barrier that was left on the surface under previous voltage impulses. In all cases
investigated the result of a series of discharges of one polarity are the decrease of the current
impulse amplitude and a decrease of time delay of the discharge appearance relative to the
moment of voltage impulse application.

lo— Main discharge i
! u(t) | uft) | | u(t) |
S MmN\ YA B A WA IR AT |
100 ns/div ' 100 ns/div "7 100 ns/div
- -— —
Back discharge —e-
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Fig.4: Oscillograms of VD under positive impulse voltage of positive polarity. A — first discharge, B — second
discharge without a neutralization of surface charges, C — after several discharges without a neutralization of
surface charges.

A difference in the mechanisms of the surface and volume discharge development described
in [1] is connected with the gas gap that is bridged by the volume part of the DBD. According
to [1] an increase of the applied voltage amplitude leads to an increase of the number of
microdischarges in the gas gap while in the SD the length of the microdischarge channels is
increased with higher applied voltage. Measurements made in the present work with
nanosecond voltage impulses of different amplitude have shown that in the SD case the
increase of the applied voltage leads mostly to an increase of the number of microdischarge
channels and to their more intense branching.

4  Conclusions

It is shown experimentally that the time T from the moment of nanosecond impulse voltage
application relative to the moment of the discharge appearance (time of discharge delay) can
in case of VD and SD significantly exceed the rise time of the voltage impulse if the barrier
surface is free from surface charges. Charges left on the barrier during previous discharges
influence the newly discharge appearance. This phenomenon known as a memory effect
reveals itself in the same way under single nanosecond impulse voltages or their sequence as
it is shown in investigations for a.c. or periodic impulse voltages of microsecond duration.
The results of the present work show that memory effect reveals itself in a decrease of the
ignition voltage of discharge appearance and in a decrease of the discharge current amplitude.
The moment of the discharge appearance tends to be closer to the moment of the voltage
impulse application. This effect is found to be present in both types of the discharge: channel
form of SD and a homogeneous form of the VD.

The experiments show that the current amplitude and duration of the back discharge under
nanosecond impulse voltage do not change with the number of previous discharges identically
for VD and SD. The back discharge characteristics depend only on the polarity of the primary
discharge at the voltage impulse front.

The complete removal of the surface charge and restitution of initial properties of the
dielectric barrier surface can be achieved only after careful charge neutralization procedure.
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Many different types of gliding arc reactors have been constructed and operated under various
experimental arrangements [1]. Several experimental studies demonstrated strong dependence of
gliding arc performance on gas flow and gravity conditions [2, 3]. This contribution aims to show
that exact knowledge of gas flow velocity field in gliding arc active zone is essential for
traceability and reproducibility of gliding arc operation.
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1 Introduction

Atmospheric pressure gliding arc [4] is low cost and easy to build plasma source. It can be
powered by alternating or direct current. The configuration of electrodes must allow the
movement of the plasma channel. Although its name contains word “arc”, it can be operated
also at low current densities in mode with properties similar to non-equilibrium atmospheric
pressure glow discharge. In this work, we report fundamental study on this plasma source
under conditions that were not tested before. For this study, we used wind tunnel that is
usually used in aerodynamic research to study the effects of air moving past solid objects.

In principle, there are two ways, how can experimentalist properly determine the gas flow
phenomena and estimate the gas flow conditions in gliding arc operational volume. One
approach is the employment of suitable diagnostics technique on existing experimental
apparatus, e.g. the utilization of (i) dust particles as micro-probes and use of light scattering
techniques, (ii) schlieren and shadowgraph techniques in transparent media or (iii)
anemometry (laser Doppler, hot-wire, pilot tube, etc.). Another approach is the adaptation of
existing experimental apparatus to configuration in which the gas flow conditions can be
easily calculated/estimated. Numerical modelling of gas flow field can be performed in all
cases.

2 Methodology and Experimental

In this contribution, we present results of gliding arc behaviour in different velocity fields.
Gliding arc was ignited using alternating (50 Hz) high voltage with amplitude of 5-10 kV in
air using steel electrodes with nearly quarter-elliptical shape, the dimension of one electrode
was approximately 8 cm, the smallest distance between the electrodes was 1 mm. We used
wind tunnel situated at Czech Metrology Institute (CMI) in Brno, manufactured by
Westenberg engineering company (Type WK 845050-G, diameter of jet outlet 450 mm,
length of measuring section 630 mm, flow velocity 0.3-50 m/s).
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Fig. 1: Rough draft of two gliding arc experimental configurations, arrows denote flow velocity vectors:
a) constricted configuration, b) non-constricted configuration with homogeneous gas flow.
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Fig. 2: Vizualization of gliding arc testing in wind tunnel, top view; arrows denote flow velocity vectors.

In the first research line, different flow conditions were achieved by using various inlet
nozzles through which feed gas was applied to gliding arc constricted active volume (i.e.
volume that was constricted by discharge chamber walls, see Fig. 1a). These inlet nozzles
were custom made using 3D-printing technology (Original Prusa i3 printer). Laser scattering
and schlieren technique were used to determine the gas flow conditions. Second research line
deals with the adaptation of the gliding arc discharge setup that enabled the change of gas
flow conditions in quantitatively expectable way in non-constricted configuration (i.e. gas
flow and gliding arc discharge did not interact with the discharge chamber walls, see Fig. 1b).
In this configuration, gas flow visualization was quantified using laser Doppler anemometry
(LDA) measurement and numerical simulation (fluid dynamics OpenFOAM software) was
verified by LDA, too. Optical images obtained by Casio EX-ZR100 high speed and Nikon
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DSLR camera were processed using Gwyddion software [5]. Discharge channel moved
perpendicularly to gravity vector to suppress buoyancy influence that was in this way less
pronounced on optical images that were obtained from top view, see Fig. 2.

3 Discussion

Gliding arc on divergent electrodes has the following repetitive character of its life cycle: (i) it
starts at the shortest distance between the electrodes, (ii) discharge channel moves due to gas
flow and/or buoyancy (flow versus buoyancy dominated regimes; or combined regime) and
(i) it reaches its maximum elongation and extinguishes [4]. Whole life cycle is characterised
by gliding frequency. The discharge channel can be in the first approximation considered as
plasma column with characteristic length |. This length changes during its life cycle. Under
flow dominated regime, the gas flow field is the most distinctive parameter that influences not
only the gliding frequency, but also the geometrical properties of the plasma string.
Predictably, one can distinguish several gliding arc regimes that correspond to various
Reynolds numbers and gas flow conditions. Sequence of typical discharge channel
geometrical forms was obtained using high speed camera recording and standard camera
photography in the dependence on flow conditions.

4 Results and Conclusion

Wind tunnel proved to be fitting instrument for gliding arc testing under homogeneous gas
flow. At relatively high gas flow speeds in wind tunnel and relatively high interelectrode
distance, convective cooling was so pronounced that it even stopped the ignition of the
discharge. This finding led us to the conclusion that for operation in strongly convectively-
cooled environment, the power of the power source must be increased. Therefore, most of the
measurements were performed at 10 kV. In most cases, the external gas flow is essential for
gliding arc operation and applications. Hence, experiments in wind tunnel can lead to
optimization of gliding arc operation. Moreover, this conclusion leads us to inquire if this
technique would be interesting to be tested also on other atmospheric pressure plasma
sources.
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NUMERICAL INVESTIGATION ON ATMOSPHERIC PRESSURE
RADIO FREQUENCY NON THERMAL PLASMA TORCH
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Different kind of non-thermal atmospheric pressure plasma sources have been reported in recent
literatures for specific kinds of applications starting from biomedical application to material
sciences. Realizing the important of the atmospheric pressure non-thermal plasma torch, an
atmospheric pressure radio frequency non thermal plasma torch have been studied on the basis of
nonlinear global model. The computational results show some interesting effects, like the different
behavior of the plasma heating with distance between the electrodes. It is observed that the plasma
heating is somehow complex dependence on the electrodes sizes.
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1 Introduction

Different kind of non-thermal atmospheric pressure plasma sources (APPS) have been
reported in recent literatures for specific kinds of applications starting from biomedical
application to material sciences [1-3]. It also seems to have a great importance in plasma
medicine. Depending on the particular applications the most used atmospheric pressure
plasma sources are plasma needle, plasma pencil, radio frequency (RF) plasma torch,
dielectric barrier discharge (DBD), barrier corona discharge (BCD) and plasma jet. It is
known that in low pressure capacitively coupled radio frequency (CCRF) plasma a dc self-
bias is generated due the geometrical asymmetry of the electrodes while operating by single
frequency RF source. However, if the two electrodes are geometrically symmetrical, no such
dc self-bias is generated while operating with single frequency RF sources. Very recently, it
is reported that electrical asymmetry effect could be utilized to generate the dc self-bias even
if the electrodes are symmetric in dual frequency low pressure CCRF plasma [4].

Realizing the important of the atmospheric pressure non-thermal plasma torch, a numerical
modeling work on the basis of homogeneous discharge model have been carried out to
optimize the design and understanding the influences of different physical parameters on the
performance of the plasma torches. The model is implemented on the torch with cocentric
cylindrical electrodes.

2 The Model

The schematic of the plasma torch based on concentric cylindrical electrodes along with the
RF power source are shown in fig. 1. The schematic of the discharge in between two coaxial
electrodes can be distinguished by two sheath capacitors near the electrodes and a bulk
plasma column in between the two sheaths as shown in the fig.2. The model has been initially
used to study the Ohmic and stochastic heating by plasma series resonance effect in
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asymmetric low pressure CCRF plasma [5]. It was also used to experimentally measure the
plasma series resonance heating and evaluate the plasma parameters from the electrical
discharge characteristics [6-9]. The model has been later modified to study the dual frequency
geometrically symmetric CCRF plasma by considering the second sheath at the grounded
electrode [6-8, 10] in low pressure. It has been also used similar kind of model to evaluate the
plasma parameters form electrical discharge characteristics of atmospheric pressure plasma
torches and step ionization associated with atmospheric pressure plasma torch [8,9].

Considering the homogeneous plasma in between the two electrodes the schematic of the
plasma discharge can be model as shown in fig 3. Where, C« (k=1, 2) is the sheath charges of
the powered and grounded electrode and can be expressed as,

Q[ 2eg,n A’ %
Cs,k = V —= V (1)
s,k s,k
Gas B ] Plasma Sheaths
[ ——
Ih Aandloco
I —
C Inner Electrode
T
I Matching Unit H RF Generator I Bulk Plasma
Fig. 1: Schematic of the plasma torch. Fig. 2: Schematic of the discharge.
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V(t)

Electron Inertia

Fig. 3: Schematic of the model.
In the bulk of the plasma, the electron frequency, a)ﬁe =n?/g,m (m is the mass of the

electron) and the capacitance Cy of a cylindrical electrode system can be used to express the
inductance due to the inertia of the electron as [6-10],

b
1 mln(a)
L — —

- - (2)
" 0lC,  2m,e’l

Where a, b, and / are the inner radius, outer radius, and length of the cylindrical electrode
system, respectively. The dependence of the current density on the electric field can thus be
modeled by a generalized Ohm’s law, as [5, 8-10].
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Where, d.o is the electron neutral collision cross section, y = (8eTe/nm)"? is the electron
mean thermal speed, and /, is the length of the plasma bulk. The electron and ion current
densities inside the both sheaths are taken to be jeix =jeexp(-Vs,k /Te) and ji,=envBonm, with
Veoim=(eTo/M)"? the Bohm speed, M is the ion mass and jeo=eneve.

Applying Kirchhoft’s law to CCRF plasma model as describe in fig. 3, we have obtained a set
of four differential equations describing the two sheaths charge (QOs 1, Os ), the dc bias voltage
(V) and rf current ( 1(¢)) [5,6,10]

d ' ' 2 |
QL0 Ay A em(—zeﬁﬁj ’
d | ' ' 2
%:_ —|(t)+AeJio_AGJe°eXp(_295§ﬁ } X
dv, 1
L 6
dt Csg I(t) i
) 1 V) Q2 __ Qe - +VB:|_Veff 1(t) (7)
a1 Y e A 2o A,

The plasma heating is calculated from the rf current considering the Ohmic heating by
following equation.

ntotal = <VLpI §> (8)
The equations (4) — (7) are solved with the typical set of plasma parameters, V,y =20 V,
o =21 x13.56 MHz, n.=10'°m?, T.= 1.5eV, M= argon ion mass, and y=Kn,, where K,, = 10"

B3 ms! is the rate coefficient, n, (m™) =4.4x10?* p (Pascal) is the neutral gas density and p is
the atmospheric pressure.

3 Results and Discussion
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Fig. 4: Variation of dc self bias and heating with Fig.5: Variation of dc self-bias and heating with
inner electrode size. distance between the electrodes keeping the outer

electrode fixed.
To study the influences of electrode sizes and the distance between the electrodes on the

generation of dc self-bias and the plasma heating, the computations are performed for
different electrodes sizes and distances. Two preliminary studies were carried out; one is the
variation of the size of the inner electrode while the outer electrode kept constant, other is the
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variation of the outer electrodes keeping the inner electrodes fixed. Fig. 4 shows the variation
of the dc self-bias generated due to the asymmetry of the electrodes size and the heating with
the inner electrode size. Fig. 5 shows the variation of the dc self-bias and the plasma heating
with the distance between the electrodes. Although the amount of dc self-bias is small, almost
a linear variation of dc self-bias and plasma heating is observed with the variation of the inner
electrode size and distance between the electrodes. However, some nonlinear variation of the
plasma heating is observed while varied the outer electrode size as shown in fig. 6. The
computational results show some interesting effects, like the different behavior of the plasma
heating with distance between the electrodes as shown in fig. 7. Although, the range of the
distance between the electrodes (fig. 5 and fig.7) are same while investigating the influences
of electrodes sizes, it is observed that the heating is not only depends on the distance between
the electrodes but also depends on the electrodes dimensions.
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Fig. 7: Variation of dc self bias and heating with

distance between the electrodes keeping the outer
electrode fixed.

Fig. 6: Variation of dc self bias and heating with
outer electrode size.

4 Conclusion

An atmospheric pressure radio frequency non thermal plasma torch have been studied on the
basis of nonlinear global model. The computational results show some interesting effects, like
the different behavior of the plasma heating with distance between the electrodes. It is
observed that the plasma heating is somehow complex dependence on the electrodes size.
A further numerical investigation is going on to study this complex dependence of the plasma
heating on the electrodes sizes and distance between the electrodes.
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INVESTIGATION OF SINGLE FILAMENTS IN ADIELECTRIC
BARRIER DISCHARGE WITH ROTATING ELECTRODE
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First experimental results on the investigation of single repetitive filaments in a DC-operated
dielectric barrier discharge arrangement with a rotating dielectrically covered electrode in ambient
air at atmospheric pressure are presented. The electrode arrangement consists of a metal pin
electrode and a rotating electrode which is a plate electrode covered by glass. An additional
electrode slides on the surface of the glass plate which discharges the remaining surface charges
from the dielectric. Distinct differences from classical DBDs are observed.

Keywords: dielectric barrier discharge; time-correlated single photon counting; rotating electrode;
DC high voltage

1 Introduction

The nature and physical parameters of dielectric barrier discharges (DBDs) is determined by
the presence of dielectric material in the discharge gap and its properties. The charging of the
dielectric barrier is responsible for the non-thermal regime as it limits the local energy
dissipation. In an operating DBD residual surface charges are supposed to play a crucial role
before the discharge inception phase [1, 2]. In a classical DBD, e.g. sinusoidal driven, surface
charges can remain for several hours on the dielectric barriers after turn off [3] and can thus
influence the distribution and development of the plasma in the following discharge cycles.
For a filamentary DBD in helium admixed with nitrogen Bogaczyk et al. have demonstrated
that distinct spots of positive and negative surface charges can exits more or less
simultaneously on an electro-optic crystal utilized for the determination of surface charges by
the Pockels effect [2]. Furthermore, an offset of the surface charge density after several AC
cycles is obtained. In order to learn more about the role of surface charges in a DBD with
usual dielectric materials such as glass a new experiment with a rotating dielectric barrier has
been considered. It is motivated by a plasma-chemical reactor for ozone generation and
a nanosecond pulse generator based on a DBD, which were presented by Andreev et al. [4-6].
The main idea is to have a rotating dielectric electrode so that remaining surface charges can
be released by a second grounded electrode before a new discharge cycle starts. Le. in
contrast to classical DBDs, in particular single filament arrangements [1, 7] the filaments are
ignited in a configuration without surface charges before discharge inception.

This contribution will give a description of the realized discharge arrangement. The single
repetitive filaments where investigated by ICCD camera photos, electrical measurements and
time-correlated single photon counting (TC-SPC), i.e. with sub-ns and sub-mm as well as
spectral resolution [8].
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2 Experimental

The electrode arrangement is similar as the one described in [5]. It consists of a fixed metal
electrode pin with a radius of 0.65 mm and curvature radius of 0.325 mm which is energized
by positive or negative DC high voltage of several kV amplitude. The grounded electrode is
a disk of metal concentrically covered by a disk of glass with a thickness of 2 mm. The
diameter of the glass disk is larger than the diameter of the metal disk (6 cm). The whole
arrangement is rotating by means of a motor. Therefore, the disk assembly is concentrically
mounted on the shaft of the motor. The circular speed of the motor is varied in a range of
from 0 to 10000 rotations per minute (rpm). The grounding of the disk is performed via
a sliding carbon brush electrode. The high voltage electrode is located off axis to the disk
assembly. The gap between the point tip and the glass surface was fixed, with values between
1 and 3 mm. Opposite to the point electrode a second sliding grounded electrode is located. It
is made of a flexible copper band. Figure 1 shows the schematic discharge arrangement.

Point Electrode

>

Brush Electrode

Investigated Filament

I Rotating Glass Covered
Electrode (grounded)

= ‘ Schaft of Engine

Plasma due to
discharging the
| glass covered electrode

Point Electrode
(DC High Voltg.)

Copper Band
(Slinding)
Electrode

Rotating Glass Sliding Band Electrode
Covered Electrode (grounded)

Fig. 1: Scheme (left) and photo (right) of the discharge arrangement with rotating dielectric electrode. The
plasma is operated in still ambient air.

As shown on the photo in fig. 1, right part, there are two gas discharges observed. One is
located between the point tip and the dielectric surface, and is the object of investigation.
A second plasma zone is observed between the glass surface and the sliding copper band
electrode. The remaining surface charges from the first discharge form an electric field
between dielectric surface and copper band which is capable to cause a second gas discharge.
This discharge was not investigated further except current measurements through the ground
connection by means of a current monitor (Pearson 2877). An identical current monitor was
used around the high voltage connection to the point electrode in order to measure the current
in the first discharge.

The discharge at the point electrode was imaged to an ICCD camera (DiCAM-PRO) via a far
field microscope (Questar QM 100) to record photos of the plasma with a short exposure time
(in the range of microseconds). Since the plasma appears quite irregular and is of weak
intensity as well as short duration and small scale the time-correlated single-photon counting
technique is used for spatio-temporal resolved investigation of the discharge development.
This technique has already been described elsewhere [1, 8]. Here the same setup, as presented
in [9] was used.
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3 Results and Discussion

The microdischarge current pulse amplitude and duration strongly depend on the polarity of
the high voltage electrode and the distance between point electrode and glass surface. In case
of positive polarity, the amplitude reaches a few hundred mA, while 5 times lower values are
obtained for negative polarity. The amplitude is not significantly dependent on the rotational
speed of the disk electrode for values exceeding 1000 rpm, but is decreased with declining the
rotational speed below this value. As higher the distance (varied between 1 and 3 mm) as
higher are the current pulse amplitude and duration. The duration of microdischarges is in the
range of 100 ns. It is about 2 times longer in case of negative polarity compared to positive
one. The rotational speed, the position of the point electrode (i.e. circular distance to the
rotational axis) and the voltage amplitude define the number of microdischarges per unit of
time. As higher the speed and as longer the distance the higher is the repletion rate. With 9000
rpm, a distance of 2 cm and a negative polarity voltage of 11.5 kV a mean repetition rate of
about 3.6 kHz is reached. In case of low voltage amplitudes and rotational speeds it has to be
mentioned that the discharge is very irregular, similar as known from Trichel pulse corona
discharges, but the current pulse amplitude is much higher than for a Trichel pulse, namely
about 35 mA. The higher the rotational speed and the voltage amplitude, the more regular
appearing microdischarges are observed.
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Fig. 2: TC-SPC results (number of counted photons) showing the development of microdischarges in a DBD
arrangement with rotating dielectric electrode. Left: positive polarity of point electrode. Right: negative polarity
of point electrode. Approximated positions of electrodes are given by lines; A is anode, C is cathode; emission of
the 0-0 transition of the second positive system of nitrogen at 337 nm with a resolution of AA=0.07 nm.

In figure 2 two examples of observed spatio-temporal discharge development are presented.
The radiation of the most intensive molecular band in the emissions spectrum of such
discharges in air, namely the 0-0 transition of the second positive system of nitrogen at
337 nm is shown. The results compare the different polarities of the point electrode in a
discharge configuration with 2 mm discharge gap and a voltage of 11.5 kV. The rotational
speed was 7000 rpm. The discharge was operated in open atmosphere but with a gas flow of
synthetic air of 150 sccm through the electrode arrangement. The abscissas are the time axis
(time window of 30 ns with a resolution of 48 ps) and the ordinates are the axial discharge
gap positions. The locations of the electrode surfaces are given in the diagrams (high voltage
electrode always at top and dielectric at bottom).
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For the positive polarity a cathode directed wave of radiation (positive streamer) starting from
the middle of the gap followed by a second emission front (secondary wave) starting from the
metal electrode are observed. This behavior is similar to a positive streamer corona [10]. For
the negative polarity an anode directed wave of light (negative streamer) and a weaker glow
in front of the cathode are observed. In both cases no pre-phase prior to the breakdown is
investigated. The results suggest a pronounced influence of the surface charge dynamics on
the discharge development in comparison with sinusoidal single-DBD cells with non-moving
dielectric electrodes. In these case, a cathode directed streamer and an anode glow as well as
a Townsend pre-phase were observed in asymmetric DBDs (one metal electrode and one
dielectrically covered electrode) [1]. These differences suggest an important role of surface
charges in the pre-phase of the microdischarge formation. To gain more information the
investigation of different spectral lines and the systematic variation of the discharge
configuration parameters are planned for future research.

4 Conclusion

A novel single filament DBD arrangement is presented. It enables the study of DC-operated
DBDs of different polarities, where surface charges are discharged by a sliding electrode on
a rotating dielectric electrode. This unique boundary condition has a significant impact on the
discharge development as suggested by the first, preliminary TC-SPC results. Only in case of
negative polarity a discharge development similar as known from classical single-DBDs with
two fixed point electrodes is obtained. Further experiments on this discharge arrangement are
motivated by the presented preliminary results.
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HELIUM RYDBERG MOLECULES KINETICS IN ATMOSPHERIC
PRESSURE DISCHARGES
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In high pressure discharges, neutral particle collisions play an important role on plasma kinetics. In
high pressure pure helium discharges, the formation of helium molecules is qualitatively known
but their kinetics are still poorly understood. In this contribution, the absolute density of helium
Rydberg molecules is measured for the first time by a combination of laser photo-ionization and
Thomson scattering experiments. The results are combined with electron and helium metastable
densities measurements and compared with a kinetic model of the discharge. The source of He:
molecules in the discharge and afterglow phases are identified with three-body association and
recombination processes.

Keywords: helium kinetics; Rydberg molecules; atmospheric pressure plasmas; Thomson
scattering; plasma modeling

1 Introduction

In the field of biomedical applications, atmospheric pressure helium discharges have been
found to be the most promising plasma sources compared to argon plasmas mostly because
they can be easily operated near room temperature and produce large amount of reactive
species [1]. Most studies have focused up to now on argon and helium plasma jets in open
environment where air entrainment inside the plasma jet makes any quantitative investigation
of the plasma dynamics complex. Particularly, to understand and model plasma dynamics, it
IS necessary to work in pure gases due to the exponential increase in complexity when adding
further species. Such impurities lead notably to strong changes in the temporal shape of the
electron energy distribution function because of the extra inelastic electron energy losses.

In this contribution we present the experimental characterization of a nanosecond pulsed pure
helium discharge in parallel plate configuration. Various diagnostic techniques are used to
determine all important parameters of the discharge. A simple kinetic model is finally
developed to discuss and describe the main production and destruction channels of excited
neutral species in the afterglow.

2 Experimental

electrodes

Fig. 1: Schematic diagram of the flow configuration of the parallel plate nanosecond pulsed discharge. The
gap is 0.95 mm, the discharge length 2 cm and the Molybdenum electrodes have a thickness of 1.5 mm.
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The discharge is a simple parallel plate pulsed DC discharge operated at 0.7 bar. The reactor
consists of two molybdenum electrodes. A 800 sccm helium flow is blown into the gap
through a glass plate below the electrodes forced outside via the sides by covering the
electrodes with a thin glass plate (see figure 1 for more details). A rectangular 2.3 kV voltage
pulse is applied for 150 ns to the powered electrode while the other one is grounded. The
discharge is operated with a repetition frequency of 5 kHz to ensure stable conditions with
low jitter. The electron density and electron energy velocity distribution function are
measured by laser Thomson scattering (LTS). The triplet He (2 3S) metastable state is
measured by laser diode absorption spectroscopy. From the analysis of the LTS data we
measure also for the first time the absolute density of helium Rydberg molecules produced in
the discharge. At high laser powers, one needs to be careful with photo-ionization, photo-
detachment and laser heating of the electrons during LTS experiments [2]. We performed
laser energy variation measurements. The measured electron temperature is found to be
independent to laser energy as seen in figure 2 even at the peak electron density (100 to 120
ns) ruling out laser heating. In the afterglow, a significant increase of the electron density as a
function of laser energy is observed with an overpopulation of the tail of the EVDF indicating
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Fig. 2: Electron velocity distribution function at 100 ns (discharge regime) and 200 ns (afterglow period) as a
function of the laser power. One can see that in the afterglow a significant number of extra electrons are
produced by photo-ionization of Rydberg molecules.

photo-ionization of weakly bound electrons. After excluding possible contributions from
impurities, these extra electrons are assigned to Rydberg molecules [3]. Fitting the photo-
ionization saturation curves as a function of the laser pulse energy, absolute densities are
finally obtained. The data are complemented with spatially and spectrally resolved optical
emission spectroscopy of atomic and molecular helium lines.
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3 Global plasma model

In the kinetic model, we consider several species in their ground state, namely helium atoms
He, free electrons e, the atomic ion He* and the molecular ions (He>" and Hes"). Additionally
we consider a helium atomic metastable state He 2 3S and the helium metastable molecule He;
2s3%,*. For the excited neutral species, we consider two groups of lumped states both for
helium atoms (He* and He**) and molecules (He2™ and He;®Y). These groups are defined
consistently with their adiabatic interaction energy potential curves. The Rydberg molecules
He2RY correspond to all the molecular states which are formed by association processes (cf.
reaction 1) above the He (3 3S) state. The He** atoms have higher potential energy than the
ground state of He," [5]. The kinetic model is based on the numerical solution of a coupled set
of balance equations solved using a forward Euler iteration scheme. The transport losses at
atmospheric pressure are negligible compared to volume losses and the species balance
equations reduce simply to the following form

0nj
5 ) = b

where P; are the source terms via two or three body processes and D;j are the destruction
processes by two or three body collisions. The energy balance of the plasma is not solved
explicitly but taken into account via the electron density and total Rydberg density measured
by Thomson scattering up to 120 ns and represented in figure 3. A source term is then self-
consistently included for the electron and atomic excited states to represent the total amount
of energy stored in the plasma species during the breakdown phase. At the start of the
afterglow regime, defined as 120 ns and onwards, all species particle balances are solved self-
consistently. All rate coefficients are taken from experimental measurements reported in the
literature [4].

4 Results and Discussion
In figure 3, a comparison between the experimental results and the model are shown. One can
find a good agreement, both for the decay of the electron density but also the source terms of
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Fig. 3: Experimental electron and Rydberg molecule densities measured by Thomson scattering. The
experimental results are compared with the output of a global plasma kinetic model for the main species
produced in a pure helium discharge at high pressure.
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the helium Rydberg molecules in the early afterglow. One can see that all the electrons
recombine into Rydberg molecules but also that a significant amount of them are produced
during the discharge phase as well. The analysis of the results from the model show that two
processes governs the production. Three body association

He** + He + He = Hex® + He (1)
is the main process during the discharge phase. In the afterglow, neutral assisted three body
recombination of He," takes over

Hez" + He + e- & Hex™ + He. (2)
These reaction pathways have been suggested by some authors and even included into models
(see for instance [7, 8]) but the absolute He,®Y density measurements allow to quantify for the
first time the importance of different recombination pathways. The main other competing
channel is identified as

He," +e- > He 23S+ He (3)
but is slower and He 2 3S density increases in the microsecond time scale in the afterglow. The
measurements shown in figure 3 also show that the main recombination products of reaction 2
are Rydberg molecules.

5 Conclusions and perspectives

For the first time, we report experimental measurements of the absolute Rydberg states
density in a high pressure helium discharge. The present work shows the importance of three
body association processes in the kinetics of excited helium species. This process leads to the
formation of helium molecules during discharge operation. In fact, this process can compete
with auto-ionization processes [6] and more experiments are needed to evaluate their relative
weights for the quenching of atomic helium species. In the late afterglow (t>500 ns), our
measurements show that the loss channels of excited neutral species in pure helium discharges
are not yet fully understood nor described yet. Indeed, our measurements also showed that the
helium radiative and Rydberg molecules behave differently contrary to what has been usually
assumed. Considering their large densities, Rydberg molecules are also expected to play an
important role for controlling the background ionization degree in pulsed plasma operation.
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The optical emission of nitrogen and air discharges was investigated in wide range of reduced
electric fields and pressures with the use of a non-self-sustaining Townsend discharge cell. The
experimental spectra were compared with the theoretical spectra of nitrogen second positive
system and first negative system. The calculations were based on a simple collisional-radiative
model taking into account excitation by electron impact and de-excitation by radiative decay and
quenching by N, and O,. Reasonably good coincidence between experiment and theory was
obtained. The choice of collisional quenching rate coefficients for N,*(B 2Z,*,v=0) was discussed.

Keywords: nitrogen spectrum; reduced electric field; quenching rate coefficients

1 Introduction

Optical emission spectroscopy is an important tool for the characterization of air discharges.
The emission of second positive system (SPS) originating from N2(C °I1,) manifold and first
negative system (FNS) originating from N>*(B ?Z,") manifold used in the estimation of
reduced electric field strength, E/N [1,2] is of main importance. In addition to the electric
field, the emission from these states is strongly influenced by the collisional quenching with
air molecules, especially at atmospheric pressures [1]. Collisional quenching rate coefficients
for No(C °Il,) vibrational states proposed by different authors are satisfactorily consistent
while the collisional quenching rate coefficients for No"(B 2Z,*, v=0) vary up to 4 times [1].

