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P – discharge power, W 
f – frequency, Hz 
I – current, A 
U – voltage, V 
t – time of the pulse start and end, s 

W

P
SE

6.3⋅=            (2) 

SE – specific energy, kJ/mol of gas 
W – total gas (air nad VOCs) flow rate at the inlet, mol/h 

 
Fig. 1. Schema of reactor. 1 – high-voltage electrode, 2, 3 – internal channels, 4 – discharge zone, 5 – 
dielectric barrier, 5 – grounded electrode. 
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Fig. 2. Traces of pulses voltage and current for AC power supply system.  
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Fig. 3. Traces of pulses voltage and current for pulsed of low frequency (<1 kHz) power supply 
system.  
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Fig. 4. Traces of pulses voltage and current for pulsed current of 15 kHz frequency power supply 
system. 
 
CCl4 concentration was analyzed using Hewlett-Packard HP 6890 with an FID detector and packed 
column with 5% Fluorocol on 60/80 Carbopack B. Products of CCl4 decomposition were analized 
using titrate analysis. Gas was periodically passed by two bubblers with KI solution. In this solution 
Cl2 reacts with KI to I2 and KCl. COCl2 reacts with H2O to HCl and CO2. The solution was titrated 
with a 0.05 M Na2S2O3 solution to determine the amount of I2 and 0.1 M NaOH was used to determine 
the amount of HCl. Basing on these measuring data a flow rate of products of the CCl4 decomposition 
was calculated. 
The CCl4 conversions were calculated according to formulas: 
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X – overall CCl4 conversion, % 
W0[CCl4] - CCl4 flow rate at the inlet, mol/h 
W[CCl4] - CCl4 flow rate at the outlet, mol/h 
 

100
][2

][

40

2
20 •

⋅
⋅=

CClW

COClW
X ClC

          (4) 

XCCl4 – CCl4 conversion to COCl2, % 
W[COCl2] – COCl2 flow rate at the outlet, mol/h 
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XCl2 – CCl4 conversion to Cl2, % 
W[Cl2] – Cl2 flow rate at the outlet, mol/h 
 
Total gas flow was keept at 10 Nl/h. 
Concentration of CCl4 in gas was keept at 0.1% vol.  
 

3. Results  
Results of decomposition CCl4 for various power supply systems and various specific energy are 
shown in Fig. 5-7. The specific energy influenced on CCl4 dconversion for each power suply systems. 
It is seen in Fig. 3-5 that the overall CCl4 conversion increases with the increasing sepecific energy for 
all power supply systems. Power supply systems work in different power ranges. This is a construction 
feature of these systems. Therefore, at the same gas flow rate, the specific energy ranges were different. 
The pulsed power supply system of low frequency (<1 kHz) was working at the lowest specific energy. 
For this reason, the lowest overall CCl4 conversions were obtained. The power supply system with 
pulsed current of 15 kHz frequency was working at the higest specific energy. However, the obtained 
conversions were not the higest. The highest overall CCl4 conversion was obtained for the AC power 
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supply system, which was intermediate range of the specific energy. For this system the overall CCl4 
conversion in air reached 98% for specific energy above 20 kJ/mol. 
The main product of CCl4 decomposition was Cl2 for all power supply systems. A smaller amount of 
COCl2 was formed for two power supply systems (Fig. 3,4). It is worth noting that the ratio of Cl2 to 
COCl2 ranged from 15 to 40 and from 7 to 15 respectively for AC and pulsed of low frequency (<1 
kHz) power supply systems. 
The use of pulsed current of 15 kHz frequency power supply system caused that COCl2 was not 
produced and chlorine occured only as Cl2. These results show that the composition of the products of 
CCl4 conversioncan be controlled by applying the appropriate power supply system. 
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Fig. 5. The dependence between the CCl4 conversion and specific energy for AC power supply system. 
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Fig. 6. The dependence between the CCl4 conversion and specific energy for pulsed of low frequency 
(<1 kHz) power supply system. 
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Fig. 7. The dependence between the CCl4 conversion and specific energy for pulsed current of 15 kHz 
frequency power supply system. 
 

4. Conclusions 
The reactor with the special high-voltage electrode can be effectively used for decompositon of CCl4 
in air. 
Effects of CCl4 decomposition depends on the type of power supply system.  
The best overall CCl4 conversion have been obtained for the AC power supply system (98%). 
Main product of CCl4 decomposition was Cl2.  
COCl2 was not produced in the reactor powered by pulsed current of 15 kHz frequency power supply 
system. 
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The diffuse mode of a dielectric barrier discharge shows under certain conditions (p = 200 hPa,  
f = 10...200 kHz, d < 1 mm) deviations in the lateral homogeneity of the light emission density.  
The formation of self-organised structures may then be favoured. In this contribution, the 
transition from a hexagonally patterned discharge to a random distribution of filaments during a 
voltage reduction is observed and investigated. The patterns are examined with the triple 
correlation function. Following this, a measure of order is introduced that corresponds to the 
quality of the pattern. It is shown that this quantity bifurcates supercritically during the transition 
of the two structures. It is furthermore shown that the bifurcation voltage of the angular order does 
not coincide with the bifurcation voltage of the radial order. The latter generally occurs at a lower 
voltage. 

 

 

1. Experimental setup and methods  
Dielectric barrier discharges are plasma sources whose electrodes confine a discharge gap that hosts at 
least one dielectric barrier. These discharge systems permit applications such as ozone generation, 
plasma display panels, and surface modification [1-3]. Recent investigations even deal with the 
application in the medical sector [4-5]. 
Laterally extended systems are systems, in which the electrode distance d is generally much smaller 
than the lateral extension. They have been found to produce diffuse discharges, whose lateral 
homogeneity deviates yielding self-organised patterns. Since the mid-1990s, many different structures, 
such as hexagonal, concentric or rectangular patterns have been found. 
The subject of this contribution is the transition from a regular hexagonal pattern into a random 
arrangement of strongly localised discharge areas, the so-called filaments. The transition is induced by 
a constant reduction of the applied voltage. 
A schematic of the discharge cell is drawn in Fig. 1. It consists of two glass plates with a thickness of 
0.7mm each at a distance of 0.5mm from each other. They are both covered with an ITO (indium tin 
oxide) layer on the outside to permit an observation in current direction. These layers act as electrodes.  
 

 
Fig. 1.: Schematic of the discharge cell. The glass plates with a thickness of 0.7mm are at a distance of 
0.5 mm from each other. Both have been covered with an ITO layer, that acts as electrodes and allows 
the lateral observation in current flow direction. 
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The glass plates have been roughened to a roughness some orders of magnitude smaller than the 
diameter of one filament. That way, erosional effects the filament could have on the dielectrics may be 
compensated. The discharge cell is mounted into a closed chamber, which is evacuated and refilled 
with helium at a pressure of p=200hPa after each measurement. The discharge is electrically supplied 
by a function generator whose sinusoidal signal is amplified to an amplitude of several hundred volts. 
The frequency is set to 80 kHz. The applied voltage is measured via voltage divider, the current is 
measured via voltage drop over a 10Ω resistor. In order to distinguish the discharge current from the 
displacement current, a capacitive Wheatstone bridge is used. 
The lateral light emission of the discharge is monitored by an ICCD camera with a resolution of 
512x480 px, 200 μs exposure time, and a frame rate of 250 fps.  
Upon acquisition, the images of the discharge are post-processed using a recursive algorithm that 
extracts the position of the filaments. Criterion for a filament to be detected is a minimum area and 
brightness. The position of a filament is defined as weighed center of its luminescence density. 
 
For further analysis, the Triple Correlation Function (TCF) is applied to the filament positions. Unlike 
the two-dimensional fourier transformation, which is commonly used to analyse spatial patterns, the 
TCF ignores the geometry of the substructures and considers only the filament positions. This 
technique is already utilised in the field of dusty plasmas [6-7], but has to the authors knowledge never 
been used to patterned discharges. Its purpose is to analyse the filament positions and to estimate a 
probability distribution of finding a second filament at a certain angle and distance from a first 
filament.  
Considered is any filament triple (i, j, k). The interfilamentary distances r = |ji| and r = |jk| as well as 
the enclosed angle φ = angle(i, j, k) are determined. As we want to investigate a hexagonal lattice, we 
know that there is a typical nearest neighbour distance d0 of filaments. Hence, the value of r is limited 
to rmax, which is chosen to be slightly larger than the typical neighbour distance d0. Triples with r 
larger than rmax are discarded, the other ones are sorted into bins with the dimensions ∆r and ∆φ. The 
counts for these bins give the abundance of occurrence ny(r, φ). Finally, the normalised abundance y is 
computed as ny normalised to the radius r . 
 

