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Abstract
This work reports on the spatio-temporal characterization of the multiple current pulse regime 
of diffuse barrier discharges driven by sine-wave feeding voltage at a frequency of 2 kHz 
in helium with small nitrogen admixtures. The discharge gap of 3 mm is bounded by glass 
plates on both plane electrodes. Priority is given to the lateral discharge inhomogeneities, 
underlying volume- and surface-memory effects, and the breakdown mechanism. Therefore, 
relevant processes in the discharge volume and on the dielectric surfaces were investigated 
by ICCD camera imaging and optical emission spectroscopy in combination with electrical 
measurements and surface charge diagnostics using the electro-optic Pockels effect of a 
bismuth silicon oxide crystal. The number of current pulses per half-cycle of the sine-wave 
voltage rises with increasing nitrogen admixture to helium due to the predominant role of 
the Penning ionization. Here, the transition from the first glow-like breakdown to the last 
Townsend-like breakdown is favored by residual species from the former breakdowns which 
enhance the secondary electron emission during the pre-phase of the later breakdowns. 
Moreover, the surface charge measurements reveal that the consecutive breakdowns 
occur alternately at central and peripheral regions on the electrode surface. These spatial 
inhomogeneities are conserved by the surface charge memory effect as pointed out by the 
recalculated spatio-temporal development of the gap voltage.

Keywords: barrier discharge, multiple current pulses, existence regimes, breakdown 
mechanism, surface charge, gap voltage, memory effect
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1.  Introduction

The possibility to generate non-equilibrium plasmas at atmo-
spheric pressure with comparatively low power consumptions 
make the barrier discharge (BD) indispensable for numerous 
industrial applications [1–4]. During the breakdown, the 
charge carriers from the discharge volume accumulate onto 
the dielectric barrier covering the electrodes. These surface 
charges cause an electric field across the gas gap that is oppo-
sitely directed to the electric field by the applied voltage, 
which finally results in the discharge extinction. Thereby, the 
transition to arc discharges is avoided. That is why BD-based 
applications such as the surface treatment of heat-sensitive 
samples in biology, life-science, and medicine benefit from 
the compromise of high chemical reactivity at low gas temper
ature [5–8].

Different discharge phenomena appear depending on the 
gas composition, pressure, and flow, as well as on the electrode 
configuration, dielectric material, and feeding voltage ampl
itude and shape. The well-known microdischarge regime is 
characterized by multiple arbitrary distributed breakdowns on 
the nanosecond time scale, and typically operated in oxygen-
containing gas mixtures [9–13]. In contrast, the glow-like and 
Townsend-like BDs in pure helium and pure nitrogen usu-
ally appear laterally diffuse, and operate on the microsecond 
time scale [14–19]. The differing breakdown mechanisms are 
mainly determined by the ratio between the volume ionization 
and the secondary electron emission, the pre-ionization by 
metastable species, and the presence or absence of local space 
charge formation resulting in the distortion of the electric field 
across the discharge gap. Note that these different discharge 
modes can be observed within a close range of operating con-
ditions [20–24].

The transition regime between the common laterally dif-
fuse and filamentary discharge modes is often characterized 
by several stationary current pulses per half-period of the 
feeding voltage. This multiple current pulse regime of the 
diffuse discharge is typical for the operation in binary gas 
mixtures, including helium and nitrogen or oxygen [25–31]. 
Spatio-temporally resolved current measurements using seg-
mented electrodes in case of such a discharge with several 
stationary current pulses per half-period revealed that the 
consecutive breakdowns occur in different radially symmetric 
regions [26]. Such an effect was not yet measured by surface 
charge diagnostics based on the electro-optic Pockels effect 
of a bismuth silicon oxide crystal. But, previous studies of 
the multiple current pulse regime in helium revealed a dis-
crepancy between the total transported charge and deposited 
surface charge [32]. This discrepancy is probably caused by 
discharge breakdowns in different radial positions outside 
the limited centered observation window. The latter accounts 
only for the surface charge in the central part of the discharge 
configuration. To address this issue, the observation area of 
the surface charge measurement was extended. Furthermore, 
the surface charge measurement is complemented by optical 
emission spectroscopy and ICCD camera imaging to clarify 
the breakdown mechanisms of the consecutive current pulses, 
as well as the role of volume- and surface-memory effects for 

these breakdown mechanisms and the lateral discharge struc-
ture. Overall, a better knowledge about the multiple current 
pulse regime will provide a better insight into the transition 
between laterally diffuse and filamentary discharges.

The outline of the article is as follows. Section 2 briefly 
describes the experimental setup and the diagnostic tech-
niques used. In section  3, the electrical characteristics and 
parameter dependencies of the multiple current pulse regime 
are presented. The breakdown mechanisms and underlying 
volume-memory effects are discussed in section  4. Finally, 
the lateral discharge development and the importance of the 
surface charge memory effect are highlighted in section 5.

