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This study is focus on the double discharge formation and its properties with respect to the influence of various factors such 
as dielectric material and the parameters of the applied high voltage. A secondary discharge was induced at the end of a 
slow falling voltage flank, when a semi-sine uni-polar pulse voltage excites the DBD. The secondary discharge is always 
formed and its amplitude, as well as the amplitude of the main discharge depends on surface properties of the dielectric 
barrier and on the electrical parameters of the applied voltage. The most efficient treatment of a polymer sample in DBD 
plasma is made if the polymer is placed on the ground electrode. Moreover, the polymer site which is found towards the 
ground electrode is three times roughness than the other one. 
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1. Introduction 
 
The dielectric barrier discharge (DBD) produces non-

equilibrium highly collisional plasma at rather high gas 
pressure by a high voltage pulse applied to a special 
system of electrodes [1-3]. Changing shape of the 
electrodes and the gap distance, gas composition, 
magnitude, excitation frequency and/or pulse duration of 
the applied voltage can produce different discharge modes 
of the DBD. There are two main modes: filamentary and 
homogeneous discharge (also named diffuse mode), 
respectively. Moreover, the homogeneous discharge can 
appear in two forms: glow discharge and Townsend 
discharge [4].  

Usually, the so-called classical DBD driven by a sine 
wave voltage [5] is primarily used for applications. But, it 
was emphasized [6-11] that in any application (ozone 
generation, pollutant destruction, surface treatment, 
excimer lamp) [9, 12-15] the pulsed DBD is more efficient 
than that classical one. Moreover, it was found that in 
some experimental conditions of the pulsed barrier 
discharge, besides the main peak current a second current 
pulse with inverse polarity is induced at the decreasing 
applied voltage flank [7, 8-10, 12]. According to the 
results reported by Liu [6-9], the secondary discharge can 
be produced in a large range of the gas mixture and 
pressure, different types of electrodes and geometry as 
long as unipolar square voltage pulses are applied to the 
reactor. In our experimental conditions, secondary 
discharge in helium and helium with reactive gasses 
mixture (He+N2 [15] and He+O2 [16]) was produced 
during a semi-sine unipolar voltage pulse with slow rising 
and falling flank (15 μs), in plane-parallel geometry [17]. 
The secondary discharge was formed for both modes, 
glow and filamentary. In latter case, both the primary and 
the secondary discharges consist of multiple current 
pulses. 

In a previous paper [18[ we have studied the influence 
of water vapour on acetaldehyde removal efficiency by 
BDB. 

In the present paper a pulsed barrier discharge in 
helium at atmospheric pressure, in a glow mode, is 
discussed because it is suitable for surface treatments. The 
electrical diagnosis was used to study the atmospheric 
pressure DBD plasma in He. The study is focus on the 
secondary discharge formation, due to the fact that the 
secondary discharge might appear without supplementary 
energy from the outside electric circuit. The influence of 
the surface properties of the barrier material and the 
parameters of applied high voltage on the development of 
the both primary and secondary discharges was studied.  
 

2. Experimental set-up 
 
The dielectric barrier discharge (DBD) was produced 

in two similar reactors with two identically plane-parallel 
electrodes, as in Fig. 1, but different surfaces 1.6 ×  6.5 1 
cm2 and 1.6 × 3.2 1 cm2, respectively. The copper 
electrodes are centred on the dielectric plates. Three 
different dielectric materials have been used as barriers: 
glass, ZrSnTiO ceramic (ZST) and polyethylene 
therephtalate (PET). Properties of the dielectric barriers 
studied in this paper are given in Tabel 1. The gas gap is 
always maintained constant at 3 mm. The high voltage 
power supply generates monopolar semi-sine pulses of 1 
to 10 kV, pulse duration between 10 μs to 45 μs and 
frequency in the range 10 Hz to 10 kHz (TERAFLUX). A 
mass flow controller regulates the helium mass flow rate, 
QHe. The flowing gas was injected into the discharge gap 
via a tank with multiple holes disposed along the gap and 
parallel to the electrodes, as in Fig. 1. 

The experiments are made at room temperature, in 
spectral helium (Linde Gas, purity 4.6) without 
preliminary vacuum pumping. Consequently, the helium 
gas is mixed with impurities desorbed from the dielectric 
surfaces or inner surface of the pipes, tank and discharge 
chamber even if it works in clean laminar flowing gas. 
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This mode of operation is motivated by the conditions 
used in industrial system for plasma surface treatment of 
the materials. 