The aim of present study was to evaluate the suitability of quenching rate constants proposed
by different authors by registering the nitrogen emission spectrum in pure nitrogen and air at
varying pressures and E/N values and comparing the results with the results calculated on the
basis of theoretical model using the available data of quenching coefficients.

2 Experimental setup

A non-self-sustained Townsend discharge between parallel plate electrodes was used to carry
out the experiments at well-determined E/N values. The experimental setup is depicted in
figure 1 and detailed description can be found in [2]. The cathode was a semitransparent
aluminum coating evaporated on a quartz plate while the anode was made from brass. The
initial electrons were produced from the cathode by UV radiation of a mercury lamp equipped
with an interference filter for A= 253 nm. The diameter of the illuminated area of the cathode
was 18 mm. The electric field strength between the electrodes was set by adjusting the
distance between the electrodes and/or the applied voltage. The high voltage from Stanford
Research Systems Inc. model P350 was applied to the cathode via a current limiting resistor R
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=396 MQ. The anode was grounded via a Keithley 6485 picoammeter. The discharge current
was fixed at 1 pA for measurements in nitrogen and 3 pA in air. Under these conditions, the
space charge electric field created by charged particles remained below 1 % of the Laplacian
field. The pressure in the discharge chamber was measured with the piezoelectric and micro
Pirani transducer. Nitrogen with purity of 5.0 or synthetic air with purity of 4.0 was flowing
through the chamber with the flow rate of 20 sccm. The experiments were carried out in the
pressure range of 8 to 750 Torr and E/N range 200-2000 Td.
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Fig. 1: Sketch of the experimental set-up. 1- semitransparent cathode, 2 - anode.

The emission originating from the discharge was registered through quartz windows. The
collimator was used to focus the emission to a fiber which was attached to the Andor
Mechelle ME5000 spectrometer. The spectrum in the range of 220-850 nm was collected for
10-15 minutes. The relative spectral sensitivity of the optical system was determined using a
deuterium-halogen calibration source Ocean Optics DH-2000-Cal.

3 Results and Discussion

An example of emission spectrum obtained in pure nitrogen at 26 Torr and 584 Td is shown
in figure 2. At all experimental conditions, only bands corresponding to nitrogen SPS and
FNS systems in the spectral range of 270 to 470 nm were detectable in the spectra. The
SPS(0,0) band at 337 nm had always highest intensity whereas the relative intensities of other
bands varied depending on E/N value and pressure.

The integrated intensity of bands corresponding to different transitions was obtained by
comparing the experimental spectrum of a band with the synthetic spectrum similarly to the
procedure described in our previous paper [2]. An example of the measured SPS(0,0) band
together with the simulated one is shown in the inset of figure 2.
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Fig. 2: Nitrogen spectrum at 26 Torr and 584 Td in pure nitrogen. The inset shows an example of the fit between
experimental and synthetic spectrum of the SPS(0,0) band.
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The collisional-radiative model used for the calculation of theoretical intensities of nitrogen
SPS and FNS bands assumes that the excitation of No(C *IT,,v=0-4) and N> (B 2Z,", v=0-2)
states occurs through the electron impact from ground state No(X 'Z,",v=0) while the losses
are caused by spontaneous emission and collisions with N> and O, molecules. The excitation
rates of respective N> states were calculated with Electron Energy Distribution Function
(EEDF) obtained with the Boltzmann solver BOLSIG+ [3] and cross-sections of excitation
processes obtained from the papers of Tabata and Shemansky [4,5]. The collisional quenching
rate coefficients were obtained from Dilecce [1]. The steady state population of nitrogen
states and relative emission intensity of bands were calculated by solving the respective
system of equation presented in [6].

An example of the comparison of experimental and theoretical intensities of SPS and FNS
bands is shown in figure 3. The intensities were normalized to SPS(0,0) band.

100 —_— 100 =
N - SPS by model AI r - SPS by model

2 FNS by model FNS by model
o Experiment

o Experiment

(a) (b) i

1} ,millm Lt

270 290 310 330 350 370 350 410 430 450 470 270 280 310 330 350 370 3%0 410 430 450 470
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10 4 10

Relative intensity, %
Relative intensity, %

1

Fig. 3: Comparison of the relative intensities obtained by experiment and calculated by theoretical model for (a)
Ny at 15 Torr and 840 Td and (b) air at 15 Torr and 920 Td. Blue bars correspond to calculated intensity values
of SPS and yellow bars to FNS. Experimental intensities are shown as red points with black error-bars.

In the limits of uncertainty the calculated intensities coincided with the measured intensities
for transitions from N»(C °Il,,v=0) state. For transitions from N(C °II,,v=1-2) states the
measured intensities were systematically lower than calculated intensities but the difference
didn’t exceed 20 %. This difference remains close to the measurement uncertainty when we
take into account dispersion of data for calculation of EEDF and excitation rate constants. The
relative intensities of bands originating from higher vibrational states remained below 5%
where the measurement uncertainty became too large. For Na(C *I1,) states the dispersion of
collisional quenching rate coefficients from different authors is less than our measurement
uncertainty and the variation of quenching coefficients had minor effect on the calculation
results. The available data for quenching rates of No*(B 2Z,*, v=0) state differ up to 2-4 times
and have much bigger impact on the results. Our calculated theoretical intensities had best
coincidence with experimental intensities when the quenching rate coefficients determined
with LIF method proposed by Dilecce [1] were used. Accounting the vibrational relaxation
(cascade processes) [6] had only a small effect (less than 1%) on the intensity ratio of FNS
and SPS bands.

Dilecce et al. [1] have highlighted that the quenching rates available in the literature have

a clear dependence on the excitation method of N2"(B 2Z,", v=0). The selective excitation
methods (LIF) result in consistently higher quenching rate coefficients while methods based
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on the pulsed discharge give smallest, up to 3 times lower values for these coefficients.
Possible reasons for the smaller quenching rates obtained in the latter case could be continued
electronic excitation or cascade from higher vibrational levels during the decay phase [1,7]. In
our previous work [7], the duration of the excitation phase was sufficiently short to exclude
the first effect. As concerning the cascade effects, there is no data available concerning the
vibrational relaxation in N>"(B 2Z,") manifold. However, our calculations showed that the
relative population of the state v = 1 was more than an order of magnitude smaller than the
population of v = 0 due to much smaller excitation cross-section and larger quenching rate
coefficients. The population of higher levels was even smaller. As a consequence, the cascade
effects should also have only a minor effect in the determination of quenching rate
coefficients as well as in the population of the N>"(B 2Z,", v=0) state.

Regardless of the cause of the differences between the quenching rate coefficients, it is
reasonable to assume that the value of the quenching rate constant obtained under conditions
of the current experiment should be the most suitable. However, the best coincidence was
achieved with the coefficients determined by selective excitation method which had about
3 times higher values than coefficients determined by pulsed discharge method [7] under the
conditions of the present experiment.

4 Conclusions

The emission spectra of nitrogen and air non self-sustaining Townsend discharges under
different reduced electric field and pressure values were measured. The experimental spectra
were reproducible in wide range of E/N and pressure, in air and pure nitrogen, with a simple
collisional-radiative model where electron excitation rates of No(C *I1,) and N>*(B 2Z,") states
were calculated with EEDF obtained by BOLSIG+ and de-excitation was calculated with
Einstein coefficients and collisional quenching rate coefficients determined with LIF method
[1]. Possible reasons for smaller values of N>*(B 2Z,") collisional quenching rate coefficients
obtained with the pulsed discharge method were discussed and reasons like cascading, or
electron excitation, were argued to be of minor importance. The question about the
dependence of collisional quenching rate coefficients for N>"(B 2Z,") on the method of
determination remains still open.
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EFFECTS OF PULSE VOLTAGE WAVEFORMS ON FAST GAS
HEAING IN AN ATMOSPHERIC PRESSURE STREAMER
DISCHARGE: COMPARISON BETWEEN EXPERIMENTS AND
NUMERICAL SIMULATION
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Gas heating in an atmospheric pressure streamer discharge is one of the fundamental processes of
atmospheric pressure plasma and it closely relates to the efficiency of radical productions.
Understanding of the relation between applied pulse voltage waveforms and the fast gas heating
phenomenon lead to improve the various applications of atmospheric pressure plasma. Schlieren
visualization shows that the shock wave is produced by a streamer discharge and its strength was
changed by the pulse voltage waveforms. Through the comparison between the experimental
results and simulation results, the mechanism of gas heating is discussed.

Keywords: streamer discharge; numerical simulation; shock wave; fast gas-heating; chemical
reaction

1 Introduction

Gas heating in atmospheric pressure plasmas is one of the important characteristics that
influence the development of the discharge itself and the following by reducing the neutral
gas density which changes the reduced electric field [1, 2]. In addition, an increase in gas
temperature can affect the rate of chemical reactions and can induce turbulence phenomena
starting from an initial laminar gas flow [3]. The studies of gas heating has been conducted by
many researchers [4, 5], however, the interaction between the pulse voltage waveforms and
the degree of gas heating has not been clearly elucidated yet. In this study, we performed both
experimental and numerical works to understand the gas heating phenomenon and its relation
with the pulse voltage waveform.

2 Experimental setup

Fig. 1 (a) shows the electrical circuit for generating a pulsed discharge. The charge stored in
the capacitor is discharged using the spark gap switch. By changing the delay time between
the LED trigger and the discharge pulse, a temporal variation of schlieren image is observed.
Fig. 1 (b) shows the electrode configuration of the discharge reactor. The anode consists of 5
stainless needles which are arranged at 4 mm intervals. The gap between the anode and the
cathode is 13 mm. The experimental setup for shlieren visualization is shown in Fig. 1(c). The
Schlieren optical system is arranged with a gleen-color LED light source (OSRAM, LE-T-
Q9WP), digital CMOS camera (Nikon, D5500), and two plano-convex lenses whose
diameters and focal lengths are 50.8 mm and 1,000 mm, respectively.
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Fig. 1: (a) High voltage pulse generator circuit, (b) electrode configuration and (c) experimental setup for
schlieren visualization.
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Fig. 2: (a) Schematic view of the calculation domain and mesh, (b) cross sectional views of instantaneous flux of
photons emitted from Ny(C3I1,) for a horizontal line of sight in 02(20%)/N, discharge at time t = 2 ns, (c) at
t =50 ns and (d) the corresponding axial distribution of reduced electric field (£/N) at each time.

The streamer model equations used in the present study consist of drift-diffusion equations for
the electrons and ions and Poisson's equation. The transport and source parameters that
involve electrons are calculated using the Bolsig+ solver [6] with published e-V cross sections
[7]. A chemical reaction model that includes electron-impact collisions (excitation, ionization,
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Fig. 3: (a) Time integrated photographs of streamer discharges in a 13 mm gap in air at atmospheric pressure at
various peak pulse voltages and (b) temporal variation of schlieren images for 24 kV applied voltage.
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Fig. 4: Contour plot of the simulated gas density after the discharge (from 1 to 100 ps).

dissociation, recombination, attachment, and detachment), ion recombination, and the
reactions of neutrals is used. The reactions considered here are described in detail in our
previous paper [8, 9]. The Euler equation is coupled with the chemical reaction model and is
solved to simulate the neutral gas flow. Photoionization is taken into account through three-
exponential Helmholtz models. In this paper, the gas composition is set to be dry air at
atmospheric pressure. The electrode geometry is a point-to-plane configuration with a gap of
13 mm as shown in Fig. 2 (a) which corresponds to the dimensions of the experimental
setups. Fig. 2 (b) and (c) show the cross sectional views of instantaneous flux of photons
emitted from N»(C°I1,) for a horizontal line of sight in 02(20%)/N, discharge at (b) time
t =2 ns and at (¢) t = 50 ns. Fig. 2 (d) shows the axial distribution of reduced electric field
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(E/N) at each time which is corresponding to the condition in Fig. 2 (b) and (c).
Computational time step is fixed to 0.25 ps during 200 ns and then it is gradually increased up
to 80 ps for coupling the discharge phenomenon with the gas fluid phenomenon. Details of
the model equations, the numerical algorithms, and the computation acceleration techniques
used in our study can be found in our previous reports [2].

4 Results and Discussion

Fig. 3 (a) shows time integrated photographs of streamer discharges. The peak voltages of
applied pulse which are written in the left side of the photographs were changed by the
charging voltage of the capacitor. The length of the streamer discharge gradually increases as
the peak voltage increases. Fig. 3 (b) shows the schlieren images at time 10, 50, 100, 1000 s
after the discharges. At t = 10 ps, the spherical shapes which seems to be a shock wave is
clearly observed. After expanding the spherical wave, the contrast of the streamer channel
gradually increased. This phenomenon is already experimentally observed in [10]. Fig. 4
shows the temporal variation of the simulated gas density after the discharge. The spherical
shock wave is observed at t = 10 ps. After the expanding of the shock wave, the gas density in
the streamer channel decreases. As shown in Fig. 3 and Fig. 4, our simulation model
qualitatively reproduces the experimental results. Now we are preparing both schlieren
visualization and its simulation with various voltage waveforms. The results will be shown in
this presentation.

5 Conclusion

In this study, we performed both experimental and numerical works to understand the gas
heating phenomenon and its relation with the pulse voltage waveform. The schlieren
visualization shows that the spherical shock wave is produced by a streamer discharges and its
numerical simulation qualitatively reproduces the phenomenon. In this presentation, we will
show the result of schlieren visualization and its numerical simulation with various voltage
waveforms and discuss the results.
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In this work, an array surface micro-discharge in He/Ar+H-O, operating at peak-to-peak voltage of
14KV is investigated. The absolute OH density and its temporal-and-spatial dynamics are detected
by broadband UV measurement and laser-induced fluorescence (LIF) spectroscopy. The absolute
density of OH is about 102m= for Ar+H,0 mixture and about 10°m- for He+H,0 mixture. The
OH density reaches peak at 0.05% H,0 in Ar+H0.

Keywords: surface discharge; laser-induced fluorescence; absorption spectroscopy;
hydroxyl radicals

1 Introduction

Atmospheric pressure non-equilibrium plasma has been widely used in many fields like
biomedical applications, wastewater treatment and micro-chemical analysis systems [1,2].
Compared to low-pressure plasmas it is operating without expensive and size limited vacuum
systems. Surface discharge is one type of atmospheric pressure non-equilibrium plasmas. It
commonly consists of a plane HV electrode, a striped grounded electrode and a dielectric
sheet sandwiched between the electrodes. Recently, a novel different structure of surface
discharge source with mesh-array grounded electrode has been strongly investigated [2,3]. In
this work, we used a hexagonal shape of mesh-array electrode to enhance plasma stability and
spreading of the plasma over the whole area of the grounded electrode [3]. The plasma is
generated on the surface of dielectric sheet near the grounded electrode, and it induces
production of reactive species such as the OH radical in the gas phase which is transferred to
treated materials far away from the grounded electrode.

Due to its high oxidation potential, OH is considered to play an important role in some

applications like environmental remediation and biomedical treatment [1,3]. Therefore, it is
meaningful to study OH density with high temporal and spatial resolution.
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2  Experimental

In this work, an array surface discharge setup is used. The schematic diagram of the
experimental setup is shown in FIG.1. The HV electrode is made of an aluminum plate of 4x4
cm?, and the grounded electrode consists of a stainless steel mesh. Each mesh element has
a hexagon shape, with sides of 4 mm in length, 0.76 mm in width and 0.5 mm in thickness.
The sine power is applied with frequency of 20 kHz and peak-to-peak amplitude of 14 kV. To
mix water vapour with gas, a homemade bubbler system is used. Two mass flow controllers
(MKS instruments 4000) are employed to mix a flow of pure helium/argon and helium/argon
saturated with water vapour. The total flow rate is fixed at 4 slm in all experiments.
Broadband UV absorption measurement and laser-induced fluorescence (LIF) spectroscopy
are applied to measure OH density and its temporal and spatial dynamics.

(a) @ (b)

Al electrode
PTFE

Plasma

Quartz box

Fig. 1. Array of surface-confined plasmas with (a) its electrode unit; (b) 2.4 X 2.4 cm? area of an end-on image
in helium.

3 Results and Discussion

From the discharge emission detection and LIF measurement, it is found that the level of
OH(A) emission follows the discharge pulse, whereas OH(X) maintains the same level during
the whole period of discharge, as it is shown in FIG.2. It indicates that OH(X) density is
constant in each discharge cycle and life time of OH(X) radicals is longer than 50 ps which is
duration of the applied voltage cycle shown in FIG.2.
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Fig. 2: Current-voltage characteristics in Ar+0.025%H,0 (a) the corresponding LIF images and 309nm
emission images (b).
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As found in the measurement, the decay time of LIF signal of excited states of OH (a)
decreases with the increasing water concentration. This is explained by the fact that increasing
water concentration enhances OH(A) quenching. Also the LIF measurement of the decay time
allows estimating the impurity of air in the discharge. It is found that air impurity increases
with the distance from the grounded electrode and it reaches its peak at 2 mm, after which it
maintains a value around 0.45%.
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In the broadband UV absorption measurement, the line integrated absorption of Pi(2)
rotational line is used for detection. With this line absorption, the Beer-Lambert law is used to
determine OH density. Before that, the rotational temperature should be known, which is
evaluated by fitting the emission of the OH(A-X) spectrum. As it is shown in FIG.3 the
rotational temperature in Ar+H20O is about 20 Kevin higher than that in He+H>O but still very
close to room temperature leading to possibility use the source in targeting biomedical
application.
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Fig. 3: Rotational temperature with increasing water concentration in the mixture of He+H,0 and Ar+H,0

Based on broadband UV absorption of P1(2) line the absolute density of OH is 10m for
Ar+H20 mixture and 10*°m for He+H,O mixture. We want to emphasise that an almost 20
times higher density is detected in Ar+H>O discharge in comparison with He+H>O in
optimized mixtures with H>O. This is significantly higher than what has been reported in the
volume dielectric barrier discharge [4]. As noted in [4,5], the reason for the difference of OH
density might be an increased role of metastables dissociation and charge exchange. We
found that OH density keeps rising with increasing water concentration and it reaches its peak
at 0.05%. Thereafter, the OH density starts to decrease. In the production of OH, the H.O is
a main precursor for OH. The increase of H.O can help to enhance reactions like electron
dissociation and dissociative attachment. However, H»O is also an electronegative gas and it
can weaken the discharge. When the H2O concentration is too high, the discharge properties
are changed due to presence of electronegative gas leading to a decrease of OH production.

4 Conclusion

In this work, broadband UV absorption measurement and laser-induced fluorescence (LIF)
spectroscopy are used to measure OH density and its temporal and spatial dynamics in an
array surface micro-discharge. The level of OH(A) emission follows the discharge pulse, but
OH(X) maintains the same level during the whole period of discharge. The absolute density of
OH is about 102*m™ for Ar+H,0O mixture and about 10°m for He+H,O mixture and strongly
depends on H>O admixture. Ground state OH density is about 20 times higher in Ar+H,O
than that in He+H>0O. The density of OH reaches its peak at 0.05% H>O in Ar+H>0.
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The difficulties of employing two-photon absorption laser induced fluorescence (TALIF)
technique for determination of atomic concentrations in close proximity of dielectric surface was
successfully addressed. We present our experience from measurement of atomic hydrogen
concentration in a coplanar surface dielectric barrier discharge.

Keywords: TALIF; surface DBD; atomic hydrogen

1 Introduction

Surface dielectric barrier discharges (DBDs) have been widely used for plasma treatment of
solid surfaces or ozone generation. For development of efficient plasma sources, the
knowledge of generated reactive species controlling the desired plasma processes is highly
advantageous. However, determination of reactive species concentration in surface DBDs is
a challenging task due to the low thickness of active discharge zone situated in the closest
vicinity of the dielectric surface.

Suitable method for atomic concentrations measurement is two-photon absorption laser
induced fluorescence (TALIF). The principle of the method is the excitation of diagnosed
atoms in the ground state via simultaneous absorption of two laser photons and observing of
the consequent fluorescent radiation. This fluorescent radiation has an intensity proportional
to the atomic concentration. Method is well-described e.g. in [1], for atomic hydrogen
measurements it was used e.g. in [2].

In this contribution we focus on employing TALIF technique in the close proximity to the
surface of coplanar DBD. The interaction between laser beam and the dielectric surface poses
several problems. First, the contact of laser beam with the dielectric can lead to discharge
artificial breakdown, therefore, care must be taken to make the TALIF method non-invasive.
This can be solved by synchronizing laser excitation with the DBD voltage cycle, so the laser
shots are taken at the lowest internal field, insufficient to initiate the artificial breakdown [3].
Second, the laser beam is scattered on the DBD surface and induces fluorescence of the
dielectric material, which both leads to detection of redundant signal, often exceeding the
actual signal of measured particles. We bring the solution of this problem and present our
experience from successful measurement of atomic hydrogen concentration above the
dielectric surface.
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Fig. 1: Measured signal as a function of wavelength of the laser beam impinging the surface of coplanar DBD.
Measurement with the discharge turned on (blue line) is compared with the measurement with the discharge
turned off (red line), where the fluorescence of the dielectric can be seen. Difference of both signals (yellow line)
should roughly correspond with the two-photon-absorption line of hydrogen atom. Displayed wavelengths are
shifted approximately by 0.11 nm.

2 Problem solution

The problem of artificial breakdown was addressed by taking the measurements in the
repetitive afterglow mode, where the magnitude of external voltage was insufficient to sustain
development of artificial breakdown.

The problem with redundant signal was suppressed by a suitable choice of dielectric material
for the DBD surface. We have proved successful to use quartz as a dielectric, because of its
low UV absorption leading to low intensity of fluorescence of dielectric and smooth surface
which minimizes scattering of the laser radiation to the detector. To minimize the contact of
out-of-focus laser beam with the surface, we employed convexly curved surface.

Despite the use of silica, some amount of scattered light or a fluorescence of quartz was still
detected when the laser beam touched its surface. This parasitic signal linearly depended on
the energy of laser pulse. Therefore, following procedure was performed to distinguish the
hydrogen fluorescence signal from other redundant signals. Besides a common dark frame
Saark measured without presence of any laser radiation, a detuned image Sdeunes Was captured
for each measurement. This signal Sgennes Was measured with the laser with similar value of
energy, but detuned to wavelength that could not excite atomic hydrogen, while generating
practically the same intensity of fluorescence of the dielectric. For our dielectric we selected
the wavelength shifted by 20 pm from the center of hydrogen absorption line, with respect to
the measurement demonstrated in the Fig. 1.

Pure fluorescence signal of hydrogen S can be calculated as
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Fig. 2: Comparison of measured signals in a Fig. 3: Temporal development of signal with
TALIF H measurement in surface DBD with laser detuned laser in the DBD afterglow, in various
tuned to or detuned from the centre of absorption positions above the dielectric.

line.

where EL meas. IS the mean value of laser-pulse energies during the main (tuned) measurement,
ELdetunea i the mean value of energies of detuned laser pulses. Expression (1 + BE?. meas)
makes the correction of saturation effects: its meaning and determination is presented in [3]
for single-photon laser induced fluorescence.

Fig. 2 and 3 show the comparison of signals measured with tuned or detuned laser for various
times of discharge afterglow and various distances (0.02 — 1 mm) from the dielectric surface.
The signal with detuned laser accounted less than 20 % of the signal detected with laser tuned
to absorption line, when measuring 0.02 mm above the dielectric surface. Laser diameter at
the measurement point was less than 0.02 mm. For longer distances, the (Sdetuned — Sdark)
decreased to about 1 % of the (Smeas — Sdark). Fig. 3 shows temporal development of Sgetuned
measured in the DBD afterglow. The signal slowly decayed in time. Possible explanation can
be reducing the size of the dielectric during its cooling or changes of particles associated on
the dielectric surface.

3 Atomic hydrogen concentration

Atomic hydrogen concentration was measured above the dielectric of coplanar surface
dielectric barrier discharge in atmospheric pressure mixture of Ar + 2 % H2. The measure-
ments were carried out in the afterglow phase of discharge powered by 33.33 kHz HV driving
voltage. In the Fig. 4 we present some of our results: spatial distribution of atomic hydrogen
concentration above one of powered electrodes at various time after the discharge extinction.
The maximal concentration values reached 10?2 m=. That value can be compared with results
from atmospheric pressure volume DBD, where the concentration over 1021 m-3 was
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measured [4]. The high concentration of hydrogen radicals in the coplanar surface barrier
discharge is consistent with the fact, that the coplanar DBD produces thin discharge layer with
high density of delivered power [5]. Our fit of concentration data by a numerical model
described in [6] suggests, that the dielectric surface acts as a temporal source of atomic
hydrogen in the afterglow phase.
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Fig. 4: Spatial distribution of atomic hydrogen concentration above one of the electrodes in the afterglow of the
surface DBD. Concentrations are measured in various delays after the discharge extinction.

4 Conclusion

Concentration of atomic particles in the vicinity of dielectric surface of coplanar DBD can be
investigated by TALIF measurement. Problems arising from the interaction between laser and
the dielectric can be solved by a suitable choice of dielectric material and the proposed
treatment of redundant signal.
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ELECTRIC FIELD DEVELOPMENT IN y-MODE RF APGD IN HELIUM
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Electric field strength in helium y-mode RF (13.56 MHz) atmospheric pressure glow discharge
was measured using Stark polarization spectroscopy. Time-correlated single photon counting was
applied to record the temporal development of spectral profile of He 1 492.2 nm line with a sub-
nanosecond temporal resolution. Electric fields up to 32 kV/cm in the RF sheath, obtained from
the fit of forbidden (2 'P — 4 'F) and allowed (2 P - 4 D) helium lines, are in agreement with the
spatially averaged value of 40 kV/cm estimated from homogeneous charge density RF sheath
model. The observed rectangular shape of the electric field time development is attributed to
increased sheath conductivity by strong electron avalanches occurring in the y-mode sheath at high
current densities.

Keywords: radiofrequency discharge; atmospheric pressure; helium; electric field; Stark effect

1 Introduction

Non-thermal radio-frequency atmospheric pressure plasmas have become important tool for
plasma treatment [1]. Homogeneous radio-frequency (13.56 MHz) atmospheric pressure glow
discharge (a-mode RF APGD) can be obtained even using bare metal electrodes in helium,
neon and argon [2-4]. The RF APGD transits into constricted y-mode at higher RF power. The
electric field in these discharges is mostly obtained by numerical modelling or estimated from
the electrical measurements. The electric field of 1 -5 kV/cm was reported for a-mode
helium discharge [4, 5]. Higher value (time-averaged 12 kV/cm) was calculated by 1D model
in y-mode RF sheath at current density of 106 mA/cm? [6]. In this work, electric field in
y-mode RF sheath was determined from the measurement of Stark splitting of helium 492.2
nm line profile [7]. This method has been already used for electric field measurement in
atmospheric pressure helium barrier discharge [8].

2 Experimental

The RF APGD was generated between hemispherical bare metal electrodes inside a steel
vacuum chamber. Brass electrodes, having 8 mm in diameter, were cooled by oil-cooling
circuit. The discharge gap was 2 mm. The chamber was evacuated first down to 5 Pa by
a rotary oil pump and then filled with helium (gas purity 5.0) up to atmospheric pressure.
A gas flow of 200 sccm was kept constant during the measurement. The harmonic 13.56 MHz
signal was generated by a function generator (Agilent 33220A) and amplified with RF power
amplifier (Hiittinger TIS 0.5/13560). The amplitudes of AC voltage and current waveforms,
measured by digital storage oscilloscope (LeCroy WaveRunner 6100A), were 240 V and
0.6 A, respectively.
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The RF discharge was projected by a quartz lens onto a 20 um optical slit with optical fibre
located behind it. The slit was positioned into the maximal intensity of Hel 492.2 nm line at
the driven electrode. A glass polarizer extracted the light polarized in the direction of the
interelectrode axis. Temporally resolved measurement of helium Hel 492.2 nm line profile
was performed by the method of time-correlated single photon counting (TCSPC, Becker &
Hickl SPC-150 with PMT PMC-100-4). The photons were monochromatized by Jobin Yvon
HR-640 monochromator (1200 gr/mm). Temporal resolution of 0.8 ns and spectral resolution
of 0.075 nm were obtained with this setup.

3 Results and Discussion

The measured spectral profiles consisted of broad (tenths nm) and asymmetric allowed
(2 'P - 4 'D) and forbidden (2 'P — 4 'F) helium lines. Whilst the role of Stark effect could be
excluded, van der Waals and resonance broadening by helium ground state atoms broadened
the allowed component only to FWHM of 0.06 nm. The broadening of the lines was therefore
attributed to limited space resolution of the RF sheath (expected sheath thickness is approx.
50 pum) and to inclusion of components from different sheath regions into the measured
profile. In order to determine the electric field, the measured profile was fitted by two pseudo-
Voigt profiles for forbidden and allowed field-free non-shifted component with the
wavelength distance related to the field strength [7].

The time development of electric field determined from the fit is plotted in Fig. 1 (black
circles). The time development was almost rectangular with a maximum having approx.
30 kV/cm. As the spatial resolution was insufficient (as mentioned before), this value should
be taken as the maximal electric field averaged over the RF sheath.
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Fig. 1: Time-development of electric field strength at the driven electrode obtained from Stark splitting
compared with the modelled spatially average electric field strength for total current density 3 A/cm?. The
average field strength is calculated as half the maximum value at the electrode.
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In order to explain the observed development, homogeneous charge density model was used
to calculate the electric field in the RF sheath. Neglecting the ion transport time through the
sheath, current flowing from the electrode surface could be expressed as a sum of
instantaneous components: displacement current, ion current and current of secondary
electrons and electrons from the bulk plasma. Assuming total RMS current density
j = 3 A/em? according to the experiment, bulk electron density n. = 10" cm™ [6] and
secondary electron emission coefficient of the metallic electrode y = 0.01, temporal and
spatial development of the RF sheath was calculated. The average electric field value, taken
as half of the maximal value at the electrode, is shown also in Fig. 1. It can be seen, that the
experimental and calculated curves are in a relatively good agreement bearing in mind the
difficulties of field measurement, current density determination, discharge non-uniformity and
simplicity of the RF sheath model. The nearly rectangular shape of the electric field time
development is caused by strong secondary avalanches crossing the y-mode RF sheath at high
current density. When the electric field is increased, secondary avalanches develop, increasing
the sheath conductivity substantially. This prevents the sheath and the electric field from
further growth.