 
 
Fig. 2.: Graphical representation of the Triple Correlation Function (TCF). The distances r' and r and 
the angle φ of any filament triple (i,j,k) are determined. Filaments within a distance r'max are 
considered  for calculation of both r and r' relative to j, others are solely used for calculation of r 
relative to j. 
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2. Breakdown of order during voltage reduction 
 
In order to produce a hexagonally patterned discharge, the applied voltage is set to 400 V. The lateral 
emission is observed as the voltage is reduced by steps of 1V each until the discharge disappears. 
While the lateral discharge pattern at the applied voltage down to about U = 363 V is clearly 
hexagonal, the arrangement of the filaments becomes random for values of U < 363 V, see Fig. 3. 
During the entire process, the number of filaments is constantly reduced. Nevertheless, rate of filament 
reduction is unaffected by the the apparent breakdown of order at approximately U=350V, see Fig. 4. 
The transition is examined using the TCF. A preceding analysis of the breakdown via 2D Fourier 
transformation already revealed evidence of a bifurcation process, but produced due to the global 
nature of that method a rather large scattering of the corresponding values, which makes the 
determination of a bifurcation type impossible [8]. 
 

 
Fig.3.: Upper row: Light density distribution images at voltages close to the bifurcation point. Lower 
row: Triple correlation functions of the corresponding light density distribution. f = 80 kHz sinusoidal, 
Helium, without gas flow, exposure time 200 μs.  
 
 

 
Fig.4. : Number of filaments as a function of the applied voltage. 
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The lower row of Fig 3. shows the corresponding TCF's for the luminescence density images in the 
upper row. For distances below the distance of nearest neighbours d0 (e. g. d0 = 3.15 mm in figure 3, 
TCF at U = 363 V), the abundance is close to zero. The same lower limit for the distance of 
neighbouring filaments is also responsible for the nearly vanishing abundance at small angles. 
Physically, the lowest filament distance is determined by the inhibition of ignition in the vicinity of a 
filament [9-10]. Hence, the minimal filament distance is independent from the hexagonal pattern, and 
so the low abundance for small distances and small angles stays stable after the pattern breakdown 
(Figure 3, TCF at U = 342 V). For an intact hexagonal pattern (Figure 3, TCF at U = 363 V), the 
abundance at the distance d0 has three peaks, namely at 60°, 120°, and 180°. As the hexagonal pattern 
dissolves with decreasing supply voltage, the peaks get broader. At the end of this transition, the peaks 
have completely disappeared in azimuthal direction. In radial direction, only a small modulation stays 
visible. 
As the peak at (r, φ) = (d0, 60°) is a well defined feature of the hexagonal pattern, its height y60 = y(d0 , 
60°) is taken as the basis for a measure of order. To classify the angular order, y60 relative to the 
average abundance at the fixed distance d0 is calculated. Similarly, for the radial order y60 relative to 
the average abundance at the fixed angle of 60° is chosen. Hence, two quantities being a measure for 
the hexagonal order are defined: 
 

 (1) 

 (2) 

 
Figure 5 shows the order analysis using Hang and Hrad for the previously observed breakdown in figure 
3. Basically, both plots display the same behaviour: for high voltages the measure of order remains 
nearly constant. For very low voltages (approximately 340 V in figure 5), the peak y60 vanishes in the 
noise. This is due to low order and additionally due to a decreased number of filaments (Figure 4). 
Hence, below a certain supply voltage Hang and Hrad are not meaningful anymore. 
 
The transition from a nearly constant Hang, or Hrad to a decreasing order is rather abrupt, so obviously 
there is a bifurcation from an ordered to an unordered system via a supercritical bifurcation. For a 
reliable computation of the bifurcation point Ub , the curves are fitted with a set of linear functions. In 
all measurements, the bifurcation point Ub,rad for the radial order is at lower voltages than the 
bifurcation point Ub,ang for the angular order. However, the absolute bifurcation point may vary.  
 

Fig.5.: Analysis of the transition from the hexagonal pattern to the stochastic arrangement of the 
filaments. Evaluated are the ratios of the 60°-peak at nearest neighbor distance to the mean 
background in angular and radial direction, Hang = y60 /<y(d0, φ)>φ and Hrad = y60/<y(r, 60°)>r , 
respectively.  
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While bifurcation was reproduced, the actual value for the bifurcation voltage varies between 350 V 
and 365 V. The analysis via TCF thereby reveals a distinct bifurcation in the radial and angular 
measure of order. 
In order to discuss the transition from a physical point of view, one has to bear in mind that it occurs 
close to the ignition voltage of the discharge. Above the ignition voltage, the discharge is ignited 
everywhere, where the the applied voltage is sufficient. This would result in a discharge pattern with 
the highest packing density, hence a hexagonal pattern. Reducing the voltage below ignition voltage 
results in a pattern that consists only of the filaments that are maintained by residual surface charges, 
reignition of new filaments in unoccupied places can no longer occur. Thus, filaments may arrange 
randomly with an arbitrarily large inter-filament distance. This is consistent with the observed 
behaviour below the bifurcation voltage. 
 
This work has been funded by the Deutsche Forschungsgemeinschaft, SFB-TRR 24, B14. We also 
acknowledge the supportive work of Peter Druckrey, Uwe Meißner and Thomas Schumann. 
We would like to thank André Schella and André Melzer for the hint at the TCF and fruitful 
discussions. 
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Water is known to generate reactive oxygen species (ROS) - OH, H2O2 etc. when irradiating by 

vacuum ultraviolet (VUV) emission. In the work numerical simulation  of ROS interaction with 

DNA in model cell were carried out. Results show, that VUV irradiation (λ=172 nm, I=100 

mW/cm
2
) of model cell consisting of cytosol and nucleus  leads to 5 times decreasing of non 

injured nucleotides concentration  during 8 10
-3

 s.   

 

1. Introduction  
Effect on the biological objects (molecules, cells, tissue) by means of reactive oxygen species (ROS) 

is one of quickly developing direction at the meeting point of medicine and physics. In most cases gas 

discharge is used for this purposes. Investigations are carried out in wide range of medical problems 

from wound treatment to oncology [1]. It was shown [2] that depending on intensity effect of ROS can 

lead to different results: from increasing of cells reproduction velocity to their apoptosis. It was found 

that in the base of these results lays ROS generation in the intercellular media.  

One of the possible ways of ROS generation is decomposition of water molecules. Role of water 

decomposition products in DNA destruction was investigated in  [3-7]. In [3,4] water solutions of 

thymine were irradiated by Hg lamps at the wavelengths  λ=254 and 185 nm. Quantum yield for 

thymine destruction at 254 nm was found to be equal to 4·10
-4

 independently of O2 concentration. 

Quantum yield at 185 nm depended of O2 concentration in solution and reached   0.25  at О2   2.5·10
-5

  

M. These results were explained by appearance of water decomposition high reactive products  
●
OH, 

H
●
 and their interaction with thymine with generation of stable products of its destruction in the case 

of O2 presence.  Destruction was found to take place due to attachment 
●
OH and  О2 with double bond 

5,6 breaking . In works [5,6] thymine in aqueous solution was decomposed with quantum yields of 0.3 

and 0.4 under N2-saturated and aerated conditions by far UV light (185 nm), and quantum yields 2 10 
-

4
 and 3 10 

-4
  by near UV light ( 254 nm). Mechanism of destruction was found to be the same as in 

[3,4].  

Works [3-7] shows that under VUV irradiation of nuclear acids big role play reactive oxygen products 

of water photolysis.   Under influence of VUV emission  (λ<190 nm) water is effectively decomposed 

with 
●
OH radical formation. The main reaction of decomposition is:  

Н2О + hν → 
●
OH + Н● 

 

                        k(cm
-1

) 

 

 

 

 

 

 

 

                                               

 

 

 

 

                                                 λ(Ǻ)                                           

 

       Fig.1.Absorption coefficient of distilled water [9]. 
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 Quantum yield of photolysis at wavelength λ=172 nm is equal to 0.42 in the case of liquid water [8]. 

Absorption coefficient of liquid water in wavelength region λ<172 nm has values 10
3
-10

4
 cm

-1
 [9] 

Figure 1. These high values provide 90%  emission absorption in thin 10
-3

-10
-4

 cm water layer .  
As effective  VUV light sources excimer lamps based on barrier discharges in high pressure rare gases  

[10,11] can be used. Radiation efficiency of excilamps can reaches 60%, they produce light with 

different wavelengths  Ar (120 nm), Kr (147 nm), Xe (172 nm).  