Fig, 1. Cross section of the DBD system; 1- chamber,  
2 - gap space and discharge chamber, 3 - gas inlet,  
4 – tank, 5 - dielectric barrier, 6 –Cu electrode, 7 – 

electrical contact, 8- gas outlet, 9- space holder. 
 

The voltage Ua applied on the electrodes and the total 
current, It, through the entire reactor were stored using a 
350 MHz digital oscilloscope (LeCroy WaveSurfer 434). 
The total current, It, was measured as voltage drop across 
the non-inductive resistor of 150 Ω, connected series to the 
ground, while the applied voltage on the electrodes was 
measured by the non-inductive resistance system. 

 
 
3. Results and discussion 
  
 
3.1. Electrical characterisation of double DBD 

  
The electrical circuit is basically a capacitive one [17]. 

The displacement current, Id, was measured as circuit 
current without plasma between the electrodes. Therefore, 
the plasma current, Ip, is calculated subtracting the 
displacement current, Id, from the total current, It measured 
with plasma formed between the electrodes (equation 1). 
Using the electrical model of homogeneous DBD 
proposed by Liu et al. [7], both the plasma voltage, Up, 
and the dielectric voltage, Ud, of the DBD system in 
helium were calculated (equations 2-3). The plasma 
capacitance, Cp, was assumed to be constant and equal to 
the electrical capacitance before discharge ignition. The 
capacitance of the dielectric barrier, Cd, and the plasma 
capacitance, Cp, were calculated taking into consideration 
the reactor geometry. Thus, when the surface of each 
electrode is Se=5.04 cm2, we obtained that the plasma 
capacitance is Cp=1.5 pF.  The dielectric capacitances of 
the two barriers, Cd, and the equivalent electrical 
capacitance of the DBD system, CDBD (being calculated 
by using equation 4), are given in Tabel 1. 
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The temporal evolution of the applied voltage, Ua, 
total current, It, plasma voltage, Up, plasma current, Ip, and 
dielectric voltage, Ud, are presented in Fig. 2, for helium 
pulsed discharge in glow mode, and glass as barriers. The 
plasma voltage varies proportional in time with applied 
voltage, until the primary discharge turns on (points 1-2 in 
Fig. 2). The voltage across the dielectrics, Ud, starts 
increasing significantly only after the primary discharge 
breakdowns (marked 2 in Fig. 2). The rise of the Ud is due 
to the charges from the plasma volume being accumulated 
on the surface of the dielectric barriers. So, the primary 
discharge current charges the dielectric capacitance, Cd. 
After the primary discharge extinguishes (marked 3 in Fig. 
2), Ud begins to decrease with a small rate (points 3-4 in 
Fig. 2) in comparison with that of the falling front of Ua, 
while the Up decreases drastically (points 3-4 in Fig.2). 
This fact is easily explained by taking into account the 
equation 3. It must be noticed that Up presents a negative 
pulse (marked 4 in Fig. 2) when the applied voltage, Ua, 
decreases, even if the falling flank of Ua is not very fast. 
This negative pulse of Up is produced by the electrical 
charges previously accumulated on the dielectric barriers. 
In this way a secondary discharge (point 5 in Fig. 2) with 
reversed polarity takes place at the falling flank of the 
applied voltage pulse due to the charges accumulated 
during the primary discharge [8-10] on the dielectric 
surface. Only after the secondary breakdown occurs, the 
Ud decreases significantly. 

 

 
Fig. 2. Time evolution of applied voltage, Ua, and 
calculated values of plasma voltage, Up, plasma 
current,  Ip,  and  dielectric  voltage,  Ud,  using glass as  
          barriers. Se=5 cm2, QHe=50 sccm=cons.t 

 
3.2. Influence of the parameters of the applied high  
        voltage over the secondary discharge  
 
The influence of amplitude (Fig. 3) and duration (Fig. 

4) of the applied voltage pulse on secondary discharge was 
investigated. The first, the delay time,τd , was defined as 
duration between the primary and secondary current 
pulses. It was found that the τd  decreases when the applied 
voltage amplitude, Ua , grows (Fig. 3) and increases when 
pulse width,τp , grows (Fig. 4). 
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Fig. 3. Variation of delay time, τd, versus applied 

voltage, Ua, for a constant pulse duration, τp≈20 μs. 
Se=10  cm2, QHe=90 sccm. 

