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1. Introduction

Atmospheric-pressure barrier discharges (BDs) typically 
operate in the microdischarge (MD) regime, which is char-
acterized by arbitrarily distributed filament-like breakdowns 
on the nanosecond time scale. Unlike the controlled operation 

of laterally diffuse BDs, which has been possible for the last 
three decades [1–3], MDs in atmospheric air have already 
been used since the 19th century in ozone generators, e.g. for 
the disinfection of drinking water [4, 5]. Due to the dielectric-
covered electrodes, the transition to arc discharges is avoided, 
and non-equilibrium plasmas are generated even at elevated 
pressures. Thereby, a variety of reactive species is provided, 
such as hot electrons, radicals and photons in the VIS and UV 
range [6–8]. Nowadays, further applications benefit from the 
high chemical reactivity at a low gas temperature, especially 
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on the long-term stability was pointed out by the recalculated spatio-temporally resolved gap 
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the surface treatment of heat-sensitive materials in biology 
and medicine [9, 10]. Recently, the immense potential of BDs 
for life-science has received significant attention.

Although MDs have been known for long time and have 
extensively been used for applications, the discharge mech-
anism was first well understood when sophisticated diagnostic 
tools were accessible. The MD breakdown is strongly deter-
mined by a high ionization rate and a significant space charge 
formation in the volume, as well as by the interaction between 
the discharge species and the electrically charged dielectric-
covered electrodes. Hence, both diagnostics of the volume 
and surface processes under identical discharge conditions are 
needed for a comprehensive description.

High-quality investigations of the discharge development 
in the volume became possible by cross-correlation spectr-
oscopy based on single-photon counting [11–13], and streak 
camera imaging [14–16], both providing a high sensitivity 
and sub-nanosecond resolution. In particular, the spectral as 
well as spatio-temporal measurement of the optical emission 
in combination with a collision-radiation model enabled the 
determination of the two-dimensional electric field develop-
ment during MD breakdown. Three characteristic phases 
were identified: (i) Townsend pre-phase of μs duration, (ii) 
fast cathode-directed streamer marking the breakdown on the 
ns time scale and (iii) radially propagating surface discharges 
during the post-phase. However, these optical diagnostics 
require accumulation over many discharge cycles. Therefore, 
the investigation of the volume discharge has been restricted 
to semi-spherical electrodes that allow us to localize the peri-
odic breakdown of a single MD. Besides, multi-dimensional 
simulations indicate the role of the photo-ionization and photo 
effect for the fast streamer propagation, and the importance of 
residual surface charges for the localized discharge re-ignition 
[17–20].

Besides the indication of the surface charges and their 
binding energies by thermally or optically stimulated cur-
rent and thermoluminescence measurements [21–23], funda-
mental knowledge about the influence of surface charges on 
BD mechanisms has foremost been achieved by a diagnostic 
technique based on the electro-optic Pockels effect of a bis-
muth silicon oxide (Bi12SiO20) crystal [24–26]. The surface 
charge memory effect was qualitatively proved for the re-
ignition behavior of multiple MDs [27, 28] and for the long-
term stabilization of laterally patterned BDs [30, 31]. It was 
shown that positive and negative surface charges accumulate 
in Gaussian profiles on the dielectrics as the footprints of a 
filamentary breakdown. This favors the conservation of the 
breakdown position due to the local enhancement of both the 
electric field across the gas gap and the effective secondary 
electron emission. Moreover, the decay and lateral transport 
of surface charges happens on the second to minute time scale, 
which clearly exceeds the typical discharge cycle [28, 32].  
However, this powerful diagnostic tool is restricted to plane 
electrode configurations.

Despite the scope of knowledge gained during the last few 
decades using complementary electrode configurations, the 
investigation of MDs in the volume as well as on the di electric 
surfaces using one configuration and identical conditions is 

still missing. That is why the present work is focused on the 
comprehensive characterization of a single self-stabilized dis-
charge filament in the plane-parallel electrode configuration. 
It allowed the combined application of electrical, optical and 
surface charge diagnostics. In this context, the helium-nitrogen 
mixture, the total pressure and the feeding voltage amplitude 
were systematically varied in order to study the formation and 
stabilization criteria and related existence regimes. As a high-
light, the breakdown mechanism in the volume was correlated 
with the surface charge dynamics on the dielectrics.

The outline of this article is as follows. The experimental 
setup and the diagnostics are briefly introduced in section 2. 
Section 3 presents the formation procedure to obtain single 
self-stabilized discharge filaments. Section 4 is focused on the 
correlation of the discharge development in the volume and on 
the dielectric surfaces. Finally, the importance of the volume 
and surface memory effects for the self-stabilization of the 
discharge filament is discussed in section 5.

2. Experimental setup and diagnostics

2.1. Discharge configuration

A sketch of the plane-parallel discharge configuration is 
depicted from the side-view in figure  1. The high-voltage 
driven copper ring was connected with the electrically con-
ductive and optically transparent indium tin oxide (ITO) layer 
coated on a float glass plate (thickness of 0.7 mm, permit-
tivity of 7.6). The bismuth silicon oxide (Bi12SiO20) crystal 
(thickness of 0.7 mm, permittivity of 56) was placed on the 
grounded aluminum mirror and allows the measurement of 
surface charges via the electro-optic Pockels effect. As a new 
feature compared to previous investigations [27, 28], the sur-
face charge diagnostics were extended to common transparent 
dielectrics covering the BSO crystal, as reported in [29]. In the 
present experiment, borosilicate glass (thickness of 0.2 mm, 
permit tivity of 6.7) was used, resulting in the most symmetric 
discharge behavior comparing both half-cycles of the applied 
voltage. The discharge gap was set to 3 mm by insulating gap 
spacers made of polyether ether ketone (PEEK).