In this work calculations of  DNA destruction  in the model cell irradiated by VUV emission was 

carried out. As a source of ROS were considered products of VUV photolysis water molecules.   

 

2. Calculation model and results  
In the Fig.2 simplified scheme of a cell, which was used in calculations, is presented. Cell was 

proposed to consist of 2 layers:  layer 1 – cytosol  and layer 2- nucleus, containing DNA. It was 

proposed, that cytosol is consisted of water with pH=7 [12] and antioxidant gluthatione with 

concentration 5 mM.   

 

 

               I  

                                      

                                                                     

                                    

                                              0                                       x2                      х 
 

Fig. 2 Simplified scheme of cell.  I – VUV emission , 1 - cytosol, 2 - nuclear. 

 

Thickness of layer 1 was equal to 1µ [13]. Thicker layers were not considered because of fast VUV 

absorption across it. As the layer 2 was proposed to be uniform media consisted of nucleotides with 

density ρn(x,0)=2
.
10

19
 cм-3

 ( x>x2) at initial time moment. As a nucleus has complicate structure, it 

wasn’t considered completely, thickness of layer 2 was proposed to be  ∆x2~10
-6

 cm. This in vivo 

corresponds  to surface  DNA layers of nucleus.   

VUV emission with intensity I was proposed to penetrate to cytosol (layer 1) and to decompose water 

with ROS production. ROS by means of diffuse penetrate to nuclear and interact with DNA. 

Concentrations of ROS in layer 1 were calculated by means of system of equations:  
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where Ni(x,t)- concentration of i-th product of water photolysis, ∑ ∑
−+

−=

l m

imili FFtxS ),(  
 – sources 

of generation and decomposition of i-th product, Di  – diffusion coefficient of i-th product, L= 12 – 

number of unknown products  

As it was shown in overview, stable products of DNA - ROS interaction appear in the case of O2 

presence. That is why two equations for determination in layer 2  concentration of non injured by ROS 

nucleotides ρn(x,t) and concentration of stable injured nucleotides - ρf(x,t), have been formed due to 

DNA-ROS interaction with O2 presence, were solved together with system (1):  
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where Fi(x,t)=ρn(x,t)
.
Ni(x,t)·ki (cm

-3
s

-1
) – number of nucleotides in volume unite injured by ROS i-th 

component per time  unit, Fj(x,t)=(ρn(x,0) - ρn(x,t))·kj ·NO2 (сm-3
s

-1
) – number of stable injured 

nucleotides in volume unit, having been formed due to DNA-ROS interaction with O2 presence per 

      1  

 

2 
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time unit. Initial and edge conditions for O2 concentration were following:   

NO2(x,0)=NO2(0,t)=1.7
.
10

17
 cm

-3
 (it was proposed, that O2 penetrates inside cell through its membrane). 

Values of ROS diffusion coefficients were taken from [14,15,16], values of ROS reaction velocities - 

from [17]. Reaction velocities of DNA   with  
●ОН,  Н●  and  eaq

-
 at neutral рН for one nucleotide  

were taken equal to 1.3·10
-12

 cm
3
s

-1
, 1.2·10

-13
 cm

3
s

-1
  and 2.2·10

-13
 cm

3
s

-1
 correspondingly, reaction 

velocity of injured nucleotides  with O2  -  1.6·10
-13

 cm
3
 s

-1
  [18]. Reaction velocities of gluthatione 

with ROS  were taken equal to 0.8-1.6·10
-9

 cm
3
s

-1
   [19,20].  

Results of calculation for the cases of irradiation of model cell by Xe excilamps (λ=172 nm) with 

surface intensities  100 mW/cm
2
 are presented in the Figure 3.  During time interval  6·10 

-3
 s 

gluthatione concentration falls due to fast destruction in reactions with ROS and long time of  

generations [21]. After that concentrations of  ROS (
●ОН Figure 3) increase leading to decreasing of 

non injured nucleotide concentration. Their concentration  became 5 times lower by the time of  8 10
-2

 

s from beginning of VUV irradiation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 Time dependence of concentrations N(cm
-3

): 1- non injured nucleotides, 2-gluthatione, 3- 
●
OH radicals. I=100 mW/cm

2
.  
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GlidArc plasma reactor power regulation by leakage reactance control is presented. The system 
allows adjusting the power of discharge while maintaining stable plasma generation conditions. 
Power regulation relies on discharge current value, which is sinusoidal in all range of regulation 
while the power supply voltage is constant.  

 

1. Introduction 
When a electric arc discharge of constant pressure is concerned, voltage between electrodes in a 

set distance of each other is not dependent on current changes. Limiting the current value, on which 
the arc discharge power is dependent, must therefore be done outside the arc discharge. 

As far as alternating current is concerned it is important for the current to flow constantly, because 
a currentless breaks cause de-ionization of the space between electrodes which deteriorate plasma 
reactor's work stability and worsen the generated plasma quality. If the current limiting was due to 
additional resistance connected to the power circuit of the reactor there would be breaks in the 
current's flow and the reactor’s efficiency would decrease. Using capacitor as a current limiter would 
require its huge capacity as well as causes dangerous oscillations and unstable reactor's work.  

The only efficient way to limit the discharge power is limiting current with inductance. Installing 
inductors into current circuit complicates needlessly the power system and decreases its efficiency. 
The effective method of discharge power regulation in reactor is limiting current by variable leakage 
reactance of power transformers [1],[2],[3].  
 

 
Fig. 1. Simplified equivalent scheme of loaded transformer. 
 

When we assume, in order to simplify our speculations, that a transformer works in the short 
circuit conditions, with the arc discharge resistance equal to Rarc= 0, then for a equivalent scheme from 
Fig. 1 we can note:  
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Resistances R1 and R2 are constant values, specified by resistance of copper used for primary and 
secondary windings of transformer. Reactances X1 and X2 can be influenced by changing of 
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transformer's windings geometries. Changing leakage reactance of transformer we can change 
impedance Z, and therefore we can influence the arc discharge current value.  
 

2. Analyzed system 
We used for experiment three-electrode GlidArc plasma reactor, with electrodes’dimensions 

presented in the Fig. 2. The appliance was powered from three one-phase transformers, connected into 
YNyN three phase system (Fig. 3). Discharge initiation was executed with two additional ignition 
electrodes, powered from separate ignition system. This allowed to control the discharge power in the 
reactor without worsen conditions for its ignition. [4],[5],[6].  
 

 
Fig. 2. Geometry of plasma reactor electrodes; a) basic dimensions of discharge chamber with working 
electrodes; b) ignition electrode 
 
Table 1. Plasma reactor data 
Number of ignition electrodes 2 
Number of working electrodes 3 
Process gases argon, nitrogen, helium, air 
The volumetric flow rate of gas through the nozzle 0.5÷8 m3/h 
 

If the primary and secondary transformer's windings are set in one limb and are wound 
concentrically, the leakage reactance is of the lowest value. When the windings are set separately in 
different limbs, the leakage reactance is of the highest value. Calculating reactance of that kind of 
transformer is difficult because you must take into account the geometry of the magnetic circuit, 
partition the flux yoke into separate components and consider a great deal of different factors.  

In our case the primary and secondary windings are separated into different limbs. The primary 
winding is made of higher number of windings than the calculated number. It was tapped and 
distributed into both limbs (Fig. 4). Regulation of discharge power in the reactor works due to 
switching tapped primary winding with the constant number of windings. By changing connections 
pattern you can regulate short circuit impedance within certain limits, that is between 5.7 Ω and 13.4 
Ω. 
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The highest discharge power is obtained at feeding transformer from tapped AA0+B0B4, and the 
lowest at feeding from tapped AA4. By changing tapped secondary windings the voltage in reactor's 
electrodes is regulated.  
 