 
Fig. 4. Evolution of delay time, τd, versus pulse duration, τp, 

for a constant applied voltage, Ua=1.75 kV. Se=10  cm2, 
QHe=90 sccm. 

 

 
Fig. 5. Time evolution of plasma current, Ip, and plasma 

voltage, Up, for different values of applied voltage.τp≈20 μs, 
Se=10  cm2, QHe=90 sccm. 

 
Increasing the amplitude of the applied voltage pulse 

the discharge current increases too for both the primary 
and secondary discharge (Fig. 5). Due to the higher 

electric field intensity in the gas gap, the breakdown of the 
both primary and secondary discharges is earlier. Larger 
intensity of the primary discharge more electric charges 
within the plasma system and more electric charges 
accumulate at the dielectric surface. The surface electrical 
charges accumulated on the dielectric conduct to polarity 
inversion of the plasma voltage earlier with the increase of 
the applied voltage. Consequently, when the applied 
voltage grows, the secondary breakdown is produced 
earlier (Figs, 3 and 5). Opposite situation has been 
observed with increasing of the pulse width (Fig. 4). 

 

 
Fig. 6. Time evolution of applied voltage, Ua, for different 

values of pulse duration, τp. Se=10  cm2,QHe=90 sccm. 
 

 
Fig. 7. Time evolution of plasma current, Ip, plasma voltage, 
Up, and dielectric voltage, Ud, for different values of pulse 

duration. Ua=2.9 kV, Se=10 cm2, QHe=90 sccm. 
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Increasing of the pulse duration pulse but constant 
amplitude of the applied voltage (Fig. 6) makes later 
appear of the secondary peak current (Fig. 7). This delay 
can be explained by slower decrease of the applied voltage 
with increase of the pulse width (Fig. 7). More exactly, 
taking into account the equation 3 and the fact that the 
time evolution of the dielectric voltage is little affected by 
the variation of the applied voltage pulse duration, we can 
note that the temporal evolution of the plasma voltage is 
governed by that of the applied voltage pulse. 

Therefore, the double discharge phenomenon is 
produced for a large range of applied voltage values (Fig. 
3). Furthermore, even if the values of the voltage pulse 
duration is triple and the rate of falling flank of the applied 
voltage pulse diminishes very much (about four times), the 
secondary discharge is still formed (Fig. 4), in spite of 
those reported by Liu et all [8]. 

 
3.3. Influence of the dielectric barrier type over the  
        secondary discharge formation 

 
The influence of the dielectric barrier type over the 

secondary discharge formation was studied. Three 
different dielectric materials were used as barriers: glass, 
ZST ceramic (ZrSnTiO) and polyethylene therephtalate 
(PET). The parameters of the dielectric plates used as 
barriers are given in Tabel 1 as following the thickness, 
dd, the electrical permittivity, εr, the dielectric 
capacitance, Cd, and the equivalent electrical capacitance 
of the DBD system, CDBD. In our conditions of the 
experiment, the secondary discharge is formed for any 
type of the dielectric used as barrier (Fig. 8. a).  

However, the experimental results show that the 
dielectric materials play an important role over the 
discharge parameters. This role can acts in two ways. First 
way is a rather passive one and it is given by the 
contribution in establishing the value of the Cd and 
consequently the plasma voltage, Up. The second role is an 
active one related to the nature of the dielectric surface, 
which can fix the flux of the primary electrons at the 
cathode due to secondary electron emission by ion 
bombardment. This active role of the surface was 
emphasized comparing the results obtained by using as 
dielectric barriers ZST plates (named, DBD-ZST) and 
polyethylene therephtalate (named, DBD-PET), 
respectively. The thickness of the dielectric plates, ZST 
and PET, were selected in such a way that the dielectric 
capacitance, Cd, has approximately the same value (see 
Tabel 1).  

 
Tabel 1. Parameters of the dielectric barriers. 

 

Type of Dielectric 
Barriers 

dd  
(mm) 

rε  Cd  

(pF) 
CDBD 

 (pF) 
PET 0.2 3 33.45 1.43 
glass 1.1 6 12.16 1.33 
ZST 2.5 36 32.11 1.42 

 

Moreover, the distance between the dielectrics being 
the same in all experiments, the plasma capacitance, Cp, 
was constant for both DBD systems. On the other hand, 
the electric reactance of the DBD systems without plasma 
between the plates, is pure capacitive, while after the 
discharge ignition the reactance is changed being no more 
pure capacitive. 