4 Conclusion

The electric field in y-mode RF APGD was determined both experimentally and numerically,
reaching spatially averaged 30 — 40 kV/cm in the RF sheath at current density of about
3 A/ecm?. Although the results of both methods are in relatively good agreement, especially
concerning the shape of the electric field waveform, numerical model expects higher maximal
electric field (> 60kV/cm) at the electrode. Improvement of spatial resolution of the
measurement is therefore necessary.
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This contribution investigates the gas dynamics in a helium atmospheric-pressure plasma jet. The
model reproduces the formation of the laminar vortex which has previously been observed in
Schlieren measurements. Additionally, the model takes into account heat transfer in the afterglow
and evaporation of water from an aqueous substrate, so that the influence of evaporated water on
the afterglow chemistry can be assessed.

Keywords: helium plasma jet; gas dynamics; afterglow chemistry; numerical simulation

1 Introduction

Atmospheric-pressure plasma jets (APPJs) have been subject to extensive investigations in the
past years, mostly due to their potential biomedical (e.g. [1,2]) and material applications
(e.g. [3]). The works focusing on the characterization of APPJs consist of either experimental
ones, such as measurements of various active species [4], electron density [5], the electric
field, or theoretical ones which employ numerical models in order to achieve deeper insight
into the plasma sustainment mechanism [6], chemical reaction pathways [7] and gas dynamics
phenomena.

This work complements the numerical studies of APPJs ignited in helium operating in
ambient air by providing a model of gas dynamics which is coupled to a model of afterglow
chemistry in an APPJ. Firstly, the work compares the gas dynamics simulations to Schlieren
photography measurements presented earlier [8] and secondly, it illustrates the role of the
non-uniform gas composition on the afterglow chemistry outside of the APPJ. The model also
illustrates the role of water evaporation on the afterglow chemistry when the jet is in contact
with a water-rich sample.

2 Model description

The numerical model that has been utilized has already been used and validated for different
gas mixtures in argon atmospheric-pressure plasmas [9,10]. Most recently, it has also been
utilized in a study on E.coli inactivation by a helium APPJ with air impurity, where it
provided insight into the shape of the inactivation patterns and also helped to identify the key
species responsible for the inactivation [11].

The model differs from the previously published versions in several aspects. As opposed to
the argon/air models the transport properties of the components (helium/air) had to be
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changed and a term corresponding to the buoyant force had to be added to the Navier-Stokes
equation, so that it takes the form:

P U= [t (V + (P0)T) = 24t (V- W) + g (M
where, p,, is the mixture density, u, is the mixture viscosity, g is the gravitational
acceleration and u is the mixture velocity. Because the gas mixture is non-uniform and helium
mixes with air outside of the plasma jet, y,,, and p,, are functions of the local gas composition.
The local gas composition is obtained by solving two diffusion equations, one for the mass
fraction of helium and one for the mass fraction of water vapour which is produced at jet-
liquid interface. At this interface, the partial pressure of water is prescribed according to the
empirical Antoine equation

log1(pu20[Torr]) = 8.07 — 1730

7334100 (2)
The afterglow chemistry part of the model solves a transport-reaction equation for each of the
15 active species that have been considered (O, N, O2('A), H, O3, OH, HO,, NO2, NOs,
02('S), NO, He*, No*, H,O*, N*) and which enter in total 127 reactions. The model assumes
no electron-impact processes in the afterglow which is a rather strong approximation in some
types of APPJs but qualitative insight into the processes is still possible. The reaction scheme
was simplified from a comprehensive 0D model by Murakami et al. [7].

3 Results and Discussion

With regard to the gas flow in helium APPJs, the buoyant force is of key importance. Figure 1
shows the formation of a laminar vortex which is formed when a downward-facing helium jet
impedes a planar surface, representing the treated sample. It is observed that a laminar vortex
is formed in the proximity of the planar surface, which is a consequence of the sudden change
of intertia of the helium stream and the buoyant force acting on it. Figure 1 also shows that the

o

5

Fy

1125 kg/m? (Air) [ 0.165 kg/m° (He)

Fig. 1: Comparing Schlieren photography at two different flow rates of helium (above) with simulated mixture
density (below) at same conditions — nozzle-sample distance of 18 mm, flow rates 1 slpm and 3 slpm
respectively, laminar regime. Images are in the same scale, experimental data taken from [8]
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size of the laminar vortex increases with the flow rate of helium through the jet and this was
confirmed both in the simulation and in Schlieren measurements.

Additionally, the model allows us to study evaporation of water from the liquid surface and its
influence on the afterglow chemistry. The two most important pathways, that the presence of
water in the afterglow enhances, is the formation of nitric acid HNOs3 in the reaction

3NO; + H0 — 2HNO; + NO 3)
And formation of nitrite NO;™ and nitrate NOs3". In figure 2, we compare the molar fraction of
water in the afterglow with solid and aqueous substrates. In this figure, it was assumed that
the temperature at the nozzle outlet the afterglow is 40°C. In figure 3, the ratio of the rate of
reaction (3) with and without the aqueous sample is plotted, showing that the reaction rate is
increased by up to a factor of four.
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Fig. 2: Mole fraction of water with non-aqueous (left) and aqueous (right) sample exposed to the jet.
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Fig. 3: Production rate of HNOj in the afterglow in [1/(m®s)] with non-aqueous (left) and aqueous (right) sample
exposed to the jet.
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This work reports on the realization of surface charge measurements on transparent dielectrics that
are frequently used in barrier discharge (BD) configurations. The method is based on the electro-
optic Pockels effect of a bismuth silicon oxide (BSO) crystal covered with different transparent
dielectrics, such as borosilicate glass, mono-crystalline magnesia or alumina which are known to
have different secondary electron emission (SEE) coefficients. This advanced surface charge
diagnostics was applied to diffuse and filamentary BDs, and the influence of using different
dielectrics on the discharge development was carried out.

Keywords: barrier discharge; surface charges; transparent dielectrics; secondary electron emission

1 Introduction

The spatial surface charge distribution and its dynamics have significant influence on the
general mechanism of barrier discharges (BDs), e.g., favoring the periodic discharge (re-)
ignition (surface memory effect) as well as the discharge distinction [1,2], conserving the
stability of laterally patterned BDs [3,4] and single discharge filaments, and acting as a source
of weakly bound seed electrons that drive on the pre-ionization [5,6]. Mainly, this
fundamental knowledge about the role of surface charges has been gained using the electro-
optic Pockels effect of a bismuth silicon oxide (BSO) crystal. Although this method is already
well-established, up to now it has been restricted to the BSO crystal exposed to the discharge.
The present work achieves the next level by making this powerful method accessible to
various transparent dielectrics which are commonly used for the operation of diffuse and
filamentary barrier discharges, and which are most relevant from the theoretical point of view
regarding plasma-surface interaction [7].

2 Discharge configuration and operating conditions
Figure 1(a) is a sketch of the concentric plane-parallel electrode configuration. The upper
dielectric is a glass plate coated with an electrically conductive and transparent ITO layer.

(a) (éﬁ (b) electrode
‘ -

15 mm
25 mm

' | e —=3 ——+— glass + ITO coating

3mm dlscharge gap <—— gas inlet

P TPeex 1 ‘Q Si0,, Al,05, MgO (©
W// Yo Z7Z B

Fig. 1: Side-view of the discharge cell configuration (a) and photographs averaged over several breakdowns of
a diffuse BD in He (b) and a self-stabilized discharge filament in He with 10% N admixture (c), respectively.
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This allows both the connection to the HV supply as well as the surface charge diagnostics
from above. A 0.2 mm thin plate consisting of borosilicate glass, mono-crystalline magnesia,
or alumina, respectively, covers the electro-optic BSO crystal which is placed on top of the
grounded aluminum mirror. The discharge gap between both dielectrics is 3 mm. By varying
the nitrogen admixture to helium and the pressure between 500 mbar and 1 bar, and by
switching between the sine and square wave voltage at 2 kHz frequency, it was possible to
operate both the diffuse discharge as well as self-stabilized discharge filaments. Figures 1(b)
and 1(c) show representative photographs which are averaged over several discharge cycles.

3 Setup and methodologies

The experimental setup is illustrated in Figure 2. Surface charge diagnostics were combined
and correlated with electrical measurements, optical emission spectroscopy and ICCD
imaging at one discharge cell configuration under identical and well-defined operating
conditions. Thereby, the discharge was comprehensively characterized regarding important
volume processes and their interaction with the dielectric surface. The surface charge
measurement is based on the electro-optic Pockels effect of the BSO crystal. Intensity
changes of the LED light are detected spatio-temporally resolved by a high speed camera due
to the birefringence of BSO depending on the amount and polarity of the deposited surface
charges. Further details can be found elsewhere [1-4]. The surface charges accumulate on the
thin dielectric plate covering the BSO crystal. Thus, the partial voltage drop across the BSO
crystal, which solely determines the measured light intensity change, was recalculated using a
capacitor model. Besides, the applied voltage and the total charge were measured using a HV
probe and an external capacitor, respectively. The gap voltage and discharge current were
recalculated using an electrical equivalent circuit. The discharge development in the volume
was investigated by ICCD imaging with 0.05 mm spatial and 1 ns temporal resolution as well
as by OES with spectral resolution of 0.5 nm.

high speed camera

diagnostics
Golored;lter Optical emission
/" polarization filter spectroscopy
Kohler illumination (M

lens

LED

- ! photomultiplier

splitter monochromator

v horizontal and
A |/ vertical slit

lens
1./18 wave plate

HV power supply

discharge cell

Fig. 2: Diagnostic setup: Combination of surface charge diagnostics, electrical measurements, ICCD imaging,
and optical emission spectroscopy at one discharge cell configuration.
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4 Surface charge measurements in diffuse and filamentary BDs

In figure 3(a), the discharge current Zuis(f) and the transported charge Owans(f) = | Luis(f) dt are
compared with the dynamics of the spatially averaged surface charge Qsu(?) for the diffuse
glow-like BD in helium. Just as observed for a BSO crystal exposed to the discharge [1,2], the
transported charge agrees very well with the surface charge deposited on the borosilicate
glass. Figure 3(b) shows the spatial surface charge distribution for the filamentary discharge
in He with 10 % N> admixture. Initially, the discharge ignites in the microdischarge regime.
However, by reducing the voltage amplitude, several self-organized discharge filaments
arrange and, finally, one self-stabilized discharge filament remains due to the locally
enhanced electric field across the gas gap at the position of the surface charge spots (surface
memory effect), seen for positive and negative charge polarity in figure 3(b). Moreover, the
surface charge profiles through the maximum positions are indicated by white lines and
plotted on the left side. Since the incident positive ions have a significantly lower mobility
than the incident electrons, the FWHM of the positive surface charge profile is smaller than
for the negative polarity. These results show that the surface charge measurements were
successfully extended to other, more common dielectrics covering the BSO crystal.
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Fig. 3: Comparison between transported charge Quans(#) and surface charge dynamics Qsu(?) for the diffuse BD in
He (a). Spatial distribution (right) and profile through the maximum position (left) for positive and negative
surface charges as the footprint of a self-stabilized discharge filament in He with 10% N> admixture (b).

S Influence of different dielectrics on the discharge development

The diffuse glow-like BD in helium was also studied for mono-crystalline magnesia covering
the BSO crystal. Both borosilicate (mainly composed of silica) and magnesia have nearly the
same permittivity, but according to the literature [7], the trapping mechanisms as well as the
binding energies of the surface electrons adsorbed to the dielectrics should significantly differ.
Thus, it is most likely that the secondary electron emission (SEE) yield, predominantly caused
by incident ions or thermal desorption in helium BDs, changes as well.

In figure 4, the electrical characteristics (a) and the phase-resolved spatially averaged surface
charge (b) are compared between (boro-)silica (blue curves) and magnesia (red curves) as the
anodic dielectric within the negative half-cycle of the gap voltage (i), and as the cathodic
dielectric within the positive half-cycle (ii). For the first case, the discharge current, gap
voltage, and surface charge dynamics clearly overlap which means that the anodic dielectric
does not crucially influence the discharge. But, for magnesia instead of silica as the cathodic
dielectric, the breakdown voltage is significantly reduced which corresponds to an earlier
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discharge onset. In contrast to the anodic dielectric, the cathodic dielectric reveals an active
part for the discharge development due to the residual surface electrons during the discharge
pre-phase. The SEE yield depends only on the material properties at otherwise equal
discharge conditions. Hence, the lower breakdown voltage indicates that magnesia has a
larger effective SEE coefficient than silica, which is in accordance with the model in [7]. The
relative effect is revealed by the surface charge dynamics in figure 4(b) too, however, the total
amount of surface charges is still approximately the same. The larger current amplitude is
compensated by the shorter current pulse duration.

In the case of the filamentary BD, the different dielectrics have no remarkable influence on
the surface charge spots, since the spot dimensions are determined by the charge carrier
mobilities in the volume. Also, the decay and radial transport of the surface charge occurs on
the sub-second scale which clearly exceeds the discharge cycle [2].
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Fig. 4: Applied voltage Ucx(?), gap voltage U,ap(f), and discharge current /gs(¢) (a), and spatially averaged
surface charge Qsu(?) (b) for silica (gray curves) or magnesia (black curves) as the anodic dielectric within the
negative half-cycle and as the cathodic dielectric within the positive half-cycle for the diffuse BD in helium.

6 Conclusion and outlook

The surface charge diagnostics based on the electro-optic Pockels effect of a BSO crystal was
successfully extended to different transparent dielectrics in a plane-parallel barrier discharge
configuration. The transported charge and deposited surface charge agree very well for both
the diffuse as well as the filamentary BD. Further, a lower breakdown voltage was found for
magnesia compared with silica as the cathodic dielectric which indicated that magnesia
provides a larger secondary electron emission (SEE) yield. It is planned to investigate other
dielectrics and to estimate the effective SEE coefficient by the comparison between the
experiment and a 1D fluid simulation.
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Single plasma source for wide-pressure-range applications was invented based on dielectric barrier
discharge in coplanar geometry. In this paper the basic properties of this plasma source as well as
the plasma parameters are presented for the working gas continuous pressure range from 10! Pa to
10° Pa. The current and voltage waveforms, discharge geometry and emission intensity are
presented together with intended application.

Keywords: plasma source; dielectric barrier discharge; coplanar; atmospheric pressure; low
pressure

1 Introduction

With the exception of plasma display panels [1] dielectric barrier discharges (DBD) have been
studied mainly at atmospheric pressure conditions with respect to intended applications as
industrial in-line plasma sources [2,3]. Recently the scientific interest was turned again also to
the properties of DBDs at wider pressure range from super to sub-atmospheric pressure. The
prominent position in this effort represents the surface DBD in plasma actuator design
intended for applications in aeronautical industry [4] as the boundary layer flow control unit
on wings or turbines. As a tool for basic plasma diagnostics [5] or a novel ionization source
for mass spectrometry [6] also a sub-atmospheric volume DBD was studied.

To our best knowledge, beside plasma display panels the coplanar configuration of DBD
(CDBD) was not studied at wider pressure range despite its interesting application as well as
diagnostics capabilities. With respect to industrial applications the CDBD offers an open-
geometry of electrodes generating the plasma layer suitable for treatment of materials of
arbitrary thickness. The electrode system of CDBD also does not suffer from the plasma-
chemical etching.

The intended adoption of CDBD as a source of radicals for plasma assisted atomic layer
deposition and plasma cleaning applications lead us to investigate the behaviour and
parameters of CDBD at wider than only atmospheric pressure conditions. The first results
from the study of wide-pressure-range CDBD (WPR-CDBD) plasma source are given in this
paper. The basic plasma source properties were characterized by the means of oscilloscopic
measurements and the characterization of emission properties of generated plasma layer.

2 Experimental

The WPR-CDBD was derived from the DCSBD plasma source design [7] with insulation and
cooling system suitable for operations at sub/super-atmospheric conditions. The model WPR-
CDBD discharge cell consisted of three electrode pairs (1.5 mm thick with 1 mm gap)
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embedded in glass-ceramics dielectrics (see [8]). External water cooling system was to
dissipate power that exceeds the capacity of free-standing convective cooling. The WPR-
CDBD design is highly favourable for clean environment or low-to-high pressure systems.

Discharge U=0-40kv (pk-pk)

Cell E3 hf.

i 0 ?iE§ gen.
'I:) L] ﬁ)zué?' A
- r f=40 kHz
DSLR \ f ’» | i
DSLR/ iCCD/ DSO |
500 MHz/ .

Spectrometer B .
| : |

C&C/DAQ | Synchro. [~~~

Fig. 1: Experimental setup of WPR/CDBD experiments. WPR-CDBD eclectrode geometry is given together with
the image of two filaments at pressure approx. 20 kPa (left).

The WPR-CDBD discharge cell was placed in vacuum chamber made of a thick glass
cylinder. On the top of the chamber the quartz glass square window was mounted. On the
bottom the vacuum bushings for high-voltage cables and active water cooling circuit were
mounted. Working conditions were maintained nitrogen gas flow (99.995%) using needle
valve and rotary vane vacuum pump. The chamber pressure was monitored using Pirani and
baratron gauges.

Experimental setup is given in Fig. 1. Custom-made sine-wave tuneable high-voltage (HV)
generator was used to generate the discharge at 40 kHz frequency. Orbit Merret OM 402PWR
was used to measure the input power. Voltage—current waveforms were recorded using
HP24820A Infintium (2-channel 500MHz/2GSa) digital storage oscilloscope coupled with
HV probe Tektronix P6015A 1000:1 (labelled Prl) and Pearson Current Monitor 2877
(labelled Pr2). For phase-locked imaging of discharge patterns Agilent 33220A function
generator was used as the reference clock signal for HV generator and ICCD camera
(Princeton Instruments PI-MAX3 1024i-SR-46-CM with SIGMA 105 mm 1:2.8 DG MACRO
EX 1:1 macro lens). The ICCD camera was placed along axis of symmetry perpendicular to
WPR-CDBD plasma layer. Dimensions of plasma layer were investigated using cross-
imaging of the discharge pattern in top and side view using synchronized DSLR cameras
(Nikon N8O/SIGMA 105 mm 1:2.8 DG MACRO EX and N5100/NIKKOR 50 mm f/1.8D
AF). For irradiance measurement the Newport Power Meter Model 1918-C equipped with
918D-UV-0OD3 photodiode detector was used.

3 Results and Discussion

Three regimes of WPR-CDBD were found depending on the gas pressure. In low-pressure
regime below approx. 1kPa the discharge loses its filamentary character and it is
characterized by single broad current pulse, see Fig. 2. At this regime WPR-CDBD appears
homogeneous even at micro-scale (see ICCD image) and plasma layer could fill the entire
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volume of the chamber. When the pressure is increased to approx. 1 to 10 kPa the discharge
enters transitional regime characterized by spatially broadened individual micro-discharges
and series of broad current pulses of significantly lower amplitude (see Fig. 3). In high-
pressure regime above 10 kPa the discharge is clearly filamentary. With the pressure increase
the surface discharges become significantly branched with sharp structures above electrodes
and the regime is characterized by narrow current pulses of high amplitude (see Fig. 4).
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Fig. 2: Low-pressure mode of operation of WPR-CDBD, left-to-right: side-view, top-view (ICCD), C-V.
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Fig. 4: High-pressure mode of operation of WPR-CDBD, left-to-right: side-view, top-view (ICCD), C-V.
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The irradiation from approx. a half of WPR-CDBD surface was measured at the distance of
approx. 7 cm from the discharge cell surface. The dependence of irradiation on the gas
pressure and power input was investigated and it is given in Fig. 5 for pressures from 1 to
120 kPa, i.e. at the filamentary regime of discharge operation. Although the careful
interpretation of the data and further study is necessary, we can comment on some common
trends in the data. The discharge emission increases with the input power with a slight
saturation at high power input. On condition that the spectral distribution of discharge
emission does not vary significantly within studied power range, the irradiation increase could
be explained by the regular increase of the number of individual microdischarges within
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single discharge period [9], until the surface of the discharge cell is regularly covered and
then the increase rate of irradiance drops. The ratio of irradiation per input power seems to
decrease with increasing pressure, but further verification is needed.
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Fig. 5: Luminosity of WPR-CDBD as a function of input power and gas pressure for filamentary regime.

4 Conclusion

The wide-pressure-range plasma source based on the geometry of diffuse coplanar surface
barrier discharge has been designed. The basic parameters of discharge generated in nitrogen
were investigated. Three modes of operation were found: low-pressure (below 1 kPa),
transitional (1-10 kPa) and high-pressure (above 10 kPa). At low-pressure mode the discharge
exhibits a glow-like behaviour with plasma layer extending substantially to the half-space
above surface of dielectrics (a homogeneous CDBD also at atmospheric pressure was reported
recently [10]). With pressure increase the discharge collapses in filamentary mode with
channel constriction and pronounced branching of surface discharges. The advantageous
ability to manipulate the discharge regime and geometry using the gas pressure brings a high
potential for intended applications of plasma-assisted cleaning and atomic layer deposition.
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Concentration of free hydrogen atoms was measured by the two-photon absorption laser-induced
fluoresence (TALIF) in an externally heated atomizer in a mixture of argon, hydrogen and oxygen
at atmospheric pressure. Free hydrogen atoms were generated in a flame located at the end of
a capillary that supplied O; into the Ar - H, mixture. The atomic hydrogen concentration in the
order 1022 m™ was found in the region around the flame. Optimal gas composition for atomic
hydrogen production was found and an effect of gas flow on the atomic hydrogen distribution was
observed.
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1 Introduction

Atomic hydrogen belongs to the most reactive reducing agents that are commonly present in
active environments like plasma or flames. Free hydrogen atoms play significant role in both
volume gas phase reactions (e.g. methane dissociation CH4 + H — CH3; + H> or oxygen
reduction O> + H — OH + O) and heterogeneous gas - solid surface reactions (e.g. reduction
or etching). Similarly, they are expected to play a key role also in the decomposition of
volatile hydrides in so-called atomizers. The atomizer is an analytical device used for
sensitive detection of elements that can form volatile hydrides such as As, Se, Pb, Bi and Sb
[1]. Prior to the atomization, the element to be determined is converted by a chemical reaction
to the corresponding hydride that is introduced to the atomizer in the gaseous phase, usually
together with argon carrier gas and co-generated hydrogen. In the atomizer, the hydride is
decomposed and the resulting free atoms are detected by means of atomic absorption or
fluorescence spectrometry. The atomization can be performed e.g. by plasma or by a flame. In
this work, we present measurements of atomic hydrogen concentration in a heated atomizer
containing a hydrogen - oxygen flame.

The presented work deals with measurements of free hydrogen atoms in an atomizer by
means of two-photon absorption laser-induced fluorescence (TALIF). This method, described
e.g. in [2,3,4], is based on excitation of measured species by simultaneous absorption of two
laser photons with wavelength 205 nm and detection of the following fluorescence at 656 nm
(Ha). In order to get concentration values, the calibration by TALIF of a known amount of
krypton introduced to the atomizer is performed.
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2 Experimental

Hydrogen atoms were detected in an externally heated atomizer, which is a T-shaped silica
vessel with the rectangular optical arm with open ends and an inlet arm realized by a silica
tube sealed to the center of the optical arm. The rectangular optical arm has inner dimensions
75 mm X 7 mm % 3 mm. The optical arm is externally heated to 820 °C employing
a resistance wire coiled around. The inlet arm is used for supply of working gases: mixture of
Ar and H; flowing directly through the tube, whereas O- is supplied to the atomizer via a thin
capillary located inside the inlet arm with the capillary tip placed ca 1 mm above the inner
surface of the wall of the optical arm (see figure 1). At the capillary tip a flame was ignited.
Radical species produced in the optical arm can be detected by means of absorption or
fluorescence.

205 nm I ) 1 1 1 1 1 1
%

Ar + HZJ f\Og

Fig. 1: Schema of the atomizer with a laser beam.

The laser beam, that was used for two-photon excitation of hydrogen atoms, was generated by
a dye laser (Sirah) that was pumped by a Q-switched Nd:YAG laser (Spectra Physics). The
frequency of the output beam of the dye laser (615 nm) was trippled (to 205 nm) by means of
two nonlinear crystals and then focused to the center of the atomizer. The beam went through
the optical arm (see figure 1). The duration of laser pulses was ca 8 ns, repetition rate 30 Hz
and mean laser pulse energy was around 100 pJ.

The fluorescence of hydrogen atoms was detected by an ICCD camera (Princeton
Instruments). Most of the light spontaneously emitted by heating wire, flame and ambient
light sources was eliminated by an interference filter that was placed in front of the camera.
The rest of the spontaneous light was eliminated by subtracting the signal measured by the
camera when the laser beam was blocked in front of the atomizer. It was verified that the
signals measured with no laser beam and with laser beam detuned from the frequency of the
absorption line were identical. Consequently, no fluorescence of atomizer walls disturbed the
presented measurement.

3 Results and Discussion

An example of measured atomic hydrogen concentration can be found in the figure 2, which
shows a spatially-resolved dependence of atomic hydrogen concentration in the atomizer

149



15 High Pressure Low Temperature Plasma Chemistry Symposium

center on the composition of the gas mixture. The atomic hydrogen concentration was below
our detection limit when the flame at the capillary tip was not ignited. The flame can be
ignited only at sufficient fractions of hydrogen and oxygen in the atomizer atmosphere. The
actual flow rates of Ar and O> were 140 sccm and 3.2 sccm, respectively, whereas the flow
rate of H> was varied. Under these conditions, the flame could not be ignited at hydrogen flow
rates below ca 3 sccm. The atomic hydrogen concentration in the atomizer was found to be in
the order 10?2 m=. High concentration values were strongly localized to a few millimeter long
area around the flame, that was positioned in the atomizer center. The H distribution is
noticeably asymmetric, which is caused by a slightly asymmetric position of the Oz-supplying
capillary demonstrating a strong influence of the gas flow pattern on the spatial distribution of
atomic hydrogen.

Q, =140sccm 162

11.5
5
E
14 =

-2 -1 0 1 2

position [mm]
Fig. 2: Concentration of free hydrogen atoms in the atomizer center for various compositions of the Ar - H»
mixture. The horizontal axis determines the horizontal position in the atomizer (along the laser beam). Zero
position is located in the atomizer center.

4 Conclusion

The TALIF measurement was used to detect atomic hydrogen in the externally heated
atomizer, where hydrogen atoms were produced by a hydrogen/oxygen flame burning in an
Ar - Hx / O mixture. Measurements were realized at atmospheric pressure. The H
concentration was in the order of 10?2 m™, which is higher than the H concentration in
a similar gas mixture in a volume dielectric barrier discharge [4]. However, in a comparison
with the DBD, the atomic hydrogen distribution in the examined atomizer is strongly
inhomogeneous with maximum in the vicinity of the flame.
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Using numerical modeling the microwave interferometry was refined to enable the measurements
of electron density in dense, filamentary atmospheric pressure plasmas. The approach includes the
wave scattering, collision losses, inhomogeneities in probing electromagnetic field and other
factors which are often neglected in plasma interferometry.
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1 Introduction

As the electron concentration is very important parameter of any plasma, there are many well
established methods for its determination, such as electric probes, optical spectroscopy,
Thomson scattering or methods based on plasma permittivity in microwave region.

Plasma diagnostics using microwave interferometry has been extensively used for more than
half century [1]. The full complexity of wave-plasma interaction can be significantly reduced
by taking certain assumptions and approximations. Often, the principal simplification is the
assumption of validity of the geometrical optics, i.e. neglecting the wave propagation
phenomena inherent to the Maxwell equations. With current advances in numerical modeling,
some of these simplifications can be abandoned and so the interferometric method can be
used to study e.g. a plasma with dimensions comparable to the wavelength.

The atmospheric plasmas tend [2, 3] to form the filaments which are notoriously difficult to
study by interferometry (and other methods, too), due to high electron density, high collision
frequency, spatio-temporal instabilities and strong gradients. Therefore, the optical emission
spectroscopy is currently the preferred diagnostics method.

In this contribution the results of interferometric measurements are combined with
a numerical model of interaction between electromagnetic wave in waveguide (i.e. spatially
inhomogeneous, non-planar and non-TEM) with small diameter high density plasma filament.

2 Experimental

The plasma source SAIREM Surfatron 80 plasma belongs to surface wave discharges [4]
sustained by microwaves propagating along the plasma boundary and it is able to operate at
atmospheric pressure, forming a plasma jet. The microwave generator is SAIREM GMP 20
KED with 2.45 GHz frequency and 2 kW maximum power. In present experiments, the output
power is set to 250 W. The microwaves from the generator are fed to the surfatron via
a waveguide, ferrite circulator, reflectometer, matching and coaxial cable.
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Fig. 1: Schematics of the exp_erimental set-up.

Fused silica discharge tube (length 170 mm, inner diameter 1.5 mm, outer diameter 4 mm)
passes through the surfatron and it is cooled by an external flow of compressed air
(approximately 4 slm). The downstream (i.e. bottom) end of the discharge tube is 2 cm from
the surfatron wave launching gap. Argon at flow rate of 1.45 slm (standard litre per minute) is
used as the working gas.

The microwave interferometer is in Mach-Zehnder [5] configuration with quadrature
detection, powered by 34.5 GHz (K. 8 mm band) Gunn diode (SpacekLabs GKA-350). The
whole interferometer is constructed of standard WR 28 waveguide. The discharge tube passes
through a 8 mm hole drilled in a broader side of the probing arm waveguide, this crossing is
10 mm from the discharge tube end. The signal from both probing and reference arms is
combined using the hybrid tee and detected by two microwave diodes (DKa-2N, Spacek
Labs). The detector output signal is digitised by Agilent DSO 1022A oscilloscope using long
buffers (approx. 25000 samples in each waveform).

3 Results and Discussion

Using the numeric model made in COMSOL Multiphysics, the full solution of Maxwell
equations in a configuration identical to the experimental one is obtained. This solution
includes also often neglected effects such as wave scattering, non-TEM waves or a
propagation of the electromagnetic waves along the plasma filament. The main goal is to
calculate the wave phase shift dependence on the plasma density. This then enables to get the
plasma density from the experimentally measured phase shift.

HIGHER
H m
LOWER

Fig. 2: Calculated electric field |E| in the interferometer probing arm affected by the discharge tube and two
plasma filaments inside.
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The influence of various factors, such as presence or absence of the discharge tube, number
and position of filaments on the resulting phase shift was studied, too. It was found, that the
results are rather insensitive to small, experimentally unavoidable, misplacements of the
discharge tube or to the electron-neutral collision frequency, which is difficult to measure
precisely.

Plasma density in the filaments is found in the range of 1 —5x10**m™ depending on the
experimental conditions. These values are in good agreement with the values found by other
authors [6,7] using similar experimental devices.