2.  Experimental setup

2.1.  Discharge configuration and gas supply

The plane-parallel discharge configuration with a discharge 
gap distance of 3 mm is depicted in figure 1. The high-voltage 
driven electrode is a copper ring connected to an electrically 
conductive and optically transparent ITO layer coated on a 
float glass plate. This allows the observation of the discharge 
from above. On top of the grounded aluminum mirror, a bis-
muth silicon oxide (BSO) crystal is mounted and covered with 
a thin borosilicate glass plate. The electro-optic BSO crystal 
enables the measurement of surface charges deposited on the 
borosilicate glass during the discharge operation. The respec-
tive relative permittivities and thicknesses of the dielectric 
materials are summarized in table  1. Before the discharge 
operation, the vacuum chamber enclosing the discharge con-
figuration was evacuated to a base pressure below 10−5 mbar . 
Two mass flow controllers set the gas flow rate (100 sccm) of 
helium and nitrogen (respective purity > 99.999%), whereby 
well-defined He/N2 mixtures flow directly into the discharge 
volume. The operating pressure of 500 mbar was kept con-
stant in the flowing regime by a diaphragm pressure gauge 
(MKS) in combination with a butterfly valve (MKS) and a 
process pump (TRIVAC D25BCSPFPE).

2.2.  Electrical supply and measurements

Figure 2 illustrates the experimental setup which enables the 
investigation of electrical discharge characteristics (a), the 
distribution and dynamics of surface charges (b), and the dis-
charge development in the volume (c,d) under identical oper-
ating conditions.

The sine-wave feeding voltage Uext(t) at the frequency 
of 2 kHz is provided by a function generator (SRS DS345) 
in combination with an amplifier (Trek 615-10), measured 
by a voltage probe, and connected to the upper electrode. 
Moreover, the total transported charge Qext(t) was detected 
using an external capacitor ( Cext = 1.2 nF). Data acquisition 
and processing was performed using a digital oscilloscope 
(ROHDE&SCHWARZ RTO1024) and a conventional PC.

For the calculation of the internal electrical quantities 
such as the gap voltage and the discharge current, an elec-
trical equivalent circuit is necessary. Since the diameter of 
the electrodes are different, two equivalent circuit diagrams 

J. Phys. D: Appl. Phys. 50 (2017) 415202



M Bogaczyk et al

3

are considered (figure 3). The first equivalent circuit diagram 
in figure 3(a) assumes that the discharge diameter is limited 
by the smaller bottom electrode with a radius R1 = 7.5 mm. 
Under this assumption, the capacitance of the dielectrics C•

diel 
is calculated as a series of the capacitances C•

glass1, C•
glass2, 

and C•
BSO, each calculated by C•

i = εiε0πR2
1/di including the 

electric field constant ε0, the relative permittivities εi and 
the thicknesses di of the dielectrics (table 1). In the second 
equivalent circuit diagram in figure 3(b), the ring-shaped area 
between the radius R1 = 7.5 mm of the bottom electrode and 
the radius R2 = 12.5 mm of the BSO crystal is considered 
as well. Besides the inner capacitances C•

i , the ring shaped 
capacitances C◦

i = εiε0π(R2
2 − R2

1)/di are calculated. Having 
the capacitances C•

i  for the central area and the capacitances 
C◦

i  for the ring, it is important how to combine them. The 
approach in figure 3(b) considers that the charged particles in 
the volume are able to move in the lateral direction and that 
they balance the deviations of the electrical field between the 
central area and the ring. This means that the lateral comp
onent of the electrical field decreases because of the lateral 
movement of the charged particles. Thus, the discharge con-
nects the central part and the annular part on the upper and 
lower boundary of the discharge gap. However, the equiva-
lent circuit gives C•+◦

gap = C•
gap + C◦

gap for the total gap capaci-
tance. For the upper part and the bottom part, the capacitances 

of the dielectrics Ctop
diel = C•

glass1 + C◦
glass1 and

Cbottom
diel =

(
1

C•
glass2

+
1

C•
BSO

)−1

+

(
1

C◦
glass2

+
1

C◦
BSO

+
1

C◦
PEEK

)−1

� (1)
are the sum of two parallel capacitances. The total capacitance 
of the dielectrics

C•+◦
diel =

Ctop
dielC

bottom
diel

Ctop
diel + Cbottom

diel
� (2)

is the series connection with Ctop
diel and Cbottom

diel .
In contrast to C•

diel and C•+◦
diel , the total capacitance Ctot of 

the discharge configuration is independent from the chosen 
equivalent circuit and was derived from the Lissajous 
figure  Qext(Uext) during the discharge off-time. It is taken 
into account the parallel capacitances C•

‖ and C•+◦
‖  by 

C‖ = Ctot − (CdielCgap)/(Cdiel + Cgap), which consider the 
parallel capacitance of the surroundings beyond R1 and R2, 
respectively [33, 34].