 
Fig. 3. Power system of GlidArc reactor   Fig. 4. Position of transformer's windings 
 
Table 2. Power system parameters 

 Power transformer Ignitron system 
Power 9.2 kVA 60 VA 
Voltage 230 V 230 V 
Current 40 A 0.25 A 
Input frequency 50 Hz 50 Hz 
The output voltage 1.4 kV 15 kV 
The output current 6.5 A 40 mA 
The output frequency 50 Hz 20 kHz 

 

3. Transformers experiments 
In tables 3 and 4 results of transformers experiments are given. Experiment of short circuit was 

done with feeding transformer with rated voltage and short circuiting the secondary winding by 
connecting its terminals with copper wire. 
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Table 3. Unloaded transformer parameters  
Tap AA4 (the highest possible leakage reactance) 
Primary side Secondary side 
U1 I1 P1 U2 tap CC0 U2 tap CC1 U2 tap CC2 
230 V 0.5 A 20 W 600 V 1000 V 1400 V 
Tap AA0+B0B4 (lowest possible leakage reactance) 
Primary side Secondary side 
U1 I1 P1 U2 tap CC0 U2 tap CC1 U2 tap CC2 
230 V 0.5 A 20 W 600 V 1000 V 1400 V 
 
Table 4.  Transformer's short circuit state  
Tap AA4 (maximum leakage) Tap AA0+B0B4 (minimum leakage) 
Tap CC0 Tap CC0 
U1 I1 P1 I2 U1 I1 P1 I2 
230 V 17 A 600 W 6.2 A 120 V 15.5 A 320 W 6 A 
Tap CC1 Tap CC1 
U1 I1 P1 I2 U1 I1 P1 I2 
230 V 17 A 600 W 3.8 A 175 V 27 A 760 W 6 A 
Tap CC2 Tap CC2 
U1 I1 P1 I2 U1 I1 P1 I2 
230 V 17 A 600 W 2.7 A 230 V 40 A 1400 W 6 A 

 
At the no-load state the transformer uses 115 VA and at the measuring short circuit state 9.2 kVA. 

The lowest transformer's impedance is chosen in the manner that the short circuit current at the rated 
voltage is limited to 40 A at the primary side and 6A at the secondary side. For the maximal 
impedance the values are 17 A and 2.7 A. 
 

4. Discharge power regulation 
Plasma reactor was powered with voltage of 1.4 kV from the tapped CC2 of the transformer's 

secondary side. Measurements were done for two plasma-creating gases: nitrogen and argon. By 
changing the leakage reactance of the transformers with changing tapped primary winding, and with 
the constant windings number, we can regulate discharge power in nitrogen from 2400 W to 8400 W 
(table 5). Power regulation is possible thanks to limiting the current value. Feeding voltage of reactor 
in all the scope of regulation is constant and the current's waveform is sinusoidal. This way we obtain 
constant conditions for ignition and developing of discharge in all range of power regulation. 
 
Table 5. Power regulation by changing tapped (nitrogen) 

Tap P1 (total) 
AA1+ B0B3 8400 W 
AA2+ B0B2 5800 W 
AA3+ B0B1 3600 W 
AA4 2400 W 

 
It is also possible to regulate power by changing transformers' turns ratio (Table 6). In this case 

the discharge power regulation is done by simultaneous limiting the current value and reactor's supply 
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voltage value. For tapped secondary side CC2 the voltage changes from 1400 V at discharge power 
7200 W to 1100 V at discharge power 4400 W.  
 
Table 6. Power regulation by changing the number of windings (argon) 

Tap P1 (total) 
AA1+B0B3 7200 W 
AA2+B0B3 6200 W 
AA3+B0B3 5200 W 
AA4+B0B3 4400 W 

 

5. Summary 
Discharge power regulation in the gliding arc reactor by changing leakage reactance of 

transformers allows stable conditions of reactor's work in all the scope of settings. The power 
regulation is done by changing discharge current value with its sine waveform. Change of 
transformers' reactance does not affect the arc voltage. When it is necessary to change supply voltage 
it can be done in two ways: 1) changing the number of windings of the primary side by switching 
tapped; 2) by switching tapped on the secondary side.  
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Atmospheric pressure plasma jet (APPJ) was developed for decontamination purposes. Features of 

the device are ability to work with various feed-gases at the atmospheric pressure in several gas 

flow, frequency and current- voltage regimes. LabVIEW based TGAs virtual measurement sub-

system for monitoring and measurement process through subsequent setting of electrical and gas-

flow parameters (digital control of flow-meters), conditioning and amplification of electrical 

signals and collection of the data from peripheral measuring devices was applied. 

 

1. Introduction 
Plasma and Advanced Oxidation Processes (AOPs) are well known of excellent efficiency 

towards variety of chemical and biological contaminants [1-4].  

Many research groups concentrate on the efforts of designing plasma sterilizing device 

working in the ambient conditions [5-17] using variety of methods such as barrier discharges, 

corona reactors or plasma jets. The main objective of this research was development of operator- 

and environmental- friendly low temperature atmospheric pressure plasma decontamination device, 

which should have operation cycle length at least the same as traditional set-ups, should be applicable 

toward broad range of materials and surfaces without damaging them irreversibly. 

2. Experimental set-up 
Experimental set-up, consisted of the following sub-systems:  

- gas and liquid dosing sub-system,  

- electrical discharge generating sub-system  

- control and data acquisition sub-system 

- chemical and biological analyzing sub-system  

 

 
 

Fig.1. Schema and photo of atmospheric pressure plasma jet. 

 

The main part of the device, which is presented in Fig. 1. was RF-powered changeable rod 

electrode of tungsten or acid-proof stainless steel. 3 types of electrode shapes: flat surface, screw-type 
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and turtle-type surface of diameters ranging from 4 to 6 mm were tested. The electrode was powered 

by a regulated RF supply (AG 1021 RF generator, T&C Power Conversion) via impedance matching 

network. It was possible to power plasma reactor with frequencies from 10 kHz to 20 MHz. The 

schema of electrical supply is depicted in Fig. 2. 

 

 
 

Fig.2. Electrical supply of APPJ. 

 

LabVIEW based TGAs virtual measurement sub-system was developed for the purpose of this 

project. Main screen of the system, presented in Fig.3, enables whole monitoring and measurement 

process through subsequent setting of electrical and gas-flow parameters (digital control of 

flowmeters), conditioning and amplification of electrical signals. TGAs also automatically collects the 

data from Tektronix TDS2024B oscilloscope, voltage and current probes. 

Elaborated application was divided into 4 modules: data acquisition, digital signal processing, 

reporting and flow-rate control. Main loop consists of decision events and event handler. Change of 

the settings on the front panel by user leads to direct communication and data streaming to generator, 

oscilloscope and flow meters. Application also uses functions defined in external module- report, 

which enables creating of reports in MS Office documents. Basic operations on discrete sequence 

representing measured signal are performed in the main loop. It is a data set of constant number of 

elements (2500 for each channel). Whole TGAs system represents integrated virtual environment 

communicating with devices using built-in communication tools for management of devices’ work 

parameters and for data acquisition. Physically those tasks are realized via RS232 port or USB port.  

 

 
 

Fig. 3. Developed TGAs subsystem for control of gas flow and electrical parameters. 
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3. Results and discussion 
Current/voltage characteristics on the primary and secondary side are presented in Fig. 4. Discharge 

homogeneity changed in dependence on all tested parameters: feed gas, gas flow rate, power supply 

parameters. The most homogenous plasma was generated in gas mixtures containing argon and helium 

and at gas flow rates exceeding 7,5 l/min. This is in a good accordance with literature data. From the 

discharge homogeneity point of view, the most beneficial were flat and turtle shape tungsten 

electrodes. 

 
Primary side (U = 48 V, I = 0,2 mA) Secondary side (U = 308 V, I = 1 mA) 

  

 

Fig. 4. Voltage/current characteristics 

 

From the RF generator point of view, the most stable operation, which resulted in the lowest ratio of 

reflected power was achieved at frequency range 12-15 MHz (depending on the feedgas type). 

Examples of the discharge regimes in feed gas mixtures oxygen/argon and oxygen/helium (30/70%) 

with the current/voltage characteristics on secondary side are shown in Fig.5. 

In dependence on the gas flow rate, discharge plasma sizing from 10 to 20 mm and 5-15 mm 

in diameter and length was produced. It is possible to achieve temperatures below 40
o
C compromising 

applied power, frequency and gas flow-rate.  

 
Oxygen/argon Oxygen/helium 

 

 

 

 
 

 

Fig. 5. Examples of discharge regimes obtained in APPJ. 
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Fig. 6. Ozone concentration in dependence on the fraction of carrier gas: helium or argon. Process gas: 

oxygen, total flowrate: 10 l/min, P= 55 W, f=14,05 MHz.  

 

Ozone concentration was measured in dependence on the gas type, gas flow rate, power and 

the type of electrode. Comparison of ozone concentration depending on the fraction of the argon and 

helium as a carrier gas added to oxygen, at 5 mm diameter, flat-surface electrode condition is 

presented in Fig. 6. Achieved ozone concentrations were low and ranged 0,82 g/m
3
. 

