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List of Symbols

symbol label unit & p.r.n. numeric value

α first Townsend coefficient [α] = m−1

ᾱ effective ionisation coefficient [ᾱ] = m−1

ᾱ/n reduced effective ionisation coefficient [ᾱ/n] = m2

Cb capacitance of one dielectric barrier [Cb] = F
Cgap capacitance of the discharge gap [Cgap] = F
Ctot total capacitance [Ctot] = F
db thickness of dielectric barrier [db] = m

dDBD DBD emission diameter [dDBD] = m
dgap discharge gap [dgap] = m
e0 elementary charge 1.60217653 · 10−19 C

~E electric field
[
| ~E|
]

= V
m

E/n reduced electric field strength [E/n] = Td = 10−21 V ·m2

(E/n)b reduced electric field strength at ignition [(E/n)b] = Td = 10−21 V ·m2

Eel electric energy [Eel] = J
Ei ionisation energy [Ei] = eV = 1.602 · 10−19J
f operating frequency [f ] = Hz
frep repetition frequency [frep] = Hz
γ second Townsend coefficient [γ] = 1
h Planck constant 6.6260693 · 10−34 J · s
η electron attachment coefficient [η] = m−1

I electrical current [I] = A
Idis displacement current [Idis] = A
IDBD measured DBD current [IDBD] = A
IDBD,tr transferred DBD current [IDBD,tr] = A
Itot total current [Itot] = A
kB Boltzmann constant 1.3806505 · 10−23 J

K
n gas particle density [n] = m−3

Pel electrical power [Pel] = W
p pressure [p] = Pa, 1 bar = 105 Pa

QDBD transferred charge per DBD [QDBD] = C
RDBD electrical DBD resistance [RDBD] = Ω
tpulse pulse width [tpulse] = s
T temperature [T ] = K
Te electron temperature [Te] = K
Ti ion temperature [Ti] = K
Tgas gas temperature [Tgas] = K
Vapp applied voltage [Vapp] = V
Vb breakdown voltage in the gap [Vb] = V
Vbar voltage over one dielectric barrier [Vbar] = V
Vgap voltage over the discharge gap [Vgap] = V
Vpp peak-to-peak voltage [Vpp] = V
Vpulse amplitude of the HV pulse [Vpulse] = V
vprop streamer propagation velocity [vprop] = m

s





1

1 Introduction

Non-thermal atmospheric pressure discharges have a large number of industrial applica-
tions [1], especially because they can be operated without expensive vacuum systems [2].
The plasmas generated by these discharges are non-thermal, i.e. they produce highly en-
ergetic electrons, which enable an effective and energy-efficient plasma chemistry, while
the gas temperature stays near room temperature [3–7]. The high yield of reactive species
(such as O, N, OH, O3, ...) in air-like gas mixtures is exploited in a variety of fields,
including pollution control in air and water, surface modifications and life-science appli-
cations [1, 4, 8–14].
Besides corona discharges, microhollow cathode discharges, and atmospheric plasma jets
the dielectric barrier discharge (DBD), also called silent discharge [3], is a commonly used
tool for non-thermal plasma generation [15, 16]. The DBD has a long history, going back
to Siemens in 1857 [17]. The special feature of this type of discharge is the presence of
at least one insulator in the discharge gap between the electrodes. This insulator limits
the electrical current and thus avoids thermalisation (i.e. transition to an arc discharge),
thereby generating a non-thermal plasma. In addition to ozone production as a “classic”
field of DBDs, a broad variety of applications have been developed, such as excimer lamps,
plasma displays, CO2 lasers [18, 19], microbial decontamination [20, 21], and flow control
[22–24]. Since in practice, mostly sine-driven DBDs are used [8, 25], systematic studies
on the behaviour of DBDs in air-like gas mixtures usually involve sinusoidal operation,
as in [26–34]. However, in some cases, pulsed driven DBDs have been found to be more
efficient in the production of radicals and excited species [35–38]. An increased efficiency
in dependence on the pulse width was also observed for pulsed corona discharges [39, 40].
The first experimental and theoretical investigations on pulsed DBDs were performed in
N2-O2 gas mixtures, and considerable improvements in the efficiency of ozone production
for pulsed co-axial DBDs (ozonizers) have since been reported by several authors [41–49].
Others studied the electrical behaviour of pulsed barrier discharges [50–52]. The densities
of atomic nitrogen and NO, which are important for ozone formation in air-like mixtures
[53, 54], were measured for pulsed DBDs in N2-O2 gas mixtures [55, 56]. Furthermore, the
filamentary structures and fast dynamics of DBDs at atmospheric pressure were investi-
gated in He-N2 [57].
Although, DBDs have been studied for over a century, some open questions regarding
their physics still remain [1], especially concerning the behaviour of pulsed DBDs. For
instance, the breakdown of pulsed DBDs in small gaps has not been thoroughly inves-
tigated, even though a good understanding of the fundamental discharge physics (e.g.
breakdown regimes, effects of ionisation and recombination) is crucial for the advance-
ment of their application [9]. The various industrial applications usually involve numerous
single DBDs [25, 58], but the efficiency of a DBD reactor is determined by the processes
in single DBDs [3, 15, 59, 60]. This thesis therefore investigates the behaviour of DBDs
in a single filament arrangement in N2-O2 gas mixtures, because air-like mixtures are
important in practice. Synchronised optical and electrical measurements were performed
simultaneously to obtain a deeper insight into the underlying gas discharge physics. The
investigations of single DBDs places high demands on the diagnostics. Due to the small
dimensions in the sub-mm range, as well as the fast processes in the sub-ns range and
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the weak optical emissions, sensitive optical diagnostics with high spatial and temporal
resolutions (∆x≤ 2µm, ∆t≤ 50 ps) were established to track the breakdown and further
development of the DBDs in a 1 mm discharge gap.
A combined intensified CCD and streak camera system assisted by cross-correlation spec-
troscopy were used to satisfy these requirements. Fast electrical measurements were si-
multaneously recorded to provide further information about the DBDs, e.g. the electrical
power or the DBD inception statistics. The main objective of this work1 was to control the
DBD behaviour by means of external parameters (see figure 1.1), down to the fundamental
level such as the breakdown regime. The basic processes leading to these effects and their
interconnections were analysed using well defined discharge conditions in a single filament
arrangement.

Control of dielectric barrier
discharges

Electrical parameters
• pulsed operation
 voltage amplitude
 voltage polarity
 repetition frequency
 pulse width

• sinusoidal operation
 voltage amplitude
 operation frequency

Discharge arrangement
• electrode configuration
 double-sided arrangement
 single filament

• discharge cell
 Plexiglas housing
 metal housing (pumped)

Atmospheric conditions
• N2-O2 gas mixtures
 low O2 content (< 0.1 vol%)
 intermediate O2 content (≈ 0.1 vol%)
 air-like gas composition                       

(≈ 10 vol% O2 in N2)

• gas pressure
 atmospheric pressure
 lower pressure (0.5 bar)

Figure 1.1 External DBD control parameters investigated in this thesis.

The DBD can be manipulated by changing the electrical input parameters, namely the
waveform of the applied voltage. The pulsed DBD can be operated in a unipolar or a
bipolar mode; this thesis compares the sinusoidal operation with the three possible pulsed
modes (unipolar positive, unipolar negative, and bipolar). Apart from the voltage ampli-
tude and the repetition frequency—which are available for both pulsed- and sine-driven
DBDs—the specific pause times between two subsequent DBDs can be varied by changing
the pulse width. Since it allows a very accurate control of the DBD behaviour, the pulse
width was examined in detail.
Furthermore, the influence of the gas composition, i.e. the O2/N2 ratio, on the DBD char-
acteristics was analysed, focussing on the specifics of the pulsed operation. The spatial and
temporal structure of the breakdown and development of DBDs, as well as their electrical
characteristics were investigated in N2-O2 gas mixtures. Interrelations between the DBD
control by pulse width and O2 admixture were evaluated.

This cumulative thesis starts with a short description of the physical background in Chap-
ter 2 and a brief introduction to the experimental set-up in Chapter 3. This is followed by
the most important results condensed in Chapter 4 and summarised in Chapter 5. The
eight peer-reviewed articles contributing to this thesis contain more detailed descriptions
of the experiments, analyses and results. They are attached starting at page 31 and they
are referenced by number (Article I to VIII).

1This PhD thesis is the logical continuation of the Master thesis written by the author [61], in which the
DBD cell was constructed, the diagnostics were tested, and the first results were obtained. Although
some of the effects were already discovered during the Master thesis work, due to the improved set-up
(i.e. spectral resolution, higher spatial resolution) and a more profound data analysis, the interpretation
is advanced in the current work.
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2 Physical background

2.1 Breakdown Mechanisms in Gas Discharges

Generally, for the formation of an electrical discharge in neutral gases, charge carriers
have to be generated and multiplied. If a sufficiently high voltage is applied to a gas gap
between two electrodes, this charge carrier multiplication starts from seed electron-ion
pairs (10 to 100 pairs per cm3 per s) originating from the natural radioactivity or cosmic
rays [25]. The establishment of a self-sustaining discharge in a gas requires the fulfilment
of the Townsend condition [62, 63], i.e. for every ionisation process in the gap at least
one secondary electron is generated:

γ ·
(
eα·dgap − 1

)
= 1 (2.1)

α . . . 1th Townsend coefficient (number of ionisations per length unit)
γ . . . 2nd Townsend coefficient (secondary electron generation per ionisation)

The term eα·dgap (the so-called gas amplification) describes the exponentially increasing
number of electron-ion pairs generated by collisions of electrons with gas molecules or
atoms in the gap [64]. This electron impact ionisation results in an electron avalanche
towards the anode and is the dominant process at low electrical currents [65].
The mean collision length of electrons λcoll,e is a crucial parameter for the energy, which an
electron gains during the acceleration by the electric field between two collisions (Eλcoll,e

).
Consequently, α can be written using λcoll,e, Eλcoll,e

, and the ionisation energy Ei, but it
is commonly expressed as a function of the gas pressure and the electric field strength:

Eλcoll,e
= λcoll,e · e0| ~E| ⇒ α =

1

λcoll,e
· e

−Ei
Eλcoll,e (2.2)

p ∼ 1

λcoll,e
⇒ α = A · p · e−B·

p

|~E| . (2.3)

The constants A and B depend on the gas composition and are listed in e.g. [62, 66]. Com-
bining equations (2.1) and (2.3) leads to the specific Paschen curves for the breakdown
voltage in different gases [25, 62, 63] in dependence on the similarity parameter p · dgap.
If electron attachment (formation of negative ions) plays a role, e.g. if electronegative
gases such as oxygen are present in a considerable density, an effective ionisation coeffi-
cient ᾱ = α − η with the attachment coefficient η should be used instead of α, especially
for low electric field strengths [25].
Another important breakdown mechanism for gas discharges at elevated pressure is the
so-called “Kanalaufbau” or streamer independently discovered by Raether in 1939 [67]
and Meek in 1940 [68]. Here, the space charge induced by the electron avalanches locally
generates an electric field, which is higher than the breakdown field. In this case, the elec-
tric field in the gap is strongly distorted and an avalanche-to-streamer transition occurs
[69–71]. The streamer breakdown is characterised by a fast propagation of an ionisation
front towards the cathode (positive streamer) in a thin, constricted channel with a velocity
of ∼ 106 m

s in air-like gas mixtures [67]. A scheme of the streamer propagation is shown
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in figure 2.1(a) accompanied by the temporal development of the reduced electric field
strength1 in the gap in figure 2.1(b). The critical size of an electron avalanche to trigger
the avalanche-to-streamer transition is given by the so-called Raether-Meek criterion
[72]:

eα·dgap ≈ 108 ... 109 ⇐⇒ α · dgap ≈ 18 ... 21 . (2.4)

It has to be mentioned, however, that this criterion was introduced for metal-to-metal
electrode configurations, and may therefore not fully applicable to dielectric barrier dis-
charges (DBDs), which is probably due to the surface charges on the dielectric barriers
[73]. However, the streamer mechanism is the main breakdown characteristic in filamen-
tary DBDs [74] and was first documented for pulsed operation in air in 1984 by Heuser
[75].

(a) Propagation of a positive
streamer
(A =̂ anode, C =̂ cathode);
Image reproduced from [76].

(b) Spatio-temporal development of the reduced elec-
tric field strength E/n of a positive streamer in a
DBD (1 mm gap in air at p = 2 bar).
Image reproduced from [47].

Figure 2.1 Visualisation of the propagation of a cathode-directed (positive) streamer.

2.2 Principle of Dielectric Barrier Discharges

The subject of interest in this thesis is the dielectric barrier discharge in molecular gases at
atmospheric pressure. In general, this discharge type is characterised by at least one insu-
lator (the dielectric barrier) in between metal electrodes; see figure 2.2 for some common
configurations [2, 60].