2.2. Vacuum system and gas supply

The discharge cell was placed inside a vacuum chamber made 
of stainless steel. The chamber was evacuated to a base pressure 
below 10−5 mbar before the operating gas was directly sup-
plied into the discharge volume. Well-defined helium-nitrogen 

Figure 1. Sketch of the discharge configuration from the side-view.
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mixtures with a respective purity of >99.999% were realized 
by adjusting the gas flow rates using two mass flow control-
lers. The total flow rate was 100 sccm. Note that it was pos-
sible to add oxygen in the same way. The total pressure was 
varied between 100 mbar and 1 bar and then kept constant in 
the flowing regime by a diaphragm pressure gauge (MKS) in 
combination with a butterfly valve (MKS) and a process pump 
(TRIVAC D25BCSPFPE).

2.3. Electrical measurements

The diagnostic setup in figure  2 allowed the simultaneous 
application of (a) electrical measurements, (b) surface charge 
diagnostics, (c) optical emission spectroscopy and (d) ICCD 
camera imaging at one electrode configuration under identical 
conditions.

The square-wave feeding voltage Uext(t) at the frequency of 
2 kHz was provided by a function generator (SRS DS345) in 
combination with a voltage amplifier (Trek 615-10, amplifica-
tion of 1:1000), measured via a HV probe (Tektronix P6015A, 
1000:1), and connected to the upper electrode. Applying a 
square-wave signal, the amplifier provides a voltage slope of 
about  ±250 V μs−1, see also [29]. Moreover, the total trans-
ported charge Qext(t) was measured via an external capacitor 
(Cext = 1.2 nF). The signals were processed by a digital oscil-
loscope (ROHDE&;SCHWARZ RTO1024). Based on the 
equivalent circuit introduced in [33], the spatially averaged 
gap voltage

Ugap(t) =
(

1 +
Cpar

Cdie

)
Uext(t)−

1
Cdie

Qext(t), (1)

the actual discharge current without the displacement current 
through the dielectrics and the gas gap,

Idis(t) =
(

1 +
Cgap

Cdie

)(
dQext(t)

dt
− Ctot

dUext(t)
dt

)
 (2)

and the time-integral of the discharge current, which corre-
sponds to the surface charge dynamics

Qsur(t) =
(

1 +
Cgap

Cdie

)
(Qext(t)− Ctot Uext(t)) , (3)

were calculated. Here, Cgap and Cdie are the calculated 
capacitances of the discharge gap and the di electrics, 
respectively. Moreover, Ctot is the total capacitance deter-
mined from the flat slope of the Qext(Uext) plot, and 
Cpar = Ctot − CgapCdie/(Cgap + Cdie) considers the surround-
ings beyond the lateral discharge area.

2.4. Surface charge diagnostics

Surface charges were measured via the electro-optic Pockels 
effect of the BSO crystal. Figure  2(b) shows the optical 
setup. First, the LED light (λ = 634 nm) was homogenized 
by passing the Köhler illumination system and then it was 
diverted in the direction of the discharge cell by a linearly 
polarizing beam splitter. Following this path, the LED light 
became elliptically polarized by a λ/8 wave plate, expanded 
by a telescopic system, and finally passed the discharge cell 
twice, due to the reflection at the grounded aluminum mirror. 
Finally, the light intensity was detected by a CCD camera 
(Miro 4ex). During the discharge operation, the voltage drop 
across the BSO crystal, caused by the deposited surface 
charges (Uσ

BSO) and the applied voltage (Uext
BSO), induces a bire-

fringence and thus an additional change in the polarization of 
the LED light. As a result, the detected light intensity depends 
on the amount and polarity of the deposited surface charge. 
The final formula for the calculation of the spatio-temporally 
resolved surface charge density reads

σsur(x, y, t) =
ε0εBSO

dBSO

(
Imeas

Iref
− 1

)(
Uext

BSO +
1
2k

)
. (4)

Here, ε0, εBSO and dBSO are the electric field constant and the 
permittivity and thickness of the BSO crystal, respectively. 
Imeas(Uext

BSO, Uσ
BSO) denotes the measured intensity during 

the discharge operation. The reference intensity Iref(Uext
BSO) 

without any discharge is obtained from a calibration mea-
surement. The proportionality factor k is determined from the 
linear dependence of Iref on Uext

BSO. Further details are given in 
[27, 29].

Moreover, the measurement of the surface charge density 
distribution with respect to the phase of the feeding voltage 
Uext(t) allowed the calculation of the spatio-temporally 
resolved gap voltage

Ugap(x, y, t) =
Cpx

die

Cpx
die + Cpx

gap
Uext(t)−

Apx

Cpx
die

σsur(x, y, t). (5)

Here, the observation area detected per pixel of the CCD 
camera chip was Apx = 4 x 10−5 cm2. Especially in the case 
of a filamentary barrier discharge, the gap voltage changes 
drastically over the electrode area.

Figure 2. Setup of the diagnostics: (a) electrical measurements,  
(b) surface charge diagnostics, (c) optical emission spectroscopy 
and (d) ICCD camera imaging.
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2.5. Optical emission spectroscopy

The optical emission from the discharge was depicted by a 
vertically moveable lens onto the entrance slit of a mono-
chromator (Acton Research Corporation, SpectraPro, focal 
length of 750 mm) and detected by a photomultiplier tube 
(Hamamatsu R928). By means of a 1800−1 mm grating, a 
spectral resolution of 0.5 nm was achieved. A horizontal slit 
(0.1 mm width) was placed in front of the monochromator and 
the lens was moved in steps of 0.05 mm, which allowed the 
axial scan of the discharge gap width of 3 mm. The digital 
oscilloscope recorded the photomultiplier signal with a tem-
poral resolution down to 10 ns.

2.6. ICCD camera imaging

In addition, the discharge volume was depicted using a gated 
intensified charge-coupled device (ICCD) camera (Princeton 
Instruments PI-MAX). The 1:3 imaging via an external lens 
onto the camera chip (512 × 512 pixel and 0.12 mm/pixel 
spatial resolution) provided an effective spatial resolution of 
0.04 mm. The maximum temporal resolution of 1 ns allowed 
fast 2D imaging of the filamentary discharge breakdown.