 

4. Conclusions 
Compact device: atmospheric pressure plasma jet for decontamination purposes was developed. 

Achieved temperatures of the working gas in the outlet vicinity depended on the discharge conditions- 

mainly on the gas flow rate and it was possible lower temperature below 40 
o
C. Device may be applied 

for the treatment of the heat-sensitive surfaces in the future.  
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Four different chemical models were applied to analyses energetic process of oxidation NO and 
NO2 reacting with plasma products. The potential energy surface of systems comprising NO and 
NO2 were characterized. The NO oxidation processes , well known at the molecular level, were 
modelled by ab initio quantum chemistry methods in attempt to detect the presence of any 
transitions states  and calculate the relative reaction energy, Er and the activation energy, Ea of each 
reaction. The MP2 level of theory was further applied to reactions (1) NO + O3 and (2) NO2 + O3 
with three different basis sets and finer potential energy scan resolution and the activation energies, 
Ea were determined. 

 

1. Introduction 
     Of interest to industry are techniques to destroy NOx at the post-combustion stage, commonly 
called end-of-pipe removal or abatement techniques. These include selective catalytic reduction 
(SCR), selective non-catalytic reduction (SNCR) and plasma chemistry. SCR and SNCR techniques 
require substantial investment in equipment and have limitations in efficiency. These problems 
motivate development of an energy and chemicals efficient, widely applicable, and of- pipe exhaust 
NOx abatement technology. Industrial plasma systems appears to offer technically feasible and 
commercially interesting solutions based on the Gas State conversion of NOx into industrially useful 
by-products, such as nitric acid.  
The overall oxidation process by plasma generated ozone can be described by the following global 
reactions some or all of which reactions almost certainly incorporate intermediate stages in which 
intermediate species are generated: 

NO + O3 → NO2 + O2                 (1) 
NO2 + O3 → NO3 + O2                 (2) 
NO2 + NO3 → N2O5      (3) 
2NO2 + O3 → N2O5 + O2     (4) 

                                                   N2O5 + H2O → 2HNO3                 (5) 
The detailed mechanisms of these reactions are complex and not well known but their understanding is 
key to making this method of NOx conversion efficient and applicable in practice. One way to 
determine major factors which govern the process might be to perform exhaustive and expensive 
experimental studies but there would be no certainty that these would reveal the important processes. 
An attractive alternative seems to be molecular modelling based on quantum chemical methods. 
Quantum chemistry today delivers very powerful tools for studying varied chemical problems. 
We have applied quantum chemistry methods to describe the energetic of elementary reactions 
comprising the oxidation process. The modern theoretical techniques, involving the density functional 
theory (DFT) and ab initio multiconfigurational approach (MCSCF), are well suited for this kind of 
calculations. In the following we present our theoretical investigations of the energetics of the 
molecules generated by intermediate reactions incorporated within the global reactions (1) – (4) and 
the energy change of each intermediate reaction defined as ∆E = Eintermediates – Ereactants.  From these we 
hope to determine the relative thermodynamic probability of competing reaction paths, e.g. (1) → (2) 
→ (3) → (5) versus (1) → (4) → (5) might be in competition.  
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2. Computational details and discussion 
 

To investigate such oxidation processes, however, each reaction must be characterized at the 
molecular level and this was attempted using a total of six quantum chemical techniques: 
1. Techniques to determine relative energies of reactions: 

a. Density Functional Theory (DFT) based Becke-3-Lee Yang Parr (B3LYP) 
b. Complete Active Space Self-Consistent Field (CASSCF) 

2. Techniques to investigate transition states as work towards estimation of activation energies: 
a. Hartree Fock (HF) 
b. Moller Plesset Perturbation (MP2) 
c. Density Functional Theory (DFT) based Becke-3-Lee Yang Parr (B3LYP) 
d. Coupled Cluster with Singles and Doubles (CCSD) substitutions 

Techniques 1a and 1b above were applied in the attempted determination of the relative energies, 
defined as ∆E = Eproducts – Ereactants, for reactions (1) – (4) above. The equilibrium geometries and 
electronic energies of substrates and products, namely the oxygen molecule, the ozone molecule, the 
mono-nitrogen oxide molecules, NO and NO2 and the product molecules NO3 and N2O5, were 
calculated as well as their zero-point vibration energy (ZPE). 

DFT calculations were carried out using the parallel version of the Parallel Quantum Solutions 
quantum chemistry software [1] while the CASSCF calculations were carried out using the DALTON 
quantum chemistry software [2]. 

The calculations were done at the DFT/B3LYP/6-311G(d,p) and the CASSCF 
(σ- and π-derived)/6-31G(d,p) levels of theory. It was demonstrated that the DFT/B3LYP technique is 
superior to the ab initio CASSCF approach. The DFT method provides an efficient way of estimating 
the static and dynamic correlation energies for the strongly multi-configurationally species such as 
those considered in this work. Good agreement between the DFT/B3LYP and the experimental 
geometries as well as harmonic frequencies, where available experimentally, was achieved. In 
contrast, the CASSCF approach either tended to give the wrong structure of the molecule, e.g. the NO3 
molecule, or could not be applied due to computational problems, as for the N2O5 molecule. 
Accordingly, the ZPE corrected relative energies for reactions (1) – (4) above were computed at the 
DFT level only. The negative values of ∆E(ZPE) showed that energy was released and all the reactions 
are exothermic. 

However, ∆E = Efinal products – E reactant, alone is not sufficient to determine the relative probability of 
competing reactions paths.  Only by determination of the complete energy scheme of each competing 
reaction path, including any critical intermediate or transmission reactions and the energy change for 
intermediate reactions, ∆Ei = Eintermediates – E reactants can the relative thermodynamic probability of 
competing reactions be found.  Four different quantum chemistry methods were, therefore, applied to 
try to determine the presence or absence of transitional or intermediate states. The methods partially 
characterized the potential energy surface computed as a function of the bond distance between the N-
atom of the mono-nitrogen oxide (NO or NO2) and the O-atom of ozone. 

The 6-311g (d, p) 5d basis set level of theory was used in all four of the quantum chemical 
techniques. 

2.1 Determination of relative reaction energies, Er 
 

From application of the DFT and MCSCF methods described in previous work [1] the relative 
energies, defined as Er = Efinal products – Ereactants, for the reactions (1) – (4) were determined by 
calculating the equilibrium geometries and electronic energies of substrates and final reaction 
products. These are the oxygen molecule, the ozone molecule and a few nitrogen oxide molecules 
NOx, as well as their zero-point vibration energy (ZPE).  The following table [1] shows the relative 
energies (Er = Efinal products – Ereactants) and the relative energies corrected for the zero point energy (ZPE) 
for reactions (1) – (4) calculated at the DFT/B3LYP/6-311G(d,p) and the CASSCF(σ- and π-
derived)/6-31G(d,p) levels of theory. 
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Table 1.  The relative energies, Er= Eproducts-Ereactants, and  relative energies corrected for the zero –point 
vibrational energy, Er

(ZPE), of the reactions (1)- (4) calculated at the this method.        

Reaction Metod Er [kcal/mol] Er
(ZPE) [kcal/mol] 

DFT/B3LYP -62.78 -62.31 NO + O3 → NO2 + O2 

CASSCF -31.36 -30.54 

DFT/B3LYP -37.56 -38.59 NO2 + O3 → NO3 + O2 

CASSCF -15.63 -14.69 

DFT/B3LYP -21.62 -16.90 NO2 + NO3 → N2O5 

CASSCF - - 

DFT/B3LYP -59.18 -55.49 2NO2 + O3 → N2O5 + O2 

CASSCF - - 

2.2 Determination of activation energies, Ea 

 
Reactions (1) and (2) above have been computationally modelled assuming a direct reaction of 

ozone with NOx proceeding via formation of transition states followed by breaking of the O-O2 bond 
according to the following schemes: 
NO + O3 → {ON…O…O2}

‡ → NO2 + O2                                                                 (6) 
NO2 + O3 → {O2N…O…O2}

‡ → NO3 + O2                                                                  (7) 
In the present study we applied four different quantum chemical models to characterize the potential 
energy surface of a system comprising nitrogen oxide reacting with ozone: HF, MP2, DFT/ B3LYP 
and CCSD [3]. 

Energy was computed as a function of the distance between the N-atom of the nitrogen oxide and 
the O-atom of ozone.  All calculations were carried out using the Gaussian 03 [4] suite of programs for 
electronic structure calculations.  All calculations were performed using the 6-311g (d, p) basis set. 
To compute the potential energy scans, the distance between the N-atom of nitrogen oxides (NO and 
NO2) and the O-atom of ozone was systematically varied between 1.25Å and 2.50Å in increments of 
0.05Å.  At each point, the geometries were optimized using HF, MP2 and B3LYP levels of theory.  
For calculations using the CCSD quantum chemical method, the structures optimized at MP2 levels of 
theory were used and only single point calculations were carried out.  The optimized geometries were 
verified as global minima by carrying out the frequency calculations.  The geometries with positive 
frequency values were considered to minima while the geometries with one negative frequency 
correspond to transition states.  The grids were intensified between 1.40Å and 1.80Å to increments of 
0.01Å to better locate any transition states. 