HV
(a) (b)

metal
electrode

dielectric 
barrier

metal
electrode

(c)
HV

HV

Figure 2.2 Schematic representation of three common DBD configurations:
(a) double-sided (symmetric) plate-to-plate arrangement,
(b) one-sided wire-to-cylinder arrangement, (c) surface DBD arrangement.

1In literature, the reduced electric field strength E/n is usually given in Townsend: 1 Td =̂ 10−21 Vm2.
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After the (first) breakdown the charge carriers generated during the discharge accumulate
on the surface of the dielectric barrier(s), since they cannot pass the insulator. This has
significant consequences for the discharge development. On the one hand, the accumu-
lation of surface charges weakens the applied electric field in the discharge gap until the
DBD comes to a standstill. Therefore, alternating or pulsed voltage waveforms are needed
for the operation of DBDs. On the other hand, the electrical discharge current itself is
limited by the barrier(s), preventing a transition to a spark or arc discharge. As a result of
this limitation, the transient plasma—which is generated in the DBD—is non-thermal, i.e.
the electron energy is much higher than the energies of the ions and the neutral species2.
This property of DBDs is used in various applications, especially owing to the effective
generation of reactive species in a non-thermal plasma at atmospheric pressure [4, 25, 60].
Depending on the operation parameters (e.g. gas mixture, pressure and operating voltage
waveform), two distinct discharge modes are known: the diffuse and the filamentary DBD
[74, 77–79]. The diffuse mode—meaning a homogeneous DBD emission in the lateral di-
rection of the gap—can occur in two different regimes: in the Townsend-regime [80], the
electric field in the gap is not disturbed by space charges, whereas in the glow-like regime,
the DBD structure is similar to a glow discharge featuring e.g. a positive column and a
cathode fall [81]. Contrary to the diffuse mode, the filamentary mode is characterised by
constricted channels and normally a much faster breakdown due to the positive (cathode-
directed) streamer mechanism. This thesis focusses on the filamentary mode, which is
discussed in more detail for pulsed-driven DBDs in Chapter 4.1.

2.3 Electrical Equivalent Circuit of Double-sided DBDs

The behaviour of DBDs in terms of their electrical properties can be best understood using
an equivalent circuit [41, 60, 82]. Figure 2.3 shows the case for a symmetric, double-sided
DBD.

R (t)DBD

Vbar

Vbar

Vgap

Cb

Cb

Cgap
Vapp

breakdown

Figure 2.3 Electrical equivalent cir-
cuit of a double-sided
DBD arrangement [60].

The capacitances and voltages of this arrangement
can be described by the following equations:

1

Ctot
=

1

Cgap
+

2

Cb
⇔ Ctot =

Cgap

1 +
Cgap

Cb/2

(2.5)

Vapp = Vgap + 2Vbar (2.6)

When the applied voltage Vapp rises, the capaci-
tances are charged up. When the voltage Vgap is
high enough, the electric field strength generated in
the gap reaches the breakdown conditions. There-
fore, the breakdown can be interpreted as the clos-
ing of the switch in figure 2.3. At that moment,
an electrical current flows through the filament represented by the resistance RDBD(t),
which is non-linear in its time evolution [60]. More details on the fundamental electrical
characterisation of pulsed DBDs can be found in [61].

The capacitances of the DBD arrangement and the consumed electrical energy per pe-
riod Eel can be determined by a V -Q plot or so-called Lissajous figure [3, 50, 52, 83].
An exemplary Lissajous figure of the double-sided DBDs investigated in this work can
be found in figure 4.1(c) in Section 4.1. The transferred electrical current over the gap

2Although, the electron energy distribution function is in most cases non-Maxwellian, a non-thermal
plasma is often characterised by the different temperatures of the components: Te � Ti ≈ Tgas.
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IDBD,tr and, consequently, the transferred charge per DBD3 at one slope QDBD can be
calculated using the measured total electrical current Itot [85, 86]:

IDBD,tr =
1

1− Ctot
Cb/2

· (Itot − Idis) =
1

1− Ctot
Cb/2

· IDBD (2.7)

QDBD =

∫ t2

t1

IDBD,tr(t) dt, (IDBD,tr flows per slope for t1 ≤ t ≤ t2) . (2.8)

If the capacitances of the DBD arrangement are known, it is possible to calculate the
voltage in the gap at the time of the breakdown (tb) Vb ([52], Article VII):

Vb|t=tb =

(
1− Ctot

Cb/2

)
· Vapp|t=tb . (2.9)

In a symmetrical DBD arrangement the capacitances of the dielectric barriers Cb are often
condensed due to 1

Cb∗
= 1

Cb
+ 1

Cb
⇒ Cb∗ = Cb

2 .

2.4 Spatio-temporal Development of Filamentary DBDs

The first monitoring of the spatio-temporal development of a DBD in a 4 mm air gap
was performed by Heuser [75], who used an opto-mechanic streak camera. He revealed
that DBDs feature a cathode-directed streamer and a transient glow in front of the anode
and on the dielectric surfaces. In the works of Kozlov et al. [87] and Wagner et al.
[32], four phases of the spatio-temporal development of sinusoidal-driven DBDs in N2-O2

gas mixtures at atmospheric pressure were reported, using the emissions of the 0-0 transi-
tions of the second positive system (SPS) of N2 and the first negative system (FNS) of N+

2 .

(1) (TOWNSEND) Pre-phase

Before the actual breakdown, a charge accumulation due to electron avalanches oc-
curs in front of the anode. This leads to a slight distortion of the local electric field,
which is accompanied by a weak emission in the gap, mostly near the anode, as
shown in figure 2.4(a). The duration of this phase is in the order of magnitude of
several 100 ns for sinusoidal-driven DBDs [34].
This is not the case for pulsed operation, as reported in Section 4.3.1 and Article
VI.

(2) Propagation phase (streamer)

When the electric field strength of the accumulated positive space charge is locally
high enough to be in the range of the breakdown field strength, an accelerated
cathode-directed ionisation front propagates (positive streamer mechanism). This
fast process is visible in the evolution of the FNS (figure 2.4(b)), which has a quite
high excitation energy compared to the SPS, and is correlated to the propagation of
high electric field strength through the gap. Because of the acceleration towards the
cathode due to the increasing electric field strength, the intensity of the FNS grows
in the gap and reaches a maximum on the cathode surface.

3The amount of transferred electrical charges per single DBD is in the range of nC, while the Eel values
are in the order of µJ [84].
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(3) Anode-glow (transient glow-like discharge)

The electrons generated in the thin channel formed by the cathode-directed propa-
gation are accelerated and multiplied towards the anode. Consequently, the electron
density increases and has a maximum from the middle of the gap to the front of
the anode [87]. This glow-like phase shows transient plasma conditions for some
nanoseconds in the gap. During this phase, the electric field strength in the gap is
weakened due to the build-up of surface charges on the dielectric barrier(s). After
a short time (i.e. some nanoseconds), the electrons moving to the anode are slowed
down by the electric field strength of the surface charges on the anode, and hence do
not have sufficient energy to ionise or excite the gas molecules. Therefore, the SPS
emission decreases rapidly in the gap4. The surface charge accumulation continues
until the total electric field strength in the gap is neutralised.

(4) After-glow (decay phase)

When no electric field is present in the gap, the electrical current ceases and the after-
glow phase starts (after ∼ 100 ns depending e.g. on the gas mixture). Depending on
the O2 concentration in N2-O2 gas mixtures, a weak SPS emission can be detected
in the after-glow, even several tens of microseconds after the actual DBD breakdown
[88]. Chemical reactions triggered by the reactive species (e.g. radicals such as
atomic oxygen or nitrogen) generated during the breakdown and the transient glow-
like discharge take place in this phase in time scales of micro- and milliseconds [7,
84].

Figure 2.4 Spatio-temporal development of the optical emission of the SPS of N2(C) and the
FNS of N+

2 (B) (Image reproduced from [87]).

The abovementioned phases were analysed in this thesis for pulsed-operated DBDs, see
Section 4.3.1.

4After the breakdown in the volume discharge the streamer channels propagate on the dielectric surfaces,
see figure 4.2 in Section 4.1.
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3 Experimental Set-up

3.1 Single Filament DBD Arrangement

Since the aim of this thesis is to investigate single filament DBDs in N2-O2 gas mixtures,
a special discharge cell design is required. The central part of the set-up is a double-sided
dielectric barrier arrangement with half-spherical, alumina-covered electrodes with a 1 mm
gap housed in a Plexiglas cell, see figure 3.1. This specific DBD arrangement features a
spatially-fixed single filament, which is a requirement for reliable measurements1. The
feeding gas mixture between 0.1 and 20 vol% O2 in N2 was flushed through the cell from
top to bottom. In Article VIII, a pumped metal cell (see figure B.1 in the appendix on
page 121) with the same DBD configuration was used to provide relatively pure conditions,
i.e. low O2 concentrations (. 0.01 vol% O2 in N2) and pressures below 1 bar.
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(a) Photograph of the Plexiglas cell with the
fixed filament.

1 mm 

0.5  

mm 

0.5  

mm 

(b) X-ray image showing the inner struc-
ture of the electrodes.

Figure 3.1 Single filament DBD arrangement.

3.2 Electrical and Optical Diagnostics

An overview of the diagnostics is given in figure 3.2. Due to the rapid breakdown and DBD
development, the electrical measurements were performed with fast probes and recorded
with a digital sampling oscilloscope. The current and voltage probes had rise times (10%
to 90%) less than 0.35 ns and 4.67 ns, respectively. Electrical measurements were per-
formed to analyse the statistics of the DBD breakdown, e.g. to determine the temporal
jitter of the DBD inception and the distribution of the DBD current maxima. The details
of this procedure can be found in Article VII.
A special feature of the optical diagnostics is the use of two cameras, which simultaneously

1A similar arrangement was used e.g. in [34, 89].
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Far-field 
microscope

Streak
camera

iCCD

Current 
probe

Beam splitter

Spectral filter

HV 
probe

HV pulse

Figure 3.2 Schematic representation of the single filament DBD with the applied diagnostics.
Image reproduced from Article VI.

record the two-dimensional (2D) DBD emission (iCCD2 camera), and the spatio-temporal
development of the DBD along the axis of the discharge channel (streak camera). This
combination ensures a synchronous monitoring of the DBD behaviour during the whole
discharge evolution and helps to avoid misinterpretations, e.g. due to misalignment of the
streak camera slit along the DBD channel. A more detailed description3 of the experi-
mental set-up can be found in Article I. The spatial resolution is better than 10µm for
both optical systems, and the temporal resolution of the streak camera is in the range of
50 ps. These high precisions ensure a proper tracking of the sub-ns and sub-mm processes
during the breakdown and the DBD development. Both optical diagnostics were oper-
ated spectrally-integrated as well as spectrally-resolved, using metal interference filters for
the most intense emissions of N2 (0-0 transition of the second positive system (SPS) at
337.1 nm with 3 nm bandwidth) and N+

2 (0-0 transition of the first negative system (FNS)
at 391.4 nm with 1 nm bandwidth).
In addition, these two transitions were recorded for 0.1 vol% O2 in N2 by means of cross-
correlation spectroscopy (CCS, also referred to as time-correlated single photon counting).
The CCS set-up is illustrated in Article III, and described in more detail4 in [34]. The
streak camera and the CCS are complementary diagnostics. With a streak camera, the
spatio-temporal development of individual DBDs can be tracked in a single shot (see fig-
ure 3 in Article III). Furthermore, a streak camera system records accumulations faster
than a CCS system, because for the latter, the emission at every single point along the
discharge channel has to be accumulated separately at least for a couple of minutes. How-
ever, the CCS is more sensitive and has a higher dynamic range than the streak camera.
Thus, the combination of streak camera and CCS has enhanced our understanding of DBD
development even further, especially concerning the pre-phase (see Article VI).

A list of all devices used in the experimental set-up is given in the appendix on page 123.

2Abbreviation for intensified charge coupled device.
3The most important devices are described in detail in [61].
4The same diagnostic set-up as in [34] was used for the investigations.
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4 Results

This chapter presents the essential results of the investigation on single filament DBDs in
N2-O2 gas mixtures at atmospheric pressure. After a short characterisation of the pulsed
DBD, the influence of the pulse width and of varying the O2 concentration and their
interrelations are described, and the underlying physical phenomena explained.
For further details, the reader is referred to the respective articles1, which are included in
Chapter 6 starting from page 31.

4.1 General Characterisation of Pulsed Dielectric Barrier
Discharges in a Single Filament Arrangement

In what follows, the electrical and optical features of a single filament DBD with a 1 mm
gap are exemplified for a unipolar pulse (Vpulse = 10 kV and frep = 10 kHz) in 0.1 vol% O2

in N2 at atmospheric pressure.