Despite Cgap, Cdiel, and C‖ are different for the two equiv-
alent circuits, the formulas for the calculation of the gap 
voltage

Ugap(t) = Uext(t)
(

1 +
C‖

Cdiel

)
− Qext(t)

Cdiel
,� (3)

and the discharge current

Idis(t) =
(

1 +
Cgap

Cdiel

)(
Itot(t)− Ctot

dUext(t)
dt

)
� (4)

remain the same as for symmetric discharge configurations 
[35]. Since both quantities are different for the two equivalent 
circuits, they are written as U•

gap, I•dis and U•+◦
gap , I•+◦

dis .

2.3.  Surface charge diagnostics

The surface charge measurement is based on the electro-
optic Pockels effect of the BSO crystal. Figure  2(b) shows 
the simplified optical setup. In general, elliptically polarized 
LED light ( λ = 634 nm) passes the discharge cell twice due 
to reflection at the grounded aluminum mirror. The reflected 
light intensity is detected by a CCD camera (Phantom Miro 
4ex). During the discharge operation, both the applied voltage 
(Uext

BSO) and the deposited surface charges (Uσ
BSO) induce a 

birefringence of the BSO crystal. Hence, the elliptical polar-
ization of the transmitted light differs from the incident light. 
As a result, the detected light intensity depends on the amount 
and polarity of the surface charges. Finally, the surface charge 
density

Figure 1.  Sketch of the discharge configuration (side view).

Table 1.  Relative permittivities and thicknesses of the dielectrics 
and the gas gap.

Material i Relative permittivity εi Thickness di/mm

Gap 1 3
Glass1 7.6 0.7
Glass2 6.7 0.2
BSO 56 0.7
PEEK 3.2 4

J. Phys. D: Appl. Phys. 50 (2017) 415202
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σsur(x, y, t) =
ε0εBSO

dBSO

(
Imeas(x, y, t)
Iref(x, y, t)

− 1
)(

Uext
BSO(t) +

1
2k

)
,

� (5)
was calculated from the ratio between the measured intensity 
Imeas(x, y, t) during the discharge and the reference intensity 
Iref(x, y, t) without any discharge obtained from a calibration 
measurement. Here, ε0, εBSO, and dBSO denote the electric 
field constant, and the relative permittivity and thickness of 
the BSO crystal, respectively. Moreover, k is the slope of the 
linear dependence of Iref on Uext

BSO. Further details are given 
in [32]. Furthermore, the spatio-temporal development of the 
gap voltage

Ugap(x, y, t) =
Cdiel

Cdiel + Cgap
Uext(t)−

A
Cdiel

σsur(x, y, t)� (6)

was recalculated from the surface charge density distribution 
σsur(x, y, t) with respect to the phase of the feeding voltage 
Uext(t) [34]. Here, A is the area on the dielectric which is 
imaged by pixel of the camera, where the surface charges are 
deposited.

2.4.  Optical diagnostics

The optical emission from the discharge volume was imaged 
by a vertically movable lens onto the entrance slit of a mono-
chromator (Acton Research Corporation, SpectraPro-750i). 

An additional horizontal slit (0.1 mm width) in front of the 
monochromator enables the spatial resolution. A further lens 
is movable in steps of 0.05 mm which allows the axial scan of 
the discharge volume. The wavelength-selected light was then 
detected by a photomultiplier tube (Hamamatsu R928), and 
the converted signal was recorded by the digital oscilloscope 
with a temporal resolution of 0.1 µs.

In addition, the two-dimensional discharge development in 
the volume was imaged using a gated intensified charge-cou-
pled device (ICCD) camera (Princeton Instruments PI-MAX) 
with an effective spatial resolution of 0.04 mm and a max-
imum temporal resolution of 1 ns. In particular, the camera 
enables the observation of the discharge in lateral direction to 
investigate radial discharge inhomogeneities.

3.  Overview of the multiple current pulse regime

This section is focused on the electrical characterization of the 
multiple current pulse regime in helium with small admixtures 
of nitrogen. Exemplary, the sine-wave feeding voltage Uext(t), 
the gap voltage Ugap(t), and the discharge current Idis(t) are 
plotted in figure 4 for one period of the discharge operated 
in helium with 2000 ppm nitrogen admixture at the voltage 
amplitude Ûext = 1.3 kV. For simplification, the calculation 
of the gap voltage in this section bases on the equivalent cir-
cuit in figure 3(a). For these conditions, five current pulses per 
half-period were observed. The first current pulse is clearly 

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

J. Phys. D: Appl. Phys. 50 (2017) 415202
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the largest but has the shortest duration which is correlated 
with the maximum slope of the feeding voltage in its zero-
crossing point. Note that the gap voltage at this time already 

exceeds 0.6 kV due to the additional electric field caused by 
surface charges deposited from previous breakdowns, which is 
referred to as the surface memory effect. In comparison to the 
first breakdown, the following current pulses are characterized 
by much smaller peak values and longer durations, wherein 
the last pulse occurs just before the applied voltage maximum 
is reached. After the large but fast drop in gap voltage during 
the first most intensive discharge breakdown, the applied 
voltage rises continuously wherefore the gap voltage that 
is required for discharge breakdown is reached again. The 
amount of transported and subsequently deposited charge per 
breakdown is not large enough to prevent further discharge 
breakdowns within the same half-period. The resulting drop 
in gap voltage can be obviously compensated for several times 
as long as the applied voltage increases, resulting in the mul-
tiple current pulse regime. However, the weak breakdowns are 
correlated with the decreasing voltage slope.