3. Operation of a single discharge filament

3.1. Formation procedure

Two different procedures were identified that allow the for-
mation of single self-stabilized discharge filaments. First, 
after the He/N2 discharge was already operated in the micro-
discharge (MD) regime, the reduction of the feeding voltage 
amplitude leads to the stabilization of several self-organized 
discharge filaments. Finally, a single self-stabilized discharge 
filament remains. This procedure is shown in figure 3(a) by 
discharge current profiles and photographs from the side-
view (averaged over ten voltage periods) of the filamentary 
discharge in He with 10 vol.% N2 admixture at the total pres-
sure of 1 bar. Here, most notable is the transition from the 
non-stationary MD current pulses of about 100 ns duration 
at 3.2 kV to one stable current pulse of about 1 μs duration 
for several synchronously occurring discharge filaments at 
2.6 kV. The simultaneous ignition of the discharge filaments 
is characteristic for patterned BDs usually operated at lower 
pressures [30, 31, 34]. This is favored by the steep slope of the 
square-wave feeding voltage (or high-frequency sine-wave 
feeding voltage) and by similar charge amounts deposited 
by each of the discharge filaments. Due to the comparatively 
slow discharge development on the microsecond time scale, 
the desorption of electrons from the cathodic dielectric by the 
initial photons might trigger multiple discharge events [35]. 
Moreover, the photographs indicate the arbitrary distribution 
of MDs at 3.2 kV and an axial discharge structure, as well 
as broadened footprints on the dielectrics in the case of the 
self-stabilized discharge filaments at 2.6 kV and 2.2 kV. Note 
that the single discharge filament operates at a voltage ampl-
itude that is about 1 kV lower than the initial ignition voltage. 
It indicates that the residual surface charges significantly 

contribute to the effective electric field across the gas gap. 
Hence, the local surface charge distribution seems to be the 
key for understanding the self-stabilization of discharge fila-
ments at low voltage amplitudes.

The second procedure is starting from the diffuse glow-
like discharge in helium at a fixed total pressure of 500 mbar 
and a feeding voltage amplitude of 0.8 kV. As shown in 
figure 3(b), admixing at least 0.2 vol.% N2 to He leads to the 
constriction of the diffuse discharge in a lateral direction and, 
finally, to the formation of a single self-stabilized discharge 
filament. Following this mode transition, the discharge cur-
rent maximum rises but the pulse duration decreases, again 
ending up with the typical characteristics of a single discharge 
filament as described above. It is striking that the breakdown 
onset is shifted to earlier times with increasing N2 admixture 
to He at otherwise equal feeding voltage amplitude, which 
indicates an enhanced pre-ionization. The admixture of N2 
enhances the effective ionization coefficient αeff  due to the 

Figure 3. Formation procedures for single self-stabilized discharge 
filaments: discharge current and photographs from the side-view 
(averaged over ten voltage periods) of the square-wave driven 
discharge in (a) He with 10 vol.% N2 admixture at a pressure of  
1 bar for different feeding voltage amplitudes Ûext and (b) He with 
different N2 admixtures at a pressure of 500 mbar and a feeding 
voltage amplitude of Ûext = 0.8 kV.
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Penning ioniz ation of N2 via He metastable states [29, 36, 37]. 
This process favors the space charge formation and the corre-
sponding electric field distortion, but it is too slow to initiate 
streamer breakdown. In turn, the increase in effective ioniz-
ation is associated with the decrease in radius of the charge 
carrier avalanches, r ≈ α−1

eff  in first approximation, which may 
explain the constriction of the discharge.

3.2. Existence regimes

After the discussion of exemplary parameter sets allowing 
the formation of single self-stabilized discharge filaments, 
in the following, the existence regimes are presented, which 
were obtained by systematic variation of the He/N2 mixture, 
total pressure and feeding voltage amplitude. In figure 4(a), 
the existence of diffuse and filamentary discharge modes is 
plotted depending on the feeding voltage amplitude and the 
N2 admixture to He. Here, the total pressure was fixed to 
500 mbar in order to limit the applied voltage that is necessary 
for the discharge operation at large N2 admixtures. As is well 
known, the diffuse glow-like BD occurs in pure He, as well 
as in He with small N2 additives at moderate voltage ampl-
itudes. However, at larger N2 admixtures and at over-voltage 
indicated by open circles, the discharge is initially operated 
in the MD regime. When the feeding voltage is reduced after 

the initial discharge ignition, stable filament patterns and, near 
to critically low voltage amplitudes marked by solid circles, 
single discharge filaments can be operated over a wide range 
of the N2 admixture. Once a sufficient ionization rate caused 
the filamentation of the discharge by admixing at least about 
0.2 vol.% N2 to He, the stabilization mechanism of the dis-
charge filaments seems to be independent of the gas system. 
The transition region between the MD regime and self-
organized discharge filaments is characterized by the super-
position of a few MDs and a rotating filament pattern. The 
associated transition voltage resulting only in MDs is indi-
cated by crosses and, however, is sharply defined. It does not 
reveal a significant hysteresis with respect to the initial igni-
tion voltage for MDs marked by open circles.

Moreover, in figure 4(b), the existence diagram is plotted 
by the feeding voltage amplitude versus the total pressure 
between 100 mbar and 1 bar. Here, the admixture of 10 vol.% 
N2 to He was fixed, which allows the formation of stable 
discharge filaments. Just as observed for the variation of the 
N2 admixture, stable filaments can be operated below the 
initial ignition voltage over the entire range of total pres-
sure, which again proves the independence of the stabili-
zation mechanism from specific gas properties. Note that 
the voltage interval for the patterned and single discharge 
filaments increases from ∆Uext ≈ 0.3 kV at 100 mbar to 
∆Uext � 1 kV at 1 bar, which is the same trend as for the 
increasing N2 admixture in figure 4(a). This is an indication 
of the outstanding importance of the residual surface charge, 
which increases with rising pressure and N2 admixture, for 
the localized re-ignition of discharge filaments and thus for 
their long-term stability.