4 Conclusion

The developed numerical model is able to calculate the interaction of the electromagnetic
wave with small diameter plasma filament in geometry close to the experimental
configuration, including many parasitic effects which are often neglected. The results of the
model, namely the phase shift is compared with the experimental results, giving together the
sought parameter — the electron concentration in the plasma filament.
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This contribution focuses on implementing immersed boundaries within a space-adaptive
multiresolution technique in order to cope with arbitrary domains. The goal is to perform
simulations of streamers in complex geometries while preserving the advantages of data
compression and user-defined accuracy provided by the multiresolution algorithm.
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adaptive mesh

1 Introduction

Electrical breakdown in air gaps often involves the development of fast ionizing waves that
take the form of thin filaments called streamers. These complex and highly nonlinear
phenomena precede the formation of sparks and leaders. Streamers are extremely difficult to
reproduce with sufficient spatial and temporal resolution in experimental observations.
Therefore, the appropriate interpretation of experimental data greatly relies on numerical
models of the dynamics for the underlying physical-chemical phenomena. Non-thermal
chemical activity of streamer discharges is of considerable interest for various scientific and
industrial applications. Streamers can be mathematically modeled by drift-diffusion-reaction
equations solved together with a Poisson's equation, and reveal an important time-space
multi-scale character. The accuracy and robustness of the chosen numerical methods is then
crucial. A combination of numerical techniques based on a second order, time-adaptive
integration scheme and space-adaptive multiresolution was previously introduced in [1] to
numerically simulate streamers. These techniques involve important efficiency gains in terms
of CPU time and memory space while ensuring a time-space error control of the solution, and
allow one to carry out computationally expensive parametric studies in reasonable time. Even
though large, multi-dimensional computational domains can be successfully simulated with
the present numerical tool [2], the adaptive multiresolution analysis is currently limited to
simple geometries. The extension of this numerical framework to arbitrary domains
constitutes then a natural enhancement of the methodology, paving the way to simulations of
even more complex configurations.
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2 The numerical method

In this work we aim at developing and implementing an efficient numerical procedure to
account for arbitrary domains using the space-adaptive multiresolution scheme [3]. The final
goal is to perform comprehensive simulations of streamers including electrodes of different
geometries. The methodology is easily extensible to other applications. Adaptive Meshing
Refinement (AMR) techniques have already been modified to cope with complex geometries
(see, for instance, [4]) and these approaches are investigated, along with other immersed
boundary techniques developed in the past for uniform grids. In our particular case the key
underlying criterion for any development is that the proposed technique complies with the
multiresolution theoretical framework developed in [3]. The latter involves numerical
simulations within a user-defined prescribed accuracy, a key advantage of multiresolution
analysis over other AMR methods.

3  Conclusion

This work presents an implementation of the effective numerical procedure to account for
arbitrary domains and using the space-adaptive multiresolution scheme. Special care has to be
taken to describe the domain boundaries for both the PDEs and the wavelet operations. The
proposed numerical procedure is extensively tested on various arbitrary domains, to evaluate
in particular its impact on the numerical accuracy. Simpler models are considered to assess
the numerical performance for both time-dependent, parabolic PDEs and particularly the
Poisson's equation.
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This work focuses on the development of a new electrical diagnostic to measure the local current
in a Dielectric Barrier Discharge using a segmented ground electrode. By correlating these local
electrical measurements with space resolved optical diagnostics, it will be possible to improve the
understanding of phenomenon in homogeneous DBDs. A detailed study has been done for DBD in
N2 with small admixtures of NO and O». This paper is mainly dedicated to the technical feasibility
study.
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current measurement

1 Introduction

Dielectric Barrier Discharges (DBD) have tremendous popularity for atmospheric pressure
applications including thin-film coating, sterilization, treatment of flue and toxic gases,
aerodynamic flow control, and energy-efficient lighting devices [1-3]. Depending on the gas,
electrical parameters, and electrode configuration, these discharges can operate in the classical
filamentary mode or in a homogeneous mode [4-5].

Due to their simplicity, electrical measurements (current and voltage) are widely used to
characterize the homogeneous (and filamentary) DBDs. Combined with a simplified electrical
circuit of the cell discharge, this allows e.g. (i) to calculate the temporal development
processes of all internal electrical quantities in the discharge gap [6], (ii) to calculate the
discharge power [3,6], (iii) to estimate the gas temperature [7]. Generally, the discharge
current is measured as an integral over the entire electrode area and it is assumed that the
current density is the same in any point of the electrode. However, due to gas flow circulation,
to self-organization phenomenon, etc. this assumption is never perfectly true. The aim of this
work is to measure the local current in a homogeneous DBD in nitrogen.

2 Experimental set-up

The experimental set-up has already been described in previous publication [8]. The DBD is
kept in a closed vessel to perform experiments in a well controlled atmosphere. The plasma
reactor is pumped down to 10° mBar prior to any experiment, and then is filled up to
atmospheric pressure using mixtures of nitrogen (99,999% purity) purchased from Air
Liquide. The discharge is ignited between two alumina plates separated by a 1mm gas gap
and the discharge area is 3x3cm? In order to renew the atmosphere, a gas flow (1slm) is
injected from one side of the discharge (longitudinal gas injection), keeping a constant
pressure of 1 bar through a gentle pumping of the vessel.
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The sinusoidal voltage power supply is made of a low-frequency generator providing the
reference waveform, which is then amplified by a linear amplifier whose output is applied to
the primary winding of a transformer in series with a 4Q resistor. The electrodes are
connected to the secondary of the transformer. The discharge is characterized by electrical
measurements. The voltage applied to the electrodes is measured by means of a high voltage
probe. The discharge current is measured through a 200Q resistor in series with the
electrodes. The current and the voltage applied to the electrodes are visualized on a digital
oscilloscope. The discharge homogeneity is investigated by means of short exposure time
pictures, which are taken with an intensified CCD camera synchronized with the power
supply voltage.

3 Local current measurement

To measure the local current, the classical 3x3cm? ground electrode is replaced by
a segmented electrode. This electrode is composed of 8 strips (3.4mm x 30mm) with 400um
between two strips. Each strip is connected to the ground trough a 1600Q resistor to measure
the discharge current using a data acquisition system from National Instruments (USB X
series 6356 - 8 channels - 1.25 Mech/channel/s - 16 bits) connected to a computer (Figure 1).

High voltage

Dielectric

30 mm

Discharge

8 x 16000 resistors
connected to the
DAQ

Structured electrode

Fig. 1: Scheme of cell discharge with the local measurement system using a structured electrode with 8 strips.

Due to the presence of the dielectric and the tiny distance between two strips, the discharge
behavior is not affected. This is confirmed by an electrostatic calculation using COMSOL©
software. The figure 2 shows the electric potential in the gas gap near the segmented
electrode. As we can see, the electric potential in the gas is not disturbed by the segmented
ground electrode. This is also confirmed by a comparison of the total discharge current with
and without segmented ground electrode (Figure 3).

Gl G2 G3 G4 G5 G6 G7 G8

dielectrics E—— o
ov 10 kv

Fig. 2: Electric potential calculation (electrostatic modeling using COMSOL®©). The electrodes G1 to G8
correspond to the 8 strips of the segmented electrode.
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Fig. 3: Comparison of total current waveform with the segmented electrode and with the classical electrode
(f=3kHz — V=12 kV¢c).

4 First results

The figure 4-a shows the applied voltage and the total current waveform for a homogeneous
DBD in N2 with 450 ppm of O.. The figure 4-b shows the measured local current density
evolution as a function of the position from the discharge entrance on a half-period of the
applied voltage. In this condition, it is interesting to note that (i) the discharge ignited slightly
later at the discharge entrance, (ii) therefore the current density is lower at the entrance, (iii)
from 25mm to the end of the discharge a current is measured before the breakdown.

Then, by correlating these electrical measurements with optical diagnostics, it is possible to
improve the understanding of phenomena taking place in homogeneous DBDs.
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Fig. 4: Homogeneous DBD in N2 with 450 ppm of O, (f=3kHz, V=12KV pi-pk).
a) Applied voltage and total current waveforms, b) Experimental local current density evolution as a function of
the position from the discharge entrance (1D measurements) on a half-period of the applied voltage.

A detailed study has been done for DBD in N2 with small admixtures of NO and O». The aim
is to improve the understanding of the mechanisms involved in the creation of seed electrons
between two discharges: indeed, in order to induce a Townsend breakdown and to generate a
stable discharge in Ny, it is necessary to have a memory effect which leads to the production
of seed electrons just before the breakdown. In nitrogen-based discharges, the creation of seed
electrons is correlated with the presence of N2(A3Z,*) metastable molecules created during the
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previous discharge and remaining between two discharges. In presence of oxidizing gas, the
associative ionization of N(*P) and O(®P) could explain the increase of stability observed
when only a few tenths of ppm of O or NO is added [9].

5 Conclusion
The technical feasibility of the local current measurement in a DBD has been demonstrated.
The next step which is currently under study, is to measure the local current of the DBD with
a ground electrode divided into 8x8 areas (Figure 5). This increases strongly the spatial
resolution of this diagnostic. A special effort is made on the realization of the multi channel
data acquisition system (especially on the sample rate).

High voltage

Dielectric

P—— Discharge

Lol /FStructured electrods;\"
measurement
64 channels

- J

Fig. 5: Scheme of cell discharge with the local measurement system using a structured electrode with 64 squares.

Using this new electrical diagnostic, the influence of the gas gap and oxygen rate are studied
and will be presented. The results will be correlated with optical diagnostics: ICCD imaging
and optical emission spectroscopy (OES).
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SIMULATION OF LASER PHOTODETACHMENT OF NEGATIVE
IONS IN HELIUM-OXYGEN BARRIER DISCHARGES AND
COMPARISON WITH THE EXPERIMENT
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Germany
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A 1D fluid simulation was developed to analyze the change of a diffuse helium-oxygen barrier
discharge after the laser photodetachment of negative ions. The comparison of the measured and
simulated parameter dependencies is used to draw conclusions about the negative ion densities in
the pre-phase and during the discharge breakdown. Since the simulation turns out that the negative
ion density in the simulation is too low to reproduce the laser photodetachment experiment,
different additional production channels of negative ions and their ability to reproduce the
measurements are discussed.

Keywords: barrier discharge; negative ions; laser photodetachment; fluid simulation

1 Introduction

Helium-oxygen discharges at atmospheric pressure are well established in industrial
applications because of their ability to produce oxygen radicals under low power
consumption. The use of oxygen in a discharge always causes the formation of negative ions,
but the influence of negative ions on barrier discharges is poorly investigated. E.g., the
attachment of electrons to oxygen reduces the effective ionization and might be responsible
for the transition from the diffuse to the filamentary discharge regime when increasing the
oxygen admixture. To investigate the influence of negative ions in helium-oxygen barrier
discharges, a laser photodetachment experiment was realized [1]. It revealed that the laser
photodetachment of the negative ions during the pre-phase of the discharge decreases the
breakdown voltage which causes an earlier ignition of the following discharge pulse and less
transported charges during the discharge. Surprisingly, no additional current due to the
detached electrons was observed when firing the laser during the discharge current pulse.
Furthermore, the experiment suggested that O™ and/or O3 are the dominating negative ions,
but it cannot provide absolute densities of negative ions. This issue should be addressed by
the simulation in combination with a detailed comparison with the experimentally determined
parameter dependencies.

2 Setup

The 1D fluid simulation includes electrons, He*, Hex*, OF, O2*, O4*, O, Oz, and O3z ions as
charged particles. The regarded excited species and radicals are the helium metastable He™,
the helium excimer He,, the oxygen atom O and its excited states O(!S) and O(*D), the
oxygen molecule and its excited states Oz(a), O2(b), and the ozone molecule Os. The electron
transport parameter depend on the reduced electric field strength E/n and are calculated by
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BOLSIG+ [2, 3]. The desired cross sections for electron impact excitation and ionization are
taken from Ixcat.net and the associated databases. The rate coefficients for heavy particle
collisions are mainly taken from [4].

As in the experiment, the simulation is performed for an admixture of 400 ppm oxygen to
helium and a pressure of 500 mbar. The gap width is 3 mm and each electrode is covered by
a 0.7 mm thick glass plate (er = 7.6). The applied sinusoidal voltage has a frequency of 2 kHz
and an amplitude of 700 V. The simulated laser photodetachment is shifted in time and
position, and the laser pulse energy is varied.

3 Results

Two examples for the simulated laser photodetachment are presented in figure 1. Since the
simulation of the laser photodetachment does not affect the discharge when using the
commonly given attachment rates, some alternatives resulting in larger negative ion densities
are discussed. The first, as shown in figure 1 (a), assumes the attachment rates to be 100 times
larger, because there might be missing attachment processes by three particle collisions. For
this case, the negative ion density exceeds the electron density by one order of magnitude,
wherefore the laser photodetachment causes a large peak in electron density and an increase
in pre-ionization before the breakdown. Hence, the ignition voltage reduces and the discharge
ignites earlier as it was observed in the experiment
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Fig. 1: Change in discharge characteristics after the laser photodetachment for a simulation with (a) 100 times
larger attachment rates and (b) negative ion formation at the negatively charged dielectric.

A second considered process which might produce large negative ion densities is the
formation of negative ions by a resonant charge transfer at the negatively charged dielectric.
The laser photodetachment effect of such a situation is presented in figure 1 (b). The effect is
even larger than for the 100 times larger attachment rates in (a), because the negative ion
density is more than one order of magnitude larger than the electron density and the re-
attachment of these electrons is improbable.

For both additional processes, the dependence of the laser photodetachment effect on the laser

firing time is plotted in figure 2 in comparison with the experiment. Both show the increase of
the laser photodetachment effect during the pre-phase, but the simulation with 100 times
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larger attachment rates additionally shows a large effect during the discharge pulse. This was
never observed in the experiments, which means that the electronegativity during the
discharge pulse must be lower. Hence, if there are actually missing attachment processes in
the simulation, their rate coefficients must have a maximum at low electric field strengths to
cause a large electronegativity during the pre-phase, but not during the discharge breakdown.
For the formation of negative ions at the negatively charged dielectric, only a very weak
effect occurs during the discharge pulse because at this time the formation of negative ions is
dominated by electron attachment in the volume. The comparison of both approaches shows
that the negative ion density must exceed the electron density in the pre-phase but not during
the discharge pulse to reproduce the measured time dependence of the laser photodetachment
effect.
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Fig. 2: Laser photodetachment effect depending on the laser firing time for a simulation with (a) 100 times larger
attachment rates and (b) negative ion formation at the negatively charged dielectric.

4 Conclusion and outlook

The simulation of the laser photodetachment effect on the basis of commonly used rate
coefficients and cross sections for attachment processes is not able to reproduce the results of
the laser photodetachment experiment in [1]. The measured effect demands a larger negative
ion density during the pre-phase of the discharge, whereas it must be lower than the electron
density during the discharge breakdown and afterglow. A formation of negative ions at the
negatively charged dielectric is able to increase the negative ion density in the pre-phase and
to reproduce the measured time dependence of the laser photodetachment effect qualitatively.
Besides the surface effect, the larger negative ion density during the pre-phase might also
result from a volume attachment process which has its maximum at low electric field
strengths as it is the case during the pre-phase of the discharge. The further discussion will
show how these processes are able to reproduce further parameter dependencies (laser pulse
energy, axial laser beam position) of the laser photodetachment effect.
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INSTANTANEOUS AND INTEGRATED ELECTRICAL PARAMETERS
OF ATMOSPHERIC PRESSURE AC ROTATING GLIDING
DISCHARGE
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This paper discusses electrical parameters of AC rotating gliding discharge operated at
atmospheric pressure in argon with the addition of ethanol (in form of aerosol). In different times
periods the discharge can be operated in either glow mode or arc discharge mode.
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1 Introduction

Gliding electrical discharges have been known for a long time but it still arouses interest. The
reason is those types of discharges are used in a wide range of applications, like plasma-
chemical reforming of hydrocarbons into the synthesis-gas [1] and nanomaterials
(nanoparticles, nanotubes, fullerenes, graphene nanofibers) generation [2]. It is more
advantageous to use gliding rotation of plasma discharge instead of gliding it in one plane [3]
to improve the discharge efficiency. Usually rotation can be caused by one of two reasons:
due to the tangential gas injection [3] or due to the application of a magnetic field [4]. Gliding
discharge dynamically changes its parameters over time as it was shown in [1]. These changes
caused by the change in the plasma column length in gas stream with time. This "quasi-
stationary" character of discharge is one of the most characteristic features of gliding
discharges.

In both mentioned applications as a model hydrocarbon as a precursor for the production of
the final product (e.g. carbon nanomaterials) [5], or as a model substance for reforming liquid
fuels into synthesis gas [1, 4]. But in the case of work with hydrocarbons (or any others
additional substances) it is important to consider its effect on electrical parameters.

That is why this research studies the properties of atmospheric pressure AC rotating gliding
discharge in the vortex gas flow. Ethanol was used as a model hydrocarbon. Its aerosol was
injected in the gas stream of investigated system. To study the change of electrical
parameters, voltage and current waveforms were measured and analyzed.

2 Experimental

Photos of the shape of the discharge channel in argon with and without added ethanol aerosol
and experimental setup scheme presented on Fig. 1. Prototype of experimental system was
represented in [6] but it was modified for mentioned applications.
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Fig. 1: the shape of the discharge channel in argon with added ethanol aerosol (a) and in the argon (b);
experimental setup (c).

Compared to [6], the following changes were made to the system:

. The system now uses a rotating gliding discharge (to increase the lifetime of the
system [7]) (Fig 1, ¢);
. The system is powered by the AC power source to prevent the formation of carbon

deposits on the electrodes. The power supply was a step-up transformer (turns ratio - 28, the
maximum current — 1 A). It was connected to the power line by an autotransformer (0-250V);
. The metal chamber was replaced by glass for the visual observation of the discharge.
The rotation of the discharge is due to the vortex of the gas flow. The system worked at 50 Hz
frequency. In pure argon (Fig 1, b) the length of the discharge channel changed over time.
According to the results of visual observation (when the argon flow was about 10 L/min) this
change was slower in compeer with current frequency. During one period of the current
waveform, discharge length varied negligible. If ethanol (Fig. 1,a) is added to the system, the
length of the discharge is reduced but it remained virtually unchanged with tike. This
indicates that at zero current the discharge channel does not disintegrate.

The digital oscilloscope (ATTEN ADS2202CA, 200 MHz, 1 Gs/s) was used for the study of
the electrical characteristics of the discharge. Using the oscilloscope instead of integrating
measurement devices allows studying not only the root mean square (RMS) but also the
instantaneous values of voltage and current. The voltage was measured by a divider (1:830,
0-1 MHz) and current using serial measuring resistor (3 Ohms, 0-1 MHz).

3 Results and Discussion

The current-voltage characteristics (CVC) of the discharge built using RMS voltage and
current (Fig. 2) characterize the energy parameters of the system (power consumption). When
operating without ethanol, the length of the discharge varies within a wide range. The
discharge length decreases and becomes more stable by adding ethanol aerosol. In both cases
the CVC were decreasing. By adding ethanol aerosol, the voltage to the discharge increased
by approximately 3 times. Of interest is the fact that the plasma channel does not break at the
current zero crossing twice over the period. The observed stability of the discharge suggests
that the plasma does not decay during this transition. In this case, it is possible to build
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Lissajous figures in a wide range of currents (from almost zero to peak value) using the
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Fig. 2: CVC of the discharge in pure argon (a) and in argon with the addition of ethanol aerosol (b).

The typical shape of the voltage and current waveform in the system, as well as the Lissajous
figure (CVC constructed using the instantaneous values), are shown in Fig. 3. The current
corresponds to channel 1 (yellow curve) and voltage - to channel 2 (blue curve). Sweep
synchronization was performed using AC line. Current channel is inverted.
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Fig. 3: Lissajous figure (a) and the waveform of current and voltage in the system (b) The voltage was measured
by a divider (1: 830, 0-1 MHz), and current. in using measuring resistor (3 Ohms, 0-0.1 MHz). Current - the first
channel (yellow curve, is inverted), the voltage - the second channel (blue curve). Waveform obtained by
averaging 128 frames.

The current in the system remains nearly sinusoidal. When passing a zero value, no
significant deviations from the sine wave were observed. This fact shows that the plasma
decays insufficiently quickly to require the new breakdown. Lissajous figure of the discharge
(fig 3a) was built for the first quarter period of current oscillations (time from the passing
through zero to achieving the peak value). In addition, 3 areas can be distinguished on the
characteristic:

. Initial period until the voltage drops in the left part of the characteristic (I);

. Rising part (II);

. Falling part (III).
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The local minimum of the voltage at the boundary between parts I and II obviously coincides
with the beginning of the predominance of the ionization process over the recombination. At
this moment shortly after the current value starts to rise from zero the degree of ionization
increases due to the increase of electric power. As a consequence, the conductivity increased
and the voltage in the discharge dropped.

The rising section of the Lissajous figure (II) corresponds to the abnormal glow discharge.
Decreasing section (III) corresponds to the arc discharge. This conclusion is based solely on
the features of CVC [8], other studies are still necessary for the final confirmation, spectral
studies in particular. However, the presented data allow us to make an important conclusion:
the studied discharge cannot be clearly attributed either to the glow or to the arc discharge. At
different times, the discharge may have different characteristics.

4 Conclusion

Rotating gliding discharge, which is powered by the AC power supply, can not be clearly
classified as one of the common discharge types. At various times, depending on the phase of
the voltage (or current) supply, discharge characteristics correspond to either glow or arc
discharge. In this case, it is possible to control the ratio between the durations of the phases of
the glow and arc discharge, which can serve as a method of increasing the selectivity of
nanomaterials production in such system.
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Electrical and optical emission measurements and their results are presented for special case of the
dielectric barrier discharge at the so-called triple junction. In our case the described discharge was
operated in argon gas at atmospheric pressure with de-ionized water as liquid electrode and fused
silica as dielectrics. High resolution temporal measurements of current-voltage characteristics were
accompanied with phase resolved optical emission spectrometry and optical imaging. Preliminary
results of spectral investigation were obtained and show strong non thermal distribution
of OH states.
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1 Introduction

Discharges at triple junction are an interesting special case of the surface dielectric barrier
discharges (DBDs) which occur at location where three electrically different states of matter
are in contact. In most cases such interface is formed between a gas, a solid dielectric and
a liquid. Such discharges working at atmospheric pressure were found as a promising tool for
various applications (e.g. electrochemistry [1]) mostly due to their ability to produce highly
reactive radicals without significantly increasing the gas temperature.

When sufficiently high voltage is applied to electrodes, electrical breakdown in gas occurs
and a streamer is developed and propagates at high velocity. This can repeat several times and
after a certain amount of charge is deposited on the dielectric, the polarity must be reversed to
continue the discharge operation. Most common way to characterize DBDs is by measuring
the current-voltage characteristics where current pulses corresponds to propagation of
individual streamers and Q-V plots (Lissajous figures) which display the charge transferred
through the gas gap and can be deduced as variation of measured charge during the discharge
period. When coupled with equivalent circuit model they allow determining internal
parameters as gap voltage, discharge (real) current, discharge (real) charge but only if the
characteristic discharge capacitances are determined with high precision [2].

Optical emission spectroscopy (OES) has been largely utilized to obtain information about the
plasma, mainly owing to the fact that it is a very sensitive and non-invasive method. The
atomic spectra have been mostly used to extract information about the highly energetic
electrons, whereas the spectra of diatomic molecules are usually believed to reflect the
temperature of the neutral gas (e.g. [3]). However the plasmachemical processes in DBD are
usually extremely rapid and may result is in strong non-equilibrium of states which while
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advantageous for applications, makes these discharges difficult to diagnose. When supplied
with suitable model, information about other parameters, such as local and instantaneous
electric field may be obtained [4].

2 Experimental

The experimental setup comprises of function generator which supplies tunable signal to
amplifier. Amplified signal is transformed to high-voltage and transfered to the electrode. The
discharge chamber itself and its schematics are depicted in figure 1. Reactor chamber was
flooded with deionized water (conductivity 5 uS/cm) so the grounded electrode was 1 mm
under water surface. The discharge was operated at atmospheric pressure while reactor
chamber being rinsed by 1 sim of argon gas flow.

Electrical measurements are done with voltage (Tektronix P6015A) and current probes
(Tektronix CT2) which are connected to high resolution oscilloscope (Keysight DSO-S
204A). Chamber is equipped with quartz glass windows through which optical emission
spectra were measured. We utilized 750 mm Andor spectrometer equipped with ICCD camera
for phase resolved OES and low resolution Avantes spectrometer to obtain overview spectral
profiles under different conditions.

Fig. 1: Schematics (left) and photograph (right) of the Experimntal setup. 1-fused silica cuvette, 2 — transformer
oil, 3 — copper foil, 4 — deionized water, 5 — discharge region, 6 — triple junction, 7 — submerged grounded
electrode.

3 Results and Discussion

Discharge started to ignite at 8kV peak-peak voltage and further increase in voltage amplitude
led to increase of the current pulses per period. In figure 2. voltage-current curves measured
with 13KV peak-peak voltage are presented along with typical current pulse profile.

Q-V plot shown in fig. 3 is in accordance with expectations for surface DBD discharges [5]

with distinct ‘steps’ which are caused by charge transfer through current pulses caused by
discharges.
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Fig. 2: Current and voltage curves of discharge accompanied by typical current pulse profile with FWHM and
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Fig. 3: Q-V plot of the discharge with noticeable steps at position of current pulses

Optical emission spectra (figure 4) show presence of argon atomic lines accompanied by
oxygen triplets and weak H, line. From molecular point of view the near UV region is
predominantly populated by OH (A-X) vibration bands with weak N2 (C-B) transition bands
which originate from air impurities in the chamber.
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Fig. 4: Overlook of spectral emission components in the discharge measured on Avantes spectrometer
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4  Conclusion

We have performed extended study of dielectric barrier discharge at triple junction using
electrical and optical emission measurements. This yielded high resolution temporal
measurements  of  current-voltage characteristics which  were processed into
Q-V plots determine chamber and discharge parameters. Electrical measurements were
accompanied with phase resolved optical emission spectrometry and optical imaging. Our
future plan is to tackle the problem of non-Boltzmann distribution in OH by determination of
population of each individual state.
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A new method of spectral fitting is presented, where population of each state is treated
independently. An example evaluation of OH (A-X) spectrum obtained in a microwave plasma jet
at atmospheric pressure is presented. Two vibrational bands (0,0) and (1,1) are present in the
emission. It appears that each vibrational state has a different rotational temperature.

Keywords: spectroscopy; fit; Boltzmann-plot

1 Introduction

Optical emission spectroscopy (OES) is a widespread method for investigating plasma
discharges, mainly due to the fact that it is a very sensitive and non-invasive method. The
spectroscopy of diatomic molecules can be used to obtain temperature of the neutral gas. If
a suitable model is employed, also information about other parameters, such as local and
instantaneous electric field may be obtained [1].

When evaluating an emission spectrum, the population distribution of upper states of
a transition is investigated. If collisions are important for the energy balance, the population
distribution follows the Boltzmann formula

(1)

n(ju)) < g exp (M)

ke T
where |uw denotes the respective upper state, n(|w) its population, gy IS its degeneracy, ks is
the Boltzmann constant and T is temperature. Depending on the dominant collision partner of
the investigated species, different temperatures can be found. Rotational distribution of
certain diatomic molecules at elevated pressure may give the temperature of a neutral gas.
The vibrational distribution of a diatomic molecule may provide a lower limit of electron
temperature and atomic spectrum contains information about the highly energetic electrons.

A problem may arise when there is not a single process absolutely dominating the energy
transfer. To visualise the population distribution, a so-called Boltzmann plot may be
constructed, where the logarithm of populations (divided by their degeneracy) is plotted
versus the upper energy of the states. If this plot shows a single straight line, the system is
said to be in some sort of partial equilibrium. However, it may be difficult to determine the
population of respective upper states from spectra, particularly when the instrumental
resolution is low. This can be overcome by fitting a spectral simulation, where a temperature
IS given as an input parameter, to measured spectra. Fitting only several parameters (usually
intensity and rotational, eventually also vibrational, temperature) reduces the computational
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difficulty and increases the stability of results. On the other hand, it also hides any deviations
from thermal distribution.

In this contribution, we present a novel approach to fitting molecular spectra, where the states
are treated independently, i.e. the respective population of each rovibronic state is a parameter
of the fit. First, an array of vectors is created, with each vector representing a spectrum for
a special case, where only one state is populated. The optimization procedure is then looking
for the linear combination of these vectors that fits the measurement best. Eventual line
broadening is taken into account. In this way, also spectra taken with a moderate resolution
instrument can be evaluated and Boltzmann plots may be constructed, revealing the nature of
the rotational and, if more vibrational bands are measured, also vibrational distribution. The
fitting procedure takes advantage of the fact that the spectral simulation is linear with respect
to each state’s population. Thus, even though the fit needs to cope with several tens or even
hundreds of independent parameters, no iterative procedure needs to be employed and the
calculation takes a few seconds on a moderate office computer.

2 Experimental

The presented spectrum was measured by a HR-640 monochromator with 1200 g/mm grating.
The original detector was replaced by an ICCD camera PIMAX2 with 1024x256 pixels and
16-bit greyscale resolution.

The light was emitted by a surfatron discharge with modulated power, for details see [2]. The
presented spectrum was taken during the rising edge of the power modulation, on the axis of
the discharge, in the axial distance where a sharp increase of OH radiation was detected,
which is attributed to a formation of a vortex structure [2]. In this region, the highly energetic
plasma plume with relatively pure argon gas is rapidly mixed with the ambient air, resulting
in strong production of OH(A) excited radicals. The spectral range from 305.5 to 328.3 nm
was observed for (0,0) and (1,1) bands of OH(A-X) transition.

3 Results and Discussion

In Fig. 1 a measured spectrum and the respective fit is shown. A detail is depicted in Fig. 2
where also emission from both vibrational states (0 and 1) are shown separately. The number
of measured points (i.e. pixels in the region of interest) was 718, the number of fit parameters
in this case was 80, the resulting number of degrees of freedom was thus 638. The main result
of this spectral fit is the relative population of each respective upper state. Logarithm of these
populations (divided by the state’s degeneracy, i.e. reduced) is plotted versus potential energy
of the respective upper states in Fig. 3. This is commonly known as Boltzmann plot. The
populations of states with v’ = 0 appear to follow thermal distribution quite well. The
resulting temperature is (3860 £ 92) K. The apparent populations of the states with v’ = 1 are
much more influenced by noise, nevertheless, a straight line can be fitted, with the resulting
rotational temperature of (3097 + 303) K. The reported uncertainty is the standard deviation
of the fit. To span the 95% confidence interval, these should be multiplied by 2. In this
particular case, the 2-sigma intervals slightly overlap, nevertheless it appears that the
2 vibronic states have different rotational temperature.
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Fig. 1: Measured emission spectrum (red) and fit by states (blue). (0,0) and (1,1) bands are overlapping in this
spectral region.
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Fig. 2: Measured emission spectrum in detail (red) and fit (black). The blue and green line show resolved
emission from vibrational states 0 and 1, respectively. An artificial offset is added for clarity.
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Fig. 3: Boltzmann plot with resolved upper vibrational states. The lines show linear fit for each vibrational band.
The resulting temperatures are (3858 = 92) K for (v’ = 0) vibronic state and (3097 £+ 303) K for state with (v’=1).