Electrical properties of pulsed DBDs

Figure 4.1(a) shows one period of the applied voltage pulse with tpulse = 50µs and the
corresponding electrical current. A single DBD (also referred to as microdischarge (MD))
occurs at the rising and the falling slope of the HV pulse ([50, 51, 90, 91], Article I). In
the case of the positive unipolar pulse presented here, the powered electrode is the anode
during the rising slope. The charge carriers generated in the DBD at the rising slope move
towards the electrodes (electrons, negative ions → anode, positive ions → cathode) and
accumulate on the dielectric barriers. Surface charges therefore build up, creating an elec-
tric field opposed to the electric field generated by the applied voltage. This superposition
weakens the absolute electric field strength in the gap until it is completely cancelled out.
During the subsequent falling slope, the electric field generated by the applied voltage
decreases. Consequently, the electric field generated by the surface charges—which is as
high as the applied electric field after the rising slope [92]—initiates a second DBD with
the same properties (for a symmetrical HV pulse waveform). Only the direction changes,
i.e. the former anode is “converted” into the cathode due to the negative surface charge
on the dielectric, and vice versa2.
The total electrical current Itot of a single DBD is the sum of the displacement current Idis
and the discharge current IDBD. The measured Itot and Idis are displayed in figure 4.1(b).
Because of the steep rise of the voltage in pulsed operation (≤ 250 V/ns) the displacement
current is in the same order of magnitude as the discharge current [93] and has to be
accurately subtracted to obtain IDBD. The transferred charge per DBD QDBD can be
calculated via the integral of IDBD over one current pulse scaled with a certain factor (see

1Recently, a mismatch in the scaling factor has been discovered for the current probe, which leads to a
systematic error in the measurements in Articles I, III, IV, V and VII. Therefore, the values of electrical
current, charge and energy per cycle need to be multiplied by a factor of . 2. The results in this chapter
were corrected. However, it needs to be emphasised that this is only a quantitative correction, which does
not affect any of the reported qualitative findings.

2For bipolar pulsed and sinusoidal-operated DBDs, an external polarity change occurs, which has the same
effect, see Section 4.2 on page 15.
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Figure 4.1 Electrical characterisation of the DBD for Vpulse = 10 kV and tpulse = 50µs with
frep = 10 kHz in 0.1 vol% O2 in N2.

equation (2.8) on page 6), which in the case shown in figure 4.1 is QDBD = (4.0± 0.2) nC.
The integral of Itot over one period can be used to draw a Q-V plot (Lissajous figure),
see figure 4.1(c). The enclosed area of the Q-V plot is equal to the electrical energy con-
sumed per period, which for this representative case is Eel ≈ 20µJ for Vpulse = 10 kV. The
electrical power of the DBD under this conditions is given by Pel = frep · Eel ≈ 200 mW.
The total capacitance of the DBD arrangement can be determined from one slope of the
Q-V plot. For the estimation of the capacitance of the dielectric barriers in pulsed opera-
tion, the slope of the intersection of the upper right corners of the Q-V plot for different
pulse voltage amplitudes is needed, as indicated in figure 4.1. This procedure is described
thoroughly in [52]. Furthermore, the electrical measurements allow the determination of
the electric field strength in the gap at the breakdown point of time Vb|t=tb (see equa-
tion (2.9) on page 6), which is ≈ 3.8 kV in the case displayed in figure 4.1. Furthermore,
the electrical data was also used for the evaluation of the breakdown statistics, see figure 5
in Article VII and [61]. More details, concerning e.g. the increase of IDBD and Eel with
the pulse voltage amplitude can be found in Article I.

Spatio-temporal development of pulsed DBDs

Another major part of the diagnostics apart of the electrical characterisation is the spatially-
and temporally-resolved analysis of the DBD emission including all phases of the DBD
development. For the spectrally-resolved measurements the strongest emission band of
molecular nitrogen was recorded: the 0-0 transition of the second positive system (SPS)
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of N2 with an excitation energy of ESPS = 11.04 eV [94], see reaction (4.1). In addition,
an emission band of N+

2 —the first negative system (FNS)—with relatively high excita-
tion energy (EFNS = 18.75 eV [94]) was examined, and the 0-0 transition of the FNS
(reaction (4.2)) was analysed.

N2

(
C3Πu

)
v′=0
−→ N2

(
B3Πg

)
v′′=0

+ hνSPS0−0 ,
(
λSPS0−0 = 337.13 nm

)
(4.1)

N+
2

(
B2Σ+

u

)
v′=0
−→ N+

2

(
X2Σ+

g

)
v′′=0

+ hνFNS
0−0 ,

(
λFNS
0−0 = 391.44 nm

)
(4.2)

The SPS contributes to the major part of the emission3 while the FNS emission represents
the regions of high electric field strength (i.e. highly energetic electrons), due to its high
excitation energy [34, 87]. The potential energy curves showing the different electronic
states of N2 and N+

2 are shown e.g. in [95].
The main characteristics of the 2D emission structure4 of a filamentary DBD can be
found in the spectrally-integrated single shot (150 ns gate width) in figure 4.2(b): a thin
(≈ 75µm) constricted channel in the gap, which has a maximum near the anode, broadens
towards the anode surface and features a zone of lower emission in front of the cathode
(similar to the cathode fall region of glow discharges [34]). Discharge channels spread
onto the surfaces of both electrodes (forming so-called Lichtenberg figures [26]), which
are more pronounced on the anode. The accumulation of 1000 DBDs displayed in fig-
ure 4.2(c) shows the same structure, i.e. the pulsed DBD in a single filament arrangement
is reproducible and spatially stable5. This is a crucial requirement for all accumulated
measurements.
Contrary to the SPS emission structure, which features a maximum in the gap near the
anode, the FNS emission structure features an intensity maximum directly on the cathode
surface and a much lower local maximum in the gap near the anode. No significant differ-
ences between the accumulated spectrally-integrated and the SPS emission structure were
observed (see figure 4.2(c) and (d), respectively), because the SPS emission dominates the
emission spectrum for most discharges in N2-O2 gas mixtures [87].
The temporal DBD development was recorded with 5 ns time resolution for the SPS and
the FNS, and is shown in figure 4.2(f)–(j) and (k)–(o), respectively. The DBD inception
at tdelay = t0 shows a FNS emission in the volume, which is associated with the cathode-
directed ionisation front (positive streamer) propagation through the gap, while the SPS
emission occurs directly in front of the anode. After the streamer has reached the cath-
ode, the transient glow-phase of the DBD develops in the channel formed by the streamer
propagation. This phase features a SPS emission maximum in the gap near the anode
(figure 4.2(g), (h)) and a strong FNS emission maximum directly on the cathode surface
(figure 4.2(l), (m)). The SPS emission structure can be explained by the lower electric field
strength, but the relatively high electron density generated in the column of the transient
glow-like discharge [96–98], while the FNS emission is correlated to the high electric field
strength (i.e. high energetic electrons) near the cathode as a consequence of the streamer
propagation [34, 99]. After the formation of the DBD channel the surface discharges
spread onto the dielectric surfaces, with emission maxima being more pronounced on the
anode for the SPS emission (figure 4.2(i), (j)), and on the cathode for the FNS emission
(figure 4.2(n), (o)). Assuming that the discharge channels on the electrode surfaces move
approximately in the focus of the iCCD camera, a lower limit of their propagation velocity
can be estimated from the iCCD image series. Despite the different excitation energies for

3An emission spectrum of a DBD under the same conditions as in figure 4.2 can be found in Article I.
4Due to the line-of-sight integration of the recorded emission, the intensity in the centre is slightly overes-
timated. For axial symmetry this can be corrected by the Abel inversion. In most cases this error of the
FWHM emission diameter value is about 10%.

5This was also demonstrated in Article I.
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SPS and FNS, the same value6 of (6± 2) · 104 m/s was estimated for the surface propaga-
tion on both electrode surfaces.
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Figure 4.2 Spectrally-resolved 2D development of the DBD during the rising slope for
Vpulse = 10 kV and tpulse = 10µs with frep = 10 kHz in 0.1 vol% O2 in N2, recorded
with an iCCD camera. The emission starts at tdelay = t0. The intensity is scaled
with respect to the maximum of each image. In (a), the DBD configuration with the
positions of the electrode surfaces are shown. Figures (b) and (c) present a single
shot and an accumulation of the entire discharge, respectively, without a spectral
filter. The accumulated images show the SPS of N2 at 337 nm (d) and the FNS of
N+

2 at 391 nm (e). The development of the DBD emission for the SPS is shown in
the second row (f)–(j) and for the FNS in the third row (k)–(o).
Image reproduced from Article II.

To gain a deeper insight into the spatio-temporal DBD development, a higher temporal res-
olution is needed, especially to track the fast streamer breakdown process. Therefore, the
iCCD measurements were combined with streak camera recordings (temporal resolution
up to 50 ps, 1D in space). The streak images show the spectrally-resolved, spatio-temporal
development along the axis of the DBD channel, which are displayed in the right column
of figure 4.3 under the same conditions as in figure 4.2. The differences between the SPS
and FNS emission (corresponding to lower and higher energetic electrons, respectively)
described above are even more distinct here. A strong maximum of the SPS emission in
the volume near the anode occurs during the transient glow-phase. The FNS emission

6This velocity is more than one order of magnitude lower than the propagation of the cathode-directed
streamer under the same conditions, see Article I.
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tracks the propagation of the positive streamer in the gap, which has a maximal velocity
of about 1.5 · 106 m/s. During the propagation towards the cathode the streamer velocity
and the FNS intensity increase exponentially. Consequently, the FNS emission has a maxi-
mum when the streamer hits the cathode surface. In addition, the FNS emission indicates
that the streamer inception is located in the volume approximately 200µm in front of
the anode after an increasing SPS emission directly in front of the anode. This compares
well to the iCCD images for the FNS and SPS in figure 4.2(k) and (f), respectively. The
processes in the pre-breakdown phase, i.e. before the streamer propagation, are discussed
in detail in Chapter 4.3.1 (Article VI). In general, the SPS and FNS emission structure of
symmetrical pulsed DBDs are similar to the sinusoidal operation [34].
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Figure 4.3 Spectrally resolved 2D structures (iCCD, left) and corresponding spatio-temporal
developments at the rising slope in the centre of the DBD channel (streak camera,
right) for the SPS of N2 (337 nm, top) and the FNS of N+

2 (391 nm, bottom) at
Vp = 10 kV with tpulse = 10µs for 0.1 vol% O2 in N2 (number of accumulations:
iCCD: ∼ 103; streak: ∼ 105). The iCCD (150 ns gate width) was synchronised with
the DBD current to record the emission during the current pulse. The position of
the electrodes in the streak images is indicated by the white lines.

Furthermore, no significant difference between the propagation of the SPS and FNS emis-
sions was detected during the streamer phase. This confirms the validity of the streamer
velocity estimation from spectrally-integrated emission developments like it was performed
before spectrally-resolved recordings were established.
Single shot streak images showing for the first time the reproducibility of the spatio-
temporal DBD development—analogous to the abovementioned steady 2D structure—can
be found in Article III. The benefits of a high spatial resolution become evident in com-
parison with other streak camera recordings, e.g. in [100].

4.2 Comparison of Pulsed and Sinusoidal DBD Operation

This section summarises the findings of Article IV, in which three different types of pulsed
and sinusoidal operation in the same single filament DBD arrangement were analysed. The
bipolar sinusoidal operation was compared to a symmetrical bipolar pulse and to positive
and negative unipolar pulses.

Figure 4.4(a) displays the used pulsed and sinusoidal voltage waveforms, while figure 4.4(b)
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Figure 4.4 Comparison of voltage and current characteristics for symmetrical (tpulse = 50µs),
positive and negative unipolar and bipolar HV pulses, and for sinusoidal-driven DBD
at the rising slope (positive half-period for sinusoidal operation) in 0.1 vol% O2 in
N2.

shows the electrical DBD current at the rising slope (positive half-period) with the respec-
tive applied voltage in a 200 ns time window. While the electrical DBD currents for the
three pulsed waveforms feature no significant differences, the IDBD for the sinusoidal-
operated DBD has the same shape, but is approximately half as high, even though the
sine voltage amplitude is higher7. The reason for this behaviour may be due to the prop-
erties of the applied voltage before and during the breakdown. The voltage steepness
is approximately three orders of magnitude higher for the pulsed operation than for the
sine-driven DBD (≈ 250 V/ns vs. < 1 V/ns). Since the applied voltage of the latter is in
the range of the breakdown voltage several hundred nanoseconds before the actual break-
down, there is much more time for space charge to accumulate during the pre-phase [34,
87]. For the pulsed operation, on the other hand, the pre-phase is limited by the pulse
rise time (≈ 50 ns) leading to a reduction of the breakdown voltage for the sine-driven
DBD (≈ 3 kV compared to ≈ 7 kV for pulsed8 DBDs) and, consequently, to a lower DBD
current. Contrary to the sinusoidal operation, the applied voltage still rises significantly
during and after the breakdown of the pulsed DBD, which furthermore boosts the charge
carrier generation9 and thus the IDBD. Consequently, the transferred charge per single
DBD (calculated using equation 2.8 on page 6) is ≈ 4 nC for both slopes of the three
pulsed waveforms, while it is ≈ 1 nC for the sinusoidal operation, see table 4.1 below. For
a symmetrical pulse in a double-sided DBD arrangement (in this case, tpulse = 50µs at
frep = 10 kHz), the discharge characteristics showed no differences between the DBDs
at rising and falling slopes, except for the exchange of anode and cathode (as for the
sinusoidal operation).