Figure 5 shows the influence of (a) the N2 admixture to 
He and (b) the total pressure on the spatial dimensions of a 
single self-stabilized discharge filament based on averaged 
photographs from the side-view. In (a), the total pressure of 
500 mbar was fixed and the feeding voltage was close to the 
respective maintaining voltage in figure 4(a). For increasing 
N2 admixture from up to 50 vol.%, the average diameter of the 
discharge channel does not remarkably change, but the lat-
eral extent of surface discharges on both dielectrics increases 
significantly. Note that the overall extent of the surface dis-
charges at 50 vol.% N2 additive could not be recorded, due to 
the limitations of the orifice into the discharge cell. Thus, it is 
indicated by a dashed line reflecting the recorded side. Indeed, 
the same characteristics are observed for the rising total pres-
sure in (b). Here, the admixture of 10 vol.% N2 to He was fixed 
and the operating voltage is associated with the existence 
regime in figure 4(b). Both with increasing N2 admixture and 
total pressure, the amount of transported and subsequently 
deposited charge increases as well. Since the average channel 
diameter keeps nearly constant, the localized increase in the 
surface charge amount causes a larger electric field gradient 
in the lateral direction and, thereby, the larger extent of the 
following surface discharges. Not least due to the averaging 
over several discharge cycles, the photographs in figure 5 only 
allow the rough estimation of the filament diameter in the 
sub-millimeter range. For comparison, detailed investigations 
on the streamer breakdown in nitrogen and argon revealed a 

Figure 4. Existence of diffuse and filamentary discharge modes 
depending on both the applied voltage amplitude and (a) the N2 
admixture to He at a fixed total pressure of 500 mbar and (b) the 
total pressure at a fixed gas mixture of He with 10 vol.% N2. The 
crosses and the filled or empty circles mark the initial ignition 
voltage, the minimum voltage for maintaining the discharge and the 
mode transition voltage, respectively.
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changing diameter between about 50 μm and 150 μm along 
the symmetry axis of the discharge filament [38].

4. Discharge development

4.1. Townsend pre-phase

After the phenomenological description, now the focus 
is on the discharge physics starting with the pre-phase. 
In figure  6, the applied voltage Uext(t), the averaged gap 
voltage Ugap(t), the discharge current Idis(t) (top) and the 
spatio-temporal evo lution of the He emission at 706.5 nm 
(bottom) are depicted during the pre-phase of the self-stabi-
lized discharge filament operated in He with 10 vol.% N2 at 
atmospheric pressure. The gap voltage clearly exceeds the 
applied voltage, due to the additional electric field caused 
by residual surface charges. Since the discharge current 
rises gradually, there is still no significant space charge for-
mation and corresponding dist ortion of the electric field, 
wherefore this phase is referred to as the Townsend pre-
phase. The microsecond time scale of the pre-phase clearly 
exceeds the effective lifetime of the radiative He(33S) state 
that is dominantly populated by electron-impact. Thus, the 
measured He(33S → 23P) emission intensity follows the 
electron density profile

ne(z) = ne(z = 0) exp[αeff(E/n)z]. (6)

Starting at the cathode with ne(z = 0), the electron density 
ne(z) rises exponentially towards the anode, according to the 
effective ionization coefficient αeff  that is determined by the 
reduced electric field strength E/n. At a fixed time during 
the Townsend pre-phase, the electric field across the gas gap 
is approximately constant. Fitting the axial profile of the He 
emission according to equation (6) yields αeff = 4.2(2) mm−1 
as the average value for the temporal window between 
253.5 µs and 254.5 µs. The increase in gap voltage during 

this temporal window causes no remarkable trend in αeff , 
hence the change is smaller than the standard deviation. The 
ionization factor αeff × g at the anode (z = g = 3 mm) yields 
12–13. While coming closer to the breakdown, the growing 
space charge and corresponding enhancement of the local elec-
tric field may result in the critical value of αeff × g ≈ 18–20  
that is necessary for streamer breakdown according to Meek’s 
criterion. Besides, a Townsend pre-phase of μs duration was 
also observed for the MD regime in air [12, 16], as well as for 
the glow-like BD in He [29].

4.2. Breakdown mechanism

Figure 7 shows the ICCD camera images from the side-view 
at different times (a)–(i) (indicated above) during the develop-
ment of two self-stabilized discharge filaments operating in He 
with 10 vol.% N2 additive at a pressure of 1 bar . The exposure 
time of the camera was set to 2 ns, whereas the temporal jitter 
of the discharge comparing consecutive voltage periods was 
up to 10 ns. Note that the breakdown onset is influenced by 
small deviations in the residual surface charge amount and by 
the statistical time of effective electron generation. However, 
due to the overall sub-μs time scale of the discharge develop-
ment, the characteristic discharge phases could be separated 
despite this temporal jitter.

First, the Townsend pre-phase is well-localized, as indi-
cated by the weak optical emission in front of the anode (a), 
(b). Then, when a critical space charge has built up in front 
of the anode, a thin ionization channel closes across the gas 
gap (c). The propagation of the cathode-directed ioniz ation 
front is faster than the temporal jitter of the discharge up to 
10 ns, which is similar to the streamer propagation of a micro-
discharge breakdown reaching velocities of 1 mm × ns−1  
[12, 15, 16]. It is striking that one of the two discharge fila-
ments ignites some tens of nanoseconds earlier. Most likely, 
small deviations in the amounts of deposited surface charges 
or in the gas flow rate influence the discharge re-ignition 
behavior. As already mentioned, the first breakdown might 

Figure 5. Photographs from the side-view (averaged over ten 
voltage periods) of a self-stabilized discharge filament: (a) for 
different N2 admixtures to He within the corresponding existence 
regime in figures 4(a) and (b) for different total pressures within  
the corresponding existence regime in figure 4(b).

Figure 6. Townsend pre-phase of the self-stabilized discharge 
filament. Top: feeding voltage Uext(t), average gap voltage Ugap(t) 
and discharge current Idis(t). Bottom: spatio-temporal evolution 
of the He emission at 706.5 nm. Operating conditions: He with 
10 vol.% N2, p = 1 bar, Ûext = 2.5 kV.
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trigger the second one by the photo-desorption of surface 
electrons [35]. Once the initial ionization channel has formed, 
an axial structure builds up that is typical for the glow-like dis-
charge until the current maximum is reached, (d)–(g). Starting 
at the cathode, a negative glow is followed by Faraday dark 
space, a positive column and anode glow [39]. At this time, a 
weak optical emission intensity is recorded in the surrounding 
regions too, which indicates the presence of electrons there. 
Finally, the discharge post-phase is characterized by a long-
lasting optical emission inside the discharge channel and 
radially propagating surface discharges on both dielectrics, 
(g)–(i). Again, the surface discharges are typical for the MD 
development.