4  Conclusion

A novel method for spectral fitting is presented. Similarly to well established method of
fitting spectral simulations with temperature as a parameter, the presented method takes into
account also the line broadening (including instrumental) and can thus be used with moderate
resolution spectra. On the other hand, it enables to evaluate the populations of each upper
state independently, which may reveal eventual inequilibrium.
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This research aims to investigate the conversion efficiency of the plasma-catalytic reforming of
renewable oxygen-containing hydrocarbons. Reforming was conducted in a system that used low
power rotating gliding discharge for the plasma generation. The samples of synthesis gas produced
during the reforming of sunflower oil and ethanol were analyzed via the gas chromatography and
mass spectrometry. The study obtained the reforming efficiency and the ratio between the
chemical energy of the produced synthesis gas and the electrical energy spent on the reforming for
the plasma-catalytic conversion of different raw materials.

Keywords: plasma-catalytic reforming; renewable hydrocarbons conversion; rotating gliding
discharge

1 Introduction

From the point of sustainable development, chemical industry must move towards the
efficient utilization of renewable raw materials, the avoidance of toxic and hazardous
reagents, and the elimination of waste [1]. One of the main directions of such change lies in
the transition from the fossil hydrocarbons to the renewable hydrocarbon raw materials
produced from biomass. The main difference between the renewable and fossil hydrocarbons
is in the presence of oxygen in most renewable raw materials. This poses problems to the
traditional hydrocarbon processing technologies because the difference in raw material
composition significantly decreases the efficiency and increases the amount of produced
intermediates and waste. This often outweighs the advantages of renewable raw materials and
increases their processing costs. The advancements of plasma chemistry gave birth to the new
ways of renewable hydrocarbons processing, which take advantage of the high chemical
reactivity of plasma species [2]. Most of the existing research on plasma-assisted hydrocarbon
conversion deals with the plasma reforming, which offers high feedstock conversion rate but
has low energy efficiency [2, 3]. The other approach to the hydrocarbon conversion, the
plasma-catalytic reforming, uses low temperature atmospheric pressure plasma as a source of
active species that initiate and accelerate the chain reactions of hydrocarbon reforming [2, 4].
In our study, we conducted the plasma-catalytic reforming of the liquid renewable oxygen-
containing hydrocarbons. The study focuses on the reforming and energy efficiency of such
conversions and on the ability to influence them using plasma.

2 Experimental

We studied the plasma-catalytic hydrocarbon reforming using a setup shown at Fig. 1.
Ethanol and sunflower oil represented the oxygen-containing renewable hydrocarbons.
Atmospheric air was used as an oxidant in the reforming process. The plasma generation takes
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place in the discharge chamber (1) using low power (10 — 70 W) DC rotating gliding
discharge. Plasma is injected by an air vortex into the pre-heated to 400 °C reaction chamber
(2) through an aperture. The mixture of hydrocarbon, water steam, and air flows into the
reaction chamber and mixes with the plasma species. The volume of reaction chamber is 0.2
L. The interaction between the plasma and the mixture results in the reforming of
hydrocarbon and production of synthesis gas. Obtained synthesis gas cools down in the
flowing water cooler (3). The non-gaseous reforming products are collected in the condenser
(4). Produced synthesis gas was combusted in an open airspace using the plasma of transverse
discharge (5) or in the water boiler.

Syngas ﬁ)w

Condensed
products

Fig. 1: Simplified schematic of the experiment.

The total airflow into the system corresponded to the amount of oxygen needed for the partial
oxidation of injected hydrocarbon. The hydrocarbons were injected in quantity that was equal
to 2, 5, and 8 kW of power released during their combustion. The flow of gaseous reforming
products was determined using rotameters. The product composition was analyzed using gas
chromatography and mass-spectroscopy. The behavior of the flame of combusted synthesis
gas in response to the changes of discharge state was recorded on video.

3 Results and Discussion

The gas chromatography and mass spectrometry of produced synthesis gas showed that H»,
CO, CH4, CoHy are the main products of the plasma-catalytic conversion of the renewable
oxygen-containing hydrocarbons. Nitrogen oxides were absent from the reforming products.
This shows that nitrogen did not take part in chemical reactions, despite of its presence in the
air used for the conversion. Typical composition of synthesis gas is shown at Fig. 2.
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Fig. 2: Typical composition of produced synthesis gas.
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The liquid collected in the condenser mostly contains ethanol and water, which are considered
as the unreacted reagents in the calculations of reforming parameters. Liquid corresponds to
less than 10 % of the reforming products.

The knowledge of the gaseous product composition allowed us to determine the value of the
conversion efficiency of the conducted reforming and the ratio between the chemical energy
of produced synthesis gas and the electric energy spent on plasma generation during the
reforming. The energy spent on the heating of the reaction chamber is not present in the
efficiency calculations, as it is not commonly used in the evaluation of the conversion
efficiency of plasma-assisted reforming systems [5] and was not the focus of this study. It
should be noted that the system could be pre-heated either by external heater or by
combusting part of the hydrocarbon before launching the reforming process. The optimal
obtained values are approx. 85 % for conversion efficiency and approx. 100 for the ratio
between the chemical energy of produced synthesis gas and the electric energy spent on
plasma generation during the reforming. The energy yield of hydrogen is approx.
300 g(H2)/kWh, which is higher than in most existing systems for plasma-assisted
hydrocarbon reforming [6].

The plasma-catalytic partial oxidation reforming of hydrocarbons was conducted at the
temperatures of 400-450 °C, which is approximately two times lower than the temperature of
the catalytic partial oxidation [7]. The reforming did not occur without the plasma generation
in discharge. The interruption of the discharge caused the stop of the reforming in less than 5
seconds, which was indicated by the disappearance of the gaseous reforming products. The
time between the ignition of the discharge and the start of reforming was less than 4 seconds.
The existence of the reforming at the observed temperatures and its fast reaction to the
presence of the discharge indicate that the plasma-catalytic approach allows to control the
reforming processes with much higher chemical energy.

4 Conclusion

Plasma-catalytic reforming of renewable oxygen-containing hydrocarbons can offer high
conversion efficiency and ratio between the chemical energy of produced synthesis gas and
the electric energy spent on the reforming. Research showed that produced synthesis gas can
be combusted in the commercial water boilers without reducing the energy conversion
efficiency of a boiler.
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Microwave plasma synthesis is attractive way to produce nanostructured materials. Here we
present synthesis of iron oxide nanoparticles in atmospheric and low pressure microwave
discharges by decomposition of iron pentacarbonyl. In microwave plasma torch at atmospheric
pressure crystalline phase of synthesized iron oxide nanoparticles could be purposely controlled by
amount of O, flow in Ar/Fe(CO)s/O, mixture. We were able to prepare high purity maghemite
samples and also samples with high content (up to 30 percent) of rare epsilon-Fe,O3 phase. Low
pressure surface wave discharge was used for synthesis of magnetite and maghemite samples and
their functionalization was studied. Prepared nanoparticles were used in carbon nanotube growth,
photoelectrochemical studies and labeling of stem cells.

Keywords: microwave plasma; iron oxide; nanoparticles; phase composition, maghemite

1 Introduction

Iron oxide based nanoparticles (INPs) are materials that drawn increasing attention in the
scientific community in the recent decades [1]. INPs exhibit unique magnetic and chemical
properties and are bio-compatible which give them potential for numerous medical
applications. The former applications often utilize the superparamagnetic behavior of NPs
with the diameter below 20 nm. They include, for example, selective drug delivery, magnetic
resonance imaging or hypertermia treatment [2]. The most common methods of iron oxide NP
synthesis are liquid chemical methods such as co-precipitation, micro-emulsion and
hydrothermal synthesis [3]. Different synthetic approaches are represented for instance by
flame pyrolysis, chemical vapor deposition or by plasma synthesis routes. At present, various
types of plasmas have been used for NP synthesis, among them radio frequency (RF) thermal
plasma, low pressure RF plasma, microwave (MW) plasma transferred or non-transferred
direct current (DC) plasma arc, and atmospheric pressure glow discharge [4].

In this paper we discuss our results of INPs synthesis in microwave plasma systems in low
and atmospheric pressure and their applications.

2 Experimental

In our work we use two microwave experimental setups for synthesis of iron oxide
nanoparticles, microwave plasma torch (MPT) at atmospheric pressure and low pressure
microwave surface wave discharge (LPSW).

Our current MPT setup consists of microwave generator operated at 2.45 GHz, 2 kW
maximum power, from which microwave power was transmitted through water cooled ferrite
circulator. Microwaves propagate through a rectangular waveguide WR340 which is
gradually transformed to WR430 waveguide. Inside W430 rectangular waveguide, there is
gradual transition to IT waveguide which is coupled to coaxial waveguide at A/4. The central
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conductor of the coaxial waveguide is prolonged to the discharge chamber, forming a nozzle.
Teflon seal is mounted on the entrance to the reactor chamber as gas barrier. Reactor chamber
consists of 8 cm quartz tube which is 15 cm long. Both ends are fixed to stainless steel caps
by elastic silicon bands. Outlet is standard DN40KF flange connected to gas outlet ventilation.
The gases are supplied to the discharge chamber through the nozzle which has two gas
channels. Inner channel is in the nozzle axis and outer channel exits as a concentric slit. This
way gas exiting outer channel follows curvature of the nozzle and enters discharge near
a central nozzle exit. More details about the experimental setup and extensive discharge and
carbon nanotubes deposition can be found in our previous publications [5, 6].

The powder was synthesized from iron pentacarbonyl vapors mixed with argon and oxygen.
Iron pentacarbonyle was kept in a blower and 100 sccm of argon flowing above the liquid
surface resulted in 1 sccm flow rate of Fe(CO)s vapors. Ar/Fe(CO)s was mixed with O, flow
rate of 0, 5, 25, 150, 300, 500, 750 or 1,000 sccm and introduced into the torch by the outer
nozzle channel. The inner nozzle channel supplied the majority of Ar flow, 560 sccm. The
microwave power was 210 W. The deposition time was 15 minutes and after the deposition
the powder was collected from the reactor walls.

LPSW setup consists of the microwave generator operated at 2.45 GHz frequency with
maximum 2 KW microwave power. The flow of working gases (Ar, O2) into the reactor was
controlled by electronic flow-controllers. The plasma was excited in 1 m long, 2-4.5 cm
diameter fused silica tube by means of a waveguide applicator (SURFG 439 by Sairem,
France). The operating pressure was set by dynamic balance between the total gas flow and
the throttling of a rotary vane pump. Typical pressure during synthesis was in the range of
0.5-3 kPa. Reactor scheme can be found in Fig. 1.
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COOLING
CIRCUIT

AR
/| cooLng
IN 1
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CIRCULATOR SHORT AIR r/ \\ SHORT
CIRCUIT COOLING CIRCUIT

out

Fig. 1: Experimental setup for iron oxide synthesis in microwave surface wave discharge.

Typical deposition conditions for INPs in LSPW are following. Discharge is ignited in 280
sccm or Ar, with 500 W of microwave power and Fe(CO)s flow of 1.75 g/min. The Fe(CO)s
injection point was situated 33 cm downstream from the launcher. Deposition time was 3 to
15 minutes. After the deposition, the reactor was filled with Ar and collected from reactor
walls and filter placed downstream in front of the pumping system.
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3 Results and Discussion

In microwave plasma torch we studied phase composition of iron oxide nanoparticle
nanopowder in dependence on oxygen flow rate. Magnetite and maghemite phases could not
be distinguished using the standard X-ray diffraction (XRD) analysis. Therefore, a combined
XRD and Raman spectra analysis had to be applied, which is based on fitting of selected
diffraction peaks and spectral features. According to XRD and Raman spectroscopy, the
powder synthesized from Ar/Fe(CO)s consisted about 50 % of magnetite, Fe3O4, the rest
being a-Fe and FeO. An increase in oxygen flow rate led to an increase in y-Fe;Os
percentage, at the expense of a-Fe, FeO and FesOs. Almost pure y-Fe,O3 was synthesized at
oxygen flow rates 25-75x higher than the flow rate of Fe(CO)s [7]. A further increase in the
oxygen flow rate led to a-Fe203 and e-Fe203 production see Fig. 2.
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Fig. 2: Phase composition of iron oxide nanopowder in dependence on oxygen flow rate.

We also investigated photoelectrochemical performance of hematite layers deposited in
microwave plasma torch. Quartz substrates (10 x 40 mm) with FTO conductive layer were
placed 10 cm above the nozzle and we carried out short (10 seconds) deposition with
following parameters: Ar 700 sccm, Oz 1000 sccm, Ar flow above Fe(CO)s 280 sccm,
microwave power was 210 W. The layers were tested in photoelectrochemical cell (PEC) in
following conditions: 1 M NaOH solution (pH 13.2), 5 mV.s ! scan rate, AM 1.5 100 mW
cm 2 simulated sunlight. The response of the deposited layers can be seen in Fig 3. Deposited
films were also doped by Sn by decomposition of (CHs)sSn in discharge but the generated
current density did not reach values obtained by other authors [8].
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Fig. 3: Photoelectrochemical characteristic of hematite layer.
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Maghemite is promising biocompatible material. Plasma synthesized maghemite
nanoparticles present attractive alternative to nanoparticles prepared by chemical route. We
studied interaction of different cell cultures including pluripotent cells with microwave
plasma torch generated maghemite nanoparticles. Our data indicate that these nanoparticles
have minimal toxic effects and can be used in regenerative medicine.

We used LPSW discharge for synthesis of maghemite and magnetite nanoparticles. We were
able to increase magnetite phase content up to 90 % by modifying tube configuration, where
instead of 2 or 4.5 cm diameter tube along the whole discharge length, we used 2 to 4.5 cm
tube transition behind the applicator.

We have extensively used iron/iron oxide nanoparticles for carbon nanotube growth and
applied such nanotubes for various sensors [9].

4 Conclusion

We have successfully prepared iron oxide nanoparticles in atmospheric pressure microwave
plasma torch and low pressure surface wave discharge. We were able to change the phase of
prepared nanoparticles at will and applied these nanoparticles in wider range of sensor,
biomedical and photoelectrochemical applications. Further research is targeting better
understanding of deposition process and extending the scope of applications.
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Barrier discharges in the gas mixtures of argon and acetone were operated in the filamentary mode
or in the diffuse mode, depending on the acetone concentration and on the discharge gap width.
Spatially and temporally resolved plasma diagnostics of these discharges was carried out by means
of the technique of cross-correlation spectroscopy. The emission spectra of the discharges were
found to contain argon lines as well as the bands of the excited molecules OH, CH, C,, N, and
CH3;COCH;. The role of the metastable states of argon is discussed briefly.

Keywords: dielectric barrier discharge; cross-correlation spectroscopy; acetone; argon.

1 Introduction

In the binary gas mixtures “noble gas + molecular precursor” used as feeding gases to
generate plasmas in barrier discharges (BDs), the greater the concentration of molecular
precursor, the lower the mean value of electron energy [1]. This statement can be regarded as
a hypothesis that should be verified experimentally. In the case of its validity, the variation of
the chemical composition of the feeding gas mixture seems to be the simplest method to
control the selectivity of the process of molecule decomposition (dissociation) by direct
electron impact, provided that this molecule contains chemical bonds with considerably
different energies. For example, the authors [2] have demonstrated that the selectivity of the
decomposition of hexamethyldisyloxane (HMDSO) in the BD can be controlled by the
variation of the feeding gas mixture composition (HMDSO + Ar + N). In order to test the
applicability of this method to an arbitrary binary system “noble gas + molecular gas with
different bond energies”, we have undertaken the systematic study of the BD plasma
properties in the mixtures of argon and several volatile organic compounds. In this paper, we
report our first experimental results concerning the gas mixtures of argon and acetone.
Acetone was chosen as a precursor mainly for two reasons. First, it is one of the simplest
organic compounds with chemical bonds of essentially different energies. Second, the
mixtures of argon and acetone are of particular interest due to the results of the authors [3]
who demonstrated that under certain experimental conditions, the BD can be operated in the
diffuse (“glow-like’”) mode.

2 Experimental

The experimental set-up for spatially resolved spectroscopic measurements and the CCS-
method are described in detail elsewhere [4]. In order to localize repetitive microdischarges at
a fixed position, a discharge cell consisting of two semi-spherical electrodes (radius of
curvature R = 7.5 mm, see fig.1, both covered with glass) was used. The BD was operated by

184



15 High Pressure Low Temperature Plasma Chemistry Symposium

sinusoidal voltage at a frequency within the range 2-7 kHz. The discharge gap width (the
distance between the electrode tips) was variable within the range 0.5 — 11.0 mm.

3 Results and Discussion

In our experiments, the shape (in particular, the diameter) of the visible discharge channel was
found to depend strongly on two parameters, namely on the concentration of acetone and on
the discharge gap width. The BD operation modes for which the visible diameter of the
discharge channel was approximately equal to or greater than the distance between the
electrode tips we denoted as a diffuse mode. The difference between the diffuse and
filamentary modes is clearly seen by a naked eye (see fig.1).

EEE

Fig. 1: Typical examples of the filamentary mode (a) and of the diffuse mode (b) of the discharge operation.
Acetone concentration: (a) 10 ppm, (b) 1000 ppm. Discharge gap widths are indicated on the photos.

The dependencies of the BD operation mode upon the discharge gap width and upon the
acetone concentration are shown in fig.2-a. Since the transition between diffuse and
filamentary modes was found to be continuous, sometimes it was difficult to distinguish
between them. That is why we denoted such BD operation modes as “transition mode” in
fig.2-a. As it is clearly seen from these results, under the experimental conditions being
considered, the diffuse mode of the BD was observed within the limited concentration range
of acetone (0.04% — 0.3%) and for relatively broad discharge gaps (d > 4-5 mm). It seems
interesting to mention that the dependencies of the burning voltage of the BDs (peak-to-peak
values) on the content of acetone demonstrate profound minimums in the same concentration
range (compare fig.2-a and fig.2-b).
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Fig. 2: Dependences of the barrier discharge operation mode (a) and of the burning voltage (b) on the acetone
concentration and on the discharge gap width (see explanations in the text). Feeding voltage frequency f = 6.2
kHz, voltage amplitude was maintained at the minimal possible value (equal to burning voltage).
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In our experiments, we used argon of the purity 99.997%, containing up to 10 ppm of Na.
Unfortunately, we could not avoid certain increase in humidity of the feeding gas during its
passage through the gas preparation system, so the concentration of water at the entry to the
discharge cell was about 200 ppm. That is why the BD spectrum even in pure argon (see
Fig.3) besides the argon lines

Ar” — Ar' +hy (696 nm <A <775 nm) (1)
contains also the bands of OH radical and of molecular nitrogen:

OH(A%Z")y—0 — OH(X?I)y=o + hv (A =309 nm) (2)

N2(C3My)y=0 — Nao(B’IIg)y=o + hv (A =337 nm) 3)
For the low concentrations of acetone (< 0.1%), the following spectral bands can be observed

CH(A?A)y=0 — CH(X?II)y=o + hv (A=431 nm) 4)

CH(B*z")y-0 — CH(X?I)y=o + hv (A =389 nm) (5)

Co(A’Mg)v=0 — C2(X°Iy)y=0 + hv (A=515nm) (6)

For very high acetone concentrations (10%), the BD spectrum consists of the few
comparatively weak argon lines and of three broad bands in the range 350-600 nm. The latter
spectral bands can be attributed to the luminescence of acetone molecules.

CH(A) ngA) OH(A) N,(O) Ar** CH(B)

Intensity s
;N

!

400 450 500 550 600 650 700 750
A (nm)

Fig. 3: Emission spectra of the barrier discharges in pure argon (a) and its mixtures with acetone (b,c,d).
Concentrations of acetone: (b) 40 ppm, (c) 0.3%, (d) 10%. Experimental conditions: f = 2 kHz, d = 2 mm. All
these spectra were registered using diffraction grid 600 mm', therefore the UV signals were recorded in the 2"
order of the diffraction grid.
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Typical example of the
HHl radiation kinetics registered
by means of the technique

il

09

of cross-correlation spectro-
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is presented in Fig.4. The
signals of Ar (A =696 nm),
OH-radical ( A =309 nm),
and CH-radical (A= 389 nm)
were chosen as spectral
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Fig. 4: Radiation kinetics of the barrier discharge plasma for selected spectral indicators. Experimental
conditions: acetone concentration 10 ppm, feeding voltage frequency f = 2 kHz, discharge gap width d = 3 mm.
Kinetic curves were recorded in the center of the discharge gap.

To explain the behavior of experimental kinetic curves obtained for different acetone
concentrations, we carried out a detailed analysis of the radiation kinetics in the system being
considered (including computer modeling). As a result of this analysis, a simplified kinetic
model was proposed that provided reasonable agreement between the results of kinetic
modeling and experimental data. According to this model, radiation kinetics shown in fig.4
can be explained as follows. For the time period 0-200 ns the dominant excitation process is
direct electron impact, and then the metastable states of Ar begin to play a leading role.

4 Conclusion

Barrier discharges in the gas mixtures of argon and acetone can be operated either in the
filamentary mode, or in the diffuse mode. Under experimental conditions being considered,
the diffuse mode is observed within the limited concentration range of acetone (0.04% —
0.3%) and for the discharge gap width d > 4-5 mm. Detailed analysis of discharge emission
spectra and of the observed radiation kinetics in a wide range of acetone concentration leads
to the conclusion, that chemical composition of the feeding gas mixture exerts strong
influence on the electron energy distribution and, consequently, on the efficiency and
selectivity of acetone decomposition in the barrier discharge plasmas.
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BARRIER DISCHARGE
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Hydrogen production from a water-ethanol mixture in dielectric barrier discharge was
investigated. The effect of the water/ethanol molar ratio on hydrogen production and energy yield
was studied. In the reactor with 7 cm?® of active volume the maximum production of hydrogen was
0.082 mol./h with an energy yield of 21.15 mol. (H2)/kWh. Besides H., the reaction products were
CO, CH, and a small amount of CO».

Keywords: dielectric barrier discharge; ethanol; hydrogen

1 Introduction

Hydrogen (H>) is considered the fuel of the future, which can be obtained from renewable
sources such as biomass. The biomass has to be processed, for example in ethanol
fermentation. Thus formed ethanol can be then converted into H, by steam reforming,
oxidative steam reforming, partial oxidation or decomposition [1-5]. The highest H>
production can be obtained through steam reforming of ethanol, which can be expressed by
the reaction

C2HsOH + 3H20 — 6H2 + 2CO2

However, there are other reactions, which reduce the yield of H, production from ethanol,
such as:

C2HsOH + H,0 — 4H, + 2CO

C2HsOH — H2 + CH4 + CO

2C2Hs0H — 3CH4 + CO»

CO + 3H2— CH4 + H20

CO+H,—-HO+C

Generally, the process of ethanol steam reforming is performed on various catalysts.
However, there are some problems like the use of high temperatures (above 300°C), the use
of excess water, and carbon deposition [1-3]. The carbon deposit deactivates the catalyst. The
high temperature and the use of excess water cause energy consumption to be high due to
heating of the reactants. The process of ethanol steam reforming can be performed in non-
equilibrium plasma at lower temperatures [6, 7].

In this paper, we are presenting results of using the dielectric barrier discharge in the process
of ethanol steam reforming. Dielectric barrier discharge barrier discharge is a well-known
method of non-equilibrium plasma generation. This discharge is used in the synthesis of
ozone decomposition of pollutants and surface modification [8-10].

2 Experimental

Ethanol steam reforming was performed in the reactor which is shown in Fig. 1. The
grounded electrode was made by applying a silver paste on a quartz tube. An outer diameter
of the quartz tube was 54 mm and the wall thickness was 2 mm. The reactor has a grooved
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high-voltage electrode. The distance between the high-voltage electrode and the quartz tube
ranged from 1.5 to 5 mm respectively from top and bottom of the grooves. The active volume
of the reactor (gas volume) was 7 cm?.

4 2 3

Fig. 1: Scheme of the reactor. 1 — high-voltage electrode, 2 — grounded electrode, 3 — dielectric barrier, 4 — gas
space.

The reactant mixture water/ethanol molar ratio fed into the reactor ranged from 1 to 3. The
total flow of reactant mixture was kept at 20 g/h. The reactants were evaporated in the reactor.
The temperature of the reactor was 100-120°C.

The reactor was powered by a power supply systems of 15 kHz of frequency. The current-
voltage curves were recorded by using oscilloscope Tektronix TDS 3052 with a Tektronix
P6015A voltage probe and a Tektronix TCP312 current probe with a Tektronix TCP
A300amplifier (Fig. 2).
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Fig. 2: Typical current-voltage curve of the discharge.

The energy yield was calculated in accordance with the formula:

G
Y :E (1)

Y — energy yield, mol (Hz2)/kWh
G — hydrogen flow rate at the outlet, mol/h
P — discharge power, kW
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H,, CO, CO,, CHs concentrations were analyzed using a Hewlett-Packard HP 6890 gas
chromatograph with a TC detector and packed column with ShinCarbon ST 100/120.

3 Results and discussion

The effects of the water/ethanol molar ratio on Hz production rate and energy yield are show
in Figs. 3 and 4. The highest production of hydrogen was achieved when the water/ethanol
molar ratio was 1. For this water/ethanol molar ratio the energy yield of hydrogen production
was also the highest. Production of hydrogen and energy yield decreased with the increasing
water/ethanol molar ratio.

Besides H2, CH4 and CO, as well as a small amount of CO2 were formed. This means that the
major chemical reactions in the dielectric barrier discharge were:

C2HsOH + H2O -4 H> + 2 CO

C2HsOH — Hz + CH4 + CO

Typically, CO> production increases with increasing water vapor. However, in this case it did
not happen. CO; production was similar for all used water/ethanol molar ratios. CO and CH4
productions were the smallest when the water/ethanol molar ratio was 3. However, it is
connected to the decrease of the Hz production. Probably this is due to the increase of energy
consumption for heating greater amounts of water vapor at the expense of the energy
consumed in the chemical reactions.

0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0.00

Production rate, mol/h

1 2 3
Water/ethanol molar ratio

m Hygrogen m Carbon monoxide Methane m Carbon dioxide

Fig. 3: Hz, CO, CH4 and CO; production rate dependence on water/ethanol molar ratio.
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Fig. 4: Energy yield dependence on water/ethanol molar ratio.

4 Conclusions

The process of ethanol steam reforming in dielectric barrier discharge should be performed at
low water/ethanol molar ratios. The dominant chemical reactions lead to the formation of Ho,
CO and CHgs. The increase in the molar ratio of water/ethanol did not cause significant
changes in the chemical reactions, but decreases the energy yield of the production of Ho.
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INVESTIGATION OF THE EFFECT OF ON- AND OFF-TIME ON THE
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It is investigated in a pulsed microwave discharge if and how the CO- dissociation efficiency can
be tuned. By applying power modulation, the discharge parameters can be influenced and heating
can be reduced, which could influence the reaction mechanism in the plasma. In this work, the on-
and off-time are experimentally varied for a fixed peak power. The on-time ranges between 50 ns
and 50 ps. The dissociation degree is determined in the exhaust of the microwave reactor.
Interestingly, no clear effect on the dissociation efficiencies is observed for the investigated on-
and off-times.

Keywords: CO; conversion; pulsed microwave discharge; solar fuels

1 Introduction

Recently, there has been a revival of research on CO: dissociation for solar fuel production
[1-5]. CO> dissociation is of interest not only because of environmental reasons but also for
storage of renewable energy which is intermittent. If we want to increase the share of
renewable energy in our energy consumption, amongst other things energy storage and
flexible power plants are necessary [6]. Plasma-assisted dissociation can address intermittency
and can be used to convert excess renewable electricity to CO, which can be further converted
to storable fuels such as methane.

It is shown theoretically and experimentally that a microwave discharge can provide a high
energy efficiency for CO» conversion (up to 80% for subsonic gas flow [7]), which is believed
to be due to its low electron temperature 7. [4, 7]. For Te = 1 €V, most of the discharge energy
is transferred from plasma electrons to CO> vibrations [7]. By stepwise vibrational excitation
up to the dissociation energy of CO» (5.5 eV), efficient dissociation can be obtained. Other,
less efficient ways of CO> dissociation are thermal dissociation and dissociation by electronic
excitation which requires more energy than the dissociation energy. To have a high energy
efficiency, it is then key to enhance dissociation by vibrational excitation [2]. When power is
applied, vibrational levels are primarily populated by electron excitation (so called eV
transfer) [4]. Subsequently, relaxation takes place among the vibrational levels which results
in population of high vibrational levels of CO, (VV transfer), which might result in
dissociation. On the other hand, vibrational levels are depopulated due to transfer to
translational degrees of freedom (VT transfer). This process is more likely to occur at a high
gas temperature. A possible way to reduce the loss of vibrational to translational energy is
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repetitively switching off the plasma before the gas temperature gets too high. Ideally, the
modulation is chosen so that during the on-time vibrational levels are sufficiently populated
and relax towards higher vibrational levels. This is expressed in an increase in vibrational
temperature [3-4]. When the vibrational temperature saturates, the power pulse needs to be
switched off. And before VT transfer becomes important and vibrational population is lost,
the power pulse needs to be restarted. In this work, the on- and off-time in a pulsed CO>
microwave discharge are varied. For these measurements, the peak power is kept constant to
avoid an influence of the instantaneous power level and thus electron density and eV transfer
during the power pulse.

2 Experimental
A pulsed microwave (2.5 GHz) discharge is operated in a quartz tube (¢ 30 mm) which is
inserted in a WR340 waveguide (figure 1). CO2 gas is injected tangentially at the top of the
quartz tube with a total flow rate of 1.9 slm. A swirl gas flow is created which keeps the
plasma away from the tube walls. The pressure p in this work is maintained at 160 mbar. For
a gas temperature 7, of 3000 K [8] the residence time ¢ of the gas in the reactor can be
estimated as
W

r QCOZ kTg

where Qcos is the particle flow rate in molecules s and the volume of the reaction zone V is

t =14ms, (D)

calculated from the waveguide height and tube diameter. The residence time is significantly
longer than the pulse duration.

Peak power

Mean power

ON time OFF time
[¢——— Pulse repetition time———]

Fig. 1: Left: Duty cycle scheme of the power modulation. Right: Picture of the microwave reactor.