The 2D emission structure of the pulsed and sine-driven DBDs was generally the same
as described in the previous section. To estimate the diameter of the emission channel,

7The parameters for the sinusoidal operation were chosen to have only one single DBD at the positive and
at the negative half-period.

8The value of about 7 kV is an absolute difference in the applied voltage for all three pulsed cases, because
the voltage change is in the range of the electron drift and consequently affects the electric field in the
gap even when the polarity changes during the slope. The change of the applied voltage is much slower
for the sinusoidal operation, so only the difference from zero has an effect on the electric field.

9It was shown in Article I that the maxima of the electrical DBD current and the transferred charge per
DBD can be controlled by the pulse voltage amplitude.
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Table 4.1 Transferred charge per single DBD and full width at half maximum (FWHM) DBD
emission duration for pulsed and sinusoidal DBD operation.

transferred electric charge width of the normalised temporal

per single DBD (QDBD) emission profile† (tFWHM)

rising slope falling slope rising slope falling slope

bipolar pulse
(4.6± 0.2) nC (4.6± 0.2) nC (3.3± 0.1) ns (3.3± 0.1) ns

Vpulse = ±5 kV

unipolar pulse
(4.0± 0.2) nC (3.8± 0.2) nC (3.2± 0.1) ns (3.2± 0.1) ns

Vpulse = 10 kV

unipolar pulse
(3.8± 0.2) nC (4.2± 0.2) nC (3.3± 0.1) ns (3.3± 0.1) ns

Vpulse = −10 kV

pos. half-period neg. half-period pos. half-period neg. half-period

sinusoidal waveform
(1.4± 0.2) nC (1.4± 0.2) nC (4.2± 0.1) ns (4.3± 0.1) ns

Vpp = 14 kV

† These values are calculated using profiles from spectrally- and spatially-integrated streak images.

iCCD shots of single DBDs are needed to exclude the influence of a spatial jitter (see e.g.
Article IV for single and accumulated iCCD images). The DBD emission diameters were
found to be about (75 ± 10)µm for all pulsed modes and (100 ± 10)µm for sinusoidal
operation. Consequently, the current density is higher for the pulsed DBDs, because the
emission diameters10 are smaller. The transferred charges per DBD during the same time,
however, are roughly three times higher than for the sinusoidal operation.
The streak camera recordings of the spatio-temporal DBD development were used to
determine the duration of the DBD emission. In table 4.1 the FWHM of the temporal
DBD emission profiles (tFWHM) extracted from spectrally- and spatially-integrated streak
images is shown for pulsed and sinusoidal operation. For the three pulsed modes tFWHM is
about the same (3 ns). The longer emission duration of sine-driven DBDs (≈ 4 ns) is most
likely a consequence of the higher pre-ionisation due to the much longer pre-phase. The
spatio-temporal DBD development for bipolar pulsed11 and sinusoidal-driven operation
features the same phases, but different time scales as shown in figure 5 in Article IV. The
velocities of the cathode-directed streamers for the bipolar pulsed and sine-driven DBDs
at both slopes (half-periods) are displayed in figure 4.5. The propagation velocities are
higher for the pulsed operation (in front of the cathode ≈ 1.5 · 106 m/s) than for the sine-
driven operation (in front of the cathode ≈ 0.6 · 106 m/s). This is in accordance to the
observed higher discharge current maxima for the pulsed modes (see figure 4.4(b)), which
can be correlated to the streamer propagation phase [60, 71, 101, 102]. As a consequence,
the electric field strength is supposed to be higher for the pulsed DBD [103].
Summarising the results of this section, the three pulsed DBDs can be stated to show no
significant difference for same frep and Vpulse. In conclusion, only the maximal potential
difference, i.e. the difference between the maximum and the minimum of the applied
voltage, has an effect on the electric field strength in the gap and on the surface charge
accumulation, which are both essential for the DBD breakdown. The pulsed DBDs feature
higher electrical currents, faster streamer velocities and lower emission durations compared
to sinusoidal-driven DBDs in the same discharge configuration.

10As a measure for the emission diameter, the width of a pseudo-Voigt fit of the emission profile was used,
i.e. the total width of the emission is broader. This width of the spectrally-integrated emission can be
associated with the cross-section through which the electrical current flows [101], see page 121.

11For symmetrical pulse shape, i.e. tpulse = 50µs.
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Figure 4.5 Comparison of the streamer propagation velocities for a bipolar pulsed DBD (tpulse =
50µs with Vpulse = ±5 kV, frep = 10 kHz) and a sinusoidal driven DBD (Vpp = 14 kV,
f = 20 kHz) in 0.1 vol% O2 in N2. The values are calculated from streak camera
images. Image reproduced from Article IV.

However, for asymmetrical DBD arrangements (one electrode covered by a dielectric, and
the other pure metal), different DBD characteristics are to be expected [27, 34, 104].

4.3 Controlling of Pulsed DBDs

In this section, two different possibilities of controlling the behaviour of pulsed DBDs are
presented. In the first part, the consequences of pulse width variation are discussed for a
unipolar pulse with 10 kV amplitude at 0.1 vol% O2 in N2, especially with respect to the
pre-breakdown phase. The second part focusses on the influence of O2 concentration on
DBDs with a fixed pulse width in N2-O2 gas mixtures.

4.3.1 Effect of Pulse Width on Pre-phase and Breakdown

The pulsed operation enables a third electrical parameter in addition to the voltage ampli-
tude and the repetition frequency which are also available for “classic” sinusoidal-driven
DBDs: the pulse width. Figure 4.6(a) illustrates the concept of pulse width variation at
a fixed repetition frequency (10 kHz) for tpulse = 50µs and 10µs.
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Figure 4.6 Electrical DBD current and voltage for Vp = 10 kV for various pulse widths in
0.1 vol% O2 in N2. Images reproduced from Article VI.
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A change of the pulse width means different pause times between single discharges at
the rising and falling slopes. In Article I, the effects on various DBD properties such
as electrical current, 2D emission structure, emission duration and streamer propagation
velocity are compared for tpulse = 90, 50, and 10µs. It is shown that only the time between
the slopes is responsible for the changes in the DBD characteristics in a symmetrical
configuration, i.e. they are independent of the sign12 of the pulse voltage slope. The
effects of decreased pulse width on the electrical DBD current at the falling slope are
shown in figure 4.6(b); for shorter tpulse there are lower maxima (absolute values) and
a “smoothing” of the DBD current shape, accompanied by a reduction in the applied
breakdown voltage13. Therefore, the consumed electrical energy per period is reduced
with decreasing pulse width (see figure B.2 on page 122).
Article V analyses the effects of short pulse widths (pause times) below 10µs on the spatio-
temporal DBD development, especially the case of tpulse = 1µs, where a simultaneous
propagation of a cathode- and anode-directed streamer occurs. Article VI investigates
this phenomenon by thoroughly examining the DBD characteristics for pulse widths from
0.2 to 50µs, in particular the processes occurring during the pre-phase, which is limited to
≈ 50 ns by the pulse rise time14. For this purpose, the spatio-temporal emission structure
was recorded and synchronised with respect to the slope of the applied voltage.
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Figure 4.7 Spatio-temporal development of the SPS emission (337 nm) at the falling slope for
tpulse = 10 and 1µs at Vp = 10 kV showing the 2D structure (iCCD) during the
pre-phase (left) for a time window of 5 ns, indicated by the grey dashed lines in the
streak image (right).

The pre-phase SPS emission is exemplified in figure 4.7 for tpulse = 10 and 1µs. For
tpulse = 10µs, an isolated, temporally limited SPS emission occurs during the pre-phase

12Positive → rising slope or negative → falling slope.
13After the DBD at the rising slope the accumulation of the surface charges compensates the electric field

strength in the gap. For a unipolar applied voltage pulse, this means that the breakdown voltage in the
gap is higher for lower values of the applied voltage.

14It has to be mentioned that for much steeper slopes (∼ 100 kV/ns), which were investigated by the author
during his stay at the TU Eindhoven, only a faint glow on both dielectric surfaces of the electrodes was
observed, even for Vpulse = 30 kV, see figure B.4 on page 122. Because of the short pre-phase due to
the fast voltage rise accompanied by the short pulse width of 5 ns, no DBD breakdown was possible.
Therefore, the effect of this very steep pulse on the breakdown was analysed for a coaxial DBD and a
spark discharge arrangement. The results are described in two articles (number 6 and 8 in the list on
page 115), which are not included in this thesis, and summarised in the appendix (on page 118 f.).
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in front of the anode. The SPS emission can be used as a measure for the presence of
electrons (i.e. pre-ionisation) because the N2(C) state is excited by electron impact at
atmospheric pressure [31, 105]. Furthermore, the spatial position of the SPS emission
in the pre-phase can be associated with a space charge which results in a shift in the
inception point of the cathode-directed streamer (see figure 3(b) in Article VI). This leads
to a reduced region of lower emission in front of the cathode, as reported in e.g. Article
I (figure 5). For tpulse = 1µs the SPS emission during the pre-phase starts near to the
cathode. The simultaneous cathode- and anode-directed propagations directly originate
at this point, see figure 4.7. This can be interpreted as a virtual anode generated by the
positive charge carriers in the gap, because the drift time of positive ions is in the range
of ∼ 1µs [69, 106].
Examining the DBD behaviour at the falling slope for pulse widths of 0.2, 1, 2, 5, 10, and
50µs, four different (breakdown) regimes were observed for 0.1 vol% O2 in N2. The SPS
emission behaviour during the pre-phase and the breakdown characteristics are listed in
table 4.2 for the four regimes. Table 4.3 shows the influence of the pause time reduction
(tpulse) between the DBDs for the four regimes, using the values of the (absolute) maxima
of the electrical DBD current, the temporal FWHM of the SPS emission, and the velocities
of the cathode-directed propagation in front of the cathode. The error ranges indicate the
spread of the values within one regime, which significantly exceeds the measurement error
of a single record.
More details on the effects of pulse width variation can be found in Article VI, especially
concerning the spatio-temporal evolution of the SPS emission during the pre-phase and
the subsequent breakdown correlated with respect to the applied voltage.

Table 4.2 Pre-phase structure and following breakdown characteristics for pulsed-driven DBDs
with Vpulse = 10 kV and frep = 10 kHz in dependence of the pause time (tpulse) after
the DBD at the rising slope in 0.1 vol% O2 in N2.
Table reproduced from Article VI.

time between two sub-
pre-phase structure breakdown characteristics

sequent DBDs (tpulse)

regime I exponential increase of SPS propagation of cathode-
99.8µs ≥ tpulse ≥ 20µs emission in front of anode directed streamer

regime II isolated SPS emission in propagation of a slower
20µs > tpulse > 4µs front of anode cathode-directed streamer

(shifted inception point)

4µs ≥ tpulse ≥ 2µs isolated SPS emission in front transition between single
of anode accompanied by an and double streamer
exponentially increasing SPS propagation
emission in front of cathode

regime III SPS emission in front simultaneous propagation
2µs > tpulse > 0.5µs of cathode (inception point of cathode- and anode-

of the double streamer) directed streamers

regime IV SPS emission directly on no propagation at all,
tpulse ≤ 0.5µs cathode surface reignition in afterglow

of previous discharge

To support the interpretation of the observed phenomena, a time-dependent, spatially 1D
fluid model [107, 108] was established by M. Becker for the theoretical description of the
DBD under consideration. The measured SPS emission development and the modelled
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N2(C) densities showed good agreement, see figure 11 in Article VI. The analysis of the
modelled temporal development of the dominant charge carrier densities in the centre of
the gap revealed considerably high electron and positive ion densities of > 1010 cm−3 to
up to approximately 20µs after the DBD at the rising slope (see figure 10 in Article VI).
The charge carrier densities before the falling slope in a single filament DBD arrangement
can be controlled by the pause time (tpulse), i.e. they are low for longer pause times and
significantly increase for shorter pause times. The fast change of the electric field strength
during the drop of the applied voltage leads to an almost instant acceleration of the
electrons (� 1 ns [84]) while the heavier ions remain quasi-static on the nanosecond time
scale.

