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Abstract. Depending on the operating conditions, diﬀerent regimes can be obtained in a dielectric barrier
discharge (DBD): ﬁlamentary, diﬀuse (also called homogeneous) or self-organized. For a plane-to-plane
DBD operated at high frequency (160 kHz) and at atmospheric pressure in helium gas, we show that the
addition of a small amount of nitrogen induces a transition from the diﬀuse regime to a self-organized
regime characterized by the appearance of ﬁlaments at the exit of the discharge. In this paper, we detail
mechanisms that could be responsible of the transition from diﬀuse mode to this self-organized mode.
We point out the critical role of the power supply and the importance of the gas memory eﬀect from one
discharge to the following one on the transition to the self-organised mode. The self-organized mode is
usually attributed to a surface memory eﬀect. In this work, we show an additional involvement of the gas
memory eﬀect on the self-organized mode.

1 Introduction
Dielectric barrier discharge (DBD) is a discharge established in a gas gap between two electrodes whose at least
one is covered by a dielectric layer [1]. Dielectric allows
to limit the current of the discharge and to obtain cold
plasma even at large pd product (p is the pressure and
d the gas gap). Therefore, DBD has a lot of applications (e.g., ozone generator, excimer lamp, plasma display
panel, surface treatment, ﬂow control actuator etc.).
Usually, DBD works in the so-called ﬁlamentary mode,
but depending on the gas, the electrical parameters, and
the electrode conﬁguration, a diﬀuse discharge can be generated. Homogeneous DBD have been obtained in helium,
argon and nitrogen [2]. In nitrogen, an atmospheric pressure Townsend discharge (APTD) can be generated, while
in noble gas it is an atmospheric pressure glow discharge
(APGD) [3]. The nitrogen amount in a noble gas changes
the regime of the discharge [4]. In any case, a Townsend
breakdown generally leads to homogenous discharge [3],
while a streamer breakdown leads to random ﬁlamentary
discharge.
As observed in many other nonlinear systems, DBD
can exhibit self-organized patterns. This phenomenon
may looks like as a spatial organization of ﬁlaments in ﬁlamentary mode [5] but other patterns have been
observed: strip, inversed hexagonal, concentric ring [6–8].
a
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The appearance and the dimensions of these patterns suggest that these self-organized discharges ignited with a
Townsend breakdown. Recently, a hexagonal superlattice pattern has been observed, which consists on
several hollow rings equally distributed on the dielectric
surface [9]. Observed with short exposure time photographs, a hollow ring is the composition of periodic-driven
vibrating motion of discharge ﬁlament pairs. A surface
memory eﬀect seems the cause of self-organized ﬁlaments:
electric charge deposited by the previous discharge control
the motions of the ﬁlaments [10]. These electric charges
are deposited on the dielectrics in the same location (by
the current of the discharge) or in the vicinity (by the
low dark current between two ﬁlaments) of the previous
discharge. It can be noted that self-organized pattern is
not necessary obtain within one discharge, but successive
discharges could lead to a pattern.
In any case, the self-organized denomination describes
diﬀerent kinds of discharges. This is certainly why it is
obtained in a wide spectrum of experimental conditions:
self-organized discharge pattern can thus be produced in
one [11] or two dimensional discharge gap geometry [7],
at low or at atmospheric pressure [7], with or without
external control [12], and under a large range of temperature [13]. However, discharges leading to formation of
self-organized pattern are most often produced in noble
gases. As the nature of the gas changes the structure of
the discharge [6], the structure of the discharge can be
controlled by the composition of the gas mixture injected
in the DBD [4].
In this paper, the experiments were performed in a
2D-DBD using helium and small admixture of nitrogen
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at atmospheric pressure. It is then well known that
admixture of nitrogen modiﬁes the regimes of the discharge [4,14]. In this work, discharge is ﬁrst ignited in
pure helium and remains switched on when increasing the
nitrogen concentration. Thus, the regime of the discharge
is controlled by the amount of nitrogen. Moreover, the
atmosphere in the DBD is continually renewed by an
external ﬂow. We focus on the role of the nitrogen concentration on the self-organization and explain why the
adding of nitrogen leads to a self-organized discharge.
We show that both the power supply and a gas memory
eﬀect play a key role.