Following results from these calculations, reactions (1) and (2) were again modeled using the MP2 
level of theory but at higher energy scan resolution with varying finer increments down to as low as 
0.0001Å and with three different basis sets, namely 6-311G(d,p) , cc-pVDZ and aug-cc-pVDZ. 
The plots of potential energy vs. N-O bond distance for the reactions of NO and NO2 with O3 indicated 
the presence of transition states in both reactions in the HF, MP2 and CCSD models but no clear 
indication could be seen in the B3LYP analysis. N-O bond distance for the O3-NO reaction was 
indicated at about 1.6 Å by all three positive models while N-O bond distance for the O3-NO2 reaction 
was calculated at 1.6 Å by the MP2 and CCSD techniques and at 1.78 Å by the HF method. 
A tentative conclusion could be drawn that the reactions of ozone with nitrogen oxides do not go 
directly from reactants to products but involve at least one intermediate state. Further analysis would 
require multi-reference wave functions, such as obtained from CASSCF calculations, and inclusion of 
dynamical correlations energy via second order multi-reference perturbation theory. 

As stated above, in an attempt to better define the potential energy surfaces, the MP2 level 
of theory was further applied to reactions (1) and (2) with three different basis function sets 
and finer potential energy scan resolution.  Figure 3 shows the potential energy surface for the 
three basis sets for reaction (1) (NO with O3) and Figure 4 shows the same for reaction (2) 
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(NO2 with O3): 
These finer energy scans show the presence of transition states.  With respect to reaction 

(1) of NO with O3, the MP2/6-311g(d,p)  and MP2/cc-pVDZ basis sets show the transition 
state at an N-O distance of 1.605Å while in the MP2/aug-cc-pVDZ basis set the transition 
state is at 1.6146Å and, in this case, the transition state is an in-plane type complex Figure1. 
With respect to reaction (2) of NO2 with O3, all three basis sets showed a transition state at an 
N-O bond distance of 1.626Å in the form of a non-planar complex Figure 2. 
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                                                    Transition State for NO + O3 reaction 
Figure 1.  The molecular and transition state geometrical (NO+ O3) parameters obtained at the 
MP2/6 311G(d,p) , MP2/cc-pVDZ and MP2/aug-cc-pVDZ levels theory (bond lengths in Å, 
valence angles in degrees). 
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                                                Transition State for NO2 + O3 reaction 
Figure 2.  The molecular and transition state geometrical (NO2 +O3) parameters obtained at the 
MP2/6-311G(d,p) , MP2/cc-pVDZ and MP2/aug-cc-pVDZ levels theory (bond lengths in Å, 
valence angles in degrees). 

 
Figure 3.  Potential energy vs. N-O distance for the reaction of O3 with NO modeled using the MP2 

level of theory with three basis sets, 6-311G(d,p), cc-pVDZ and aug-cc-pVDZ. 
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Figure 4.  Potential energy vs. N-O distance for the reaction of O3 with NO2 modeled using the MP2 
level of theory with three basis sets, 6-311G(d,p), cc-pVDZ and aug-cc-pVDZ. 

3. Conclusions 
 
The NOx – O3 reaction oxidation processes, well known at the molecular level, were modelled by ab 
initio quantum chemistry methods in an attempt to detect the presence of any transition states and to 
calculate the relative reaction energy, Er, and the activation energy, Ea, of each reaction. 
For reaction (1), Ea was calculated to be 1.1 kcal/mol for the 6-311G(d,p) basis set, 1.3 kcal/mol for 
the cc-pVDZ basis set and 2.2 kcal/mol for the aug-cc-pVDZ basis set.  This compared reasonably 
well with the experimental Arrhenius activation energy of 1.2 kcal/mol. 
 
For reaction (2), Ea was calculated to be 8.7 kcal/mol for the 6-311G(d,p) basis set, 8.5 kcal/mol for 
the cc-pVDZ basis set and 8.2 kcal/mol for the aug-cc-pVDZ basis set, a factor of 4 higher than the 
experimental Arrhenius activation energy of 2.2 kcal/mol. 
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Barrier discharges generated in a barrier discharge device using alumina (Kyocera A473) is 

homogeneous at 60 Hz, and they are generated even in pure oxygen, in which the conventional 

APTD cannot be generated. However, they become filamentary discharges at 18 kHz. Why such a 

difference appeared was investigated by various experiments.  The experiments were carried out at 

frequencies less than 1kHz, 18kHz and superimposed 18 kHz on low frequencies. These 

experiments and calculation showed that at high frequency, a magnitude of displacement current 

and also the rate of rise the current at the inception of discharge are very large in comparison with 

those at power frequency. Therefore, release of electrons from the surface of alumina barrier 

cannot catch up the current to maintain the continuous discharge in the gap. The results suggested 

that the difference appears due to a difference of current and not to a difference of the frequency.  

 

1. Introduction 
 Dielectric barrier discharge has a feature that many pulse micro discharges generate between 

barriers, and so it is called as filamentary discharge (FD). However, in 1988 a group of Sophia 

University found that a uniform discharge can be generated in He or in Ar at a frequency larger than 

1kHz [1]. This homogeneous discharge was recognized as a glow discharge by many researchers, and 

thereafter it was called as atmospheric pressure glow discharge (APGD). On the other hand, so far it 

was found that another homogeneous discharge can be generated in pure nitrogen and in a range of 

power frequency [2]. This discharge is called as atmospheric pressure Townsend discharge (APTD). 

The difference between APGD and APGD is the current wave form and the gap voltage during 

discharge. Namely, in APGD, one big pulse current flows in a half cycle and the gap voltage during 

discharge decreases. In APTD, the current during discharge coincides with the current flowing through 

the capacitance of barriers and the gap voltage is constant during discharge. The APTD has a feature 

that during discharge, luminescence of the discharge is big in front of the barrier surface of the anode 

side. 

However, a very small amount of oxygen is added in nitrogen, the APTD changes to FD [3].  

In 2009, the authors found that APTD can be 

generated in air in a frequency range of 32 Hz 

to 1 kHz if we use alumina (Kyocera A473) 

plate as barrier [4]. This APTD had a typical 

features of APTD ever reported, and it is 

generated in various gases including pure 

oxygen. It was also found that this APTD is 

greatly influenced by material components 

included in alumina. Namely black faced 

alumina (Kyocera A440) with components of 

two other metal oxides cannot generate APTD 

[5]. Besides, it is strange that APTD cannot be generated at a high frequency like 18kHz [5] .If APTD 

can be generated at a high frequency, much discharge power can be obtained and possibility of the 

application of this APTD may increase. An objective of this research is to discuss why the APTD 

using alumina A473 cannot be generated at high frequency ranges. 

 

2. Experimental setup 

TABLE TABLE TABLE TABLE 1111 Material components of Alumina A473 Material components of Alumina A473 Material components of Alumina A473 Material components of Alumina A473    

(Kyocera)(Kyocera)(Kyocera)(Kyocera)    

Item A473 (Kyocera) 

tan δ 5×10-4 

ε 9.1 

Color White 

Main component Al2O3  92% 
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Fig.1 shows a barrier discharge device (DBD) consists of two 

alumina (A473) plates with a size of 100mm by 100mm and 

thickness of 2mm. Tungsten thin electrode with a thickness 

of 0.01mm and with a size of 80mm by 80mm is implanted 

into the center of the plate. Gap length is adjusted as 2mm. 

The DBD is set in a box with width of 240mm, depth of 

380mm and height of 270mm. A cross flow fan was set 

beside the DBD so as to send air to the barrier gap.  

We used three kinds of high voltage sources. Fig.2 (a) shows 

a high voltage source generating 50 Hz to 1 kHz AC high 

voltage. Fig.2 (b) shows a combination circuit of two high 

voltage sources. Namely the high voltage source of Fig.1 (a) 

and an inverter neon transformer which generates voltage of 

18 kHz are connected in series. The inverter neon transformer can be excited by AC voltage and also 

by DC voltage. The high voltage source of Fig.2 (b) can be used in two ways;  a superimposed mode 

and a separate mode of single frequency of 18kHz. 

Voltage applied to the DBD was measured by using a high voltage divider, and current was measured 

by using shunt resistor of 105 ohms. The integral of current was measured by using integral capacitor 

with 44.3nF capacitance.  