In figure 5, the charge-voltage plots (Lissajous figures) are 
shown for different nitrogen concentrations in helium back-
ground gas at an otherwise constant feeding voltage ampl
itude. The overall amount of transported charge decreases 
with an increasing nitrogen admixture to helium. The reason 
is, that the duration of the current pulses is significantly shorter 
in spite of the enhanced effective ionization rate in the pres-
ence of nitrogen admixtures to helium. But, a further increase 
in the nitrogen content within the percentage range demands 
higher feeding voltage amplitudes for the discharge operation. 
This increase in voltage amplitude results in a monotonous 
increase in the amount of transported charge [29].

The variation of the feeding voltage amplitude or the 
nitrogen admixture to helium changes the number of current 
pulses per half-period, as depicted in the existence diagram in 
figure 6. The following observations were made under the pre-
sented discharge conditions: The increase in feeding voltage 
amplitude results in (i) a steeper voltage slope and thus in a 
shorter current pulse duration, (ii) an earlier compensation of 
the gap voltage drop after each discharge event, and (iii) a 
shift of the gas-specific breakdown voltage to an earlier phase 
of the sine-wave operation. In sum, the breakdown condition 

Figure 3.  (a) Equivalent circuit diagram considering only the 
circular central electrode area and (b) equivalent circuit diagram 
considering the circular central electrode area and the surrounding 
ring. Further details are given in the text.

Figure 4.  Applied voltage Uext(t), gap voltage Ugap(t) and 
discharge current Idis(t) for the multiple current pulse regime in 
He + 2000 ppm N2, Ûext = 1.3 kV.

Figure 5.  Charge-voltage plots for the discharge in nominally pure 
He, in He with 1000 ppm N2 admixture and in He with 2000 ppm 
N2 admixture at otherwise constant feeding voltage amplitude of 
Ûext = 1.3 kV.

J. Phys. D: Appl. Phys. 50 (2017) 415202
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is reached more often which corresponds to an increase in the 
number of current pulses per half-period.

The effect of the increasing nitrogen admixture on the 
number of current pulses is more complicated. At these low 
nitrogen admixtures, the Penning-ionization

N2 + Hem/Hem
2 → N+

2 + e− + He/2He,� (7)

plays a key role in the ionization dynamics. It slows down 
the ionization dynamics and supports the lateral homogeniza-
tion of the diffuse discharge. On the one hand, the increase 
in nitrogen admixtures enhances the Penning-ionization rate, 
but on the other hand, the lifetime of helium metastable atoms 
Hem = He(33S) and molecules Hem

2 = He2(a3Σ+
u ) decreases. 

In addition, the electron impact excitation of Hem  becomes 
less effective due to the loss of high-energy electrons by exci-
tation of vibrational electronic levels of nitrogen molecules. 
Besides, the direct electron impact ionization of nitrogen mol-
ecules becomes more important for larger nitrogen admix-
tures. In general, due to the importance of electron-impact 
processes during the breakdown, the discharge current is 
determined by the gap voltage drop and vice versa. Probably, 
for the multiple current pulse regime observed here, the slow 
Penning-ionization still dominates, but the decreased meta-
stables lifetime results in a shortening of the discharge current 
pulses. Hence, less charges are transported during one current 
pulse and the drop in gap voltage is lower for larger nitrogen 
admixtures. Therefore, the ignition gap voltage is reached ear-
lier after a discharge current pulse and the number of current 
pulses per half-period increases.

Even in nominally pure helium (purity > 99.999%), the 
air impurity concentration is in the order of 100 ppm which 
enables a maximum of two discharge breakdowns per half-
period without external admixture of nitrogen. Finally, a 
further increase in feeding voltage amplitude or nitrogen con-
centration causes the transition to the microdischarge regime 
favored by (i) a steep voltage slope which allows the discharge 
ignition at over-voltage, and by (ii) a larger effective ioniz
ation coefficient. Thus, the multiple stationary breakdowns 
represent the intermediate regime between the classical dif-
fuse barrier discharge with one current pulse per half-period 

and the non-homogeneous and non-stationary filamentary bar-
rier discharge. This was also observed for barrier discharges 
in helium-oxygen mixtures [30], where Penning ionization of 
oxygen dominates the discharge too, as well as in nitrogen-
oxygen mixtures [23, 36], where nitrogen metastable states 
are effectively quenched by oxygen.