2 Experimental setup
The cell discharge is kept in a closed vessel to perform
experiments in a very well controlled atmosphere. The
plasma reactor is pumped down to 10−3 mbar prior to any
experiment, and then it is ﬁlled up to atmospheric pressure using helium (Alphagaz 1 from Air Liquide). Then
a mixture of nitrogen (Alphagaz 1 from Air Liquide) and
helium is injected. Two mass ﬂow meters allow regulating the amount of helium and nitrogen. The experimental
setup is presented in Figure 1. The discharge is created
between two plane electrodes, square with 3 cm size, each
of them covered by a dielectric barrier. The high voltage
(bottom) dielectric is a 600 μm thick alumina plate, the
grounded dielectric (top) is a 1.1 mm thick glass plate.
So as to observe the discharge, the top electrode is transparent (thin layer of ITO).
The DBD is powered by a high frequency (160 kHz)
power supply (RFPP-LF 10) associated with a homemade
matching network. The voltage is ampliﬁed using a transformer (ratio 1:20). The power supply is controlled in
power and not in voltage. The electrodes are connected
to the secondary of the transformer.
The high voltage applied to the DBD (V) is measured
using a high voltage probe (Tektronix P6015A, pass-band
75 MHz), and a current coil (Pearson Electronics model
4100) measures the AC current (I), with a pass-band limited to 35 MHz. The output voltage of the power supply
(Vps ) is measured by a diﬀerential probe (Pintek DP 25,
pass-band 25 MHz) and the current coming out from the
power supply is measured with a second current coil (Pearson Electronics model 4100). The data are recorded on a
600 MHz oscilloscope (Lecroy WaveSurfer 64 MXs-A).
In order to renew the atmosphere, a gas ﬂow (2 slm) is
injected from one side of the discharge (longitudinal gas
injection), keeping a constant pressure through a gentle
pumping of the vessel. Two glass blocks allow to steer the
ﬂow between the electrodes and to have a 1 mm gas gap.
The gas ﬂow inlet consists on a slit, its size is the same that
those of a transverse section of the DBD (1 mm × 3 cm).
The slit is located 3 cm before the electrode (at the
entrance of the DBD cell) between the both dielectric
and the glass blocks. The ﬂow is then longitudinal to
the electrode. According to the geometry of the device
the mean gas velocity through the DBD is 1.1 m/s, the
Reynolds number is then lower than 100. As a result, the

Fig. 1. Experimental setup.

ﬂow through the DBD is laminar; there is no bulk eﬀect
on the velocity. The mean residence time of a particle in
the discharge zone is 27 ms, considering the excitation frequency, each particle see more than 8000 discharges. Even
for a cross-section of 1 mm (typical diameter of a ﬁlament
in helium), the atmosphere can be considered nearly the
same between two consecutive discharges.
2.1 Optical emission spectroscopy measurement
Light emission of the discharge is analysed by optical emission spectroscopy (OES) using a spectrometer GETSpec
2048 TEC with a spectral range from 200 to 1100 nm.
The spectrometer is preliminary calibrated with a
Deuterium Halogen light source DH-2000 from Ocean
Optics. A typical spectrum is presented in Figure 2.
We focus more speciﬁcally on the emissions from N2
(2nd positive system: SPS), He and N+
2 (1st negative
system: FNS) shown in Figure 2.
2.2 Discharge area measurement
Short-exposure time photographs are taken with an intensiﬁed CCD camera (PI-MAX-3, Princeton Instruments).
The ICCD camera is synchronised with the power supply. Images presented in this paper are taken principally
through the top electrode.
The total area of the discharges is deduced from these
pictures using an appropriate numerical ﬁlter. At ﬁrst,
images are smoothed with an averaging ﬁlter in order to
reduce the picture noise. Afterwards, an edge ﬁlter detects
the local maxima of the gradient of the image. This is
followed by a broadening to close the boundaries and by
erosion to detect accurately the border of the discharge.
The edge ﬁlter used a canny method (edge function of the
Matlab image processing toolbox with a threshold equal
to 0.15). As seen in Figure 3, two kinds of discharges are
observed: diﬀuse and ﬁlamentary. So, two diﬀerent edge
ﬁlters are used: a high detection threshold ﬁlter (HF) as
seen in Figure 3a and a low detection threshold one (LF)
as seen in Figure 3b. The diﬀerence of the two ﬁlters consists on the standard deviation of the Gaussian ﬁlter used
in the canny method: 1 for the HF and 3 for the LF ﬁlter. The detected area of the discharge corresponds to the
number of pixels inside the red line. As seen in Figures 3a
and 3b, both ﬁlters do not detect the same area for the
same spot. The HF ﬁlter detects only the most intensive
part of the spot while the LF ﬁlter detects also the halo.
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Fig. 2. Typical optical emission spectrum of the discharge.
Concentration of N2 = 0.54%. P = 2.4 W.