Table 4.3 Characteristics for pulsed-driven DBDs with Vpulse = 10 kV and frep = 10 kHz in
dependence of the pause time (tpulse) after the DBD at the rising slope in 0.1 vol% O2

in N2. The error ranges indicate the spread of the values within one regime, not the
error of one measurement.

tpulse |Imax
DBD| tSPS

FWHM vprop

regime I
(117± 25) mA (4.0± 0.2) ns (1.5± 0.3) · 106 m

s99.8µs ≥ tpulse ≥ 20µs

regime II
20µs > tpulse > 4µs (56± 10) mA (4.6± 0.3) ns (0.7± 0.2) · 106 m

s

4µs ≥ tpulse ≥ 2µs (42± 9) mA (5.5± 1) ns (0.4± 0.11) · 106 m
s

regime III
(25± 5) mA (14± 5) ns (0.15± 0.1) · 106 m

s2µs > tpulse > 0.5µs

regime IV
(15± 5) mA (30± 10) ns no propagation

tpulse ≤ 0.5µs

The pre-ionisation caused by the previous DBD is the key for the disparate behaviour in
the pre-phase and the following breakdown for different pause times (tpulse). More pre-
cisely, the residual densities of electrons and ions and their response to the electric field
change caused by the fall of the applied voltage determine the DBD behaviour, especially
during the pre-phase. For regimes I and II, the DBD breakdown featured the “classic”
cathode-directed propagation with slightly different properties for regime II (e.g. the shift
of the streamer inception point). When the residual charge carrier density15 reached a cer-
tain level (∼ 1012 cm−3) the simultaneous propagation of a cathode- and anode-directed
streamer became possible (regime III), see figure 4.7 for tpulse = 1µs. For tpulse < 0.5µs,
no streamer-like propagation was observed, because the residual charge carrier densities
exceeded a critical value (∼ 1013 cm−3). The electrons generated in the previous DBD are
still moving in the gap and the build-up of the surface charges is not completed. Thus,
the discharge in regime IV is a reignition in the immediate afterglow of the prior DBD at
the rising slope.
In summary, in a pulsed, symmetrical single DBD arrangement the breakdown charac-
teristics can be controlled down to the fundamental level by the residual pre-ionisation,
which can be set by varying the time between subsequent DBDs via the pulse width. A
more detailed discussion of the different regimes and the responsible mechanisms can be
found in Article VI.

15The values were estimated from the modelled time development of the dominant charge carrier densities,
see Article VI.
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4.3.2 Effect of O2 Concentration in N2-O2 Gas Mixtures

Apart from the pause time discussed in the previous section, the DBD characteristics
can also be manipulated by varying the O2 concentration in the gas mixture. Due to
the electronegative property of oxygen, which leads to the formation of negative oxygen
ions (e.g. O−2 and O− [105]) a strong influence of the O2 concentration on the discharge
behaviour can be expected.
This section is dedicated to the influence of the admixture of O2 on pulsed-driven DBDs in
N2-O2 gas mixtures at a fixed pulse width. First, the effect of the O2 concentration on the
DBD characteristics is investigated for 0.1 to 20 vol% O2 in N2 at atmospheric pressure.
The DBDs were analysed at the rising slope for tpulse = 10µs (i.e. 90µs after the previous
DBD, which had no significant effect on the pre-conditions16), to minimise the influence
of the previous discharge and to identify the effects of increasing the O2 concentration.
Then the “bidirectional” character of the O2 admixture below a certain concentration is
presented mainly for a pressure of 0.5 bar.

Results for 0.1 to 20 vol% O2 in N2 at 1 bar

The influence of the O2/N2 ratio on the electrical characteristics of sinusoidal-driven DBDs
has been examined in detail, see e.g. [27, 30, 31]. This subsection is based on Article VII,
which is the first study on the effects of O2 concentration in N2-O2 gas mixtures for
pulsed operated DBDs. Qualitatively, the same electrical characteristics as reported in
[27, 30, 31] for a single DBD were also found for pulsed DBDs, e.g. a reduction of both the
FWHM of the electrical DBD current and of the transferred charge, and rising electrical
DBD current maxima with increasing O2 concentration from 0.1 to 20 vol% O2 in N2, see
figure 4.8. The reason for this behaviour is the electronegative character of oxygen, i.e.
the electron attachment to oxygen, which leads to a reduction of the electron density and,
consequently, to a decreasing electron current.
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Figure 4.8 Analysis of electrical DBD parameters when varying the gas mixture from 0.1 to
20 vol% O2 in N2 (Vpulse = 10 kV, frep = 10 kHz, tpulse = 10µs).

16An effect on the pre-phase, similar to the one for the pulse width variation described in the previous
section, was also found for 1 and 3 vol% O2 in N2 at a fixed pulse width of 1µs, i.e. a localised pre-phase
emission of the SPS was detected, see figure B.3 in the appendix on page 122. This can be associated with
a reduction of the pre-ionisation with increasing O2 content due to the electronegativity of oxygen. As
a consequence, the residual electron density decreases, i.e. the processes during the pre-phase described
in regime II for the range of 20µs > tpulse > 4µs at 0.1 vol% O2 in N2 already occur for tpulse = 1µs for
1 and 3 vol% O2 in N2. This result was presented at the XIV. HAKONE [109].
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The electrical measurements were also used to determine the gap voltage at ignition Vb
(equation 2.9) and the reduced electric field strength at ignition (E/n)b using the ideal
gas law17. The results show a significant increase of (E/n)b with the O2/N2 ratio, see
figure 4.9(a). A higher O2 admixture leads to a higher breakdown voltage due to the
reduced pre-ionisation. Consequently, the breakdown is delayed with increasing O2 con-
centration. Because of the pulsed operation, a breakdown delay has a strong impact on
the DBD characteristics (e.g. on the electrical DBD current maxima). In our case, a delay
of 4 ns during the slope corresponds to an increase of ≈ 1 kV of the applied voltage due
to the steep voltage slope. A breakdown delay for DBDs in O2 in comparison to N2 was
also reported in simulations [84] and experiments [74, 110]; a similar effect was found also
for corona discharges [111]. In addition, the aggravated breakdown conditions cause a
temporal jitter of the DBD inception, which leads to the occurrence of DBDs even at the
plateau of the voltage pulse18 for [O2]> 5 vol%, see figure 5 in Article VII.
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DBD breakdown calculated from streak
camera images.
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Figure 4.9 Analysis of electrical DBD parameters while varying the gas mixture from 0.1 to
20 vol% O2 in N2 for Vpulse = 10 kV and tpulse = 10µs.
Images reproduced from Article VII.

17Neutral gas density n = p
kB·Tgas

with p = 1013 hPa and Tgas = 298 K ⇒
(
E
n

)
b

= Vb
dgap·n .

18A more detailed analysis of the DBD statistics can be found in Article VII.
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In [56], the density of atomic nitrogen (N) was measured for pulsed DBDs in N2-O2 mix-
tures, which decreased about one order of magnitude from almost pure N2 up to 5 vol%
O2 in N2. The density stayed at the same level for higher O2 concentrations, e.g. the N
density features a similar behaviour as the electric field strength in the gap (figure 4.9(a)).
Therefore, it can be assumed that the mean density of highly energetic electrons needed
for the dissociation of N2 by electron impact: N2 + e → 2 N + e (binding energy of N2:
9.79 eV [112]) does not change for [O2]≥ 5 vol%. In other words, there are more highly
energetic electrons for higher O2 concentrations. However, since other reactions also con-
tribute to the N production, such as the dissociation of NO, a more detailed analysis
including plasma chemistry modelling is necessary. This issue will therefore be left for
future research.
The DBD emission diameters obtained from spectrally-integrated, single iCCD shots
shown in figure 4.9(b) rise with increasing O2 concentration. The distribution of the
single data points spread for [O2]> 5 vol% as for the (E/n)b values, which is mainly due
to the occurrence of DBDs at various points in time within the HV slope caused by the
temporal jitter. The velocities of the cathode-directed ionisation fronts19 significantly in-
crease with rising O2 content, see figure 4.9(c). One possible mechanism underlying this
behaviour could be the shortening of the absorption length of highly energetic photons
with rising O2 concentration, which amplifies the photo-ionisation20 and, consequently,
the positive streamer propagation velocity [114–116]. In addition, the propagation veloc-
ity and the discharge diameter both increase with the electric field strength in the streamer
head [103, 117, 118]. An increased streamer velocity affects the production rate of atomic
oxygen [119].
The DBD emission duration analysed by the FWHM and the decay time of the spatially-
and spectrally-integrated emission displayed in figure 4.9(d) reveal the same decline as the
transferred charge and the FWHM of the electrical DBD current in figure 4.8(b). This is
in accordance with the findings for sinusoidal-driven DBDs in e.g. [30].
The impact of varying the O2 concentration from 0.1 to 20 vol% O2 in N2 on the crucial
properties of single filament DBDs can be summarised as follows:

1. The DBD current maxima increase with rising O2/N2 ratio.

2. O2 concentrations above 5 vol% lead to aggravated breakdown conditions (lower pre-
ionisation), which cause an increase in the reduced electrical field strength at ignition
(due to the breakdown delay) and an occurrence of a DBD inception jitter.

3. The electrical DBD currents (FWHM), the emission durations and the transferred
charges all decrease with rising O2/N2 ratio.

4. The DBD emission diameters increase with higher O2/N2 ratios.

5. The streamer propagation velocities also rise with the O2/N2 ratios, contrary to
sinusoidal-driven DBDs.

There are two issues involved in the effects of increasing O2 concentration on pulsed DBDs
in N2-O2 gas mixtures. On the one hand, intrinsic properties of oxygen are of importance,
such as collisional quenching of excited N2 states (mainly N2

(
C3Πu

)
and N2

(
A3Σ+

u

)
) by

O2 and O [30, 31, 120] and the formation of negative ions, which lead to the reduction
of the DBD emission duration and lower transferred charge for higher O2 concentrations.

19These velocities were obtained from jitter-corrected streak camera images (see Article III for the jitter
correction procedure) at the slope of the HV pulse.

20However, there are reports, which deny a strong influence of the photo-ionisation on the streamer prop-
agation [113].



4.3 Controlling of Pulsed DBDs 25

Furthermore, the reduced effective ionisation coefficient ᾱ/n is for a specific range21 of the
reduced electric field strength E/n higher for O2 than for N2. Consequently, the maxima
of the electrical DBD current increase as do the streamer velocities and the DBD emission
diameters, which are additionally effected by the stronger photo-ionisation with rising O2

concentration.

On the other hand, the pulsed operation plays a major role due to its steep voltage rise.
This means that, even a short breakdown delay has a strong influence on the reduced
electric field strength in the gap, affecting on several important DBD properties, such as
the maxima of the electrical DBD current or the streamer velocities. In other words, an
increase of the admixture of electronegative O2—which is the reason for the breakdown
inception delay—has a strong impact on the discharge physics. Therefore, the results are
due to a combination of the intrinsic properties of oxygen (e.g. increased ᾱ/n accompanied
by electron attachment, and collisional quenching which reduce the background ionisation
before breakdown), and the rapid voltage increase during the voltage slope.

The Bidirectional Character of O2 Concentration in N2-O2 Gas Mixtures

All effects reported in the previous subsection for 0.1 to 20 vol% O2 in N2 only change in one
direction with rising O2 content. To examine whether these relations are still valid for very
low O2 admixtures ([O2]� 0.1 vol%), purer conditions are required. These were realised
by a pumped cell, but with the same double-sided DBD arrangement as in the Plexiglas
cell (see figure 3.1(a)). The pumped cell had a slightly smaller discharge gap of 0.8 mm.
The results presented here are mainly based on Article VIII. Several DBD properties were
analysed for concentrations from < 0.01 to 10 vol% O2 in N2 at gas pressures of 1 and
0.5 bar.

1 1 0 1 1 5 1 2 0 1 2 5 1 3 0 1 3 5
- 4

- 2

0

2

4

6

V /
 kV

 

t  /  n s

0

5 0

1 0 0

1 5 0

2 0 0

2 5 0

p  =  0 . 5  b a r

  [ O 2 ]  i n  v o l %
  <  0 . 0 1  
     0 . 1  
     1  
     1 0

I DB
D / 

mA

(a) Applied voltage and electrical DBD current
at the rising slope.

9 5 1 0 0 1 0 5 1 1 0 1 1 5 1 2 0
- 4

- 2

0

2

4

6

 

V /
 kV

t  /  n s

  [ O 2 ]  i n  v o l %
  <  0 . 0 1  
     0 . 1  
     1  
     1 0

p  =  0 . 5  b a r

0

- 5 0

- 1 0 0

- 1 5 0

- 2 0 0

- 2 5 0

I DB
D / 

mA

(b) Applied voltage and electrical DBD current
at the falling slope.