4.  Breakdown mechanism

This section reports on the breakdown mechanisms of the con-
secutive single discharge events in the multiple current pulse 
regime. Figure 7 shows the spatio-temporal discharge develop-
ment for a full sine-wave voltage period, comparing the opera-
tion in pure helium (purity > 99.999%) on the left side (figures 
7(a)–(c)) with the operation in helium with 2000 ppm nitrogen 
admixture on the right side (figures 7(d)–(f)). In both cases, the 
feeding voltage amplitude amounts to Ûext = 1.3 kV. In (a) 
and (d), the sine-wave feeding voltage Uext(t), the gap voltage 
Ugap(t) and discharge current Idis(t) are plotted. Starting with 
the discussion of the discharge operated in nominally pure 
helium, two breakdowns per half-period can be identified. The 
first breakdown is characterized by much larger current pulse 
and drop in gap voltage than the second breakdown. The latter 
is very weak and starts just before the feeding voltage ampl
itude is reached. In (b), the spatio-temporal development of the 
optical emission is depicted for the band head of the first nega-
tive system (FNS) N+

2 (B
2Σ+

u → X2Σ+
g ) at 391.4 nm and for 

the transition He(33S → 23P) at 706.5 nm. Here, the emission 
of the N+

2  ion is taken because it is dominantly populated via 
Penning ionization (equation (7)) by helium metastable states. 
Hence, it traces the helium metastables density. For compar-
ison, the He I line acts as an indicator for both high electric 
field and high electron density, and thus for a high ionization 
rate, because the electron-impact excitation of the helium 
ground state

He + e− → He(33S) + e−� (8)

with the high excitation energy of 22.4 eV is the dominant 
production channel. Finally, figure 7(c) zooms into the He I 
emission of (b) for the first discharge breakdown.

Looking at the optical emission, both the N+
2  FNS band head 

and the He I line show a global emission maximum in front of 
the cathodic dielectric for the first breakdown and a local He 
I emission maximum near to the anodic dielectric during the 
second breakdown. Furthermore, the first breakdown reveals 
a cathode-directed development of the He I emission starting 
during the pre-phase in front of the anode. The results indicate 
that the first intensive discharge breakdown is glow-like. The 
glow-like discharge is characterized by significant distortion 
of the electric field across the gas gap due to positive space 
charge formation, resulting in the cathode fall region and the 
negative glow at the time of the current maximum [18, 37–39]. 
However, the second weak discharge breakdown is Townsend-
like. Typically, the Townsend-like discharge is operated in 
pure nitrogen, or in helium for small discharge gap widths 
[11, 19, 20, 40]. In Townsend-like discharges, the gradual 
charge carrier production is efficient enough for a breakdown 

Figure 6.  Existence diagram for the multiple current pulse regime: 
number of stationary breakdowns depending on the N2 admixture to 
He and the applied voltage amplitude.

J. Phys. D: Appl. Phys. 50 (2017) 415202
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at low electric fields without significant space charge forma-
tion, hence the electric field across the gas gap keeps nearly 
constant. Here, especially the flat feeding voltage slope and 
the enhanced secondary electron emission by residual ions 
and the Penning-ionization by metastable states from the first 
breakdown favor the formation of the second Townsend-like 
breakdown. The presence of residual species in the volume 
during the pre-phase of the second breakdown is indicated by 
the long-lasting optical emission in figure 7(b).

Taking a closer look on the discharge in helium with 
2000 ppm nitrogen admixture in figure  7(d), five current 
pulses were detected, wherein the first one is again much 
more intensive than the following ones. The current pulse 
duration is much shorter than for the discharge in nominally 
pure helium. This is caused by the decrease in the effective 
lifetime of helium metastable states participating in Penning 
ionization (7) of nitrogen admixtures, as already discussed in 
the previous section. With consideration of the rate coefficient 
kPI = 7 × 10−11 cm3 s−1 for Penning ionization of N2 [41–
44], and the total pressure of 500 mbar, the effective lifetime 
of Hem decreases from about 10 µs in helium (assumption of 
about 100 ppm nitrogen impurities) to less than 1 µs in helium 
with 2000 ppm nitrogen admixture. Moreover, compared to 
the discharge in helium, the optical emission in (e) and (f) 
reveals a faster propagation of the ionization front as well as a 
smaller extent of the cathode fall region for the first intensive 

breakdown. Regarding the following breakdowns, the ioniz
ation front is slower and has its maximum farther away from 
the cathodic dielectric. For the last two breakdowns, the 
maximum in optical emission is clearly shifted towards the 
anode. Hence, there is a transition from the first breakdown 
operating in the glow mode to the last breakdown operating in 
the Townsend mode.

5.  Lateral distribution of multiple breakdowns

This section reports on the two-dimensional discharge devel-
opment in the volume, the spatio-temporal development of the 
gap voltage, and the lateral surface charge distribution for the 
multiple current pulse regime of the diffuse discharge in He 
with a N2 admixture of 2000 ppm.