2.3 Gas voltage calculation
Gas current (Ig ) and voltage (Vg ) are calculated from the
equivalent model presented on the Figure 4 and described
in details in previous work [15]. Cds and Cg are the equivalent dielectric and gas capacitance respectively. The DBD
is split in two equivalent circuits: the ﬁrst represents the
zone without discharge (subscript 1), the second corresponds to the area of the discharge (subscript 2). So the
equivalent capacitances of the DBD are split in two
circuits and calculated as presented below:
Cg1 = Cg ×

Ae − Ad
,
Ae

Cds2 = Cds ×

Ad
,
Ae

(1)

Fig. 3. Images of the discharge. (a) Spots with LF ﬁlter,
(b) spots with HF ﬁlter, (c–g) increasing concentration of N2
in He, Pstart = 2.5 W. Exposure time is 1 period. (c) 100% He,
(d) 1% N2 , (e) 1.5% N2 , (f) 1.9% N2 , (g) 2.5% N2 .

(2)

where Ae is the total surface of the electrode (9 cm2 ) and
Ad the surface of the discharge measured from the image
of the discharge. Calculation of Cg2 and Cds1 are based on
the same approach.
It is important to note that as usual with DBD, gas
current and the voltage (Ig and Vg ) depend on current and
voltage applied to the DBD (V and I) but also on the
values of the capacitances Cds1 , Cds2 , Cg1 and Cg2 . The
area of the discharge modiﬁes these latest capacitances.
So, the precision on the discharge area measurement
inﬂuences the calculation of the gas waveforms (Ig and
Vg ). For a small discharge area, the error is then more
substantial than for a large area.
Figure 5 presents a result of a calculation of the current Ig and the voltage Vg for a N2 concentration of 0.5%.
This calculation can be used to identify the ignition voltage Vth as shown in Figure 5 or to calculate the power or
the charge transferred to the discharge. As we can see
in Figure 5, during the breakdown the gas voltage Vg
decreases when the current Ig increases. This is due to
the formation of a cathode fall. Despite the addition of
nitrogen, the discharge is diﬀuse and in a glow mode. It is
an APGD like in pure Helium [3].

Fig. 4. Equivalent circuit of the discharge.

3 Results and discussions
The nitrogen proportion in the gas ﬂow injected is
increased step by step. That means that the discharge is
ﬁrst ignited in pure helium and remains switched on when
increasing the N2 . Between each concentration change, the
discharge is in steady sate, and could stay in this state
as long as wished. When we increase the nitrogen concentration, changes in the discharge appear very quickly
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Fig. 5. Time evolution of the current Ig and the voltages V
and Vg .

(in 1 or 2 s). This is the typical time for adjustment of the
gas ﬂow from the ﬂow controller to the discharge area. The
modiﬁcation of the morphologies can be hardly glimpsed
by naked eye. The parameters of the power supply are
unchanged during all the duration of the experiment, we
noted Pstart the initial power transferred to the discharge
(in pure helium). For each step, analyses are performed in
steady state.
3.1 Description of the phenomenon
At low concentration of helium (Fig. 3c), the discharge
is diﬀuse and spread over the whole surface of the electrodes. With the power used in Figure 3, this diﬀuse stage
is maintained even for a concentration of N2 up to 1%.
The discharge area decreases but the discharge is always
diﬀuse (Fig. 3d) and in a glow mode.
Increasing again the amount of nitrogen, some kind
of microdischarges appear and coexist with a diﬀuse discharge, we called this mode: transition mode. As can be
seen on Figures 3e and 3f, these spots appear preferentially at the exit of the DBD (along the gas ﬂow direction). For one concentration, the area of the discharge is
almost the same from one cycle to another, but the location move slowly: i.e., this displacement with no apparent
rule is only observable with short exposure time picture.
When N2 concentration increases again (Fig. 3g) the
homogenous part of the discharge disappears suddenly,
and the discharge consists on microdischarges at the exit
of the DBD. These 1.2 mm2 spots are regularly spaced of
2 mm. The microdischarges are located on a “line” at the
exit of the DBD and stay ﬁxed at the same location.
We can observe them by the naked eye. For this reason,
we called this mode self-organized mode (SO).
3.2 Role of the power supply
As observed above, the area of the discharge decreases
with the nitrogen concentration. A quantiﬁcation of the