Figure 4.10 Detailed electrical characteristics for DBDs at p = 0.5 bar and Vp = 6.5 kV with
tpulse = 10µs depending on the O2 concentration; Idis is subtracted.
Images reproduced from Article VIII.

Figure 4.10(a) shows the electrical DBD current at the rising slope synchronised with
the applied voltage22 of 6.5 kV at 10 kHz for 0.5 bar. For 0.1 to 10 vol% O2 in N2, the
IDBD featured the same behaviour as reported in Article VII: the reduced pre-ionisation
with increasing O2 content caused a breakdown delay, which led to a higher breakdown

21From ≈ 110 to ≈ 400 Td [84] which is the relevant range for the considered DBDs.
22The pulse voltage was 10 kV at 1 bar and was reduced to 6.5 kV at 0.5 bar, to achieve similar E/n

conditions in the gap, and to ensure a stable single filament operation.
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voltage (due to the steep slope of the applied voltage) and, consequently, to higher IDBD

maxima. However, the IDBD development for the lowest O2 admixture did not follow this
trend; it was delayed and its maxima were higher compared to 0.1 vol% O2 in N2. This
effect was even more pronounced for the IDBD at the falling slope; see figure 4.10(b) and
figure 4.11(a) for the delay times at both slopes.
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velocities were extracted in front of the cathode
(averaged over 100µm).
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(c) Duration of the DBD emissions at the rising
and falling slopes. The FWHM values were cal-
culated from spatially-integrated streak camera
images.
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calculated from spectrally-integrated, single shot
iCCD images.

Figure 4.11 Effects of varying O2 concentration in N2 on the DBD characteristics at p = 0.5 bar
and Vp = 6.5 kV with tpulse = 10µs. Images reproduced from Article VIII.

Additionally, the shape of the IDBD is smoothed for 0.1 vol% O2 in N2. This smoothing is
qualitatively the same as the one presented for the varying pulse width at 0.1 vol% O2 in
N2 at 1 bar in figure 4.6(b) above. The breakdown structure also shows similarities with
the tpulse variation. A shift of the starting point of the cathode-directed ionisation front
towards the cathode was observed for < 0.01 and 1 vol% O2 in N2. For [O2] = 0.1 vol%,
by contrast, a simultaneous propagation of cathode- and anode-directed streamers was
recorded, see the streak camera images in figure 9 of Article VIII. The maxima of the
cathode-directed propagation velocities in front of the cathode directly increased for DBDs
at the rising slope23 for 0.5 bar, while for the velocities at the falling slope a minimum

23The propagation velocity values are of the same order of magnitude as for 1 bar, see figure 4.9(c).
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for 0.1 vol% O2 in N2 occurred, see figure 4.11(b). The durations (FWHM) of the DBD
emissions calculated from spatially- and spectrally-integrated streak camera images shown
in figure 4.11(c) reveal a maximum for 0.1 vol% O2 in N2, which is more pronounced for
the DBDs at the falling slopes. Furthermore, the DBD emission diameters were obtained
from spectrally-integrated, single iCCD shots (figure 4.11(d)). Here, the minimal diameter
was found for 1 vol% O2 in N2.
The described “bidirectional” influence of the O2 concentration on the DBD characteristics
can be explained by the different recombination rates of positive molecular ions of nitrogen
and oxygen [30, 105, 121, 122]. The dominant positive ions in N2-O2 gas mixtures are
N+

2 , N+
4 , O+

2 and O+
4 . The time development of their densities strongly depends on the

O2 admixture [121]. The reactions in N2-O2 gas mixtures have the following chronological
order24, starting with the breakdown [121] (M is an arbitrary collision partner, e.g. N2):

[O
2
]

ri
se

electron impact ionisation: e + N2 → N+
2 + 2 e (4.3)

formation of cluster ion: N+
2 + N2 + M → N+

4 + M (4.4)

dissociative recombination: e + N+
4 → 2 N2 (4.5)

collisional charge exchange: N+
4 + O2 → 2 N2 + O+

2 (4.6)

formation of cluster ion: O+
2 + O2 + M → O+

4 + M (4.7)

dissociative recombination: e + O+
4 → 2 O2 (4.8)

Consequently, the positive ions follow a specific generation scheme [105, 121, 123–125]:

N+
2 ⇒ N+

4 ⇒ O+
2 ⇒ O+

4 (4.9)

For very low O2 concentrations, this generation chain is cut off at N+
4 (reaction (4.5)),

because the density of O2 is too low for the collisional charge transfer (reaction (4.6)). For
high O2 admixtures, the chain ends at O+

4 . For both cluster ions (N+
4 and O+

4 ) the recom-
bination rates are approximately one order of magnitude higher than for the simple ions25

(N+
2 and O+

2 ). For intermediate O2 concentrations the chain is interrupted at O+
2 , i.e.

there is enough O2 for the collisional charge transfer (reaction (4.6)), but the O2 density
is not high enough for the sufficient formation of O+

4 (reaction (4.7)). Nijdam et al. [124]
reported the domination of O+

2 ions and consequently a minimum in the recombination
rate (i.e. a minimal loss of electrons) for 0.2 vol% O2 in N2 at 133 mbar.
The minimum of the ignition delay accompanied by the maximum of the emission duration
observed in this thesis for pulsed DBDs at 0.1 vol% O2 in N2 are a consequence of the high
pre-ionisation level caused by the recombination minimum for this specific O2/N2 ratio.
Because the formation of the fast-recombining cluster ions is pressure dependent (∼ p−2)
due to the need for three-body collisions, the reduced recombination, i.e. the slower elec-
tron loss, is more pronounced for lower pressures. In addition, the asymmetrical HV pulse
shape with tpulse = 10µs (i.e. 90µs pause before the rising slope) leads to a further in-
crease of the residual ionisation at the falling slope (see Section 4.3.1). Consequently, the

24The generation of O+
2 via electron impact ionisation (O2 + e → O+

2 + 2 e) has approximately the same
rate coefficients as reaction (4.3) [105], but it can obviously be neglected for very low O2 concentrations.
For higher O2 contents this reaction contributes to the total amount of O+

2 during the breakdown with
its high electron energies, but later, reaction (4.7) takes over.

25This difference is due to the lower binding energy of the cluster ions (N+
4 and O+

4 ) compared to the
simple ions. Because of the impulse conservation, only dissociative recombination (N+

2 + e → 2 N, same
for O+

2 ) or three-body recombination (N+
2 + e + M → N2 + M, same for O+

2 ) are possible for the simple
ions, while for the cluster ions the dissociative recombination (reactions (4.5) and (4.7)) has much higher
reactions rates [105].
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effects depending on the pre-ionisation (e.g. the ignition delay) are more pronounced for
the DBDs at the falling slope.
In summary, the experimental results reported in this subsection support the findings in
[124], even though their experiments were conducted under different conditions: there
is a minimum recombination rate of positive molecular oxygen and nitrogen ions at a
specific O2 concentration in N2-O2 gas mixtures. For O2 concentrations < 0.01 vol% and
� 0.1 vol% O2 in N2, the recombination rate is supposed to be higher than for 0.1 vol%.
This is the so-called bidirectional influence of the O2 concentration on the characteristics
of pulsed DBDs, which is more pronounced for 0.5 than for 1 bar.

Furthermore, the aforementioned similarities of the DBD behaviour (e.g. double streamer
propagation) with tpulse variation emphasise that the setting of the pre-ionisation level—
either by changing the pulse width (shifting the falling slope in the afterglow of the previous
DBD) or by changing the O2 concentration (influencing the recombination and quenching
rates)—are just two sides of the same coin.
Moreover, it can be concluded that in pulsed-driven DBDs, the influence of nitrogen
metastable species26 such as N2

(
A3Σ+

u

)
is weaker than the different recombination rates

of the positive nitrogen and oxygen ions. This is because the densities of the N2 metasta-
bles increase significantly with decreasing O2 concentration [88].
In contrast to sinusoidal-operated DBDs [30], no diffuse discharge mode was observed for
pulsed DBDs, even below 0.01 vol% O2 in N2. This is most likely a consequence of the
fast rising voltage in combination with the short pre-phase, which enforces the filamentary
DBD mode27 [46].

26The metastable N2

(
A3Σ+

u

)
can release electrons, when it collides with a dielectric surface [126], but it

also can effect the processes in the volume [127].
27In sinusoidal-driven DBDs, the filamentary discharge mode could be induced by a sufficiently high applied

voltage [128].
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This thesis investigated dielectric barrier discharges (DBDs) in N2-O2 gas mixtures at at-
mospheric pressure, with a focus on the gas discharge physics. The main goal was to eval-
uate whether possible control mechanisms exist that can manipulate the breakdown and
the development of DBDs, especially for pulsed operation. To examine the pre-breakdown
phase, the actual breakdown and the main DBD development, DBDs in a double-sided,
single filament arrangement with a 1 mm discharge gap were investigated by means of elec-
trical and optical diagnostics with high resolutions. Spectrally- and temporally-resolved
iCCD pictures (2D in space), spectrally- and spatio-temporally-resolved streak camera and
CCS images (1D in space) were simultaneously recorded accompanied by a full electrical
characterisation with fast voltage and current probes.
Sinusoidal- and pulsed-driven1 DBDs were found to have a qualitatively similar spatio-
temporal development, i.e. a cathode-directed ionisation front (positive streamer mech-
anism), followed by a transient glow-like phase in the gap. For sinusoidal operation,
the slope of the applied voltage is flat (dV /dt∼ 1 V/ns) compared to pulsed operation
(dV /dt∼ 100 V/ns). Thus, during the longer pre-phase of the sine-driven DBD, many
more charge carriers were generated, in contrast to the pulsed-driven DBDs, where the
pre-phase is limited by the short voltage rise time. Consequently, just before the break-
down occurs, the charge carrier density is higher for sine-driven DBDs, i.e. the positive
streamer starts in a highly pre-ionised environment, which leads to a lower propagation
velocity. In addition to limiting the pre-phase (lower pre-ionisation), the steep voltage
slope of the pulsed DBD amplifies the streamer breakdown because the applied voltage
rises significantly during its propagation. Therefore, the transferred electrical charge and
the electrical power of a single DBD can be controlled by the applied voltage amplitude,
but only in pulsed operation. No significant difference in the DBD characteristics was ob-
served between the three pulsed modes (positive unipolar, negative unipolar, and bipolar),
only the absolute potential difference is of importance.
The manipulation of the pre-ionisation level was found to have the greatest effect on the
DBD characteristics. In addition to the effects of different voltage slope steepness, the
pulse width is an excellent parameter in the pulsed operation to set the pre-ionisation, by
shifting the DBDs into the after-glow of the previous discharge using asymmetrical HV
pulse waveforms. The subsequent DBDs ignite in different pre-ionised conditions, defined
by the residual charge carrier densities in the gap that originated from the previous DBD.
The breakdown characteristics of these DBDs could be controlled down to the fundamen-
tal level. This thesis has described for the first time four different breakdown regimes in
single filament DBDs for 0.1 vol% O2 in N2 and connected them to the processes during
their pre-phases. The “classic” DBD development (a cathode-directed streamer followed
by a transient glow discharge) could be controlled in a certain range, followed by a transi-
tion first to a breakdown regime featuring a simultaneous propagation of a cathode- and
an anode-directed streamer, and finally to a reignition of the previous DBDs without any
propagation, just by reducing the pulse width (time between two subsequent DBDs), i.e.
increasing the pre-ionisation level. All differences between the DBDs at rising and falling
slopes could be explained by the different pre-conditions in the gap. This interpretation
is supported by modelling results obtained by M. Becker.

1For a symmetrical HV pulse shape, in this case tpulse = 50µs with frep = 10 kHz.
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The O2 concentration in the N2-O2 gas mixtures offers another way of controlling the
pre-ionisation. Due to the electron attachment as a consequence of the electronegativity
of oxygen, the electron density decreases for higher O2 admixtures. Furthermore, the dif-
ferences in the first Townsend ionisation coefficient and in the photo-ionisation between
N2 and O2 influence the DBD behaviour as well. To some extent, some of the reported
effects achieved by varying the pulse width at a fixed O2/N2 ratio were also observed for a
fixed pulse width and changing O2 concentration. Hence, the response of the DBD prop-
erties to changing pre-ionisation levels seems to be a general principle of DBD control.
Additional effects of the O2/N2 ratio, such as an increasing DBD inception jitter or higher
streamer velocities, were also reported. Finally, a reverse of the effects induced by the O2

admixture such as DBD emission duration or DBD inception delay, was observed for O2

concentrations below 0.01 vol%, and were especially pronounced at a pressure of 0.5 bar.
For 0.1 vol% O2 in N2, a minimal electron recombination rate was found, which can be
explained by the different decay and recombination rates of positive nitrogen and oxygen
ions. These different rates effect the charge carrier dynamics and consequently, the pre-
ionisation in the gap. Figure 5.1 summarises the DBD control mechanisms investigated in
this study and their interrelation showing the influence of the volume pre-ionisation.