A first indication of the lateral discharge development yields 
from the results of the spatially resolved and temporally aver-
aged optical emission, as shown for the first three discharge 
pulses during the positive half period in figure  8. All three 
images have their maximal intensity in front of the cathode, 
which reflects the increase in electric field strength during 
the cathode-directed ionizing front. The increase in intensity 
towards the cathode is steeper for the discharge pulses P1 and 
P3, and flatter for P2. The position of the cathode (z = 0 mm) 
in figure 8 is defined using the reflexion edge of the emission 
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Figure 7.  Spatio-temporal discharge development in nominally pure He (left) and in He with 2000 ppm N2 admixture (right) at the feeding 
voltage amplitude Ûext = 1.3 kV: (a) sine-wave feeding voltage Uext(t) and discharge current Idis(t) for one discharge period, (b) spatio-
temporally resolved emission of N+

2  first negative system (FNS) at 391.4 nm and He I at 706.5 nm, and (c) zoom into the spatio-temporal 
emission of He I for the first discharge breakdown.
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from the discharge pulses P1 and P3. The reflexion edge of 
discharge pulse P2 is less pronounced and shifted, which indi-
cates that the maximal intensity comes from an area outside 
the focus of the ICCD camera measurement.

Looking at the lateral distribution of the intensities, all 
current pulses have their maximum intensity at x = 0 mm. 
Because of the line of sight measurement, this does not imply 
that the maximal intensity of the discharge current pulse is 
actually on the symmetry axis of the discharge configuration. 
For a clearer statement, an Abel inversion would be necessary, 
but the gap spacers in the discharge configuration limit the 
lateral extension of the observation window.

Overall, the ICCD camera measurements cannot support 
the results from Mangolini et al that consecutive breakdowns 
per half-period appear in different radial symmetrical regions 
[26]. Therefore, the method of surface charge measurement is 
taken to confirm the results from Mangolini et al, which is dis-
cussed in the following. The laterally resolved surface charge 
measurement presented in figure 9(a) allows the calculation of 

the two-dimensional gap voltage distribution at a given time 
by equation (6), as shown in figure 9(b). Roughly two regions 
of different gap voltage values are visible. The inner circle 
which is given by the diameter of the aluminum mirror (com-
pare figure 1) shows an average gap voltage of about 250 V 
with a slight increase towards the left bottom corner. The cal-
culated gap voltage of the surrounding ring is much higher 
and up to 1400 V at the edge between the inner circle and 
the ring. Such a large voltage is not conceivable, a discharge 
would immediately ignite at this position. Hence, the calcul
ation of the gap voltage is inappropriate for the outer ring.

The calculation of the static electric field strength distribu-
tion for the discharge cell configuration via COMSOL mul-
tiphysics® software, as presented in figure  10, explains this 
discrepancy. It shows a radial-symmetric sketch of the dis-
charge cell configuration. The amount of the electric field 
strength is indicated by the background color and the direc-
tion by the solid lines, respectively. For the inner part of the 
gas gap and the dielectrics (r � 7.5 mm), the electric field is 
homogeneous. Beyond the radius of the bottom electrode, this 
homogeneity is slightly distorted, but no field enhancement 
as calculated in figure 9(b) is visible. The reason is the wrong 
assumption of the model in equation (6), that the axial elec-
tric field in the BSO crystal is parallel to the symmetry axis 
of the discharge configuration. In contrast, the electric field 
lines in the BSO crystal are directed towards the grounded 
electrode in the center. Due to the complex electric field dis-
tribution for the outer ring, it is not recommended to calculate 
the gap voltage near the edges by equation (6). Therefore, the 
gap voltage in the outer ring is not considered in the further 
discussion. In contrast, the effect of distorted field lines on the 
surface charge density measurements is low due to much lower 
voltage drop Uext

BSO over the dielectric BSO. Furthermore, cali-
bration measurements minimize the influence of the applied 
voltage on the surface charge measurement [32]. Having both 
the spatially resolved surface charge density σ and the gap 
voltage Ugap, it is possible to compare these quantities for the 
subsequent discharge current pulses. Such laterally resolved 
measurements are shown in figure  11(a) for the discharge 
current pulses P1 to P5 during the positive half-period and 
in figure 11(b) for the discharge current pulses N1 to N5 of 
the negative half-period, respectively. Both figures each with 
three columns represent the absolute gap voltage |Ugap| and 
the surface charge density σ before the current pulse, as well 
as the change of surface charge density ∆σ during the dis-
charge current pulse. The spatially averaged values are shown 
in the respective top left corner, and the rows represent the five 
subsequent discharge current pulses.

In principal, the results for P1, P3, P4, N1, N2, and N3 
show a similar behavior. The surface charges deposited from 
a previous breakdown act as fingerprint for the gap voltage 
and re-ignition of the following breakdown [29, 32, 45]. This 
is clearly visible in the change of the surface charge density 
∆σ, calculated from the difference after and before the cur
rent pulse. The most charges were transferred and deposited 
in regions where the gap voltage is highest.