Fig. 6. Power and area of the discharge versus nitrogen concentration. D: diﬀuse mode, T: transition mode, SO: self-organized
mode. Pstart = 2.5 W. In D and T mode area presented here
is obtained from the LF ﬁlter, in SO area is obtained from HF
ﬁlter.

area and the power transmitted to the discharge (P ),
calculated from Ig and Vg , is presented in Figure 6. The
shortening of the area is related to a drop of the power
transmitted to the discharge. In diﬀuse mode, the power
decreases slowly and the power density is nearly constant
(0.3 W/cm2 ). In SO mode, the power density is also constant but higher (1.2 W/cm2 ): the reduction of the area
observed in SO mode corresponds to a reduction of the
number of microdischarges.
As seen in Figure 6, when the amount of N2 is higher
than 0.8% the area of the discharge decreases and then
the power dissipated in the discharge decreases too. It is
notable that the reduction of the area aﬀects ﬁrstly the
entrance of the DBD as seen in Figure 3b. The higher the
starting power is, the higher the N2 concentration is when
the area of the discharge begins reducing.
Once the area of the discharge begun reducing, the
equivalent capacitance of the DBD is modiﬁed. Impedance
seen by the power supply is modiﬁed compared to the
initial condition. Moreover, due to Paschen theory, the
ignition voltage (Vth ) increases with nitrogen concentration, the breakdown voltage being higher for nitrogen than
for helium. As the power supply is regulated in apparent
power (Irms × Vrms ) and not in voltage, the voltage of the
power supply Vps increases. Theses both phenomena lead
to a modiﬁcation of the power supply operating point.
The power supply mismatch can be seen in Figure 7.
At the beginning of the experiment (100% He) the
voltage Vps and current Ips of the power supply are in
phase. For 1.5% of N2 , the diﬀerence in phase between
Vps and Ips moves to 52◦ , and the voltage is increased
by 30%. It points out the rise of the reactive power and
the drop of the active power furnished by the power supply. As the power supply transmits less active power, the
discharge receives less (active) power.
Before switching in SO mode, the discharge is in
the glow mode, to sustain the cathodic sheath, the power
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Fig. 7. Mismatch of the power supply. Voltage Vps and current Ips of the power supply. For N2 = 0% (100% He) and
N2 = 1.5%.

density or current density could not fall below a threshold
value. In this condition, a diminution of the power
implies logically a diminution of the area of the discharge.
So, once the discharge area begins to reduced, due to the
mismatching of the power supply the discharge area cannot raise again. The mechanisms presented above will not
be observable if power supply conditions or the value of
matching network component are modiﬁed during the
experiment. If the power is increased after each addition
of nitrogen, the discharge could stay in diﬀuse mode and
spread on the whole surface of the DBD. Furthermore, for
the initial power Pstart mentioned in Figure 6, at a concentration of nitrogen above 1%, it is impossible to ignite the
discharge because the voltage delivered by the power supply is too low. In order to obtain the SO mode with this
“low power”, it is mandatory to ignite the discharge at
very low concentration of nitrogen and then to increase it
step by step. It is also mandatory to let the power supply
turned-on during the whole experiment.
The power supply operating point inﬂuences the transition to the SO mode by a mismatching that induces a
drop of the transmitted power. However, the discharges
observed here ensue from the previous discharges and from
their “history”.
3.3 Highlighting of the memory eﬀects
We present in Figure 8, for a given concentration of
nitrogen, the breakdown voltage Vth measured in our conditions (when the power supply is endlessly switched-on)
compared to the ﬁrst breakdown voltage measured without previous discharge and therefore without memory
eﬀect. As explained in Section 2.2 the electrical parameters of the gas depend on the area of the discharge.
The area is small in SO mode, then a small error in the
area measurement leads to a big mistake on the Vth
estimation. As seen in Figure 3, there is a halo (detected
with the LF ﬁlter) around the most intensive luminosity of
the spot (detected with the HF ﬁlter). For the SO mode,