In figure  8, Abel inversion of the ICCD camera images 
allows us a closer look at the radial development of the sur-
face discharges during the afterglow. Note that the discharge 
conditions are exactly the same as in figure  7. The lateral 
propagation is annular on the cathodic dielectric. Here, the 
constricted ionization front accumulates positive surface 
charges resulting in a high lateral electric field gradient. 
Note that the surface discharge on the anodic dielectric is 
slightly slower and lasts noticeably longer. Most likely, this 
is due to the wider accumulation of negative surface charges, 
which does not cause as high electric field gradients as on the 
cathodic dielectric.

4.3. Electric field development

Figure 9 shows (a) the discharge current profile, (b) the spatio-
temporal evolution of the He emission at 706.5 nm and (c) the 
intensity ratio of the He emission at 667.8 nm and 728.1 nm 
during the breakdown of the self-stabilized discharge fila-
ment. The He emission in (b) reveals the Townsend pre-phase, 
the negative glow, Faraday dark space, positive column and 
anode glow at the maximum discharge current, as well as 
the long-lasting afterglow. Note that the anode glow is even 
more intensive than the negative glow. Except the filamentary 
appearance and the surface discharges on the dielectrics, the 
similarities are obvious between the breakdown mechanisms 
of a self-stabilized discharge filament in He/N2 mixtures and 
the diffuse glow-like BD typically operating in nominally 
pure He.

From the literature, it is known [40] that the ratio between 
the intensities of the He singlet transitions at 667.8 nm and 
728.1 nm in figure  9(c) is a measure of the local electric 
field, if the predominant population of the corresponding 
radiative states He(31D) and He(31S) by electron-impact 
excitation from the He ground state is ensured. First, col-
lisional-induced conversion from the metastable singlet state 
He(21S) to the slightly less energetic metastable triplet state 
He(23S) is much more efficient than vice versa. Second, both 
metastable states are effectively quenched by nitrogen mol-
ecules via Penning ionization, according to the rate coefficient 
kPI = 5 × 10−11 cm3 s−1 [37]. The additive of 10 vol.% N2 to 
He at the total pressure of 1 bar  corresponds to a nitrogen den-
sity of nN2 ≈ 2 × 1018 cm−3. Under these conditions, the life-
time of He metastable states is τHem ≈ (kPInN2)

−1 ≈ 10 ns. 
Hence, electron-impact excitation from the metastable single 
state He(21S) to the radiative states He(31D) and He(31S) is 
negligible.

As can be seen in figure 9(c), during the late discharge pre-
phase, the intensity ratio and thus the electric field is slightly 
enhanced near the anode, which indicates the positive space 
charge formation. Afterwards, the propagation of the ioniz-
ation front occurs within the temporal discharge jitter, but a 

Figure 7. Spatio-temporal development of two self-stabilized 
discharge filaments: discharge current profile and ICCD camera 
imaging from the side-view (temporal resolution of 2 ns) at 
different times a–i indicated above. Operating conditions: He with 
10 vol.% N2, p = 1 bar, Ûext = 2.4 kV.

Figure 8. Spatio-temporal development of surface discharges 
during the post-phase of a self-stabilized discharge filament shown 
by Abel inversion of ICCD camera images. Operating conditions: 
He with 10 vol.% N2, p = 1 bar, Ûext = 2.4 kV.
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closer look reveals the cathode-directed development ending 
up with a global maximum. This significant enhancement 
of the electric field at the moment of the discharge current 
maximum indicates the cathode fall region that is most char-
acteristic of the glow-like BD. At the same time, the electric 
field within the positive column is clearly lower and almost 
constant, as known from simulations of the BD in He [39]. 
The local maximum at the anode is delayed with respect to 
the global maximum at the cathode. Note that the measure-
ment does not distinguish between the axial and lateral elec-
tric field components. Consequently, both the long-lasting 
global maximum and local maximum indicate high lateral 
electric field gradients, due to well-localized surface charge 
spots, which cause the propagation of surface discharges on 
both di electrics. Note that the surface discharge on the anodic 
dielectric is slower and lasts longer, as revealed by the Abel 
inversion of the ICCD camera images in figure 8.

4.4. Surface charge dynamics

After the discussion of the discharge development in the 
volume from the side-view, the correlated surface charge 
dynamics is presented. Figure  10(a) depicts the accumula-
tion of positive surface charges onto the cathodic dielectric 
during the breakdown of a single self-stabilized discharge fila-
ment operated in He with 10 vol.% N2 at a pressure of 1 bar  
and a feeding voltage amplitude of 2.2 kV. Below, the sur-
face charge density distribution is shown and the 1D profile 
through the maximum of the surface charge spot is plotted 
above.

During the discharge pre-phase, residual surface electrons 
are present on the cathodic dielectric. Their material-dependent 

binding energy is in the order of 1 eV [21, 22]. That is why 
surface electrons can be easily released and may support the 
pre-ionization. Actually, no decreasing trend in the surface 
electron density is identified during the pre-phase, however, 
the resolution is about 0.05 nC cm−2. Note that even a very 
small amount of 10 pC additional electrons is able to signifi-
cantly enhance the pre-ionization in He barrier discharges, as 
revealed by a laser-photodesorption experiment in combina-
tion with a fluid simulation [41]. As already known from pre-
vious studies [27, 28], surface charges form Gaussian profiles 
at the footprint of MD channels. The density profile of negative 
surface charges has a minimum of about σ− = −3 nC cm−2 
and a full width at half maximum of about ω− = 6.0 mm. 
The latter is large compared to 1.6 mm observed for MDs in 
nitrogen [27]. Assuming the Gaussian distribution, the overall 
charge amount is about Qsur = πσ−ω

2
−/2 = −1.7 nC. Once 

the breakdown has started at 5.4 µs in figure 10(a), positive 
surface charges are accumulating on the cathodic di electric. 
In more detail, the positive ions, coming along with the con-
stricted ionization front, hit the cathodic dielectric at the 
center of the negative surface charge spot. Thereby, a ring 
of residual surface electrons remains during the breakdown 
between 5.6 µs and 5.7 µs. According to the ICCD camera 
image (g) in figure 7, the cathodic footprint of the discharge 
channel has a lateral extent of about 3 mm. This correlates 
well with the inner diameter of the surface electron ring. The 
centered formation of the positive surface charges was also 
observed for the patterned BD in He/N2 mixtures at signifi-
cantly lower pressures [31].