P2, P5, N4, and N5 deviate from the description above. 
In fact, the gap voltage shows the same distribution as the 

Figure 8.  (a) Applied voltage and discharge current of multiple 
diffuse breakdowns in helium with 2000 ppm N2 at 500 mbar.  
((b)–(d)) Corresponding temporally averaged optical emission of 
the first three discharge pulses.
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surface charge density before a current pulse, but these dis-
charge breakdowns do actually not occur in regions where the 
absolute value of the gap voltage has its maximum. In par
ticular, this is clearly seen in case of P2. Here, the difference 
of surface charge ∆σ shows an annular structure. The reason 
might be the electric field enhancement at the electrode edge. 
A second hint could be the weak current at the end of the first 
breakdown which is very close to the second breakdown. The 
needed seed electrons for re-ignition of the second breakdown 
are probably provided by secondary electron emission by ions 
hitting on the cathode. An interpretation in the same manner 
is possible for the results in the change of the surface charge 
density in case of P5, N4, and N5.

Regarding the positive half-period, the discharge operates 
alternately at different concentric regions of the electrode, 
except for the second breakdown. These results are in agree-
ment with measurements performed by Mangolini et al where 
the discharge operates during two consecutive current pulses 
on different lateral regions of the electrode configuration [26]. 
In the negative half-period, the single breakdowns occur also 
at different regions of the electrode, but not alternately as in 
the positive half-period. The different diameters of the elec-
trodes and dielectrics are probably responsible for the dif-
ferent behavior in the positive and negative half cycle.

6.  Comparison of spatially resolved measurements 
with global electrical description

In this section the results of the global gap voltage calculation, 
based on electrical equivalent circuit diagrams, are discussed 
with gap voltage determination from the spatially resolved 
surface charge measurements.

The global gap voltage is shown in figure 12 for different 
electrical equivalent circuits, as discussed in section 2.2. The 
gap voltage U•

gap bases on the equivalent circuit shown in 
figure  3(a). Here, it was assumed that the discharge is lim-
ited on the bottom electrode radius R1 = 7.5 mm. The gap 
voltage U•+◦

gap  is calculated for the extended equivalent circuit, 
as shown in figure 3(b). It considers a larger discharge area 
limited by the BSO crystal with a radius of R2 = 12.5 mm. 
U•

gap and U•+◦
gap  decrease fast and strongly during the first cur

rent pulse but with a large difference in ignition voltage. U•
gap 

reaches after the breakdown the same value as before, which 
is necessary for the discharge re-ignition. In case of U•+◦

gap  the 
voltage value for re-ignition is higher than before. The gray 
colored area represents the gap voltage range between U•

gap 
and U•+◦

gap . The laterally averaged gap voltage Uσ
gap is calcu-

lated with equation (6) from the measured surface charge den-
sity and corresponds to the gap voltage shown in figure 11. 
Uσ

gap lies in between the curves from the equivalent circuits. 
Mostly, it is closer to the curve U•+◦

gap . Hence, the equivalent 
circuit in figure 3(b) is more appropriate to estimate the gap 
voltage from the global external quantities, because it shows 
that the ignition voltage increases for the subsequent current 
pulses. One explanation might be the removal of weakly bound 
surface electrons deposited during the previous breakdowns. 
As a consequence, the pre-ionization before and secondary 
electron emission during the breakdown should be reduced.

The development of the spatially averaged charge Q 
deposited on the BSO crystal is shown in figure  13. The 
transported charge Qdis during a breakdown results from the 
temporally integrated net current Idis, which is also shown 
in figure 13. The different curves representing Q base on the 

Figure 9.  Lateral distribution of (a) surface charge density and (b) spatially resolved gap voltage across the bottom dielectric area including 
the centered bottom electrode area. Both were recorded at t = −10.6 µs; compare figure 4.

Figure 10.  Static electric field distribution for the discharge cell 
configuration calculated with COMSOL multiphysics. The applied 
voltage is 1.3 kV.
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same surface charge measurement, which is performed on 
the entire dielectric. However, Q•

square and Q• are averaged on 
an estimated discharge area, which was used in [32]. Q•

square 
is averaged on a centered square with 8.2 mm × 8.2 mm 
side length. The amount of the surface charge on that area 
was extrapolated on the area of the grounded electrode 
(∅ = 15 mm, A = 1.77 cm2) to calculate the total amount 
of charge deposited on the dielectric surface. For this pur-
pose, the assumption of a homogeneous surface charge dis-
tribution was made. Instead, Q• mirrors the surface charge 
measurement on the entire grounded electrode area without 
any extrapolation. Both Q• and Q•

square show a good quali-
tative agreement for the complete period, but the absolute 
values are much lower than the transferred charge Qdis. In 
particular, the second current pulse is scarcely depicted. The 
comparison of the transported charge Qdis with the surface 
charge Q•+◦ deposited on the entire dielectric is in good 
qualitative agreement. This supports the assumption that the 
remaining surface charge is deposited on the outer dielectric 
ring of the discharge cell configuration. But for Q•+◦, a dis-
crepancy exists for the two first discharge current pulses in 
both polarities. The amount of deposited surface charge Q•+◦ 

Figure 11.  (a) Measurement times P1, ..., P5 in positive half-period. (b) Measurement times N1, ..., N5 in negative half-period. Left 
column: surface charge density σ, middle column: absolute gap voltage |Ugap|, right column: change of surface charge density ∆σ due to a 
current pulse.