Fig. 8. Voltage ignition of the discharge Vth with N2 increases
step by step (Pstart = 2.5 W): round. Voltage ignition for the
ﬁrst breakdown without previous discharge (triangle).

the minimum of the error bar represents the Vth obtained
when we take into account this halo. As seen in Figure 8,
the precision on the discharge area measurement inﬂuences tremendously the estimation of the breakdown
voltage Vth . For the other mode, the error represents a
scattering of the results.
In the experiment presented here (red circle) we can
show that Vth increases with N2 amount. This rise of Vth
is related to a rise of the voltage V applied on the DBD.
It is remarkable that it is realized without any modiﬁcation on the power supply. As explained above, this autotune is allowed because the power supply is regulated in
power. If the power supply was controlled by the voltage,
discharge would have been switching oﬀ without a modiﬁcation on the power supply.
In our experiment the power supply is never switched
oﬀ, discharges occur each 3.33 μs. In Figure 8, the breakdown voltage obtained during our experiment (red circle)
is lower than the one measured at the same concentration
without previous discharge (blue triangle). This observation conﬁrms that a memory eﬀect is present and helps
the ignition of the discharge.
In a helium DBD at atmospheric pressure the
memory eﬀect observed on the breakdown voltage is generally attributed to Penning ionisation of nitrogen [3].
We present here an estimation of the Penning ionisation.
At atmospheric pressure, emission of the SPS of N2 (main
band at 337 nm) is attributed to direct electronic excita2 +
tion [16]. The emission of the FNS N+
2 (B Σu ) (main band
at 391 nm) could be attributed to Penning ionisation from
helium excited species He∗ [4,16] but also to He+
2 (charge
transfer reaction). However, this last contribution is not
important as soon as small amount of N2 is added [17,18].


N2 + e− → N2 C3 Πu + e− ,
 2 +
−
N2 + He∗ → N+
2 B Σu + e + He.
Thus, the relative concentration of Helium excited species
He∗ can be estimated from the ratio of the emission bands,
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Fig. 9. Relative concentration of helium metastable estimated
from equation (3) vs. N2 amount. Pstart = 2.5 W.

knowing the electron concentration. Moreover, as a crude
approximation, the electron density can be estimated as
proportional with the current density J. Hence, one can
write:
  I (391)
I (391)
[He∗ ] = α e− ×
∼J×
,
I (337)
I (337)

(3)

where J is calculated from the measured discharge current and from the area covered by the discharge (deduced
from the pictures presented above). This method is valid
under several assumptions: ﬁrst of all, N+
2 should be produced only by the helium excited-species (noted He∗ ) and
not by electron impact ionization (i.e., N2 concentration
must be low). Secondly, the electron temperature and the
electron density should be constant. This crude approximation prevents the comparison of the He∗ concentration
between the diﬀerent regimes of the discharge.
3.4 Importance of the helium excited species
As seen in Figure 9, an increase of the relative nitrogen
amount in the He/N2 gas mixture logically results in a
decrease of the He∗ while the discharge stays in diﬀuse
mode. For around 2% of nitrogen, the discharge switches
in the SO mode (Fig. 3g) and it seems to be associated
with a small step increase of the He∗ content (the y-axis
is logarithmic). However, one has to note here that during
this transition the discharge current and power density
strongly increases. It indicates a change in the discharge
regime. As we explain above our approximation of He∗
concentration forbids the comparison between the selforganized and the diﬀuse mode. This increase could be
an artefact.
Experimentally in helium with admixture of nitrogen,
Penning ionisation of N2 are traditionally associated to
the metastable He(23 S) [4,16] or metastable of the helium
molecules as He2 (23 Σ) [4]. By computational analysis,
it is demonstrated that Penning ionisation of N2 by He2