Complementarily, the deposition of negative surface 
charges onto the anodic dielectric is shown in figure  10(b). 
In this case, the subsequent half-period of the feeding voltage 
was recorded, due to the restriction of the surface charge diag-
nostics to the bottom electrode that is covered with the BSO 
crystal. The Gaussian profile of the positive surface charge 
just before the breakdown onset differs significantly from the 
negative profile already described, compare figure  10(a) at 
5.4 µs with figure 10(b) at 255.3 µs. The amplitude is about 
6 nC cm−2 and thus twice as large, but the full width at half 
maximum is smaller and amounts to 4.8 mm. The overall 
charge results in 2.2 nC. The discrepancy to the negative 
charge amount (−1.7 nC) was already pointed out in pre-
vious investigations [27, 29]. Most likely, it indicates a bias 
caused by different secondary electron emission coefficients 
of the dielectrics used [42]. During the breakdown phase, the 
wide deposition of surface electrons on the anodic dielectric is 
revealed, unlike the centered accumulation of positive surface 
charges on the cathodic dielectric resulting in a ring of residual 
surface electrons. Note that the low-pressure patterned BD also 
shows a ring formation on the anodic dielectric [31]. However, 
the wide deposition of surface electrons is expected, due to 
the much larger mobility of incident electrons compared to the 
(positive) ions. The incident electrons are repelled sideways 
by the already deposited negative surface charges. Again, this 
correlates with the laterally more extended emission intensity 
in front of the anode; see (g) in figure 7.

A closer look at figures 10(a) and (b) indicates changes in 
the positive and negative surface charge distribution during 

Figure 9. Breakdown characteristics of a single self-stabilized 
discharge filament: (a) discharge current, (b) spatio-temporally 
resolved He emission at 706.5 nm, and (c) intensity ratio of He 
emission at 667.8 nm and 728.1 nm. Operating conditions: He with 
10 vol.% N2, p = 1 bar, Ûext = 2.5 kV.
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two consecutive discharge breakdowns. These changes 
result from surface discharges on both dielectrics just after 
the breakdown in the volume. Figure  11 shows the change 
in the surface charge density ∆σcat = σ(t2)− σ(t1) on the 
cathodic di electric (b) and ∆σan = σ(t4)− σ(t3) on the 
anodic di electric (c) in between the times t2 and t1, and t4 and 
t3, during the respective post-phase highlighted in (a). On the 
cathodic dielectric (b), ∆σcat  is negative in the center of the 
surface charge spot and positive in the surrounding ring. This 
indicates a charge transport in the outward direction and thus 
the annular propagation of the surface discharge in correla-
tion with the ICCD camera images. In contrast, on the anodic 
dielectric, ∆σan is, in general, negative over a large part of the 
electrode area, however, the change is maximal in the center 
of the surface charge spot. The wide propagation is due to the 
much higher mobility of incident electrons compared to ions. 
Besides, the accumulation in the far surrounding regions may 
result from electrons that are generated in volume segments 
beyond the discharge channels. This is indicated by weak 
optical emission during the breakdown in figure 7.

5. Role of memory effects for self-stabilization

5.1. Volume memory effect

Single discharge filaments can be operated for hours at the 
same position in the present experiment. Note that they are 
not fixed by the geometry of the discharge configuration, e.g. 
as done in [12, 13, 15, 16] using semi-spherical electrodes. 
Consequently, a self-stabilization mechanism exists. First, the 
focus is on the presence of long-living species that might sur-
vive in the volume during consecutive discharge breakdowns 
and favor the local re-ignition of the discharge, referred to as 

the volume memory effect. In general, possible candidates 
are ions in regions with low electric field strength and, espe-
cially, metastable states. However, the transit time of ions 
drifting through the 3 mm gas gap amounts to some micro-
seconds. Note that the gap voltage drop is not as large during 
the breakdown (see the following section). Moreover, due 
to the Penning ionization, the effective lifetime of He meta-
stable states decreases to the sub-microsecond time scale in 
the presence of small nitrogen admixtures in the percentage 
range. The remaining candidate that might provide a volume 
memory effect is the metastable N2(A3Σ+

u ) state.

Figure 10. Accumulation of (a) positive surface charges onto the negatively charged cathodic dielectric by incident ions and (b) negative 
surface charges onto the positively charged anodic dielectric by incident electrons during the breakdown of a single self-stabilized discharge 
filament. Bottom: 2D spatial surface charge density distribution. Top: 1D profile through the center of the surface charge spot. Operating 
conditions: He with 10 vol.% N2, p = 1 bar, Ûext = 2.2 kV.