Pre-breakdown phase 

Residual charges from 

previous discharge 

Breakdown regime 

Control of dielectric  

barrier discharges 

Pre-ionisation 

O2 in N2 

Electron attachment, 

collisional quenching 

Pulse width Steep slope of Vapp 

Charge-carrier generation 

during voltage slope 

Pulsed operation 

Figure 5.1 Control mechanisms of single filament DBDs by crucial external parameters.

In conclusion, this investigation has highlighted the importance of volume memory pro-
cesses on the breakdown and development of single filament DBDs at elevated pressures.
The reported effects are of high importance for the application of DBDs, because the “tai-
loring” of discharge properties for a specific output of particular reactive species is one of
the main goals of DBD research.
The next step should be the correlation of the discharge physics (breakdown regimes) with
their effects on the plasma chemistry [129]. Particularly for the degradation of gaseous
pollutants, specific conditions are needed for an effective treatment, for example different
radicals for the decomposition of distinct pollutants, such as volatile organic compounds
[59]. To study the interaction between multiple filaments, the transition from single- to
multi-filament arrangements needs to be investigated. This upscaling is required for the
efficient processing of large gas volumes, which is essential in many applications, including
exhaust treatment and air cleaning.
Future basic research is intended to include the role of surface charge dynamics [79, 130],
especially for pulsed DBDs with short pulse widths. Investigations on different voltage
slope steepnesses is expected to reveal further insight into the breakdown of DBDs, e.g.
the influence of longer or shorter pre-phases. On a fundamental level, more research is
needed on the behaviour of pulsed DBDs in other gas mixtures, e.g. noble gases such as
Ar or He, or less electronegative (compared to O2) molecular gases such as H2. Another
focus of future investigations is the quantitative measurement of the electric field strength
during the streamer breakdown in the pulsed operation, and in particular connecting these
measurements to the streamer velocities and emission diameters as input parameters for
the spatial 2D modelling of the breakdown of DBDs.
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6 Thesis Articles

The following is a list of the eight publications that formed the basis of this PhD thesis,
with the author’s specific contribution detailed below the article title. All but one articles
are based entirely on the author’s work. A complete list of the scientific contributions
done during the author’s time as a doctoral candidate can be found in chronological order
on page 115 ff.
This PhD thesis is the logical continuation of the author’s Master thesis and aims to answer
some of the open questions raised in the previous work. The data used in Articles I, V and
VII were partially produced during the author’s Master thesis, but as the experimental
set-up and the interpretation of the results have since been improved, they are now more
profound. The former results are nonetheless included in the current work to provide a
more complete picture of the topic “pulsed dielectric barrier discharges”.
Reprints of all listed articles are attached.

Article I

M. Kettlitz, H. Höft, T. Hoder, S. Reuter, K.-D. Weltmann,
R. Brandenburg:
On the spatio-temporal development of pulsed barrier discharges: influence of duty
cycle variation
J. Phys. D: Appl. Phys. 45, 245201 (2012).

H. Höft and M. Kettlitz performed the measurements and wrote the article together.
H. Höft build the set-up used for all experiments and did the data analysis. The
results were discussed and the article was edited by all authors.
Remark: Some of the experimental work for this article was done during the Master
thesis of H. Höft [61].

Article II

H. Höft, M. Kettlitz, T. Hoder, R. Brandenburg, K.-D. Weltmann:
Development of a Single Filament Pulsed Dielectric Barrier Discharge in Volume
and on Surface
IEEE Trans. Plasma Sci. 40, no. 10, 2372-2373 (2014).

H. Höft performed the measurements, did the data analysis and wrote the article.
The results were discussed and the article was edited by all authors.
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Article III

R. Brandenburg, M. Bogaczyk, H. Höft, S. Nemschokmichal,
R. Tschiersch, M. Kettlitz, L. Stollenwerk, T. Hoder, R. Wild,
K.-D. Weltmann, J. Meichsner, H.-E. Wagner:
Novel insights into the development of barrier discharges by advanced volume and
surface diagnostics
J. Phys. D: Appl. Phys. 46, 464015 (2013).

H. Höft, M. Kettlitz and T. Hoder performed the measurements which are described
in chapter 2.1. H. Höft did the data analysis for chapter 3.1. R. Brandenburg wrote
the major part of the article. The results were discussed and the article was edited
by all authors.

Article IV

M. Kettlitz, H. Höft, T. Hoder, K.-D. Weltmann, R. Brandenburg:
Comparison of sinusoidal and pulsed-operated dielectric barrier discharges in an O2-
N2 mixture at atmospheric pressure
Plasma Sources Sci. Technol. 22, 025003 (2013).

H. Höft and M. Kettlitz performed the measurements and wrote the article together.
H. Höft did the data analysis. The results were discussed and the article was edited
by all authors.

Article V

T. Hoder, H. Höft, M. Kettlitz, K.-D. Weltmann, R. Brandenburg:
Barrier discharges driven by sub-microsecond pulses at atmospheric pressure: Break-
down manipulation by pulse width
Phys. Plasmas 19, 070701 (2012).

H. Höft and M. Kettlitz had the idea of the pulse width variation and performed the
measurements together. H. Höft did the data analysis. T. Hoder wrote the article.
The results were discussed and the article was edited by all authors.
Remark: Some of the experimental work for this article was done during the Master
thesis of H. Höft [61].

Article VI

H. Höft, M. Kettlitz, M. M. Becker, T. Hoder, D. Loffhagen,
R. Brandenburg, K.-D. Weltmann:
Breakdown characteristics in pulsed-driven dielectric barrier discharges: influence of
the pre-breakdown phase due to volume memory effects
J. Phys. D: Appl. Phys. 47, 465206 (2014).

H. Höft and M. Kettlitz performed the measurements together. H. Höft did the
data analysis and wrote the article. M. Becker did the modelling (chapter 3.2). The
results were discussed and the article was edited by all authors.
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Article VII

H. Höft, M. Kettlitz, T. Hoder, K.-D. Weltmann, R. Brandenburg:
The influence of O2 content on the spatio-temporal development of pulsed driven
dielectric barrier discharge in O2-N2 gas mixtures
J. Phys. D: Appl. Phys. 46, 095202 (2013).

H. Höft and M. Kettlitz performed the measurements together. H. Höft did the data
analysis and wrote the article. The results were discussed and the article was edited
by all authors.
Remark: Some of the experimental work for this article was done during the Master
Thesis of H. Höft [61].

Article VIII

H. Höft, M. Kettlitz, K.-D. Weltmann, R. Brandenburg:
The bidirectional character of O2 concentration in pulsed dielectric barrier discharges
in O2/N2 gas mixtures
J. Phys. D: Appl. Phys. 47, 455202 (2014).

H. Höft and M. Kettlitz performed the measurements together. H. Höft did the data
analysis and wrote the article. The results were discussed and the article was edited
by all authors.
The trigger for this article was a discussion with S. Nijdam (TU Eindhoven).
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Development of a Single Filament Pulsed Dielectric
Barrier Discharge in Volume and on Surface

Hans Höft, Manfred Kettlitz, Tomáš Hoder, Ronny Brandenburg, and Klaus-Dieter Weltmann

Abstract— Pulsed-driven dielectric barrier discharges were
recorded in a single filament arrangement with a 1-mm gap in
a N2–O2 gas mixture at atmospheric pressure with a fast ICCD
camera. The comparison of spectrally-integrated and spectrally-
resolved emissions for the second positive system (SPS) and the
first negative system (FNS) of N2 reveals different structures
in the volume and on the dielectric surfaces. A propagation of
surface discharges with approximately the same velocity is visible
on both electrodes, but with a higher intensity of the FNS on the
cathode and of the SPS on the anode. This indicates a higher
electric field strength in the discharges on the cathode surface.

Index Terms— Atmospheric pressure plasmas, electric
breakdown, nitrogen, oxygen, plasma diagnostics.

D IELECTRIC barrier discharges (DBDs) in small gaps at
atmospheric pressure are used in several applications,

such as surface modification or cleaning, as well as decon-
tamination or purification of gases [1]. The reactive species
needed for the chemical processes are generated during the
transient microdischarge (MD) developing in the volume, as
well as on the dielectric surface [1]. This paper focuses on
the development of the MD emission for the 0–0 transition
of the second positive system (SPS) at 337.1 nm and the first
negative system (FNS) at 391.4 nm of N2, which have different
excitation energies (the lowest excited state for SPS is 11.0 eV
and for FNS 18.8 eV [2]).

The DBD arrangement used for this experiment is shown
schematically in Fig. 1(a). The configuration consisted of half-
sphere alumina-covered stainless steel electrodes mounted in
a Plexiglas discharge cell [3]. The working gas (0.1-vol% O2
in N2) flowed through the cell perpendicularly to the gap.
The DBDs were generated by a positive unipolar HV pulse
with 10-kV amplitude, 10-kHz repetition rate, and ∼250 V/ns
slope steepness. All results presented here are for MDs gen-
erated in the rising slope of the HV pulse. The MD emission
was recorded with an Andor iStar ICCD camera connected
to a far-field microscope. The spectral resolution was realized
by means of interference filters (Melles Griot) with central
wavelengths of 337.1 and 391.4 nm and a bandwidth full-
width at half-maximum of 3 and 1 nm, respectively. For the
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spectrally-integrated measurements, the filter was replaced by
a quartz plate. The use of quartz optics and quartz windows
in the DBD cell allowed for transmission of UV emissions
from the discharge. The spatial resolution for this arrangement
was ∼2 µm. The field of view and the scale can be found in
Fig. 1(a). The intensity of the ICCD signals in Fig. 1(b)–(o)
is scaled with respect to each maximum and displayed in
pseudocolor.

The spectrally-integrated single shot with 150-ns gate width
in Fig. 1(b) shows the main characteristics of the MD structure;
a thin constricted channel in the gap that broadens in front
of the anode, while the surface discharge channels spread
on both electrodes. Comparing the single shot result with
that of 1000 accumulations in Fig. 1(c) shows the stability
and reproducibility of the MD: 1) the channel in the gap;
2) the emission structure with its maximum in the volume and
on the anode; and 3) the branches of the surface discharge can
be found in both Fig. 1(b) and (c). The MD structure of the
entire discharge for the 0–0 transition of the SPS [Fig. 1(d)]
shows no significant difference from the spectrally-integrated
signal, since the SPS emission is the dominant part of the
optical emission spectrum of the discharge investigated [3].
Contrary to the SPS emission structure, the intensity maximum
of the FNS emission [Fig. 1(e)] is located on the cathode sur-
face, which can be correlated with the impact of the cathode-
directed ionization front (positive streamer). A small local
maximum is also visible in the gap near the anode [4], [5].
The emission of the FNS reveals the region of high electric
field strength due to its high excitation energy. The time-
resolved development of the MD emission in a 5-ns ICCD
gate is shown in Fig. 1(f)–(j) for the SPS and in Fig. 1(k)–(o)
for the FNS. The delay times were identical for the SPS
and FNS. The first pair of images at tdelay = t0 shows
the initial breakdown phase. For the FNS [Fig. 1(k)], there
is a localized emission in the volume near the anode,
which can be interpreted as the start of the cathode-directed
propagation [4], [5]. The SPS emission in Fig. 1(f) shows
a maximum in front of the anode, which is caused by
electrons generated in the discharge channel and accelerated
toward the anode. In the next time steps after 2.5 and
5.0 ns, the streamer has crossed the gap. For the SPS,
there is an emission maximum in the gap in front of the
anode [Fig. 1(g) and (h)], whereas for the FNS the max-
imum occurs on the cathode surface [Fig. 1(l) and (m)],
with only weak emission in the MD channel. This dif-
ference between the SPS and FNS emission structure in

0093-3813 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Structure of a pulsed DBD during the rising slope of a positive unipolar HV pulse with 10-kV amplitude and 10-kHz repetition rate in 0.1-vol% O2
in N2 at atmospheric pressure, recorded with an ICCD camera. The emission starts at tdelay = t0. The number of accumulations, gain and ICCD gate
width are indicated below each picture. The intensity is displayed in pseudocolor and scaled with respect to the maximum of each image. (a) Configuration
of the double-sided DBD and the positions of the electrode surfaces are shown. (b) and (c) Single shot and an accumulation of the entire discharge,
respectively, without a spectral filter. The accumulated images were recorded with (d) 337.1-nm or (e) 391.4-nm interference filter. The development of the DBD
emission (f)–(j) for 337.1 nm is shown in the second row and (k)–(o) for 391.4 nm in the third row.

the gap corresponds to the lower electric field strength,
but relatively high electron density in the column of the
transient glow-like plasma, similar as obtained in [4] and [5]
for sinusoidal and pulsed operation, respectively. Immediately
after the streamer breakdown, the surface discharge channels
spread onto the anode [SPS, Fig. 1(g)–(j)] and the cathode
[FNS, Fig. 1(l)–(o)], while the emission in the volume fades
away. With the assumption that the discharge channels on the
dielectric propagate in the focus of the ICCD camera, a lower
limit of their propagation velocity can be estimated. Although
the SPS and FNS require different excitation energies, the
same value of (6 ± 2) · 104 m/s was found for the surface
propagation on both electrodes.
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Abstract
The comprehensive characterization of microdischarges (MDs) requires complementary
diagnostics of volume and surface processes at the same discharge configuration under
identical conditions. This contribution summarizes the results from optical, spectroscopic and
electric investigations as well as the determination of surface charges and metastable nitrogen
molecules in filamentary and diffuse barrier discharges. The feasibility of such an approach is
demonstrated on selected examples.