metastable (noted He∗2 ) is not negligible at low concentration of N2 (few ppm) [19]. Recently, it has been experimentally shown that higher states of helium molecules (called
Rydberg molecules HeRy
2 ) are substantially present at low
concentration of impurities (few ppm) [20]. Due to their
high-energy level, these Rydberg molecules could also
inﬂuence the penning ionisation.
For the ﬁrst point of Figure 9, helium comes from the
bottle and contains few impurities; we are then very close
to the conﬁguration explained in [20]. In [20], at the end
of the discharge density of HeRy
are higher than den2
sity of He(23 S) and could be the main causes of Penning
ionization. In the model presented in [20] HeRy
and He∗2
2
have always a high density several microseconds later.
Because a lake of clear coeﬃcient rate, Penning ionization
∗
of impurities by HeRy
2 and He2 is not taken into account,
so Carbone et al. [20] does not draw hasty conclusion on
∗
the HeRy
2 or the He2 density in the late afterglow. Lazarou
et al. [19], take the same rate coeﬃcient for the Penning
ionization of N2 by He∗2 and by He metastable. In this condition, he shows a clear impact of the He∗2 between two
discharges. It is then diﬃcult to conclude which excited
species is the most responsible of Penning ionization in the
late afterglow. However, it is clear that most of them are
not consumed after the early end of the discharge and are
still present for a few microseconds. As measured in [20],
(He(23 S)) is still present few microsecond after the discharge. The lifetime of He(23S) (5.7 μs) in pure helium
is longer than our half period (3.3 μs) [21]. So, in our
experiment, in pure helium He(23 S) are probably present
between two discharges.
In any case, all these He excited species (noted He∗ in
the rest of the paper) have long lifetimes, some of them are
still present between two discharges and they can produce
by Penning ionisation seed electrons before a new breakdown occurs. This allows obtaining a uniform ignition of
the discharge and therefore a mostly diﬀuse discharge [3].
Furthermore, as seen in Figure 9, the increase of the
N2 density decreases the He∗ density. We can note that
the nitrogen density has a clear impact on underlying
mechanism of the diﬀerent He∗ production and destruction [17,19]. N2 consumes the He∗ and reduces their lifetimes. For example, at a nitrogen concentration of 1%,
the lifetime of the helium metastable He(23 S) is reduced
to 50 ns (same calculation as [21]), which is shorter than
the time between two discharges. Considering this low lifetime and the periodicity of the discharge, it could be surprising to observe a Penning eﬀect. Nevertheless, at low
frequency (some kHz) in pure helium a diﬀuse discharge
could be observed [3] and the lifetime of He(23 S) is also
much smaller than the time between two discharges.
We cannot dismiss the idea that other excited species
(mentioned above) could have longer lifetimes. So, in our
case there is certainly enough excited species to sustain a
diﬀuse discharge at a nitrogen concentration close to 1%.
In addition to metastable species, at high frequency ions
trapped in the positive columns could be responsible of
the memory eﬀect [3]. Due to the ambipolar diﬀusion, the
positive column disappearance between two discharges is
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slow and ions can still be present when the next breakdown occurs. However, on our case the gap is very small
(1 mm) and the positive columns is not observed [22].
In the transition mode, some micro-discharges appear,
according to Figure 9, He∗ density is then certainly too
low to sustain a diﬀuse discharge all over the DBD. The
transition to SO mode (presented in Fig. 3g) seems to
occur when the He∗ becomes really too low. This is certainly why the diﬀuse part of the discharge seen in
Figures 3e and 3f disappears and it just remains the spots
located at the exit.

(a)
(b)

3.5 Location of the discharge
As we can see in the SO mode (Fig. 3g), spots appear preferentially at the exit of the DBD. A small increase of the
nitrogen concentration is enough to eliminate the diﬀuse
part of the discharge. This change is instantaneous and
lasts less than the time for ﬂow adjusting in steady state.
In the same way, in diﬀuse mode the primary reduction of
the discharge area occurs at the entrance. The discharge is
rather located at the exit of the DBD. This phenomenon
is probably due to the change of the N2 concentration
inside the discharge zone related to the gas ﬂow. Then,
the N2 concentration is lower at the exit than at the
entrance. The “new” gas pushed progressively the “old”
gas towards the exit. The “old” gas contained some excited
species He∗ (responsible previously of the bulk memories
eﬀect). It is important to remind that a particle crosses
the DBD in more than 8000 discharges and the lifetimes of
the excited species is too low to cross the DBD (mean residence time 27 ms). However, He∗ are continually renewed
by new discharges that are located more and more at the
exit of the DBD. The entrance of the DBD is progressively
depleted from excited species: the majority of the excited
species are gradually located at the output of the DBD.
By averaging the creating and quenching mechanisms, it
is as if excited species are continually shifted towards the
exit. Higher density of excited species and lower density
of N2 at the output of the DBD favours the ignition at
the exit.
3.6 Memory eﬀects in SO mode
In Figure 10, we present the evolution of the luminosity
in the vicinity of the top electrode when the discharge
is in SO mode. To obtain this image, ﬁrstly we turn the
camera in the ﬂow direction (looking to the gas gap) and
take short exposure time pictures of the micro-discharges
(10 ns) as presented in Figure 10a. We note Y the gas
gap and X the front side of the DBD. Secondly, for each
picture we sum the intensity of three closest pixels of the
bottom electrode towards the gap of the DBD: Y (total
gap 20 pixels). Then we plot the intensity of this sum
along X versus the time, we indicate the evolution of
the current below. Result is presented in Figure 10b.
When the current is positive the top electrode is the
cathode and when the current is negative it is the anode.