The off-time is varied for a fixed on-time. This is done for on-times of 50 ns, 500 ns, 5 ps and
50 ps. During the duty cycle scan, the peak power Ppeak is kept constant. According to
on —time

duty cycle= ——— ()
pulse repetition time

and
I:)mean = dUty CyCIe : I:)peak (3)

the mean power then changes due to the change in off-time (see also figure 1).

Concentrations of CO and CO; are determined in the exhaust of the reactor with a residual gas
analyzer. This data is interpreted as follows. The process of CO; dissociation is summarized

by [7]
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CO, »CO+ %Oz AH = 2.9 eV/molecul e 4
Assuming that no atomic carbon is produced, the conversion degree can be calculated as

a= —[CO] %)

[co,]+[co]
and the energy efficiency # as
AH
=0 -— N 6
7 SE] (6)

where SEI is the specific energy input in eV molecule™, i.e. the average energy delivered per
COz molecule

P
SEl = 7
0 ™)

3

where Pean 1s the mean power in W and Q the gas flow rate in slm.

3 Results and Discussion

The conversion degree and energy efficiency measured for varying off-time at two different
on-times are shown in figure 2. They are plotted as a function of mean power and SEI. The
peak power is 550 W. For comparison, measurements are performed in continuous operation
with equal mean powers (but different peak powers than in the modulated measurements). For
the series with continuous power, the measurements at the two highest mean powers were
repeated at the end of the measurement series. These measurements resulted in a higher
energy efficiency and give an indication of the accuracy. It needs to be checked if there is an
influence of a heating up of the reactor. In addition, the plasma volume needs to be monitored

to correct the measured energy efficiencies for a possible change in power density in the
plasma.

A lower estimate of the characteristic time for VT transfer is 1 ps for Ty about 3000 K [4]. It
is then expected that in the case of 50 ns pulses, longer off-times would result in more time

for VV relaxation and thus more efficient dissociation. This is however not observed in figure
2.
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Fig. 2: Measured conversion and energy efficiency as a function of mean power and specific energy input for
various on-times. SEI and Prean are changing due to a varying off-time, as the peak power and flow rate are kept
constant (see equations 2, 3 and 7). Ppeak = 550 W and Q = 1.9 slm. Multiple measurements for continuous power
at Pmean =455 W and 500 W give an indication of the accuracy.
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Taking the experimental accuracy into account, there is no clear influence of the plasma
on-time on the energy efficiency. For a pulsed microwave argon plasma at 20 mbar it is said
that with increasing repetition frequency (i.e. shorter on-times), the electron density slightly
decreases whereas the electron temperature slightly increases [9]. A lower electron density
would result in a lower population of vibrational levels [4] and hence a lower dissociation due
to vibrational excitation. However, simulations in the current work suggest that the peak
electron density is not dependent on the on-time for the current conditions and frequency
range investigated. Only if the plasma is switched off before the peak density can be obtained,
the electron density is naturally lower, which in fact can also influence the electron densities
in [9]. More simulations and time resolved optical emission spectroscopy measurements are
being performed to gain insight in the chemistry in the modulated discharges. In addition,
accurate in-situ measurements of e.g. gas temperature 7T,, vibrational temperature 7., and
vibrational level populations are required to investigate the reaction mechanism responsible
for dissociation.

4 Conclusion

A power modulated CO2 microwave discharge is investigated for plasma on-times between
50 ns and 50 ps. No clear effect has been observed of the on- and off-time on the measured
energy and conversion efficiency. Possibly, even shorter pulses are required to switch off the
plasma power before the vibrational temperature is saturated and gas heating is important.
Accurate time and spatially resolved measurements of e.g. 7y and 7vi, are necessary to
determine if and how modulation can be used for tuning CO> dissociation.
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The CO and CO, Dielectric Barrier Discharges (DBD) and their solid products were analyzed
keeping similar energy input regimes. Gas chromatography analysis revealed the presence of CO»,
CO and O, mixture in the exhaust of the CO, DBD, while no O, was found when CO was used as
a feed gas. It was shown that the C, Swan lines observed with optical emission spectroscopy were
distinct in the CO plasma while they were not observed in the CO; emission spectrum. Also the
solid products of the plasmas exhibited remarkable differences. Nanoparticles with a diameter
between10 and 300 nm, composed of Fe, O and C (Fe:0:C~13:50:30) were produced by the CO»
DBD, while microscopic dendrite-like carbon structure (C:0~73:27) were formed in the CO
plasma. The growth rate in the CO, and CO DBDs was evaluated to be on the level of
0.15 mg/min and 15 mg/min, respectively. The difference of the CO and CO, discharges and their
products might be attributed to the oxygen content in the latter (6.4 mol.% O, in the exhaust) and
subsequent etching of the carbonaceous film.

Keywords: CO, decomposition; CO disproportionation; dielectric barrier discharge

1 Introduction

The transformation of CO; into a chemical feedstock or a solid product presents an attractive
approach towards the mitigation of carbon dioxide. In this work we study the phenomenon of
carbonaceous solid product formation in pure CO2 and CO Dielectric Barrier Discharge
(DBD) systems, which represent a popular non-thermal plasma approach to carbon dioxide
decomposition [1]. Interestingly, coke formation is mostly not observed in DBD reactors
when working with CO; [2]. In contrast to the CO> DBD, a rather intensive deposition
process was demonstrated for low-pressure DC and microwave plasmas [2,3], as well as
atmospheric pressure DBD’s [5] when working with CO. In our previous work [6] the
deposition of a slightly conductive coating on the reactor walls was observed in the CO., DBD
which was correlated with the modification of the discharge behavior. In order to identify the
difference between the CO, and CO plasmas, the discharges were compared by means of
electrical characterization, GC and OES. These measurements were coupled to solid products
analysis (FTIR, XRD, EDX) in order to obtain the information regarding possible synthesis
mechanisms.

2 Experimental

The experimental setup is schematically shown in figure 1. In case of the MD configuration
(figure 1), a cylindrical discharge gap of 0.5 mm is obtained between a grounded stainless
steel central electrode and a dielectric tube made of borosilicate glass. A stainless steel mesh
is wrapped at the outside of the dielectric tube, acting as an outer electrode and at the same
time defining the length of the plasma (215 mm). The process is monitored by a 25 MHz
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PicoScope 2205 digital oscilloscope. The energy input in the discharge is controlled by setting
the power of the generator and calculating the corresponding value (equation 1):

1 T
PInput = ?j 1 (t)U (t)dt 1)
0

DBD reactor

Oscilloscope ( UVIVIS
- h (L spectrometer
/\\,/ .

<] o
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Fig. 1. Experimental setup of the tubular dielectric barrier discharge reactor.

The gaseous products of the reaction are analysed by gas chromatography (Trace-GC,
Interscience), equipped with a Thermal Conductivity (TCD) and Flame lonization (FID)
detector. A UV/VIS (180-750 nm) survey fiber spectrometer (Avantes, AvaSpec 2048) with
2.3 nm FWHM resolution is used for monitoring the process, collecting light through a 6 mm
collimating lens, located downstream the reactor parallel to the electrode axis.

3 Results and Discussion

3.1 Discharge Characterization

The electrical signals of CO2 and CO discharges obtained at similar power are compared in
Figure 2. It can be seen that the CO2 plasma issues high-amplitude (up to 0.5-1 A) sparse
current pulses in the positive half-cycle (HC) and a more stable filamentary regime in the
negative HC. This behaviour is observed for electronegative gases in general (O2, CO>) [6].
The carbon monoxide discharge current (cf. figure 2,b) was symmetrical as 35-50 mA
amplitude current bursts where measured in both HCs.

of co
ne
2
0,
2t
o -4 —_
% 6 z
s Of E
> 4f <
2
ok
ot
-4
-6
(b) ‘ ‘ . ‘
0 30 60 90 120
Time (us)

Fig. 2. Electrical signal of the (a) CO2 and (b) CO DBD; (Discharge power: 600W; gas flow rate: 1 SLM;
frequency: 50kHz.)
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The gas mixture at the reactor exhaust was evaluated by means of GC. At 600W power input
and 1 SLM gas feed flow around 20% of initial CO2 was converted into CO (13.8 mol.%) and
02 (6.4 mol.%), the CO:02~2.1 ratio being close to the stoichiometric one. At similar
conditions the CO discharge yielded 1.2 mol.% of COa. Interestingly, no molecular oxygen
was found by GC in the exhaust of the CO DBD.

OES measurements revealed presence of Fe lines in the spectrum of the CO, DBD. Besides a
more prominent Fox CO2/CO." system, the CO 3rd positive band, CO Angstrom bands, and
a continuum part with a maximum at about 450 nm were found. No distinct CH or C> lines
were observed during the CO, experiments, not even at the highest energy input regimes.
Contrary to that, C> Swan bands dominated the spectrum of the CO discharge.

The CO:0zratio close to stoichiometric 2 indicates dominance of the overall reaction 2 for the
CO. DBD, while the presence of the Fe lines reflects intensive ablation of the electrode
surface. The formation of CO2 (while no Oz was found) and observations of the bright C»(S)
bands might be associated with the disproportionation reaction 3 occurring in the CO
discharge.

CO, >C0+050, )
CO+CO —C+CO, 3)

Table 1 summarizes the discharge properties and characterization of the solid samples
obtained in the CO and CO2 DBDs, at 600 W input power and 1 SLM gas flow rate.

Table 1. Summary of properties of the solid samples obtained in CO and CO, DBD plasmas, respectively, at
600 W input power and 1 SLM gas flow.

Discharge characterization cobBD CO,DBD

GC CO(98.8%), CO,(1.2%) CO,(79.8%), CO(13.8%),
0,(6.4%)

OES C,(Swan), CO(A), CO(3B) CO(A), CO,(Fox), CO(3B),
Fe lines

Material characterization

Production rate, mg/min ca. 15 ca. 0.15

EDX C:0=73:27 Fe:0:C=13:50:30
Particle size (SEM) 1-5um 10-300 nm

FTIR C=0,C=C,C-0O Fe-O, C=C, C-O
XRD Amorphous phase, (001),(002) Fe,O, Fe
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Fig. 3. SEM images of the 600W-1 SLM CO (left) and CO; (right) discharge products

3.2 Material Characterization

The solid products of the CO> and CO DBD were collected from the inner surface of the
dielectric tube in the form of powder. A striking difference appeared in the deposits
production rate, as the production rate via the CO discharge being two orders of magnitude
larger than the CO2 DBD (ca. 15 mg/min. vs 0.15 mg/min, respectively). To obtain more
information regarding the possible mechanism of the deposition process, SEM imaging, EDX,
FTIR and XRD techniques were applied for material characterization.

The morphology of the corresponding solid products is presented on figure 3. A microscopic
dendrite-like carbon structure (C:0=73:27) was formed in the CO discharge. The FTIR
spectrum revealed the presence of C=0O, C-O and C=C groups, indicating the polymeric
nature of the material. XRD analysis demonstrated that the sample is mostly composed of
amorphous structures.

A coating of the spherical nanoparticles, composed of Fe, O and C (Fe:0:C=16:60:30) was
deposited in the CO: discharge. The FTIR spectrum was largely dominated by the Fe-O signal
while the presence of C=C and C-O groups was not so prominent. XRD analysis revealed the
presence of Fe3O4 and Fe phases of crystalline structure.

4 Conclusion

CO and CO: discharges and their solid products were analyzed and compared. The striking
difference of the CO and CO: discharges and their products might be attributed to the high
oxygen content in the latter (6.4 mol.% O in the exhaust). Intensive oxidation and ablation of
the metal electrode surfaces are the results of that. Contrary, the disproportionation and
polymerization dominates the material growth processes in the CO plasma.
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PREPARATION OF THE CARBIDES OF BORON AND SILICON
FROM THEIR FLUORIDES AND METHANE IN RF-ARC HYDROGEN
PLASMA

R. A. Kornev, P. G. Sennikov, A. D. Bulanov
G.G. Devyatykh Institute of Chemistry of High-Purity Substances of RAS
49 Tropinin Str., Nizhny Novgorod, 603950, Russia
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Feasibility study of the synthesis of the carbides of boron and silicon by plasma chemical
hydrogen reduction of their fluorides BF3 and SiF4 in RF-arc discharge at atmospheric pressure has
been carried out. By-products of plasma chemical reactions were investigated. The samples of
carbides were prepared and characterized.

Keywords: boron carbide; silicon carbide; RF-ARC hydrogen plasma

1 Introduction
The carbides of boron and silicon refer to refractory compounds with unique properties and
are widely used in modern technologies.

Nuclear reactor engineering is the important field of application of boron carbide which is
connected with unique high capture cross section of thermal and fast neutrons by °B isotope
[1]. The main interest in silicon carbide is due to its application in high-power electronic
devices [4]. Compared with silicon, commonly used in modern electronics, the silicon carbide
has by several times larger energy gap [5], by 10 times higher electrical strength [6], by three
times higher heat conductivity [7], and the increased radiation resistance [8]. The methods for
preparation of different structural modifications of the carbides of boron and silicon can be
divided into two groups: the solid phase including chemical reactions between the initial
substances in elementary form or in the form of compounds at high temperature [9] and the
gas-phase based on the synthesis of carbides by the method of chemical deposition from the
gas phase [10-13]. It should be noted that in the case of boron carbide the boron trichloride
(less often, diborane) and methane are used as the initial substances, and in the case of silicon
carbide the methylsilanes and some other substances are used.

In the present work the gas-phase method was selected for preparation of the carbides of
boron and silicon. In the first case the boron trifluoride and methane were taken as the
precursors and in the second case the silicon tetrafluoride and methane. Their molecules are
very stable (the binding energy of B-F and Si-F are equal to 7.8 and 7.2 eV, respectively) and
that is why the plasma sustained by one or another discharge should be used for conversion of
the fluorides into elementary forms or other compounds (PECVD method).
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The goal of the present work is to investigate the plasma chemical synthesis of the carbides of
boron B4C and silicon SiC in hydrogen plasma of fluorides sustained by radio-frequency arc
discharge (RFA) at atmospheric pressure and preparation of their bulk samples.

2 Experimental

In this work the fluorides of boron and silicon with the content of the main substance not less
than 99.9% were used. Hydrogen of special purity grade was used as the plasma-forming gas:
the content of hydrogen not less than 99.9999%; of oxygen 2:10°%, of argon 2:10°%, of
nitrogen 8'10°%, of water vapors 1:10%%, and methane with purity of 99.999% was used as
the carbon-containing precursor. The used high-pressure RFA (P > 200 torr) is characterized
by high strength of current 1 — 10> A and by relatively low voltage 10 — 50 V. The
experiments were carried out at the total pressure in reactor equal to 760 torr. Consumption of
plasma-forming gas H> as well as of gas-reagents SiFs, BFz and CHas during the experiment
was determined by mass-flow controllers and was maintained constant equal to Hz — 35045
cm®/min.; SiFs— 60+5 cm®/min.; BFs — 60+5 cm®/min.; CH4 - 40 = 5 cm®/min. The molar ratio
of H2/SiF4/CH4 and H2/BFs/CH4 was maintained constant being equal to 9/1, 5/1. The plasma
chemical reactor is a quartz glass tube inside which the rod electrodes are placed connected
with RF generator via matching device. The total degree of conversion of fluorides was
determined by analyzing the IR spectra of exhaust gases with accuracy of 0.1% mole (Bruker
Vertex 80v spectrometer). The X-ray analysis of the prepared samples was conducted on
diffractometer XRD-7000. Morphological investigations of the prepared samples were carried
out by scanning electron microscopy. SEM images were obtained by SUPRA 50VP and
NEON 40 electron microscopes were used. The element composition of samples was
determined by energy-dispersive X-ray spectrometer (Oxford Instruments).

R

C d
Fig. 1: The morphology of the samples of B4C (a) and SiC (b) and their elemental composition (c) and (d).

201



15" High Pressure Low Temperature Plasma Chemistry Symposium

3 Results and Discussion
Solid carbides of silicon and boron were grown on electrodes in the form of polycrystals in

cylindrical form and simultaneously the fine soot was deposited on the walls of plasma
chemical reactor. During plasma chemical reduction of boron fluoride as a by-product, the
oily liquid was condensed on the walls of reactor/ We believe that that is a partially
hydrolyzed (after the contact with atmosphere of the open reactor) coordination compound of
boron fluoride with hydrogen fluoride F3B-FH (the data of IR and NMR spectroscopy).
Trifluorosilane, registered in IR spectra of exhaust gases, is a secondary silicon-containing
product during synthesis of silicon carbide. Ethylene, acetylene, carbon dioxide,
tetrafluoromethane and hydrogen fluoride are other products of plasma chemical
transformations (free hydrogen fluoride is not observed during the synthesis of boron
carbide).

Fig. 1 gives the morphology of the samples of B4C, SiC and their elemental composition. The
samples of the carbides of boron and silicon (Fig.1 a,b) have a layered structure. It can be
assumed that growth of B4C and SiC takes place in layers. As our observations indicate, the
initial deposition of graphite layer on electrode surface is the required condition for carbides
growth. Graphite is deposited on the surface of electrode, heated up to 900 — 1400°C, as
a result of pyrolysis of methane forming dendrites. Intensity of electric field and its gradient
on the formed dendrites are high making it possible to polarize the molecule SiF4 or BF3 and
facilitates the deposition of Si or B layers. Then again the deposition of graphite takes place.
That is why the samples, grown in these conditions, should contain substantial amount (up to
30%) of free carbon which is proved by the data of X-ray fluorescent (Fig. 1 c,d) and phase
(Fig. 2 a,b) analysis.
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Fig. 2: The X-ray analysis of the samples SiC (a) and B4C (B).
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4 Conclusion

The samples of the carbides of boron and silicon were prepared by PECVD method using
methane, the fluorides of boron and silicon as the initial compounds. Their morphology, phase
and impurity composition were investigated. The main gas-phase and solid phase by-products
of the synthesis of carbides were determined.
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SYNTHESIS OF GRAPHENE SHEETS USING
MICROWAVE PLASMA TORCH DISCHARGE

J. Toman, O. Jasek, J. Jurmanova
Department of Physical Electronics, Faculty of Science, Masaryk University,
Kotlarska 2, 611 37, Brno, Czech Republic
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In this work a synthesis of two-dimensional graphene related materials (GRM) in microwave
plasma torch (MPT) discharge was studied. The MPT discharge operates at atmospheric pressure
conditions in argon atmosphere. The discharge was driven by a microwave generator set to
standard frequency of 2.45 GHz. Liquid ethanol vapours were led to the discharge by carrying gas
- argon, was selected as a precursor. Decomposition of ethanol, at specific deposition conditions,
led to synthesis of graphene flakes. Created samples were analysed using Raman spectroscopy and
electron microscopy. The discharge was examined by optical emission spectroscopy.

Keywords: microwave plasma; torch discharge; graphene flakes

1 Introduction

Recently, there has been increased interest in using plasma techniques for creating graphene-
based materials like carbon nanotubes (CNT), nanofibres, graphene, nanoribbons or
nanoflakes. The production of graphene-based materials requires specific conditions such as
sufficiently high energy of atomic and molecular species supplied to the growth zone and
balanced influx of carbon particles. One of the most used techniques to provide suitable
conditions for graphene synthesis is chemical vapour deposition (CVD) [1, 2]. However, this
technique requires a very high temperature ranging from 1000 °C to 1300 °C and transfer of
deposited films onto non-metallic substrates. Alternatively, plasma-enhanced chemical vapour
deposition (PECVD) has been developed to synthesize graphene on a relatively large scale.
The unique chemically active plasma environment provides suitable conditions for creating
high yields of clean and highly ordered graphene sheets with well controlled structural
qualities. Many applications exploit the ability of plasmas to break down complex molecules
considering that plasma systems provide simultaneously high temperatures and a highly
reactive environment [3, 4].

2 Experimental

The experimental equipment consisted of a microwave (MW) generator, working at
a frequency of 2.45 GHz, 2 kW maximum power, with a standard rectangular waveguide,
transmitting the MW power through a coaxial line to a hollow nozzle electrode. Ferrite
circulator protected the generator from the reflected power by re-routing it to the water load.
Matching of the plasma load to the line impedance was achieved by a 3-stub tuner. The gases
are supplied to the discharge chamber through the nozzle which has two gas channels. The
inner channel, in the nozzle axis, is used for introduction of working gas - argon and
subsequent ignition of plasma. The outer channel is used for introduction of carrying gas with
precursor vapors into the plasma environment. Reactor chamber consists of a quartz tube, 8cm
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in diameter, which is 15 cm long. Both ends are fixed to stainless steel caps by elastic silicon
bands. A schematic view of the experimental set-up with a detailed view of the nozzle
configuration is shown in Fig. 1. More details about the experimental set-up, discharge
characteristics and deposition of other carbon nanostructures can be found in previous

publications [5, 6].
| inner
lgas outlet % channel
sample holder_ T 1= teflon outer
reaction sealing . channel
chamber

\
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i Y
I |
s directional | }
Circulator coupler 3-stub tuner argon
Microvawave e p Ar
generator
1 . :
— waveguide L% lcarrying
1 i gas

water load u ;}

liquid precursor

Fig. 1: Experimental setup for synthesis of graphene flakes by decomposition of ethanol precursor in microwave
plasma torch discharge with a detailed view of the nozzle [7].

3 Results and Discussion

Optical emission spectra of argon plasma with ethanol vapours used as precursor at
atmospheric pressure conditions is shown in Fig. 2. As a direct product of ethanol
decomposition, molecular lines of C, molecule (Swan system) and CN molecule are
dominant. Since we were not directly working with nitrogen, CN molecule is a result of
residual nitrogen from atmosphere. We can also observe typical spectral lines of atomic argon
at higher wavelengths (700 — 800 nm) and atomic hydrogen (H,) at 656 nm.
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Fig. 2: Typical optical emission spectra of an argon / ethanol discharge at atmospheric pressure conditions.

Variation in deposition conditions, the microwave power P, the flow of working gas through
inner channel Arc and the flow of carrying argon with ethanol vapours Ary resulted in change
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of deposited material. The mixture with ethanol could be introduced to the discharge through
inner or outer channel of the nozzle. We also tried to maximize the active surface for
evaporation of liquid precursor by bubbling. Fig. 3 shows the final product of experiment
named GV61 with Raman spectra. The deposition conditions were: t=5min., P=210W,
Arc=420sccm, Ar,=400sccm The SEM image shows, that the deposited material consists of
layered structures, approximately 500 nm in diameter. Raman spectroscopy, as a versatile tool
for graphene material analysis, suggests that prepared graphene flakes consist of 4 graphene

layers.
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Fig. 3: Scanning electron microscopy (SEM) of prepared graphene flakes with Raman spectroscopy of

deposited material.

As mentioned before, different approaches were used to introduce ethanol vapours into
reaction chamber, which affected the amount of precursor participating in the synthesis,
dynamics of the plasma jet and gas dynamics in the reaction chamber. The mixture of Arp
carrying ethanol vapours were introduced either to inner or outer channel of the nozzle. Fig. 4

35000
P ,’ T =
30000 - & 3 “e..
25000 - i b
D' 4 ’I ot /.\\ \\\\\
< 20000 - / 4 .
Bt | ’l i % it S Sex
= ! / T el 3
=" 15000 P .
C ] ! ’ P
-oq-'a " /l by
£ 10000 - I E
] f P (1)---- not bubbling, Ar, to outer channel
5000 i S (2)---- bubbling, Ar, to outer channel
1 (3)--+-- bubbling, Ars to inner channel
0 — T T T T T T T
0 500 1000 1500 2000 2500 3000
Ar, [sccm]

Fig. 4: Intensity of C; line at 517 nm as a function of argon flow for 3 different ways of introducing the gas

mixture into the reaction chamber.

represents intensity of the most intensive spectral line of C> Swan system at 517 nm as
a function of Ar, flow for three different combinations of bubbling/not bubbling of liquid
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precursor, introducing it to inner/outer channel of the nozzle. The graph shows, how these
combinations influence the amount of carbon precursor participating in graphene synthesis.
We also observed a significant impact on the plasma jet dynamics, while introducing the Ary
mixture into the inner channel of the nozzle.

4 Conclusion

We successfully synthesised graphene flakes in microwave plasma torch at atmospheric
pressure conditions. Prepared structures consist of 4 layers of graphene and the width is
approximately 500 nm in diameter. Due to the layered structure and high surface area of
prepared material, applications in the field of sensors are of increased interest for our future
research.
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EFFECT OF NITROGEN SPECIES ON OZONE GENERATION BY
ATMOSPHERIC PRESSURE HOMOGENEOUS DIELECTRIC
BARRIER DISCHARGE
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We investigated the effect of nitrogen species on o0zone generation characteristics by an
atmospheric pressure homogeneous dielectric barrier discharge (Atmospheric Pressure Townsend
Discharge: APTD). In this experiment, pure O and various N and O, mixed gases were used as
the source gas of ozone generator. Using an ozone monitor and FTIR, we found that since excited
N2 molecules can produce additional O atoms for ozone generation, the highest ozone yield was
obtained by using 80% N2 and 20% O, mixed gas in this experiment.

Keywords: homogeneous dielectric barrier discharge; ozone; nitrogen species; FTIR analysis

1 Introduction

A Dielectric Barrier Discharge (DBD) type ozone generator is widely used for room air
treatment, sterilization, deodorizing etc. In this type of ozone generator, air or Oy is used as
source gas. So far, we succeed in generating a homogeneous DBD in air, N2 and O> at
atmospheric pressure [1] and clarified that the DBD is a kind of Atmospheric Pressure
Townsend Discharge (APTD). After the success, we applied the APTD to air-fed ozone
generators and investigated the effect of by-products suppression in ozone gas. As the results,
we found that concentrations of HNOs3, N>Os and N>O in ozone gas by APTD type ozone
generators were lower than those of by filamentary DBD type ozone generators at the same
ozone concentration [2]. Therefore, we concluded that the APTD can suppress by-product
generation by air-fed ozone generators. We also applied the APTD to an O»-fed ozone
generator to investigate the ozone yield [3]. However, the maximum ozone yield of the O»-fed
ozone generator was almost the same as that obtained by air-fed ozone generators. In this
paper, in order to clarify why the maximum ozone yield by APTD did not increase, we
investigated the effect of the admixture ratio of N> and O2 in source gas.

2 Experimental setup

Fig. 1 shows experimental setup. Oz (absolute humidity: 119.3 mg/m?, purity: 99.5%) and N
(absolute humidity: 119.3 mg/m?, purity: 99.95%) were used as source gas of ozone generator.
Total flow rate of mixed gas was fixed to 2.0 L/min using two mass flow controllers (SEC-
400mk3, Horiba, Ltd.). The admixture ratio of N2 and Oz was changed by changing flow rates
of N2 and O gases. Ozone concentration was measured by an UV absorption type ozone
monitor (EG-3000B/01, Ebara Jitsugyo Co., Ltd.). Nitrogen oxides were analyzed by an FTIR
(IR Affinity-1, Shimadzu corp.) with a gas cell (optical path length: 3 m, Gemini Scientific
Instruments). A.C. high voltage was applied to the ozone generator by a step-up transformer.
The maximum applied voltage and frequency were 13.6 kVp and 50 Hz respectively. The
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applied voltage (V) and the current were measured by an oscilloscope (TDS-2024B, Tektronix,
Inc.) using a high voltage probe (EP-50K, Pulse Electronic Engineering Co., Ltd.) and
a differential probe (700924, Yokogawa Electric Corporation) respectively. An integral of the
current (charge g) was measured from the voltage drop across an integral capacitor (0.1 puF).
Besides, the discharge power was calculated by multiplying the area of V—¢ Lissajous figure
by power frequency. Alumina barrier (Material code: A473, thickness: 1 mm, Kyocera corp.)
was used as the barrier material of electrodes. The gap length was fixed to 2 mm. The
electrode size was 62 cm?.
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Fig. 1: Experimental setup.

3  Results and Discussions

3.1 Discharge characteristics

Fig. 2 shows discharge characteristics by different admixture ratio of N2/Oz. From Fig. 2(a),
discharge started at around 1 ms and 11 ms. Discharge inception time of 100% N> was faster
than that of 100% O». Because electric fields required for Townsend breakdown of O> gas is
lower than that of N> gas [4]. During discharge, the current flowed continuously and had no
pulse. As can be seen in this figure, the APTD generated not only in 100% N> and 100% O,
but also N2/O> mixed gas. Fig. 2(b) shows V-g lissajous figures. All of the figures show a
parallelogram. Discharge sustaining voltage (V) increased with increasing N2 content. On the
other hand, the amount of charge during discharge (dq) decreased with increasing N> content.
Fig. 2(c) shows the change of discharge power and specific input energy (SIE) as a function
of N> content. They were almost unchanged except at 100% No.
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Fig. 2: Discharge characteristics. (a) Voltage and current waveforms, (b) Lissajous figures, and (c) discharge
power and specific input energy at various N> contents.
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3.2 Ozone generation characteristics

Fig. 3 shows the ozone concentration and the yield at various N> contents in source gas. Fig.
3(a) shows that ozone concentration increased with increasing N> content. It is well known
that in case of filamentary DBD type ozone generators, ozone concentrations increase with
increasing O> content [5], However, the highest ozone concentration by the APTD type ozone
generator was obtained at 80% N> content. Fig. 3(b) shows that ozone yield increased with
increasing N> content.
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Fig. 3: Ozone generation characteristics. (a) Ozone concentration, and (b) ozone yield.
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3.3 Gas analysis by FTIR

In order to clarify why the highest ozone concentration and yield were obtained at 80% N>
content in source gas, we analyzed the absorbance spectra of 320ppm ozone gas generated by
filamentary DBD and APTD by the FTIR.

Fig. 4 shows the absorbance spectra of 320ppm ozone gas. In case of filamentary DBD,
HNOs3, N2O, NO> and N2>Os were detected as by-products, on the other hand, in case of APTD,
HNOs3, N>O and N>Os were detected as by-products.
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Fig. 4: Absorbance spectra of 320ppm ozone gas generated by 80% N, and 20% O, mixed gas.

In general, dissociation of Oz and Nz by electron impact (R1-3) and subsequent NOx
formation (R4-8) occur by the following reactions [6].
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N> dissociation: €t N2 2N+E(9.1eV) i, (R1)
O, dissociation: e+ 02— 0x(A’Z) +e — OCP) + OCP) +e (6.1 eV)......(R2)
O, dissociation: e+ 02— 0x(B’Zy) +e — OCP) + O(*D) +e (8.4 ¢eV) ......(R3)
NO generation: N+O02 5 NO+O i (R4)
NO:; formation: O+NO+M > NO2+ M. (R5)

T R e SR 1o RN o S (R6)
NO; formation: NO2 + 03— NO3+ O2rrciiiiiiicecc e (R7)
N20Os formation: NO2+NO3+M — NoOs+ M .o (R8)

Because the reduced electrical field (E/n) of APTD is lower than that of streamer head of
filamentary DBD [7], N2 dissociation reaction (R1) is weak and the subsequent NOXx
formation (R4-8) are small. Therefore, the intensities of absorbance spectra of NO; and N>Os
by the APTD type ozone generator were lower than that of by filamentary DBD type ozone
generator.