Figure 12.  Comparison of different gap voltage calculations. 
The gap voltage U•

gap bases on the equivalent circuit shown in 
figure 3(a). The voltage U•+◦

gap  is calculated for the extended 
equivalent circuit shown in figure 3(b). The gap voltage Uσ

gap 
bases on the surface charge measurement performed on the entire 
electrode. The gray area marks possible gap voltages between these 
two models. The discharge is operated in helium with an admixture 
of 2000 ppm nitrogen at 500 mbar. The applied voltage amplitude 
is 1.3 kV.
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increases significantly when the first current pulse becomes 
rather weak at the end, and it is too low for the second cur
rent pulse. This deviation might be due to the electric field 
enhancement at the edge of the grounded electrode edge, as 
shown in figure 10. Despite careful measurements and esti-
mations, the electric field enhancement in the region of the 
edge could adversely affect the surface charge measurement. 
But all in all, the outer dielectric ring must be considered for 
surface charge deposition which improves the surface charge 
measurement qualitatively and quantitatively.

7.  Conclusions

The presented paper is a consistent extension of the authors 
previous works. The experimental setup, especially the dis-
charge cell configuration, was improved allowing the joint 
investigation of volume and surface processes of a barrier 
discharge (BD) operated in the multiple current pulse regime 
under well-defined and identical conditions. In particular, the 
optical emission spectroscopy and ICCD imaging allow the 
measurement of the spatio-temporal and spectrally resolved 
discharge development in the volume, whereby conclusions 
can be drawn about the breakdown mechanism of the dis-
charge. The laterally and temporally resolved development of 
surface charges on the BSO crystal is investigated with the 
help of the electro-optic Pockels effect. The investigations are 
completed by electrical measurements.

The diffuse discharge was systematically investigated 
in helium with nitrogen admixtures for a plane-to-plane 
configuration with a gap distance of 3 mm. Depending on 
the nitrogen content and the applied voltage amplitude, 
the number of current pulses per half-period varies. For 
a low voltage amplitude only one discharge current pulse 
appears which operates in the glow-like discharge mode. 

An increase of the applied voltage results in a multiple cur
rent pulse regime. For this regime, the first current pulse is 
glow-like, hence, the intensity maximum is located in front 
of the cathode. The maximum emission intensity in the gap 
is shifted with a higher number of current pulses towards 
the anode and becomes weaker. The last current pulse is 
Townsend-like. Comparing a discharge in helium-nitrogen 
mixtures with a discharge operated in pure helium, the cur
rent pulse duration is shorter and the gap voltage drop is 
reduced. One reason is a decrease of the effective lifetime 
of helium metastable states participating in Penning ioniz
ation. The higher the nitrogen admixture to helium the faster 
is the propagation of the ionization front and the shorter 
is the cathode fall region for the first breakdown. Further 
breakdowns last longer and their optical emission is shifted 
towards the anode indicating the transition to a Townsend-
like discharge.

The surface charge measurement on glass as dielectric 
was successfully established with a high sensitivity. 
Furthermore, the improved design of the discharge cell con-
figuration enabled the surface charge measurement on the 
entire dielectric. It turned out that the discharge ignites on 
different areas depending on the previous surface charge 
distribution and spatial gap voltage distribution. Two lat-
eral structures are preferred: The discharge ignites either 
in the center of the electrode arrangement or ring-shaped 
close to the edges of the metallic electrode. Besides, the 
phase resolved surface charge development is correlated 
with the net current. For the multiple current pulse regime, 
the laterally integrated phase resolved development of the 
surface charge shows a good agreement with the temporally 
integrated net current when the entire dielectric area is con-
sidered. This shows the importance to pay attention on the 
complete area of the electrode arrangement. Furthermore, 
the different spatial distribution of the discharge cur
rent pulses inhibits a calculation of the spatio-temporally 
resolved gap voltage based on an appropriate electrical 
equivalent circuit. In particular, the edges of the electrodes 
provide lateral field components which cannot be consid-
ered by simple equivalent circuits. The comparison of the 
spatially resolved gap voltage and surface charge shows 
that the field enhancement by residual surface charges is the 
main reason for the lateral distribution of the first discharge 
current pulse (surface memory effect). But the subsequent 
current pulses do not always follow the surface charge dis-
tribution. Here, the electric field distortion at the edges of 
the electrodes or metastables from the previous discharge 
current pulses become important.
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Figure 13.  Temporally integrated net current Idis and phase 
resolved surface charge for different discharge areas. Q•

square is 
averaged on a square with 8.2 mm × 8.2 mm side length and 
extrapolated on the area of the grounded electrode. Q• covers the 
grounded electrode with a diameter of 15 mm. Q•+◦ is measured on 
the entire dielectric. The applied voltage is 1.3 kV. The discharge 
is operated in helium with an admixture of 2000 ppm nitrogen at 
500 mbar. The applied voltage is 1.3 kV.
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