 

 
a) 

 
b) 

Fig. 8. Time evolution of the electrical parameters, for 
various types of dielectric barriers; QHe=50 
sccm=const., Ua ≅ 2.5 kV, Se≈5 cm2a) discharge 
current,  It,   and  b)  applied  voltage,   Ua,    dielectric  
                voltage, Ud, and plasma voltage, Up. 

 
For a constant value of applied voltage, Ua, the 

dielectric voltage is higher for the DBD-PET system than 
the other case (Fig. 8. b), in spite of the fact that the 
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dielectric capacitance has the same value in both DBD 
systems. This can be explained only by different values of 
the impedance corresponding to the plasma region and by 
the appearance of a mechanism which produces 
supplementary electrical charges in the DBD-PET system 
with respect to DBD-ZST one. This supplementary source 
of electrical charges, which can explain the increasing of 
the discharge current of the DBD-PET system, might be 
related to the polymer surfaces due to their higher 
secondary electron emission at the ion bombardment. So, 
we can clearly conclude that the surface processes are also 
very important in the discharge mechanism.  

 
 
3.4. Surface Treatments by DBD Plasma 
 
It is well know that the metastable atoms are very 

important for producing surface modifications by plasma 
treatment [19]. In the previously experiment it was found 
that higher concentration of metastable atoms, both helium 
and oxygen, is produced close to the ground (cathode) 
electrode [19,20]. This result was also confirmed in our 
experiment by measuring higher concentration of the 
metastable atomic oxygen close to the former cathode, 
which become anode during the second discharge pulse. It 
must note that the concentration of the atomic oxygen 
metastables is much lower than that of the primary 
discharge. Based on these results, which show that the 
highest density of oxygen metastables is localised near the 
ground electrode, the polymer sample used for surface 
treatment was placed on the ground electrode (cathode), in 
order to obtain efficient plasma treatment of polymer 
surface.   

The Atomic Force Microscope working in tapping 
mode was used for investigation of the polymeric surface 
morphology. AFM measurements were made on each site 
of the sample treated under the same conditions when it is 
placed on the ground electrode (cathode). Moreover, it was 
obtained that the surface of the polymer sample facing the 
cathode is more roughness than the surface of the sample 
facing the other electrode (anode) (see Fig. 9). Probably 
this is due to the fact that between the polymer and the 
ground electrode, were the polymer was placed, a 
supplementary discharge was created, which leads to a 
supplementary plasma treatment of that site which is found 
towards the ground electrode. Works are in progress in 
order to clarify this interesting phenomenon.   

Furthermore, a more efficient plasma treatment is 
obtain for higher value of the applied voltage and for a 
shorter duration of applied voltage pulse due to the fact 
that this leads to a higher power injected into the DBD 

system and consequently to the more energetic electrons 
and excited species. 

 

 
RRMS = 0,946 nm 

 
a)  
 

 

RRMS = 3,15 nm 

b) 
Fig. 9. 3D AFM images for PET sample treated when 
is placed on the ground electrode (cathode) (a) the site 
which is found towards the high voltage electrode,        
b) the site which is found towards the ground electrode. 
 
 
5. Conclusions 
 
Besides the main discharge, a secondary discharge 

was induced at the end of a slow falling flank (15 μs) of a 
semi-sine unipolar voltage pulse for a dielectric barrier 
discharge in helium at atmospheric pressure, in plane-
parallel geometry, with dielectric barriers on the both 
electrodes. The existence of a fast falling front of the 
applied voltage pulse is not a necessary condition in order 
to obtain the secondary discharge. On the other hand, the 
presence of dielectric barriers which have special surface 
properties (such as electret property and/or high secondary 
electron emission at ions bombardment) leads to 
appearance of a more intense secondary discharge. 

The secondary discharge is always formed, for any 
type of the dielectric used as barrier, for any value of 
applied voltage and for any values of the voltage pulse 
width between 20-45μs, in our experimental conditions.  
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Besides the increasing of electrical energy injected 
into the DBD system, the most efficient treatment of a 
polymer sample in DBD plasma is made if the polymer is 
placed on the ground electrode (cathode). 
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