Since the E/n of APTD is low, N, excitation reactions (R9, R10) seem to be dominant in
comparison with N2 dissociation (R1).
N, excitation: e+ N2 — No(A T + € (6.17 V)i, (R9)
e+ N2 — No(B’Ig) + € (7.35€V) oo (R10)

These excited N> molecules can produce additional O atoms for ozone generation (R11, R12).

Therefore, ozone yield increased with increasing N> content in source gas.
Additional O atom generation: N2(A,B)+ 02 > N2+ 20, (R11)
N2(A)+ 02 > N20 + O, (R12)

4 Conclusions

1. Discharge inception time of 100% N> was faster than that of 100% O». Because electric
fields required for Townsend breakdown of O> gas is lower than that of N> gas.

2. Ozone concentration increased with increasing N> content. In this experiment, the highest
ozone concentration by the APTD type ozone generator was obtained at 80% N> content.

3. Because the E/n of APTD is low, N> excitation reactions seem to be dominant in
comparison with N> dissociation. Since these excited N2 molecules can produce additional O
atoms for ozone generation, ozone yield increased with increasing N> content in source gas.
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STUDY OF O, AND O3 REACTIONS WITH ELECTRODE
SURFACE IN OZONIZER
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In this contribution the study of O; and O3 reactions with electrode surface in an ozonizer is
presented. The electrode surfaces in ozonizer were treated in the discharge with pure (99.9999%)
oxygen for long time. Then the discharge was switched off and pure oxygen or oxygen with ozone
reacted with treated electrodes for different time periods. Then the ozone concentration at the
ozonizer output was measured by the absorption spectroscopy. It was found that the molecular
oxygen reacts with oxygen atoms adsorbed on electrode surfaces producing ozone. On the other
hand the ozone concentration in switched off ozonizer stays constant for long time.

Keywords: ozone; surface reactions; dielectric barrier discharge

1 Introduction

The plasma surface interactions are of considerable importance for a wealth of discharge
phenomena. The surface oxidation on Pyrex of NO into NO; by adsorbed O atoms was
studied by Guaitella et al. [1]. The surface recombination of oxygen atoms in O plasma was
studied by Lopaev et al. [2]. It has been also observed that the ozone concentration in high
purity (99.99995%) oxygen-fed ozonizers decreases from the initial level to almost zero
during several hours. This phenomenon is known as Ozone Zero Phenomenon [3]. This
phenomenon is probably caused by surface processes at ozonizer electrodes. Explanation of
this phenomenon can bring deeper insight into surface processes in ozonizer and it is also
important for the models of ozone production in dielectric barrier discharges. Marinov et al.
[4] also directly observed ozone formation on SiO» surfaces in oxygen discharges.

2 Experimental

A cylindrical ozonizer was used in this study. Outer electrode was made of stainless steel and
it was maintained at earth potential. The internal diameter of the outer electrode was 24 mm.
The outer electrode was covered by alumina dielectric, which was 2.85 mm thick. The inner
cylinder is a high-voltage electrode and it was made of stainless steel. The external diameter
of the inner electrode was 17 mm. The discharge gap was 0.65 mm. The length of the
ozonizer was 240 mm. The water flowed trough outer electrode, the water temperature was
controlled to be constant during the experiments. Extremely high-grade oxygen of 99.9999%
was led into the ozonizer through the mass flow controller, the oxygen flow was set to
2 I/min. The ozone produced in the ozonizer was leaded to absorption cell, where the ozone
concentration was measured using absorption spectroscopy.
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3 Results and Discussion

In the first set of experiments the discharge in pure oxygen in ozonizer was burning for 5 min,
then the discharge was switched off and the ozonizer was flowed by argon for 3 min. After
this the ozonizer was flowed by oxygen for 1 min and then the ozonizer filled by oxygen was
closed at the input and at the output by the valves for the reaction time #.. After the elapse of
time ¢ the oxygen flow through ozonizer was restored and the concentration of produced
ozone flowing through absorption cell was measured. The measured ozone concentrations are
shown for different reaction time ¢ in Fig. 1. The ozone amounts calculated from these time
dependences are shown in Fig. 2. The amount of produced ozone increases with time ¢., at
short times the amount of ozone increases quickly, at reaction times longer than 2 min the
amount of ozone increases slowly.
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Fig. 1: The time dependences of ozone concentration in absorption cell for different reaction time #,.

In the second set of experiments the discharge in pure oxygen in ozonizer was burning again
for 5 min, then the ozonizer filled by oxygen with ozone was closed at the input and at the
output by the valves simultaneously with switching of the discharge. After the elapse of time
t- the oxygen flow through ozonizer was restored and the concentration of ozone flowing
through absorption cell was measured. The measured concentrations of ozone are shown in
Fig. 3. It can be seen from this figure that ozone concentration in the ozonizer does not
decrease with time #,.

In the third set of experiments the mixture of 95% oxygen and 5% of nitrogen was used as
working gas for the discharge in ozonizer. The discharge in this mixture was burning for
5 min. Then the discharge was switched off, the ozonizer was flowed by oxygen for 1 min and
then the ozonizer filled by oxygen was closed at the input and at the output by the valves for
the time #.. The results of these experiments are shown again in Fig. 2. The dependence of
created ozone amount versus reaction time #- shows again two slopes — steeper one at short
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times ¢ and gradual one at longer times. Surprisingly amounts of created ozone are higher
than the ozone amounts in the case of pure oxygen discharge.
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Fig. 2: The dependence of ozone amount on reaction time #.. Squares — first set of experiments, pure oxygen
discharge; triangles — third set of experiments, discharge in the mixture of 95% oxygen and 5% nitrogen.
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Fig. 3: The time dependence of ozone concentration in absorption cell at second set of experiments.
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4 Conclusion

The experiments proved the creation of ozone on electrode surfaces which were treated in
oxygen or oxygen/nitrogen DBD discharge. The measured time dependence of produced
amount of ozone has two slopes, steeper one at shorter times and gradual one at longer times.
This suggests that there is also a process in which the ozone is destroyed or the number of
active sites with absorbed oxygen atoms on electrode surface decreases significantly.
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PLASMA CHEMISTRY OF OZONE IN DBD DISCHARGES
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Measured dynamics of emission intensity of nitrogen second positive system in single plasma
filament of air DBD with ozone additions was compared with the modeling results. Electron
energy distribution function and plasma chemical kinetics for 31 charged and neutral species of
N2/O, plasma was calculated at electric field levels and pulse durations typical for single plasma
filament development and decay stages. Admixed ozone fraction was varied in the range of 0-1%.
In the experiments, pronounced effect of ozone on nitrogen emission was observed even at
minimal addition of ozone (0.1%). The calculated results show more gradual influence of added
ozone on excited nitrogen N2(C3I1,) concentrations.

Keywords: ozone; dielectric barrier discharge; 0-D plasma chemical kinetics model

1 Introduction

Ozone is widely used as an oxidizing agent in a medical practice, a water purification
technology, gaseous pollution control and some other industrial technologies [1]. In
particular, the so called dielectric barrier discharge (DBD) type ozone generators are
commonly used where plasma is formed by plurality of repetitive micro-discharges. Plasma in
such micro discharges is substantially non-equilibrium and unsteady. The measured and
monitored parameters of ozonizers, such as the concentration of ozone, energy input,
electrode temperature, etc. represent the averaged values what complicates the numerical
simulation of processes occurring in the ozonizer and comparison of experimental results with
the calculated ones.

To overcome these difficulties and to provide an adequate comparison between theoretical
model and experimental results it is very effective to conduct experiments with localized
single barrier discharge. The evolution dynamics in both time and space of such discharges
can be readily determined, and the data obtained in the experiment can be directly compared
with results of computer simulations. Moreover, such experimental approach allows also
studying the effect of the admixed ozone concentrations on micro discharge development. The
role of ozone in DBD ozonizers plasma is not yet completely clear in spite of potential
importance and possibility of ozone to affect plasma chemistry and electron energy
distribution function (EEDF).

2 Effects of ozone on plasma chemistry and EEDF in oxygen DBD ozonizers. Saturation
of ozone productivity at high specific energies.

Ozone dissociation by electron impact (reaction (1) below) was considered as a key process
which could limit maximal ozone concentrations in case of significant (on order of
magnitude) excess of Os dissociation rate coefficient ko, over coefficient ko, of O
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dissociation by electron impact [2]. However, recent modeling [3] accounting O3 dissociation
with cross-sections from [4] showed that typical ratios ko./ko, in DBD ozonizers are lower,

Kog/ko,~3. In addition, there are other important reactions of Oz with excited atomic 0o(*D)

and molecular O(b'X) oxygen, reactions (2) and (3), respectively, with comparable
contributions in ozone destruction as it seen from calculated dynamics of single plasma
filament development and decay in 5% Os/O2 gas mixture (figure 1). Reactions (1) — (3), in
contrast to reaction (4), are not the reactions of odd oxygen loss. The dominating part of the
produced atomic oxygen O(°P) (further denoted as O) recombines to ozone in three body
reaction (5).

Os+e—0+0;+e, O + 02(alA) + e or O(*D) + Oz(alA) + e (1)
0;+0(!D) - 0+0+02 2)
O3+ 02(b'2) - O+ 02+ O 3)
O3+0— 02+ 02 4)
0+0:+M—>03+M (5)

0-D plasma chemical kinetics model [3, 5] with input specific energies typical for a single
filament in atmospheric pressure DBD ozonizers was used for calculations of charge and
neutral species dynamics. Figure 1 shows the dynamics of O and Oz production and reactions
rates R1 — R5 of reactions (1) — (5), respectively, in 5% O3/O, mixture at gas temperature
T=300 K and reduced electric field E/N=155 Td applied for tpuse=26 ns. This model pulse
duration is required for avalanche increase of electron concentration from background level
Noe=6.5x10% cm™ up to characteristic maximal concentrations ne~5x10%% cm® [2]. Balance
analysis of ozone production/loss rates R1—R5 shows that these gas-phase losses are
insufficient for explanation of the observed saturation of maximal ozone concentrations
[O3]max~ (5-15%)[O2] in DBD ozonizers at high input specific energies. To resolve this
contradiction the ozone heterogeneous loss as a reason of [O3]max Saturation was considered in
[3, 5, 6] and the mechanism of Os loss at the passivated surface of Al,Oz dielectrics was
proposed on the base of DFT calculations [3]. Ozone decomposition on the electrode surface
is an origin of the ozone-zero phenomenon as it was revealed in [7].
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Fig. 1: Calculated dynamics of O concentration, Oz concentration change (Os(t)-O3(t=0)) and reactions rates
R1-R5 of reactions (1) — (5) in single plasma filament development and decay in 5% O3/O, mixture

In addition to reactions (1) — (5) the interactions of Oz molecules with electrons (attachment,
excitation, ionization) could affect the EEDF at high ozone concentrations. Significant
influence of electron energy losses in inelastic collisions with Oz molecules on plasma
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chemical kinetics and EEDF was revealed recently in numerical calculations [2]. In particular,
these losses reduce total gas ionization rate and slow down the electron avalanche rise, e.g.
the required pulse time was tpuise=14.5 ns for pure O2 vs mentioned above touse=26 ns for 5%
0O3/O2 mixture. Therefore, any possibility to detect directly an effect of varied ozone additions
on DBD plasma characteristics (Section 3) is important per se and for additional verification
of plasma chemical and electron Kinetics.

3 Effects of ozone in air DBD ozonizers. Experimental data and model results.
Experimental data were taken from [8]. Temporal distribution of the luminosity of the barrier
discharge plasma was detected at wavelength of 337.1 nm, which corresponds to the 0-0
transitions of the second positive of nitrogen:

N2(C3ITy) v=0=>N2(B?ITg) v—o + hv (A=337.1 nm) (6)
The increase of the ozone concentration leads to the decrease of the light pulse duration as
shown at figure 2. The sharpest decrease occurs when the concentration of ozone changes
from 0% to 0.1 %.

1E+06 —— 0% ozone
——0,1% ozone

0,2% ozone
——0,5% ozone

1E+05 1% ozone

T1E+04 o

1E+03 g ”_
o
1

T T T
0 5 10 15 20
Time (ns)

Intensity (a.u.)

Fig. 2: Evolution of light emission from the barrier discharge in dry air with ozone admixtures at atmospheric
pressure: a) spectral band of the 0-0 transition of the second positive system of N2 (A =337.1 nm)

The measured emission dynamics (figure 2) was compared with the calculated behavior of
N2(C3I1y) concentration in single plasma filament with ozone additions X(QOs) = 0, 0.1 and
1%. The details of plasma-chemical kinetics are described in [3, 5, 9]. Here we varied the
applied electric field Epuse and pulse parameters: duration teuse Of the main pulse
E(O<t<tpuise)=Epuise and the rate of field drop at t>tpuise.

Initial electron concentration ne(t=0) at the starting moment of the emission collection and
X(0O3z) dependence of ne(t=0), as well as dynamics of E decay due to charges deposition on the
dielectrics, are not known experimentally and theoretically. These uncertainties complicate
direct comparison of the measured and calculated emission growth and decay. Therefore we
did not aim to reach quantitative coincidence with the measured dynamics and focused on the
possibility of qualitative description of base trends and relative intensity changes (emission
drop on more than two orders of magnitude for X(O3)=0 and three orders for X(03)=1%,
figure 2). In the experiments, remarkable influence of ozone on nitrogen emission was
observed at the minimal ozone addition X(03)=0.1%. In contrast, the calculated influence of
ozone was more gradual with X(Os) as it seen from figure 3. The emitting N2(C®IL)
molecules are produced mainly by electron impact excitation of N2 ground state. N2(C3I1.)
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state is depopulated mainly in reactions N2(C%I1,) + O2 — O + O(*D) + N2 and Na(C3[1y) +
N2(v) — N2(B?Ilg) + Na(v’>v) with the order of magnitude lower contribution of emission
reaction (6). It is possible that some other important processes and effects of ozone in N2/O-
mixtures are not taken into account in the model.

1.LE+14

—-0% O,, 7 ns, 166 Td

==0.1% O,, 7 ns, 166 Td
1.E+13
4-1% 0,,7.7 ns, 166 Td

1.E+12

+ LE+11

N,(C) concentration (cm?)

1.LE+10

0 5 10 15 20 25 30
Time (ns)
Fig. 3: Calculated dynamics of N»(C3I1,) concentration in single plasma pulse in air at 1 atm and various ozone

fraction X(O3) = 0, 0.1% and 1%. Applied reduced field in main pulse E/N=166 Td, pulse duration tpuse=7 ns

4 Conclusion

Dynamics of nitrogen emission intensity of the band N2(C3I1,) = N2(B%g), (A=337.1 nm)
from single plasma filament in air DBD with ozone additions in the range X(0z) = 0-1% was
measured and compared with computer simulation based on 0-D plasma chemical kinetics
model for single filament in atmospheric pressure DBD type 0zone generators.
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Application of non-chemical ozone sterilization system to the greenhouse agriculture was studied.
The sterilization characteristics of the developed ozone-mist sterilization system was shown for
harmful insects including aphids. The half-life time and the diffusion length of ozone in the
greenhouse were shown.

Keywords: ozone-mist; sterilization; aphid; non-chemical; greenhouse

1 Introduction

Ozone gas is a powerful oxidation agent that could kill microorganisms without having
detrimental effects on the environment. Ozone-mist sterilization we have proposed is a
potential alternative to the synthetic pesticides that deplete biodiversity and fertility in the
green house. We have developed a portable ozone—mist sterilization system which is designed
for agriculture farmers who engage in non-chemical agriculture under poor infrastructure of
electrical power supply [1, 2]. This system has remarkable advantages in agricultural
operation: (1) kill living small insects, worms, bacteria and viruses at high sterilization
rate(~90%) in short operation time(10~20 sec); (2) oxygen gas and water as original materials
produce an ozone-mist creating pesticide radicals which kill microorganism; (3) secure
farmer health from ozone exposure; (4) leave no harmful residues on the product.

There is the urgent need of non-chemical sterilization technique to secure safety and security
of food harvested in green house. Although corps grown in the greenhouse may be protected
from common field pests and many diseases, there are still particular problems such as pests,
infectious viruses and fungi being parasitic on the plant and in the soil. The ozone—mist
sterilization method is a new method suitable to the green house agriculture.

Here, we studied the potential of the ozone-mist sterilization to treat pests, bacteria and
pathogens living in the green house. We show basic sterilization effect of pests using the
developed ozone-mist system at various sterilization conditions. Fundamental characteristics
involving spatial and temporal diffusion of ozone in the green house was also investigated
experimentally.

2 Experimental

The ozone sterilization system (Pecoshower#5) used here
is composed of an ozone generator, a water-mist supply
system, an AC-DC inverter connected to Li-ion batteries,
a lightweight oxygen vessel (FRP) with a pressure
regulator, a water tank and a movable spray rod with
ozone-mist nozzle. Fig.1 shows the portable ozone-mist
sterilization system. High dense ozone is generated by two
types of surface dielectric barrier discharges (flat-plate and

Fig.1 Portable ozone-mist sterilization system
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cylindrical electrodes). The AC electric power for the high frequency generator was supplied
from the AC-DC inverter with Li-ion batteries. High dense ozone of 112 g/m® and 86 g/m?® at
an oxygen flow rate of 1 liter/min were generated using the cylindrical type and the flat-plate
type, respectively. A compact chamber and a practical greenhouse were used to estimate the
half-life time and the diffusion length of ozone in air at various conditions.

3 Results and Discussion

Basic experiments were carried out to estimate time-resolved death rate of a typical pest
(aphid) at various sterilization conditions. Sample aphids were settled in a plastic container
(650mmx20mm) which has an inlet tube Death te

connected to the ozone sterilization system. .

The behavior of the aphids during ozone
treatment was observed by using a video / 86g/m? "
camera and the number of death aphids was  : .. i
accounted on the time-resolved image flame = i . 68g/m’

on the video files. Fig.2 shows the death rate S ot

of aphids by gaseous ozone treatment at T e
different ozone concentrations of 86 g/m? (O S
flow rate: 1 liter/min) and 68 g/m?® (O flow

rate:2 liter/min). In the case of 86g/m*, 100%
sterilization rate was attained at a treatment
time of 85 sec.

Fig.2 Death rate of aphids at 86g/m? and 68g/m?®.

F(x):10sec ==e= F(x):5sec

In the case of the ozone-mist treatment,
statistical analysis is introduced to obtain
sterilization rate using many experimental
runs for aphids. The ozone-mist mixture was

0.035
0.03
0.025

generated with a specially designed splay z 002
nozzle under a condition of ozone F~ 0.015
concentration of 86 g/m® (Oz: 1 liter/min) 0.01

0.005

and water-mist flow rate of 0.3 liter/min.
Fig.3 shows the normal distribution function
F(x) of sterilization rate for different
treatment times of 5 sec and 10 sec. Number
9f aphids treated at each run is aboqt ,20'_ It Fig.3 Normalized distribution function (F(x) of

is shown that most probable sterilization  gerjjization rate at treatment time 5sec and 10sec.

rate is 87% for 10sec and 81% for 5sec. We

also confirmed that 100% sterilization is realized at a treatment time of 20 sec. These results
show the sterilization effect comparable to a conventional treatment using a synthetic
pesticide of Acephate (Orthoran).

Sterilization rate(%) (x)

When ozone reacts with water-mist, the highly reactive radicals are generated and, specially,
hydroxyl radical (*OH") has high redox potential of 2.86 V comparable to fluorine F (2.87 V),
03 (2.07 V) and chlorine C1 (1.36 V). Gaseous ozone and the derivative radicals in ozone-mist
mixture such as *OH™ are taken into the aphid body through spiracles, travel via the trachea
and reach the cells [1]. As a result, the aphid may be killed by molecular ozone and related
radicals acting on proteins and organelles of the cell.
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Ozone-mist treatment also provides the biological effects on plants depending on both ozone-
mist conditions and treatment duration. It is shown that a positive effect of an increased leaf
area, enlarged shoot size and root length of plant such as tomato occurs when a low gaseous
ozone of a concentration (a few ppm) exposes under short repeated duration (2-3 minutes) for
several days [3]. Our preliminary study on the ozone-mist treatment was performed for
several plants. When eggplant seedlings were treated by ozone-mist of the same conditions as
in Fig.3, the 10 sec treatment caused foliar injury showing color change of the leaves.
However, apparent damages were not observed for the 5 sec treated sample. The mixture rate
between ozone and water-mist, the flow rate and the treatment duration are essentials to
optimize sterilization in each plant

growth phase under keeping ozone gg:tai”er Or0ne monitor

stress-induced growth. Further studies J— —

are needed to identify the biological

phenomena of these preliminary N

results. 241x331x190mm Sampling
. . . ~ pume

The half-life time (HLT) of ozone is Pecoshower #5 Exhaust tube

the amount of time that takes to reduce
the initial concentration by half. The
practical half-life time of ozone in air
is variable and usually less than 30
minutes based on the temperature,
relative humidity, air movement and
presence of contaminations. The HLT
of ozone also depends on the level of
ozone concentration at the envi-
ronment. The experimental and theore-
tical study showed that the HLT of
ozone is 22 minutes at initial concen- 5 m Tl

tration of 225 1 g/m* and 36 minutes M Ve o g

at 160 1 g/m’ in the indoor environ- 0 20 40 60 80
ment (volume: 46 m°, tempera- Time(min)

ture:20°C, relative humidity: 36%) [4].

We carried out the HLT measurement  Fijg 5 Half-life time of ozone in a chamber. Initial
of our sterilization system in a small  50ne concentrations are 33 g/m3(m),34 g/m’(e)

Fig.4 The half-life time measurement system.

30‘
o
s S
5 A

Ozone concentration (g/m3)

plastic chamber (size:  gng 2 4g/m3(A).
241mmx33Immx90mm, temperature: " 0zone spray head Samping ipe
25°C, relative humidity: 65%) as shown n. X osone monitor

in Fig4. Fig5 shows the HLT
measurement of our sterilization system
under various conditions in the chamber.
The saturated value of ozone
concentration in the chamber was 34
g/m® at an oxygen flow rate of 1
liter/min, 33 g/m?® at 2liter/min and 24 &
g/m® at 3 liter/min, respectively. The Fig.6 Spatial ozone diffusion measurement in a
ozone concentration in Fig.5 was green house.

measured after terminating ozone

supply from the ozone generator. The resulting HLT is 7.5 min for 34g/m?, 22 min for 33 g/m?
and 7 min for 24 g/m’.

Distance Z
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Spatial diffusion of ozone was investigated using a practical greenhouse (width 2.7 m, depth
4 m, height 2.2 m) as shown in Fig.6. High dense ozone was introduced into the greenhouse
through a Teflon pipe. A sampling stainless pipe (length 2 m and height 1.5 m) connected to
the ozone monitor was placed at a position (z) apart from the outlet of the ozone Teflon pipe.
The distance (z) between a tip of the ozone sampling pipe and the ozone outlet pipe was
changed to measure diffusion length of ozone in the greenhouse. Fig.7 shows the ozone
concentration as a function of the distance (z) at various oxygen flow rate under temperature
25°C and relative humidity 65%. It is shown that the ozone concentration gradually decreases
with distance and is reduced to small values at 10 cm. Spatial diffusion length of 14-30 cm
was obtained using natural logarithm expression of these data. This result of the ozone
diffusion length is useful to design the non-chemical agricultural greenhouse.

50
) 0.5 L/min
£ 4 .
20 1.0 L/min
[¢]
g 30 1.5 L/min
S
20 2.0 L/min
10
0

8 10 12

Distanée z(cm)

Fig.7 Ozone concentration as a function of the distance (z) at various oxygen flow rates.

4 Conclusion

The ozone-mist sterilization system we have developed was used to clarify the sterilization
effect on harmful insects and the spatial and temporal characteristics of ozone in the closed
space. The sterilization rate of 87% for aphids was achieved within a short treatment time of
10 sec. It is shown that the half-life time of ozone in air is 7.5-22 minutes and that the ozone
diffusion length in the practical greenhouse is 14-30 cm. These results provide promising and
useful information to design non-chemical agriculture operating in a greenhouse.
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EXPERIMENTAL STUDY OF DIELECTRIC BARRIER DISCHARGE
IN MIXTURES OF CARBON DIOXIDE AND OXYGEN

F. Pontiga!, K. Hadji2, M. Guemou?, H. Moreno!
1Dpt. Fisica Aplicada II, Universidad de Sevilla, Av. Reina Mercedes 4a, 41012 Sevilla, Spain
2L.ab. de Génie Electrique et des Plasmas, Université Ibn Khaldoun, Tiaret, 14000, Algeria

E-mail: pontiga@us.es

Carbon dioxide decomposition in mixtures of CO. and O has been experimentally investigated
using dielectric barrier discharge, with special interest on O3 and CO productions. Experiments
have been conducted at different frequencies and operating voltages, and the concentration of O3
and CO have been measured by means of absorption spectroscopy in the UV and in the IR regions.
According to the observations, the production of both species can be substantially increased by
adding molecular oxygen to carbon dioxide, even in small proportions.

Keywords: diclectric barrier discharge (DBD); carbon dioxide; oxygen; carbon monoxide; ozone.

1 Introduction

Carbon dioxide emissions constitute a great concern because of its implications for the global
temperature rise of Earth. Therefore, member countries of the Intergovernmental Panel on
Climate Change (IPCC) have agreed to impose more stringent restrictions on CO; emissions
to the atmosphere in the coming year. In this scenario, reprocessing of CO» emissions by
plasma treatment can help to mitigate this problem, while producing valuable chemicals for
the industry, such as ozone and carbon monoxide [1-3]. However, direct production of ozone
from carbon dioxide gives poor results, due to the absence of enough molecular oxygen in the
background gas. Therefore, in this work we explore the possibility of increasing ozone
production by mixing carbon dioxide with small amounts of oxygen.

2 Experimental

The DBD reactor consisted of two stainless steel circular electrodes, 20 mm in diameter,
covered with fused silica glasses of 1 mm of thickness. The gap between the two dielectrics
was fixed at 2 mm. High purity CO2 (99.995%) and O (99.995%) were used to prepare the
gas mixture, and the total gas flow was kept constant (Q = 100 cm®/min) with the help of
digital mass flow controllers (Alicat). High voltage (20 kVpp to 24 kVpp) was applied to one
of the electrodes using a high voltage amplifier (Trek 20-20C-HS). The frequency of the AC
voltage was varied in the range 50-500 Hz. The other electrode was connected to a monitor
capacitor (Cm = 1 pF), and the voltage drop across the capacitor was measured using a digital
oscilloscope (Tektronix DPO7254). The concentration of ozone and carbon monoxide in the
effluent gas was sampled periodically using UV/VIS and IR spectrophotometers (Thermo
Evolution 300, Bruker Vertex 70).

2 Results and Discussion

Figures 1 and 2 show the measurements corresponding to ozone and carbon monoxide
productions as a function of the averaged energy density, P/Q, where P is the averaged
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Fig. 1: Ozone concentration as a function of the Fig. 2: CO concentration as a function of the energy
energy density for different ratios of O,/CO; in the density for different ratios of O./CO, in the gas
gas mixture. mixture.

electrical power and Q is the gas flow rate. Regarding ozone (Fig. 1), the admixture of oxygen
boosts importantly ozone production with respect to the case of using 100% CO-, even with
admixtures of oxygen of the order of 5% or lower. Moreover, ozone production increases
steadily with the augmentation of the energy density, except for very low oxygen admixtures
(< 0.1 O2) for which a saturation is observed. It is also interesting to compare the production
of ozone in a mixture of CO; and O: with the one obtain in pure Oz: for a gas flow rate of
200 cm*/min and using the same experimental set-up, it was found that ozone production in
pure O increases linearly with the energy density at a rate of 2x10* ppm/(J/cm?). Therefore,
using a mixture with 5% of O, the direct production of ozone due to the presence of O can
be estimated to be 10° ppm/(J/cm?). However, according to the results shown in Fig. 1, the
measured rate of ozone production is more than 3.5 times the expected value, due to the
contribution of CO». Similarly to ozone, the addition of O also favors production of carbon
monoxide (Fig. 2) by, at least, a factor of two. Its concentration increases very linearly with
the energy density and no saturation was observed in the range of tested energy densities.

4 Conclusion

The decomposition of CO2 using DBD can be substantially increased by mixing CO2 with O2
in small percentages. In mixtures with 2-5% of Oz, the production of CO was doubled, as
compared with pure CO>. Moreover, the production of O3 was three times higher than the one
expected according to the proportion of O in the gas mixture.
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We determined the fundamental coefficients i.e. the diffusion coefficient of ozone in oxygen and
the reflection coefficient of ozone at surface that could be expressed the surface loss rate of ozone.
Moreover, the rate coefficient for collisional disappearing of ozone with oxygen in the cell is
determined simultaneously.

Keywords: ozone; surface loss rate; effective lifetime

1 Introduction

We investigated the loss process of ozone in an ozone-oxygen mixture contained in an
enclosed cell [1-3] in the pressure range of 20 — 1000 Torr and temperatures of 293 —353 K
[4] related to the investigations on the ozone generation process including ozone zero
phenomena [5, 6] and construction of ozone generator using a piezoelectric transformer [7].

In the present paper, we report the surface loss rate of ozone in the cell made from stainless
steel, polytetrafluoroethylene (PTFE), boron nitride, alumina and aluminium cells based on
the Hg | photo-absorption method using ultraviolet (UV) light with a wavelength of 253.7 nm
[1-4]. The observed trace of ozone concentration decreases exponentially with time, and we
evaluate the time constant of the decaying curve. The time constant is equivalent to the
effective lifetime of ozone in the cell. Then we determine the equivalent diffusion coefficient
of ozone in oxygen together with the reflection coefficient of ozone at the surface in the cell
and the collisional decompotion reaction rate coefficient of ozone by oxygen. In particular,
both of the former values among them are important coefficients in the fields not only the
ozone kinetics, but also the practical ozone application.

2 Experimental apparatus and method

The Hgl photo-absorption method was used to measure the ozone concentration. Figure 1
shows the schematic diagram of the simplified double-beam method developed by us [4]. The
detailed operations of the measuring system and their handling procedure were already
described in the previous paper [4]. The cell was made of stainless steel and the both ends
were sealed with quartz windows. The cell had a length of 200 mm and an inner diameter of
24 mm.