Figure 11. Change in surface charge density distribution due to 
surface discharges during the post-phase of a single self-stabilized 
discharge filament: (a) indication of the times t1, t2, t3, and t4 during 
the post-phase of both discharge cycles; (b) and (c) difference in 
surface charge density ∆σ = σ(t2)− σ(t1) and ∆σ = σ(t4)− σ(t3) 
on the cathodic and anodic dielectric, respectively. He with 
10 vol.% N2, p = 1 bar, Ûext = 2.2 kV.
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In figure  12, the feeding voltage Uext(t), average gap 
voltage Ugap(t) and discharge current Idis(t) as well as the 
spatio-temporal evolution of the N2 second positive system 
(SPS) emission at 337.1 nm are plotted for one half-cycle. 
Foremost, the excited state N2(C3Πu) resulting in the SPS

N2(C3Πu)ν=0 → N2(B3Πg)ν′=0 + hc/λ337.1 nm (7)

can be populated by electron-impact excitation from the 
ground state [12],

N2(X1Σ+
g ) + e− → N2(C3Πu) + e−, (8)

or by the pooling reaction involving metastable states,

N2(A3Σ+
u ) + N2(A3Σ+

u ) → N2(C3Πu) + N2, (9)

with rate coefficient kP ≈ 3(1)× 10−10 cm3 s−1 averaged 
over the values stated in [43, 44]. Note that other populating 
channels, including highly excited states, might be relevant 
too [45]. Most notable in figure 12 is the long-lasting N2 SPS 
emission during the post-phase. Especially in front of the 
anodic dielectric, the SPS emission is detected until the pre-
phase of the following discharge breakdown and hence, after 
the change in feeding voltage polarity, at the new negatively 
charged cathodic dielectric. If the pooling reaction (9) is the 
dominant excitation channel during the discharge post-phase, 
the SPS emission will indicate the presence of metastable 
N2(A3Σ+

u ) states. This might favor the local pre-ionization by 
secondary electron emission [33], and thereby the self-stabili-
zation of the discharge filament.

In order to prove the impact of metastable states on the dis-
charge stability, oxygen was added to the He/N2 mixture and 
the time between the two consecutive discharge breakdowns 
was varied by changing the operating frequency. Figure  13 
shows the resulting existence diagram. Surprisingly, there 
is no remarkable effect of oxygen admixtures on the critical 
discharge off-time causing the transition to arbitrarily distrib-
uted MDs. Without oxygen additives, the effective lifetime 
τN2(A) ≈ (

∑
kini)

−1 of N2(A3Σ+
u ) metastable states is strongly 

determined by the pooling reaction (9) and the quenching by 

nitrogen with rate coefficient kN2 = 3 × 10−16 cm3s−1 [46]. 
However, in the presence of oxygen, τN2(A) is significantly 
influenced by the effective quenching reaction

N2(A3Σ+
u ) + O2 → products, (10)

with rate coefficient kO2 ≈ 3(1)× 10−12 cm3 s−1 [44]. The 
calculated effective lifetime τN2(A) as a function of the O2 
admixture is also plotted in figure 13, for the partial N2 den-
sity nN2 ≈ 2 × 1018 cm−3 and for the maximum N2(A3Σ+

u ) 
density estimated to be in the order of 1014 cm−3 [33]. Indeed, 
the starting value τN2(A) ≈ 3 ms without oxygen additives is 
uncertain, not least because the quenching by an unknown 
content of nitrogen atoms is not considered. Note that 3 ms is 
more than ten times longer than the half-cycle of the feeding 
voltage. But, even for small O2 admixtures in the order of 
0.1 vol.%, reaction (10) clearly dominates where τN2(A) is 
reduced by orders of magnitude. This is in contrast to the crit-
ical duration between two consecutive discharge breakdowns, 
determining the stability limit, which keeps approximately 
constant with the rising oxygen admixture. In conclusion, the 
volume memory effect by N2(A3Σ+

u ) metastable states is not 
crucial for the self-stabilization of discharge filaments. Taking 
another closer look at the N2 SPS band emission in figure 12 
reveals an exponential increase towards the anode during the 
post-phase, as well as an abrupt cut-off when the feeding 
voltage changes its polarity just before the following dis-
charge breakdown. This may indicate the survival of residual 
electrons in the volume in regions with low electric field.

5.2. Surface memory effect

The critical discharge off-time on the sub-second scale marking 
the transition to arbitrarily distributed MDs in figure  13 
matches with the lifetime of a major surface charge popula-
tion, as experimentally shown in [28, 32]. Hence, the residual 

Figure 12. Post-phase of a self-stabilized discharge filament. 
Top: applied voltage Uext(t), averaged gap voltage Ugap(t), and 
discharge current Idis(t). Bottom: spatio-temporally resolved N2 
SPS emission at 337.1 nm. Operating conditions: He with 10 vol.% 
N2, p = 1 bar, Ûext = 2.5 kV.

Figure 13. Existence of self-organized and arbitrarily distributed 
discharge filaments depending on the time interval between two 
breakdown events in opposite half-cycles of the feeding voltage, 
and the O2 admixture to the fixed gas mixture of He with 10 vol.% 
N2 at otherwise constant total pressure. In addition, the calculated 
effective lifetime of the N2(A) metastable states according to 
equation 10 is plotted as a function of the O2 concentration. 
Operating conditions: p = 1 bar, Ûext = 2.5 kV.
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surface charge is the most probable candidate providing the 
self-stabilization of discharge filaments. As discussed in sec-
tion  3, a reduction of the feeding voltage amplitude from 
3.2 kV to 2.2 kV causes the transition from arbitrarily distrib-
uted MDs to the rotating and stable filament pattern, ending 
up with a single self-stabilized discharge filament. This is 
illustrated in figure 14, based on the two-dimensional distribu-
tion of positive and negative surface charges for the filamen-
tary BD in He with 10 vol.% N2 admixture at a total pressure 
of 1 bar . Each image is averaged over several feeding voltage 
cycles. That is why the arbitrary re-ignition of MDs (3.2 kV) 
and the rotating re-ignition of patterned discharge filaments 
(3.0 kV) are indicated by overlapped spots and a ring, respec-
tively. In between the hexagonal filament pattern (2.8 kV) and 
the single filament (2.2 kV), the arrangements of four, three 
and two filaments can be observed. The difference in feeding 
voltage amplitude of 1 kV for the initial discharge ignition in 
the MD regime and the operation of a single discharge fila-
ment must be compensated by the additional electric field at 
the positions of the surface charge spots. This is referred to as 
the surface memory effect.