      

 

    

    
Fig. Fig. Fig. Fig. 2222 (a) AC high voltage source         Fig.2 (b) 2 frequency superimposed high voltage circuit (a) AC high voltage source         Fig.2 (b) 2 frequency superimposed high voltage circuit (a) AC high voltage source         Fig.2 (b) 2 frequency superimposed high voltage circuit (a) AC high voltage source         Fig.2 (b) 2 frequency superimposed high voltage circuit    
 

3. Experimental results 
 

3.1 Discharge tests at 60Hz 
Using Fig.2 (a) power source, experiments were 

carried out. With increasing the applied voltage, 

discharge began at 9.2 kV. Fig.3 shows a typical 

APTD generated at 14.8kV. A record of current 

and applied voltage is shown in Fig.4. After 

discharge initiation, the current increased 

rapidly and attained to 1.4mA in this case. 

Discharge maintained until the applied voltage 

came to its peak. When the applied voltage was 

further increased, the discharge changed to FD. 

 

 

 

3.2 Discharge test at 18kHz 

Fig. Fig. Fig. Fig. 1111 Barrier discharge device Barrier discharge device Barrier discharge device Barrier discharge device 

Fig. 4  Oscillogram of APTD (60Hz)Fig. 4  Oscillogram of APTD (60Hz)Fig. 4  Oscillogram of APTD (60Hz)Fig. 4  Oscillogram of APTD (60Hz)    
Fig. 3  APTD  (60Hz)Fig. 3  APTD  (60Hz)Fig. 3  APTD  (60Hz)Fig. 3  APTD  (60Hz) 
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Using the inverter neon transformer excited by DC voltage, discharge experiments at 18kHz were 

carried out. Fig.5 shows discharge photograph. The 

discharge is apparently a filamentary mode. The record of 

voltage and current is shown in Fig. 6. At around 8kVp, 

discharge began and current with multi pulses flown, 

which is a feature of typical FD. The peak current before 

discharge started was around 20mA.  

 

 

 

 

 

 

 

3.3 Discharge at a frequency range of 200Hz to 950Hz 

In order to investigate the discharge at a frequency 

between 100Hz and 950Hz, a series of experiments were 

carried out using the high voltage source of Fig.2 (a). Fig. 

7, Fig.8 and Fig.9 show the oscillograms of the 

experiment of 200Hz, 500Hz and 950Hz respectively. 

Because of a small capacity of the transformer, the 

applied voltage wave forms were deformed from the 

sinusoidal wave. However the APTDs were observed at 

every frequency. The displacement current increases 

principally in proportion to the frequency. Therefore, if 

discharge started at the same applied voltage, the 

displacement current at the insect of discharge becomes 

large in proportion to the frequency. From these 

oscillograms, it is seen that the discharge current was 

about 4mA at 200Hz, about 9mA at 500Hz and about 

16.4mA at 950Hz respectively.  

 

3.4 Discharge experiments at superimposed voltage 

 As already described, the displacement current when 

discharge started is very large at 18kHz in comparison 

with the current at lower frequency. In order to test at 

intermediate current, we used the two frequency 

superimposed circuit of Fig.2 (b). Using this circuit and 

by changing the ratio of superimposition of voltage from 

two voltage sources, we can change the peak values of 

discharge current.  

Fig. 10 shows an oscillogram of a superimposed voltage 

test.  Although the applied voltage has very small 

component of 18kHz, a considerable magnitude of the 

high frequency current is superimposed on 250Hz current. 

Fig.11 shows an enlargement of a similar oscillogram. 

The current has projecting parts in every cycle but no 

pulses are recognized. Therefore this discharge was an 

APTD. The peak current is around 10mA. Fig.12 shows 

a case that the discharge is going to change APTD to FD. Among the three cycles in the oscillgram, 

the middle cycle has three pulse currents and it is different from the current of the other two cycles. It 

is considered that the discharge in the middle cycle is going to transfer from APTD to FD. Fig.13 

shows that a case that the discharge had completely changed to FD. High pulse currents are flowing in 

Fig. 5  Filamentary discharge (18KHz)Fig. 5  Filamentary discharge (18KHz)Fig. 5  Filamentary discharge (18KHz)Fig. 5  Filamentary discharge (18KHz) 
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every cycle. In the experiment, the sound generated from the DBD became loud with high frequency 

components.  

 

         

Fig. 12  Boundary Fig. 12  Boundary Fig. 12  Boundary Fig. 12  Boundary between APTD and FD            Fig. 13 Oscillgram after a transition to FDbetween APTD and FD            Fig. 13 Oscillgram after a transition to FDbetween APTD and FD            Fig. 13 Oscillgram after a transition to FDbetween APTD and FD            Fig. 13 Oscillgram after a transition to FD    
 

4. Discussion     
 

The objective of this investigation was to find a reason why the APTD cannot be generated at high 

frequency.We have been considering that the high displacement current at high frequency is a reason 

to become FD. However, as shown in Fig.9, the APTD was generated at least up to 16.4mA. However, 

as can be seen in Fig.12 and 13, the discharge changed from APTD to FD at around 10mA or less. 

Thus a magnitude of current seems to be not a 

dicisive factor of transition to FD. Instead, a sharp 

rise of discharge current at high frequency is 

considered to be  a cause of a transition to FD.  In 

order to confirm this idea, the rate of rise of the 

current was investigated in experiments. Fig.14 

shows an oscillogram of 60Hz test. A 

displacement current without dischrage can be 

calculated from the voltage waveform, and it is 

added in the oscillogram. 

  As can be seen in the figure, we can check the 

instanteneous current when the discharge started 

(denoted as Is). After the initiation of discharge, 

the discharge current increase rapidly. We can also 

Fig. 11 Enlargement of time scale of Fig. 11 Enlargement of time scale of Fig. 11 Enlargement of time scale of Fig. 11 Enlargement of time scale of     
Oscillogram of  Superimposed voltage Oscillogram of  Superimposed voltage Oscillogram of  Superimposed voltage Oscillogram of  Superimposed voltage 
testtesttesttest    
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check the rate of rise of discharge current 

(dI/dt).  The maximum current is denoted here 

as Ip. Now we can investigate the relation 

between the discharge mode and these 

parameters. Table 2 shows the result. 

APTD generated at the current less than 

3.4mA and it was maintained up to 16.4mA. 

The maximum dI/dt value was 570A/s in 

the APTD mode. On the otherhand, when 

high frquency voltage was applied, the 

dI/dt values are more than 1150 A/s,. The 

discharge starting currents were less than 

10.6mA, but they are larger than those of 

APTD mode. Since APTD generated  in 

16.4mA, the current less than 10.6mA is 

not big enough to prevent a generation of 

APTD. However, because of a high frequency voltage, after discharge started, the rate of rise of 

discharge current is large as shown in Table 2. In APTD, enough electrons have to be supplied to 

sustain the contineous current. If dI/dt becomes too high, the supply of electrons becomes difficult.  

Therefore, as a concluion, we think the large dI/dt is a reason that the discharges change from APTD 

to FD at high frequency. 

 

5.Conclusion 
 

Barrier discharge device using alumina (Kyocera 473) generates atmospheric pressure Townsend 

discharge ( APTD) in various gases. However, it can not be generated at high frequency like 18kHz. In 

order to find the reason,  experiments were carried out in a frequency range of 60Hz to 950Hz, and  at 

18kHz and also using superimposed volage of 18kHz and  lower frequency less than 950Hz. 

 As a result, the high rate of rise of discharge curent (dI/dt) at high frequency is considered to be a 

reason that discharge becomes filamentary discharge (FD). In a high frequency experiments of 18kHz, 

the dI/dt attained to more than 1150A/s, while in the tests at a frequency less than 950Hz, the dI/dt 

values are less than 570A/s. In a 950Hz experiment, APTD was maintained at a peak current of 

16.4mA. Although the discharge started at less than 10mA at high frequency tests, the discharge 

became FD. Therefore, the magnitude of current seems to be  not a decisive parameter of a transition 

to FD.  