Fig. 10. (a) Image of the discharge in the ﬂow direction.
(b) Evolution of the luminosity vs. time near the top electrode
with current I of the DBD.

The propagation speed in the gas gap is similar for each
micro discharge. It suggests that each spot represents an
individual discharge event, while all events incept and
develop simultaneously: each of these micro-discharges is
a glow micro-discharge as presented in [22]. Furthermore,
a weak luminosity stays clearly visible during the whole
period where the micro discharges were ignited previously.
This indicates that between two half-cycles, some excited
species are still present where micro discharges occurred.
This excited species could be helium atom or molecules
metastables or positive ion trapped in the positive column [3] as discussed previously. In any case, the ignition
of the following discharges in these areas is favored by a
mechanism occurring in the gas.
According to Boeuf et al. [10] and Bogaczyk et al. [14]
surface charges can also favour the ignition of the discharge. At lower frequency (2 kHz), Bogaczyk et al. show
via Pockels eﬀect measurement that the charge is stored
where the spot was located and the surface charge density
stays constant until the next breakdown. The electrical
model presented in Figure 4 allows calculating the charge
density. In SO mode, the charge density deposited by a
discharge is three times higher at position at which the
discharge is located. So, in our case, there is also a surface
memory eﬀect for the micro discharge re-ignition.
With the measurements presented here, it is diﬃcult to
decide which memory eﬀect is the strongest in SO mode.
We can argue that the surface charges are ﬁxed while the
metastable move with the gas ﬂow. Since the micro discharge is ﬁxed in SO mode the surface memory eﬀect is
probably dominant. However, a micro-discharge has a diameter of 1 mm. To cross it, a particle sees 270 discharges.
The gas composition between two discharges is then
unchanged. We can then not exclude that the bulk
memories eﬀect observed in Figure 10 also favours the
ﬁxing of the micro-discharge. We certainly observe this
phenomenon because discharge occurs at high frequency
compared to the renewal of the gas composition.
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4 Conclusion
The admixture of nitrogen in a helium APGD sustained at
high frequency tends to perturb the discharge uniformity
which transits to a pattern made of spots equally distributed at the exit of the DBD. Due to a high concentration
of helium excited species discharge is diﬀuse at the lowest
N2 concentrations. Adding a small amount of nitrogen, the
helium metastable concentration decreases and because of
the injection of external ﬂow, is certainly lower at
the entrance of the DBD. Then, it is more diﬃcult to
ignite the discharge at the entrance and the area of the
discharge decreases. In the same time the ignition voltage
increases. Both these phenomena tend to mismatch the
power supply and then to reduce the injected power.
It ampliﬁes the reduction of the area of the discharge and
some micro discharges coexist with a diﬀuse discharge.
Contrary to many studies, here the gas or the discharge
changes itself the operating point of the power supply.
We observe these phenomena because the power supply is
regulated in apparent power.
Afterwards, a weak but sudden increase of the nitrogen amount modiﬁes radically the mode of the discharge.
The He excited species concentration becomes too weak
to sustain a diﬀuse discharge. The gas ﬂow drives out to
the exit the remaining metastables. So only the few micro
discharges located at the exit should be maintained. These
spots are visible to naked eye, there are ﬁxed and selforganized. In this mode, the local charge deposited on the
dielectric by previous discharges can sustain the discharge.
However, we have shown that a gas memory eﬀect is still
present and help to ﬁx the micro-discharges.
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