For quantitative evidence, the spatio-temporally resolved 
gap voltage Ugap(x, y, t) was recalculated with equation  (5). 
Figure 15 illustrates the 2D gap voltage distribution just before 
the breakdown of a single self-stabilized discharge filament 
in (a) and the gap voltage dynamics in the center of the sur-
face charge spot and at the edges in (b). The discharge current 
pulse Idis(t) indicates the breakdown phase. Both the exter-
nally applied voltage Uext(t) and the surface charge density 
σsur(x, y, t) determine the dynamics of the gap voltage. As vis-
ible in (a), the surface charge spot significantly contributes to 
the spatial gap voltage distribution. The required breakdown 
voltage of about 2.7 kV is only reached at the center of a sur-
face charge spot, whereas, in the surrounding regions where 
no surface charges were accumulated, the gap voltage is close 
to 1.6 kV. This value equals the partial feeding voltage drop 
across the gas gap. Hence, the difference in the feeding voltage 
of about 1 kV between the operation of the single self-stabi-
lized discharge filament and the MD regime is compensated 
by the surface charge exclusively at a well-localized position. 
As the partial feeding voltage drop never reaches the required 
breakdown voltage at any time, no further discharge events 
take place. Thus, the local electric field enhancement by sur-
face charges causes the periodic re-ignition of the discharge 

filament at the same position. But, when the feeding voltage 
is increased again, the surface charge spots at the footprints of 
several discharge filaments are not well-separated anymore, 
and the breakdown voltage is reached at later times in between 
the positions of the initial discharge filaments too. As a result, 
the conservation of the lateral discharge structure gets lost. 
To summarize, the surface memory effect is the key mech-
anism behind the self-stabilization of discharge filaments in 
the plane-parallel electrode configuration.

6. Conclusion

The presented paper reports on the formation of a single 
self-stabilized discharge filament in a plane-parallel bar-
rier discharge configuration. The discharge was operated 
by square-wave feeding voltage in He/N2 mixtures at vari-
able pressures. For the first time, the combined application 
of optical diagnostics and surface charge diagnostics on a 
filamentary breakdown allowed the correlation between the 
discharge development in the volume and on the dielectric 
surfaces.

The existence regimes of the self-stabilized discharge 
filaments were obtained by systematic variation of the N2 
admixture of maximal 50 vol.% to He, total pressure between 
100 mbar and 1 bar  and thus a feeding voltage amplitude 
between 0.3 kV and 3.5 kV. In fact, a single self-stabilized 
discharge filament can be operated over a wide range of total 
pressure and He/N2 mixture, with a required minimum N2 
admixture of about 0.2 vol.%. This proves the independence 
of the self-stabilization mechanism from specific properties 

Figure 14. 2D distribution of positive and negative surface charges 
for the filamentary discharge in He with 10 vol.% N2 at p = 1 bar, 
driven by different feeding voltage amplitudes.

Figure 15. Gap voltage during the development of a single self-
stabilized discharge filament: (a) spatial gap voltage distribution 
calculated with equation (5) just before the discharge breakdown 
at t = 2.3 µs, and (b) gap voltage dynamics in the center of the 
surface charge spot and in the surrounding regions. Operating 
conditions: He with 10 vol.% N2, p = 1 bar, Ûext = 2.2 kV.
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of the gas system. In general, the stable discharge filament 
is obtained by a significant reduction of the feeding voltage 
amplitude after the initial ignition in the microdischarge 
regime. The voltage interval allowing the stable operation of 
discharge filaments increases with the rising total pressure 
and N2 admixture to He, which is connected with an increase 
in the amount of the transported and subsequently deposited 
charge. This is the first indication of the self-stabilization 
of the discharge filament being caused by the local surface 
charge distribution.

Indeed, residual surface charges on the dielectrics signifi-
cantly contribute to the gap voltage distribution. In the case 
of a single self-stabilized discharge filament, the required gap 
voltage of about 2.7 kV for the discharge breakdown is only 
reached at the center of the surface charge spot. But, in the 
surrounding regions where no surface charges were accumu-
lated, the gap voltage is more than 1 kV lower. As long as the 
surface charge spots of several discharge filaments are well-
separated, the local enhancement of the electric field con-
serves the long-term stability of the lateral discharge structure. 
Vice versa, the enhancement of the voltage amplitude causes 
a transition to the rotating filament patterns and, finally, to the 
arbitrarily distributed MDs. The required breakdown voltage 
is then also reached in between the initial filament positions. 
Contrary to the outstanding importance of the surface memory 
effect, the volume memory effect by N2(A3Σ+

u ) metastable 
states is not crucial. There was no notable influence of the 
oxygen concentration on the discharge stability, despite the 
effective quenching of N2(A3Σ+

u ) by oxygen.
Finally, the spatio-temporal evolution of the single self- 

stabilized discharge filament reveals similarities to both micro-
discharges and the glow-like discharge. The main characteris-
tics, in chronological order, are the Townsend pre-phase of some 
µs duration, the cathode-directed ionization front propagating 
on the ns time scale, the negative glow in front of the cathode 
followed by Faraday dark space, the positive column and the 
anode glow at the moment of maximum discharge current, as 
well as the long-lasting afterglow in the discharge channel and 
radially spreading surface discharges on the di electrics during 
the post-phase. Additionally, the intensity ratio of He single 
lines as a qualitative measure of the local electric field indi-
cates a cathode fall with an axial extent of 0.1 mm. Hence, 
the optical diagnostics reveal the breakdown mechanism to be 
determined by space charge formation and significant electric 
field distortion across the gas gap. The constricted cathode-
directed ionization front correlates with the centered formation 
of positive surface charges during the breakdown. In addi-
tion, the radial propagation of the surface discharges on both 
di electrics could be correlated with the annular change in sur-
face charge density during the post-phase.

In order to measure the fast ionization front, a square-
wave voltage with a shorter rise time should be used to reduce 
the temporal jitter of the discharge. The single self-stabilized 
discharge filament provides the possibility to determine the 
spatio-temporal evolution of the electric field by the meas-
ured He singlet line intensity ratio in combination with a 
collision-radiation model. In this context, it would be inter-
esting to vary the He/N2 mixing ratio, as well as the gas gap 

width, in order to investigate the transition regime to the well-
known glow-like barrier discharge. Moreover, it is planned to 
measure the morphology and lifetime of surface charges in 
correlation with the self-stabilization of discharge filaments 
under systematic variation of the gas system including var-
ious gases.
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