 

The authors acknowledge to Kyocera Company for supplying barrier material. 
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Table Table Table Table 2222 Relation between the discharge mode  Relation between the discharge mode  Relation between the discharge mode  Relation between the discharge mode 
and parameters (Is,Ip and dI/dt)and parameters (Is,Ip and dI/dt)and parameters (Is,Ip and dI/dt)and parameters (Is,Ip and dI/dt)    

Experimental 

condition dI/dt

(A/s)

Is

(mA)

Ip

(mAp)
note

Frq(Hz) V (kVp)

1 500 8.8 23 0.91 1.67 APTD

2 950 11.6 257 2.66 9.52 APTD

3 950 16.4 570 3.4 16.4 APTD

4 500+

18000

Super-

impose

1430 11 58.3 FD

5 500+

18000

Super-

impose

3050 6.8 58 FD

6 18000 5.4 1150 10 32.7 FD

7 18000 5.6 1380 10.6 75.4 FD
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There is a growing interest in exploiting air non-thermal plasmas in novel advanced oxidation 
processes (AOPs) for the degradation of organic pollutants to be applied both to water and to air 
decontamination [1]. Specifically, air non-thermal plasma can be developed into a “green” means to 
activate drastic chemical reactivity: it works at room temperature and at ambient pressure, thus 
reducing energy costs, and it affords the degradation of any kind of organic pollutants, including those 
very resistant to oxidation. Therefore, the “green” goal of minimized wastes, i.e. the exhaustive 
oxidation of organic pollutants to CO2, also appears to be within reach for this approach. Knowledge 
of the chemistry involved in these complex systems is obviously essential to master their performance 
and to optimize the process efficiency and selectivity to CO2 production. Our research focuses on the 
chemical aspects of air non-thermal plasma induced oxidation of organic pollutants in air [2-4] and in 
water directly exposed to the plasma [5,6]. Prototype lab scale plasma reactors have been developed 
and are used with a wide array of diagnostic tools to study and characterize the process efficiency and 
selectivity and the plasma short-lived species. Efficiency and selectivity are determined by measuring 
the decay of pollutant concentration as a function of input energy and the oxidation products and 
intermediates (FT-IR, gas chromatography, liquid chromatography and ion chromatography). The 
plasma short lived reactive species are determined by means of optical emission spectroscopy, 
atmospheric pressure mass spectrometry [7] and specific chemical probes [2,8]. An account will be 
given of our most recent findings on the reciprocal influence of two different pollutants reacting within 
the same plasma activated by corona discharges. Such interactions can affect quite significantly the 
process efficiency. Depending on the specific compounds used, inhibition, entrainment or little or no 
kinetic effects are observed. Examples will be presented and discussed dealing with the oxidation of 
organic pollutants in air as well as in water. Specifically it will be shown how the analysis of these 
two-pollutant reacting systems can provide important insight into which species are involved in the 
initial step leading to the oxidation of the organic pollutants.  
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Nonthermal plasma produced by homogenous discharge in air at atmospheric pressure has 
advantages in the industrial application of the plasma surface modification. However, the 
discharge in atmospheric air usually behaves as filamentary discharge rather than homogenous 
discharge. It was found that homogeneous discharge can be produced in a 3mm gap of air at 
atmospheric pressure using two plane parallel electrodes each covered by one specific alumina 
plate with a thickness of about 2 mm. Based on the discharge photographs of short exposure time 
taken with an ICCD camera, the homogenous discharge was identified with Townsend discharge. 
The Townsend breakdown voltage for this 3mm air gap is about 8.3 kV, significantly lower than 
11.2 kV, the streamer breakdown voltage of this gap. If the alumina plate is too thin, the discharge 
transits to filamentary discharge. If it is too thick, the discharge is too weak to observe. The 
uniqueness of the shallow traps on the surface of the specific alumina plate and the common effect 
of the current limitation by dielectric work together, leading to a Townsend discharge. The detail 
mechanisms for the formation of Townsend discharge are still under investigation. 

 

1. Introduction 
Dielectric barrier discharge (DBD) in air at atmospheric pressure normally occurs in a large 

number of short-lived and narrow current filaments that are randomly distributed in time and space 
over the dielectric surface [1]. Non-thermal plasma produced by homogeneous DBD in air is most 
attractive for the industrial applications. However, the realization of homogeneous DBD is usually 
much more difficult in air than in noble gases and other gases. Air is an electronegative gas consisting 
of oxygen, nitrogen and water vapour. The oxygen molecules in air efficiently quench nitrogen 
metastable species and tend to induce electron attachments in air discharges, so the DBD atmospheric-
pressure air usually exhibits a filamentary mode. In recent years, the generation of homogeneous DBD 
in atmospheric air is one of the most remarkable research works in the plasma field. For obtaining a 
homogeneous DBD in atmospheric air, many methods and special barrier materials have been 
explored. [2–9]. Ráheǐ J found within the frequency range 1~15 kHz, discharge gaps smaller than 
1.5mm a diffuse discharge could be obtained in air at at atmospheric pressure[2-3]. Garamoon A A 
and El-zeer D M found a uniform discharge can be obtained with a frequency 50 Hz and a gap 
distance 1.1mm[4]. Up to now, there was no report of a homogeneous DBD in atmospheric-pressure 
air with a gap distance larger than 2mm in high frequency. 

In this paper we firstly report a homogenous DBD in as larger as 3 mm air gap at atmospheric 
pressure. Experimental setup, the generation and diagnostics of the discharge were introduced, and the 
discussion focus on the effect of the ceramic. 

2. Experimental Setup 
The arrangement of the experimental was similar to our previous works[6], shown in Figure 1. 

Ceramic plates with various thicknesses between 0.5~3.25mm were chosen as the dielectric barriers. 
The air gap d is fixed at 3mm. A sinusoidal high voltage with a frequency that could be continuously 
changed from 1k~10 kHz was applied to the electrodes. An intensified-CCD- camera was used to take 
the discharge photographs with an exposure time down to 10 ns. 
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Figure 1. Schematic diagram for the experimental system 

3. Results and Discussions 
3.1 Generation of the homogeneous DBD in air 

It showed that when the barrier thickness was smaller than 1.5mm, a mixed mode of diffuse and 
filamentary discharge was found and the current shown many short-pulse per half cycle of the applied 
voltage. For example, when the barrier thickness was 0.5mm, the filamentary discharge is very 
intensity and its current pulse is un-orderly. With the barrier thickness increasing, the filaments began 
to decreasing. When the barrier thickness was greater than 1.5mm, the filaments disappeared and a 
stable homogeneous discharge was produced. It was characterized by one current pulse per half cycle 
of the applied voltage.  

3.2 The characteristic of the homogeneous DBD 

In order to investigating the discharge characteristic of the homogeneous discharge, the time 
resolution photograph was measured by ICCD with a gap distance 3mm and ceramic plate thickness 
2.285mm.  

 

In order to obtain bigger current the applied frequency f is 1.32kHz. the typtical waveform was 
shown in Figure 2. Side-view photographs with 10 ns exposure time taken at the time about the peak 
of the current pulse showed that there were no filaments in the discharge gap. A luminous layer close 

 
Figure 2.  Applied voltage(Va) and total current(I) 

Figure 3.  Side-view photograph of the discharge 

 
Figure 4.  Calculated discharge current Id and gap votlage Vgas 
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to the instantaneous anode was observed, indicating the homogeneous DBD was a Townsend 
discharge, as shown in Figure 3.By subtracting the displacement current from the total current,  the 
discharge current and gap voltage was calculated. It was shown in Figure 4. It appears one current 
peak per half cycle of the applied sinusoidal voltage, which was typical for homogeneous DBD. The 
current peak was 1 mA in amplitude and about 85µs in FWHM (full width at half magnitude). The 
breakdown voltage was determined to be only 8.3 kV, much lower than the static breakdown voltage 
of 11.2 kV for the same air gap of 3 mm in length.  

The results prove a stable homogeneous discharge in air at atmospheric pressure was a Townsend 
discharge. It was suggested that the unique feature of the shallow traps on the surface of the specific 
ceramic plate and the common effect of the current limitation by dielectric barrier play important roles 
in the formation of the Townsend discharge. The details of the mechanism for the Townsend discharge 
were still under investigation. 

3.3 The influence of ceramic plate 

The Townsend discharge can only be produced under the condition that both electrodes were 
covered by a specific ceramic plate with a thickness of about 2 mm. If the ceramic plate was too thin, 
the discharge would transit to filamentary discharge. If the ceramic plate was too thick, the Townsend 
discharge would be too weak to observe. The formation of Townsend discharge in air was attributed to 
that the release of the shallowly trapped electrons on the surface of the dielectric covering the cathode 
provide the discharge with a limited amount of the seed electrons, which leaded to an extraordinary 
extinction of the Townsend discharge and made the glow discharge not to be reached. Our next step is 
to do some diagnostics of the ceramic surface. 

4. Conclusions 
Homogenous Townsend dielectric barrier discharge (DBD) in atmospheric-pressure air was 

generated in 3 mm air gap.  Ceramic plates as the barrier material had great impact on generating 
homogenous Townsend DBD. Next work was to do on the ceramic and the mechanism for the 
Townsend discharge . 
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