Before the start of measurement, no ozone was present in the photo-absorption cell. The
sample and reference intensities lin (0) and Irer (O) are measured. Subsequently, ozone was
introduced into the cell and the measurement was started to monitor the intensities of the light
transmitted through the cell lout (t) and the reference signal of the incident light intensity Irer (t)
as functions of time t. When Iy (t) deviated from lrer (0), the ratio lrer (t)/1ref (0) was employed
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Fig. 1: Experimental apparatus. Ozone is formed in an ozonizer by corona discharge.

to correct the drift of the intensity lin (t). We obtained the correct incident light intensity by
multiplying [lref (t)/lref (0)] and [lin (0)]. Then, the ozone concentration at time t was obtained
as [4]

— 1 Iref(t) 1
“”-z'”{'m@)—lmm)lmm} (em?). (1)

The temperature was controlled using a pair of flexible heaters, which were wound around the
cell and a temperature controller unit. The temperature of the cell was monitored by four
pieces of thermocouples attached to the cell and a data logger. In this experiment, the
temperature was varied in the range of 293 K to 423 K.

3 Results and Discussion

3.1 Ozone effective lifetime

The obtained ozone effective lifetime in the stainless steel cell is shown in Fig. 2. The
effective lifetime curves shift downward with increasing gas temperature while maintaining a
similar dependence on the gas pressure. The solid lines were drawn by a curve-fitting
procedure based on the theory proposed by us [8-10] using the observed values of the ozone
effective lifetime z. The inverse of 7 is expressed by the following eq. (2).

2 2
1=3{(ﬁj +(ij}+kNopo=l+l ) ©
T p,|la L T, T,

Then, the three coefficients could be used to express the loss rate of ozone in the cell, i.e., the
equivalent diffusion coefficient of ozone molecules in oxygen De, the reflection coefficient of
ozone molecules at the surface of the cell R, and the collisional decompotion reaction rate

228



15" High Pressure Low Temperature Plasma Chemistry Symposium

coefficient of ozone by oxygen k were simultaneously determined by the curve fitting
procedure of eq. (2) to the observed effective lifetimes z.

In Fig. 2, the dotted straight lines indicate the effective lifetime of ozone, which were drawn
under the assumption that the reflection coefficient of ozone at the surface is zero; therefore,
the effective lifetime is proportional to the gas pressure at low gas pressures. The intersection
of the dotted lines with the vertical axis at po= 1 Torr gives the reciprocal of the equivalent
diffusion coefficient 1/De for each temperature. The increment of the effective lifetimes from
the values indicated by the dotted lines to the values shown by the solid lines expresses the
reflection coefficient R at the surface of cell for each gas pressure and temperature. The
collisional decompotion reaction rate coefficient of ozone by oxygen rate coefficient k is also
determined from the analysis. The variations of these values are illustrated in Fig. 3. Thus, the
equivalent diffusion coefficient De and the reflection coefficient R were utilized as the
fundamental coefficients to express the loss rate of ozone at the surface of cell. The observed
reflection coefficient of ozone at the stainless steel surface was approximately 0.99974; thus,
then the surface loss probability of ozone is s = 1 — R = 2.6x10™. This value is in good
agreement with the value of s = 1 — R = 2.6x10* obtained in a previous experiment [4]. The
value was also consistent with the results of Horvath et al. [11].
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Fig. 2: Observed effective lifetime of Fig. 3: Observed values of De, R, and k plotted against
ozone in the cell plotted against gas gas pressure in stainless steel cell.
pressure. ¢ is initial concentration of
ozone.

3.2 Surface loss rate of ozone

The loss rate of ozone at the stainless-steel surface is about (2 - 5)x10° s at 293 K as shown
in Fig. 2. The surface loss rate of ozone 1/zs is expressed as shown in the eq. (2). The observed
loss rates which are the inverse of the effective lifetime plotted by each symbols are in good
agreement with theoritical values indicated by solid lines as shown in Fig. 4. In the low gas
pressure, the surface loss rate draws an almost flat, then decreases gradually with an increase
in the gas pressure and reach the bottom. After drawing the bottom of valley, the loss rate
increases with the increase in the gas pressure. This part is corresponding to the ozone loss
rate in the gas phace expressed by the second term on the right-hand side of eq. (2). However,
the collisional decompotion reaction rate coefficient of ozone by oxygen rate coefficient k will
be discussed at another opportunity. These loss rate curves shift upper with the increase in gas
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temperature. It is concluded that the ozone loss rate for the boron nitride cell is the largest, in
contrast, the stainless steel cell is the smallest among them in the present experiment.
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Fig. 4: Relationship between ozone loss rate and gas pressure in several materials.

4 Conclusion

We investigated the temperature dependence of the effective lifetime of ozone in several
materials of cell after a sufficient aging process. We showed that the material with the
smallest ozone loss rate was the stainless steel.
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ATMOSPHERIC PRESSURE MICROPLASMA SYSTEM WITH
VORTEX GAS FLOW
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Atmospheric pressure DC microdischarge system with vortex gas flow was investigated in the
work. Current-voltage characteristics of the microjet there carried for evaluation of discharge
power. The plasma parameters inside and outside the microdischarge system was evaluated by
emission spectroscopy method, such as component composition and the temperatures of excited
electronic, vibrational and rotational levels of plasma components. It was found that nitrogen was
the main component of microdischarge plasma. Also NO, OH and N2* (in some working regimes)
molecular bands were presented.

Keywords: microdischarge; non-isothermal plasma; plasma-chemistry

1 Introduction

The development of atmospheric pressure microplasma jet is highly promising and
perspective today. Numerous plasma components: such as activated components of oxygen or
nitrogen (components of working gas or outside atmosphere), charged particles, electric fields
and even UV radiation leads to different reactions in plasma volume and on the treated
tissues. Among those discharges the microdischarges pose the greatest relevance. Important
advantage of these systems is its compactness (plasma is not limited by the sizes of
electrodes). The ability to adjust the size of the plasma jet allows localizing area of
microplasma jet influence. Other advantage of microdischarge systems is low gas (rotation)
temperature. This fact leads to higher selectivity in case of plasma-chemistry usage. Its allow
using of microdischarge systems for various applications except plasma-medicine (which is
very popular today), for example: nanoparticle synthesis [1], surface activation and treatment
of low-melting materials [2-3]. This research studies the properties of atmospheric pressure
DC microdischarges in the vortex gas flow.

2 Experimental

The Fig.1 shows a schematic of atmospheric pressure axially symmetric design
microdischarge plasma generators. The internal high-voltage electrode (1) was made in the
form wire (d ~ 3.5 mm) with rounded cone-shape ending (d ~ 0.5 mm and high ~ 13.0 mm).
Big part of the internal electrode (except cone-shape ending) covered by dielectric tube (2).
Also from the body system it was separated by dielectric layer (3). Internal high-voltage
electrode had water cooling (4). The role of the second external electrode (that was grounded)
performed building (5) of this design. The microdischarge (6) was burning between internal
electrode and disc/cap (7) with hole in the middle. The output diameter (from which microjet
was blown out) was varied from d = 0.5 mm to d = 2.0 mm with step of 0.5 mm.
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Both electrodes were made from copper. The jet (8) was blown over from microdischarge
system through the outlet in grounded electrode by the vortex gas flow (9). The working gas
(air) was fed through the channel (10) tangentially to the internal dielectric (quartz cylinder)
wall (11), thus forming a reverse vortex flow in dielectric camber. Plasma jet can rotate under
the influence of the gas flow, gliding over the surface of the grounded electrode. Also it
should be mentioned, that outside metal construction (4) have round holes/windows. It was
made fore the observation and diagnostic of plasma inside the system. The system can work
horizontally, vertically or any other position (angle).

Current-voltage characteristics of the microjet there carried for evaluation of discharge power.
The plasma parameters inside and outside the microdischarge system was evaluated by
emission spectroscopy method. Optical emission spectroscopy of plasma-generated
microplasma jet was made by CCD-based spectrometer Solar TII (S-150-2-3648 USB) in the
wavelength range of 200 +~ 1100 nm with spectral resolution of approximately 0.2 nm. Also
microplasma jet behavior was studied by photo and video registration methods.

3 Results and Discussion

The current-voltage characteristics (CVC) measurements of microdischarge were performed
for different air flows (G =0 + 3 L/min). The measurement results of CVC with the positive
potential of the high voltage electrode in case then interelectrode distance was 1.0 mm and
output diameters d = 1.0 mm are presented in Fig. 2. The CVC behavior and absence on
electrode material (Cu) in plasma emission spectra (which will be described below) gives us
the opportunity to assume that microplasma jet of this system is glow discharge. The extreme
points on the ordinates axis correspond to the breakdown voltage. Also it should be mentioned
that gas flow velocity weakly affect CVC behavior.

Photo and video observation was used for studying of microplasma jet behavior during the
distance between electrodes was changed (it was increased from 0.5 mm to 5.5 mm in case of
1 L/min air flow, to the 5.0 mm in case of 2 L/min and to 3.5 mm in case of 3 L/min air flow).
The example of photos of working microplasma system in case of 3.5 mm interelectrode
distance, output diameters d = 1.0 mm and air flows G =1 L/min presented in Fig. 3. It was
notice that an increase of interelectrode distance led to the increase of discharge power and
affected on microplasma jet length (z). In case of the smallest studied gas flow (1 L/min) the
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plasma jet was the longest (in compare with bigger studied gas flows at the same

interelectrode gaps) but it takes higher discharge power (Fig. 4).
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Fig. 2: Current-voltage characteristics of the microdischarge which were blowing through the hollow d=1 mm
with gas flow G = 1.5 and 3 L / min. Working gas — air.

Fig. 3. The example of photos of working atmospheric pressure microplasma system in case of 3.5 mm

interelectrode gap, output diameters d = 1.0 mm and air flows G = 1 L/min.
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Fig. 4: The dependence of microplasma jet length (z) from discharge power increasing by the increasing of
interelectrode distance in case of different gas flow (1 and 3 L/min).

Typical emission spectrum (at wavelength ranges 230+450 nm and 600-1050 nm) of
microdischarge inerelectrode plasma in case of discharge current [=25 mA, interelectrode
distance 1=1.0 mm, output diameter d = 1.0 mm and air flow G = 1 L/min presented in Fig. 5.

The intensity of UV part of emission spectra is by 3-4 orders more intense than its IR part.
Emission spectra of the microplasma are multicomponent and contain atomic oxygen
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multipletes and molecular bands of NO, OH, N> (B-A) and N> (C-B). Also in cases of low gas
flow velocity (or even its absence) and small interelectrode distance N>" was noticed.
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Fig. 5: The typical emission specter of microdischarge interelectrode plasma in case of 1=25 mA, 1=1.0 mm,
d=1.0 mmand G = 1 L/min at wave length ranges: 230-450 nm (a) and 600-1050 nm (b).

Experiments show that microdischarge highly non-isothermal (T." = 13000 K, T," = 4500 K
and T, =~ 1500+2500 K depends from working regime) and increasing of interelectrode
distance leads to the increasing of rotational temperatures.

4 Conclusion

It was noticed, that increasing of interelectrode distance leads to the increasing of discharge
power and microplasma jet length. Also in case of the smallest studied gas flow the plasma jet
was the longest. The analysis of interelectrode plasma shows that microdischarge is highly
non-isothermal and increasing of interelectrode distance leads to the increasing of rotational
temperature.
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NOx REMOVAL WITH DIELECTRIC BARRIER DISCHARGE AND
WET ABSORPTION
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An experimental study of NOx removal with dielectric barrier discharge and wet absorption was
performed. NO has low solubility to water while NO> has relatively high solubility to water.
Generally, more than 90% of NOx is emitted with the form of NO. In this study, NO was oxidized
to NO; by reacting with O3 generated from a lab scale dielectric barrier discharge reactor. Then
NO; was absorbed by a wet absorber. For the absorbant, 0.5 M NaOH solution was used.
Maximum NOx removal efficiency was 85%.

Keywords: non-thermal plasma; DBD; NOx removal; ozonization; wet absorption

1 Introduction

NOx is considered as major air pollutant from combustion or waste incineration process. In
military troops of South Korea, a large quantity of propellant has been waste due to the
expiration of missiles or the rejection of propellant during manufacturing. For this, the South
Korea has a plan to construct an incineration facility for expired propellant. As propellants
contain large amount of nitrogen, they produce large amount of NOx during their combustion.
Therefore, NOx removal process is important in incineration of waste propellant.

Selective catalytic reduction (SCR), and selective non-catalytic reduction (SNCR) are widely
used in plant scale NOx removal process. However, these methods require certain temperature
to reduce NOx which leads to operation cost rise. On the other hand, wet absorption method is
relatively free from these constraints. In addition, wet absorption can remove NOx, SOx and
particulate matter simultaneously. Wet absorption method uses aqueous absorbant like
Urea(aq)[1,2], NaOH(aq)[3-5] to absorb NOx in the solution. Therefore, solubility to water is
an important factor to reduction efficiency of wet absorption. NOx consists of NO and NO..
NO; has high solubility to water. However, NO has relatively low solubility to water.
Generally, more than 90% of NOx is emitted with the form of NO. Therefore, to achieve high
removal efficiency by wet absorption, additional treatment is required which converts NO to
NO: before the wet absorption process. For this, strong oxidizing additives like NaClO»
[1-3, 5-7], KMnOgy[1], NaClO[1] and H>O»[1, 8] are widely used with absorbant in wet
absorption process. However, some of these oxidizing additives have toxicity and their
leakage can cause new environmental problem.

Therefore, several studies have been conducted on two stage NOx removal process using O3
as NO oxidizer, and wet absorber as NOx remover. Sun et al. [9] investigated the
simultaneous absorption of NOx and SO, from flue gas with pyrolusite slurry combined with
gas-phase oxidation of NO using ozone. They used ozone injection to convert NO to NO2.
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They achieved 75 % NOx removal efficiency. Wu et al. [10] conducted study of
a photocatalytic oxidation and wet absorption combined process for removal of nitrogen
oxides. They achieved 72.6 % NOx removal efficiency by applying photocatalytic oxidation
process
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Fig. 1 Experimental setup of wet absorption process.

with the wet absorption. Mok et al. [11] investigated the removal of sulfur dioxides by using
ozone injection and absorption reduction technique. They converted NO to NO: by injecting
ozone produced by dielectric barrier discharge (DBD) reactor. They achieved 95% NOx
removal efficiency.

In this study, experiment on NO removal with DBD reactor and wet absorption was
conducted. DBD reactor produced O3 to oxidize NO to NO2 and NO; was removed in wet
absorber using 0.5 M NaOH absorbant. At the applied power of 0.01 kW — 0.04 kW, NO
oxidation efficiency and NOx removal efficiency were tested.

2 Experimental

Schematic of the experimental setup is shown in Fig. 1. The setup consists of DBD reactor,
high voltage AC power supply, gas feeding system, and gas measurement system. 25 mm
diameter, 150 mm length packed-bed type DBD reactor was used in this study. 5 mm
diameter copper electrode was used as inner electrode, SUS mesh was used as outer electrode.
Inside of the outer SUS mesh, quartz tube was used as dielectric barrier and 3mm diameter
quartz beads were packed in the quartz tube. The experiment was performed using high-
voltage AC power supply (KSC Korea Switching, Korea) which can provide 0 ~ 40 kV peak
voltage sine wave AC power having 60 Hz ~ 1 kHz frequency. A 100 MHz digital
oscilloscope (TDS 1012, Tektronix, USA), and current probe (11000s AC Current clamp,
Fluke, USA) were used to measure the voltage and current. Gas feeding system consisted of
NO (1000ppm balanced with N2), N2 (99.99%), and Oz (99.99%) supply, flow meter (MFC),
and mixing chamber. Chemiluminescence gas analyzer (9110EH, Teledyne, USA) was used
to measure NO and NO; concentration.
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N> and O; entered the mixing chamber and DBD reactor. In the DBD reactor, O3 was
generated by decomposing oxygen. Then at the reaction chamber, NO and O3 was mixed and
NO was oxidized to NO; by reacting with Os. NO; was removed by wet absorber using wet
absorbant (0.5M NaOH). NOx concentration of the outlet was measured by the NO-NO;
analyzer. Total gas flow rate was set to 3 LPM. Initial NO and O: concentrations were set to
330 ppm and 10%, respectively. For the frequency of 0.5 kHz, and the power of 0.01 kW -
0.04 kW, the applied power versus NO oxidation efficiency and NOx removal efficiency were
compared.

100 100

= 90 - < 90 -
: 80 | °: 80 |
§ 70 § 70
S 60 - S 60 -
% 5 5 5 |
S 40 2 40 -
T 30 § 30
2L § o

0 T T T T 0 T T T T
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Applied power [kW] Applied power [kW]
(a) NO oxidation efficiency (b) NOx removal efficiency

Fig. 2 NO oxidation efficiency and NOx removal efficiency versus applied power

3 Results and Discussion

Fig. 2 shows NO oxidation efficiency and NOx removal efficiency vs applied power. As
shown in Fig. 2 (a), NO oxidation efficiency increased by increasing applied power. NO
oxidation efficiency was calculated by measuring NO-NO> concentration at the outlet of the
reaction chamber. Maximum 99% NO oxidation efficiency was achieved when the applied
power was 0.04 kW. When NO passes reaction chamber, NO is oxidized to NO> by reaction
(1).

NO+0O,— NGO, +0, (1)

As applied power to DBD reactor increased, O3 concentration generated from DBD reactor
also increased. Therefore, more NO was converted to NO,. Maximum 99% NO oxidation
efficiency was achieved when the applied power was 0.04 kW. NOx removal efficiency
increased by increasing applied power. As applied power to DBD reactor increased, the
portion of NO; in the gas increased. NO> has higher water solubility than NO. Therefore, as
power increased, more NOx is removed by wet absorber. Maximum 85% NOx removal
efficiency was achieved when the applied power was 0.04 kW.

4 Conclusions

Experimental study on NOx removal with DBD plasma and wet absorber was conducted. NO
oxidation efficiency at the various power input (0.01 kW — 0.04 kW) was observed. NO
oxidation efficiency increased as the power input increased. Maximum NO oxidation
efficiency was 99%. NOx removal efficiency at the various power input (0.01 kW — 0.04 kW)
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was observed. NOx removal efficiency increased as power input increased. Maximum NOx
removal efficiency was 85%.
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INFLUENCE OF NITROGEN ADMIXTURE ON CHEMISTRY AND
DISCHARGE PHYSICS

M. Schiorlin, A. Sarani, R. Klink, R. Brandenburg
Leibniz Institute for Plasma Science and Technology (INP), Greifswald, Germany

E-mail: brandenburg@inp-greifswald.de

Plasma assisted carbon capture utilization by using of excess energy from renewable sources is an
approach to reduce CO, emission and conserve electrical energy as chemicals. This paper reports
about the effect of the admixture of nitrogen to CO; in different Dielectric Barrier Discharge
(DBD) configurations. The effect of admixture on the conversion of CO; to CO was systematically
investigated in a coplanar DBD at atmospheric pressure. The energetic yield of CO generation
resulted in values up to 60 g/kWh, where the highest energy yield was achieved in a gas mixture
CO»/N>=30/70 and not in pure CO,. In order to correlate these results with the discharge physics
the spatio-temporal resolved development of single filaments in different CO2/N, gas mixtures and
corresponding discharge current pulses were investigated in a single filament volume DBD. The
results show an optimized energy input into single filaments for gas compositions with
10 to 30 % CO; and a significant quenching of the luminosity by CO, molecules.

Keywords: carbon dioxide conversion; carbon capture usage; nonthermal plasma; dielectric
barrier discharge; Time-Correlated Single Photon Counting

1 Introduction

Global warming is one of the most important issues for the 21st century and — besides the
improvement of efficiency of energy consumption — technologies for the abatement of
greenhouse gases are needed [1]. Plasma assisted carbon capture utilization by using of excess
energy from renewable sources is an approach to reduce CO> emission and conserve electrical
energy as chemicals [2]. Different approaches on CO; reforming by means of plasmas, also
combined with catalyst have already been studied [3] and the progressive use of renewable
energies can be seen as a cheap source of energy for plasma operation, in particular when
temporary energy surpluses are obtained. This contribution reports about two connected
activities studying the effect of nitrogen admixture to COz in a non-thermal plasma at
atmospheric pressure. In many off-gases CO: is mixed with other compounds, in particular
nitrogen is present (e.g. combustion processes). The chemical processes were studied in
a coplanar Dielectric Barrier Discharge (DBD). This discharge type offers compact design
and good scalability. To study the discharge physics in the mentioned gas mixtures the single
DBD arrangement as describe e.g. in [4] was used.

2 Experimental

The coplanar DBD consist of a dielectric plate in which both electrodes are embedded [5]. In
detail it is a rectangular ceramic base body made of a mixture of silicon and aluminum oxide
(125 x 35 x 2.4 mm). Two copper electrodes are comb-shaped interleaved at intervals of
0.5 mm next to each other on the base body. The electrodes are covered by the same material
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as the body material. As seen in Figure 1 a, at the two ends of the ceramic base plate, the
electrodes are not covered by dielectric for its contacting to the high-voltage power supply.
Since both electrodes are covered with a dielectric, erosion and oxidation processes at the
metal electrodes can be excluded. The coplanar DBD electrode arrangement was mounted in
a gas-tight housing and flushed with gas mixtures containing CO2 and N»>. The effluent gas
was analyzed with an FT-IR, an oxygen sensor and an ozone monitor for quantitative
analysis. High voltage and charge where measured via high voltage probe and measuring
capacitor respectively and recorded with digital storage oscilloscope. The injected discharge
energy per AC cycle and the discharge power were determined by charge-voltage-plots. To
vary the discharge power the frequency was varied while the voltage was kept constant at
17 kVpp. Details can be found in [6].

(a) Coplanar DBD (b) Single filament volume DBD
Electrodes Electrode ,~ Chamber
Ground plate / :
(Ceramic) . . \
Dielectric Dielecteic Window
(Ceramic)
(e} I
L '
Top View Side View

0.6 mm

S +<

Single filament

Fig. 1: Scheme of the discharge arrangement: (a) coplanar DBD and (b) single filament DBD. Bottom part
visualizes the common aspects between both discharge types.

To study the discharge development in a well-localized repetitive filament, a similar DBD
arrangement as described in [4] (see figure 1 b) with a discharge gap of 0.6 mm was used. It is
a symmetric single filament DBD operated by sinusoidal voltage with frequency of
7.3 kHz, and voltage peak to peak amplitude in the range of 13-14 kV. The voltage amplitude
was adjusted in order to generate only one single filament per every half period of the applied
voltage. This value depends on the actual gas composition. For this experiments the CO-
content in N> was varied in the range 1 % to 75 %. The geometry and electric field
configuration of both discharge arrangements are very different (see lower part of figure 1 and
[7]), but both electrodes are dielectrically covered and the lengths of the filaments are
comparable. It is not the aim to compare the two different DBD arrangements but to learn
about the discharge behavior in gas mixtures of CO2 and N». Therefore, the filament evolution
was measured by means of time-correlated single photon counting [8] with the set-up
described in [9].

3 Results and Discussion
Figure 2 shows the production of CO and the corresponding energy yield (EY) as a function
of the specific input energy (SIE) for the coplanar DBD. The CO concentration increased with
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SIE for all gas mixtures being investigated. At the same SIE, changing the CO> concentration
in N2 from 10% to 30% resulted in the maximum CO production (Figure 2, left). The
concentration of CO was similar for CO> concentrations between 30% and 50%. In pure CO>
the lowest amount of CO was obtained. Beside CO oxygen and ozone were identified as
products of the plasma chemistry. No NxOy or other products were registered by FT-IR
analysis. Figure 2, right reports the value of energy yield as a function of SIE. The EY
decreases with SIE. At the same value of SIE, changing the CO2 concentration in N> from
10% to 30% results in higher EY, but EY is decreasing for CO> concentrations between 30%
and 50%. In pure CO: the lowest EY is obtained. Additionally, an effect on the flowrate was
obtained at the lowest CO> fraction of 10% and the highest value of EY which is attributed to
the gas retention time in the reactor.

2400 . . : . 80 o m A e 10%CO, H
= 10% CO, a) ® A e 20%CO,
2000-| A 20% CO, .° . m A e 30%CO,
{| ® 30% co, 60 4a = A e 40%CO, |
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Fig. 2: Chemical conversion of CO, into CO in coplanar DBD. Left: CO generation as a function of specific
input energy SIE (discharge power divided by gas flow), right: EY of CO generation in different gas mixtures.

The energy efficiency of CO; dissociation by means of coplanar DBD can be improved by
admixing nitrogen. The energy efficiency evaluated through EY results in values up to
60 g/kWh, where the highest value is achieved with 30% CO». At a fixed value of CO;
concentration, the highest energy efficiency is achieved at the lowest SIE and conversion rate,
while the highest conversion rate is achieved at highest SIE and lowest energy efficiency as
reported also by other works, e.g. [10, 11].

Photon number 50 vol.% CO,in N, Photon number
1000 T Wi TR
Cathode ke B il 1000
Al
- 500 i 7 N e - 500
' [
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Fig. 3: Spatio-temporal distributions of filament luminosity (337 nm) for 1 and 50 % CO, in N, (approximate
positions of electrodes shown by lines).
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Results of the electrical characterization of the single filament volume DBDs showed
a filamentary character for all gas compositions being investigated. The spatio-temporal
distribution of the single DBD luminosity for the spectral band of the second positive system
of molecular nitrogen (wavelength 337 nm, i.e. 0-0 transition) is shown in figure 3 for two
different gas compositions. In both gas mixtures the overall discharge development is similar
as in air: (i) weak pre-phase at the anode, (ii) propagation of a cathode directed ionization
front (positive streamer), (iii) bulk plasma in front of the anode [7, 8]. The velocity of the
streamer is in the same range as in N2/O> gas mixtures, namely 10° m/s. Higher admixture of
CO: in N results in a shorter duration of luminosity but not in a principal change of the
overall discharge development. This can be attributed to quenching of excited states by CO»
molecules as well as electron attachment on electronegative CO,. Both aspects have to be
analyzed in context with electrical analysis of filaments. Furthermore, other spectral lines
have to be investigated and the energy input in single filaments for the different gas
compositions has to be determined.

4 Conclusion

The admixture of N2 to COz in a DBD reactor has significant effects on the plasma chemistry
and the discharge physics. Changing the CO2 concentration in N> from 10% to 30% resulted
in the maximum CO production as well as the highest energy yield for CO (up to 60 g/kWh).
The lowest amount of CO and lowest energy yield was generated in pure CO».

The investigation of single filament volume DBDs shows that the breakdown and
development of filaments is similar as in O2/N> DBDs. An increase of CO; to nitrogen leads
to shorter discharge pulses which can be caused by electron attachment and collisional
quenching of the excited state.
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In plasma of gliding discharge coupled with a catalyst, a high toluene conversion may be obtained. The
study was carried out at atmospheric pressure, in a gas composition such as obtained during pyrolysis of
biomass. When applying a reactor with RANG 19PR catalyst and a CO (0.13), CO; (0.12), Hz (0.25), N3
(0.5) and 3100 ppm of toluene flow rate was 1000 Nm?3/h conversion of toluene was higher than 80%. In
coupled plasma-catalytic system the methanation of carbon oxides was observed.

Keywords: nonequilibrium plasma; tars decomposition; gliding discharge; plasma catalytic system

1 Introduction

Pyrolysis and gasification are now rapidly developing technologies for efficiently harvesting
the energy contained in biomass. Biomass is currently considered the most promising source
of renewable energy. The two most common processes applied in conversion of chemical
energy contained in biomass into useful energy are pyrolysis or gasification [1]. As a result of
these processes gaseous fuel is formed, which can be used to drive engines and turbines.
However, there are restrictions to the applicability of the obtained gas. The gaseous fuel
derived from the dry processes cannot be directly used in turbines, which require
a concentration of tars below 0.05 g/m®. Therefore, before using pyrolysis gas, it needs to be
subjected to purification, which removes tars and VOCs.

There are many technologies used for the purification of pyrolysis gas from volatile organic
compounds and tars. The following methods can be distinguished: catalytic oxidation,
filtration and biofiltration, adsorption on activated carbon, electrostatic precipitation, and
plasma techniques [1]. One method of purifying gas after pyrolysis is plasma techniques,
including the gliding discharge. The aim of the study was to investigate the possibility of
decomposition of toluene in the plasma and in a coupled plasma-catalytic system, as well as
to determine the change in gas composition during the process.

2 Experimental

Toluene is used as a tar model compound. The conversion of toluene was investigated in
three-phase gliding discharge reactor (Fig. 1) at normal pressure. The reactor is made of a
quartz—glass tube of 60 mm in diameter and contained three converging duralumin electrodes.
The gas inlet is located at the bottom, between the electrodes. The applied power supply
consists of ferroresonant transformers energized from transistor inverter allows for design of
poly—phase multi—electrode reactor systems. The electric power supplied to the gliding reactor
was in the range of 1-2 kW and it was measured by an energy meter.

For the experiments NiO/Al.O3 (RANG 19PR industrial catalyst for methanation of carbon
oxides) was used. During the selection of catalysts, the results of our previous studies and data
from literature concerning the problem of conversion of toluene were taken into account. To
obtain catalyst particles suitable for research in the above mentioned reactor, the industrial
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catalyst with a diameter of 5 mm was crushed and the collected fraction 1.6 - 3.15 mm was
used.

The gas temperature measured at the vessel axis over the upper ends of the electrodes reached
270-500°C, depending on the discharge power and presence of catalyst. The process of
toluene decomposition was tested for gas flow rate 1000 NI/h. Tests in homogeneous system
were conducted in a wide range of initial concentrations of toluene 2000-4300 ppm. The
initial concentration of 3100 ppm toluene was chosen for further studies with the coupled

plasma-catalyst system.

NA

-

Fig. 1. Three — phase gliding discharge reactor. 1 — gas inlet, 2 — gas nozzle, 3 — starting electrode,
4 — ceramic lining, 5 — electrode, 6 — bed of catalyst, 7 — thermocouple, 8 — gas outlet.

The gaseous products of reaction were analyzed by gas chromatography using Thermo-
Scientific Trace 1300 with HP5 column and an FID detector. Inorganic products (CO. and
CO) were analyzed by Agilent 6890N with a Shin carbon column and the following detectors:
TCD and FID. Water vapor was determined by an APAR moisture meter.

WO[C7H8]_W[C7H8]

Toluene conversion was calculated using the equation: X[C,H,]=
WO [C7 H8]

where: X[C7Hsg] — overall conversion of toluene;
Wo[C7Hs]/mol*h, W[C7Hs]/mol*h-*— toluene flow rate at the inlet and outlet respectively.

3 Results and Discussion

The measurements of toluene decomposition were performed in a homogeneous and
a plasma-catalytic system. In the 