Fast optical and spectroscopic methods are reviewed for the example of a pulsed driven
single filament dielectric barrier MD. It is demonstrated that the methods of streak recording
and cross-correlation spectroscopy can complement one another for a comprehensive study of
the MD development. Using these techniques it is shown that the so-called prephase is present
also in sub-microsecond pulsed barrier discharges. The excitation starts directly with the
voltage increase. In the case of diffuse barrier discharges in nitrogen, the combination of
spectroscopic and electrical characterization, surface charge measurement by the Pockels
effect, and the determination of nitrogen metastables N2(A) by laser-induced fluorescence
provides detailed knowledge about the time-integrated surface charge which correlates with
the discharge current for each half cycle, whereas the temporal maximum of the metastables of
the order of few 1013 cm−3 is delayed in relation to the current maximum. The spatial (axial)
maximum of the metastable density is located near the anode like the emission maximum from
N2 second positive system at λ = 337 nm. Furthermore, the lifetime of surface charges beyond
a typical discharge period has been investigated.

(Some figures may appear in colour only in the online journal)

1. Introduction

The diagnostics of microdischarges (MDs) and microplasmas
is a challenge due to their small dimension and transient
behaviour in the ns to µs range [1–3]. While laser-aided
diagnostics provide insights into many plasma parameters,
e.g. particle concentrations, electric field strengths and
temperatures [4–6] the application of optical methods enables

the study of the breakdown and spatiotemporal development
of discharge pattern. Under specific assumptions basic plasma
parameters can also be determined. There are numerous
examples in the literature where such methods have been
used successfully on dielectric barrier discharges (DBDs),
corona discharges or plasma jets in connection with electrical
measurements (also named opto-electrical characterization),
e.g. [2, 7–9]. A self-consistent characterization of MDs and

0022-3727/13/464015+12$33.00 1 © 2013 IOP Publishing Ltd Printed in the UK & the USA

Article III 53



J. Phys. D: Appl. Phys. 46 (2013) 464015 R Brandenburg et al

microplasmas requires the application of several diagnostics
at the same discharge configuration and under identical
conditions. This is due to the high sensitivity of formation,
localization and reproducibility of the operation parameters,
material properties and electrode geometry. This contribution
describes the application of complementary diagnostic
techniques on volume DBDs with small discharge gaps and
demonstrates the feasibility on selected examples.

The examples being discussed originate from two different
experimental setups. The first one has been realized for
the investigation of repetitive single MDs by means of fast
optical and emission spectroscopic methods. The second setup
was applied to study the influence of metastables and surface
charges on the discharge development in DBDs. Due to the
different tasks, operation conditions differ. However, it is the
aim of this contribution to demonstrate the capabilities of the
techniques being described and to inspire its simultaneous use
on other plasma devices.

The paper is outlined as follows. In the following section 2
the main details of the above mentioned experimental setups
and involved diagnostics are described in more detail. The
results of the investigations are discussed in section 3, in
section 3.1 for repetitive single MDs studied by fast optical
and spectroscopic methods as well as in section 3.2 for diffuse
and filamentary DBDs by the analysis of surface charges and
nitrogen metastables, respectively. Section 3.3 will discuss
aspects of surface charge stability beyond a typical discharge
period.

2. Experimental setups and methods applied

2.1. Electrical and optical diagnostics on single filaments

The setup for the investigation of single repetitive MDs
(labelled setup 1 in the following) is described in this
subsection. Since the techniques are described in detail
elsewhere [10, 11], only a summary of them is presented here.

MDs are generated in a symmetric DBD arrangement
with semi-spherical electrodes as shown in figure 1(a). The
dielectric is alumina (Al2O3, εr ≈ 9) with a thickness of
about 0.5 mm. The minimum distance between the electrodes
amounts to 1 mm. The electrodes are located in a gas cell made
of plexiglas with gas inlet and outlet as well as two quartz
glass windows for observation. The entire experimental setup
including the streak camera and cross-correlation spectroscopy
(CCS) is shown in figures 1(b) and (c), respectively. For all
results presented here the gas mixtures are flushed through the
cell with a total flow rate of 100 sccm.

Electrical measurements are performed with fast probes
and recorded with a 5 GSa s−1 digital sampling oscilloscope
(500 MHz bandwidth). Current (Tektronix, CT-1) and voltage
probes (Tektronix, P6015A) have rise times (10% to 90%)
less than 0.35 ns and 4.67 ns, respectively. The MDs are
observed simultaneously by a fast ICCD camera, a streak
camera system connected to a far-field microscope and a beam
splitter as shown in figure 1(b). The far-field microscope
permits the magnification of the discharge image by a factor of
four which increases the spatial resolution significantly. With

Figure 1. Setup 1: (a) single filament/MD arrangement;
(b) experimental setup for simultaneous ICCD and streak imaging;
(c) experimental setup for CCS measurements.

the ICCD camera it is possible to record images of single
MDs (resolution: �t � 2 ns, �x � 10 µm), while streak
photos yield the spatio-temporal development of MDs along
its axis centreline (� t � 50 ps, � x = 10 µm). Both
cameras are sensitive in the UV and visible spectral range
(photo-cathode of ICCD: 270 nm � λ � 810 nm and of
streak: 200 nm � λ � 800 nm, respectively). The images
are recorded spectrally integrated or spectrally selected by
insertion of optical filters in front of the camera inlets.

The same discharge arrangement including the high
voltage and gas supply is used for the study by means of CCS.
The CCS method is described in [3, 12] and further details
about the applied TC-SPC (time-correlated single photon

2
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Figure 2. Setup 2: discharge cell with the BSO crystal as the bottom dielectric for the simultaneous application of four different diagnostic
techniques at the SAME discharge configuration (surface charge determination, LIF for metastable N2(A) density, CCS and electrical
characterization).

counting) device can be found in [11]. For the CCS setup,
the streak camera is replaced by a monochromator with a high
gain photomultiplier (PMT 1, see figure 1(c)). The PMT signal
is delivered to the TC-SPC module which is controlled by
a routing device for the phase resolution (phase of applied
voltage). The second detector (PMT 2) is needed for the
determination of the relative time information of the incoming
single photon pulses from the PMT 1. The CCS setup reaches
spatial resolution of 10 µm and time resolution of up to 10 ps.

2.2. Analysis of surface charges and metastable nitrogen
molecules N2 (A 3�+

u )

The study of the interaction of an insulated surface with the
relevant charged or metastable species in the discharge volume
of a DBD has been investigated with the setup shown in figure 2
(named setup 2 in the following). It enables for the first time
the combination and application of different high-end volume
and surface diagnostics in the same discharge configuration
[13]. Synchronized measurement of electrical parameters and
spatio-temporally resolved development of selected spectral
lines, the determination of surface charges based on the electro-
optic Pockels effect and the determination of the metastable
N2(A 3�+

u ) molecules density by laser-induced fluorescence
(LIF) are equipped. The details have already been published
in [14, 15] and only the main important aspects are given here.

The discharge cell is based on a grounded aluminum block
with an enhanced polished mirror covered by a 0.7 mm thick
BSO crystal (bismuth silicon oxide, Bi12SiO20). This dielectric
crystal (εBSO = 56) shows the specific electro-optic Pockels-
effect enabling the surface charge measurements [16–18]. The
upper dielectric is a glass plate (εr = 7.6 mm, 0.7 mm thick)
covered with a transparent and conductive layer of indium tin

oxide (ITO) as the top electrode. The gap distance between
the two dielectrics is 1 mm. The discharge cell is placed in
a vacuum chamber and permitting the discharge operation in
defined gas mixtures and pressures.

During all experimental investigations electrical measure-
ments are performed. In the case of diffuse DBDs with slowly
rising current the net current dissipated into the discharge
can be properly recorded via the voltage drop over a resis-
tor (R = 100 �). The transferred charge is obtained as the
voltage across a measuring capacitor (C = 1 nF) between the
aluminum block electrode and the grounding lead and enables
the determination of the discharge power by means of voltage-
charge-plots (so-called Lissajous-figures) [19]. The evolu-
tion of the optical emission intensity is investigated with CCS
equipment operated in the so-called PPG mode as described
in [20]. In this mode the time-information is derived by phase-
resolved counting of single photons emitted from the dis-
charge. This is realized by the combined action of a TC-SPC
module with the routing device (in this case a PC pattern gen-
erator, PPG) which is triggered by the high-voltage power sup-
ply. Only one photomultiplier (abbreviated as PM in order to
distinguish from the photomultipliers in setup 1) at the exit
of the monochromator (MC) schematically shown at the left-
hand side of the discharge arrangement in the figure 2 is needed
for this type of TC-SPC application. The spatial resolution is
in the range 0.05 mm–0.01 mm. The MC provides a spectral
resolution of 0.1 nm and also allows the recording of spatially
and temporally integrated emission spectra.

For the surface charge measurements the entire electro-
optic crystal is homogeneously illuminated (λ = 634 nm)
using a LED, a Koehler-illumination system and telescope
optics (the latter two are not shown in figure 2, see [14]).
Initially linearly polarized light is converted by a λ/8 wave

3
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plate to elliptically polarized light which is reflected at the
mirror behind the BSO crystal. Hence, the light runs two
times through it. An additional phase shift depending on value
and sign of the applied voltage and deposited surface charge
adds on the ellipticity of the light because the crystal becomes
birefringent under the presence of an electric field. The λ/8
wave plate and the telescopic system are passed again. A high-
speed camera detects the radiation with a temporal resolution
of 10 µs. A linear polarization filter in front of the camera
enables the measurement of intensity changes of the light
caused by the birefringence of the crystal. The surface charge
density σ(x, y) depends linearly on the ratio of the intensity
I (Uapp + Uσ ) with deposited surface charges and the reference
intensity Ir(Uapp) without any surface charges as shown in [14].

σ(x, y) = ε0εBSO

aBSO

(
I (Uapp + Uσ )

Ir(Uapp)
− 1

) (
Uapp +

1

2c

)
,

(1)

where Uapp is the external applied voltage and Uσ is the voltage
drop caused by surface charges. The variable aBSO is the crystal
thickness. The constant c is determined by the refraction index
and the Pockels coefficient of the crystal (r41 = 4 pm V−1)
and the illumination wavelength of the LED. One has to keep
in mind that the crystal becomes photo-conductive under the
presence of an illumination source whereby surface charges
can be reduced, as described in section 3.3. But, on the time
scale of a typical discharge period (few µs to ms), the influence
of the illumination on the surface charge measurement can be
neglected.

For the detection of N2(A 3�+
u ) metastables the LIF

technique is used as detailed described in [15, 21]. The
Nd : YAG pumped dye laser (dye: pyridine, linewidth =
0.6 cm−1, pulse energy � 5 mJ) with λ = 687.44 nm excites
the A 3�+

u , ν = 0 states of N2 to the level B 3�g, ν = 3. The
fluorescence signal of the following transition to the A 3�+

u ,
ν = 1 state at about 762 nm is measured perpendicularly to the
laser beam via a monochromator (MC) and a photomultiplier
tube (PM); both shown schematically to the right-hand side
of the discharge cell in the figure 2. In atmospheric pressure
discharges, the measurement of nitrogen metastables N2(A)

proves to be difficult due to the weak fluorescence signal in
comparison with the de-excitation by collisional quenching.
This causes weak and short signals which are superimposed
by the laser scattering at the boundaries of the discharge
cell. To access the quenching rate of N2 and to calibrate the
measurement, the method of the comparison of the LIF signal
with the Rayleigh scattering signal is applied [21]. In contrast
to low pressure, the de-excitation time of the excited state is
of the same order or even faster than the laser pulse which
demands an exact measurement in time. Also, an accurate
procedure to decouple the time dependence of the LIF signal
from the laser pulse is necessary. The voltage uLIF measured
at the PM for the LIF signal is the convolution of the Rayleigh
signal uRay with an exponential decay function 	(t) e−t/τeff

with τeff as the effective lifetime of the considered excited
state.

uLIF = RLIF/Ray ABν=3→Aν=1

(
uRay ∗ (

	(t) e−t/τeff
))

. (2)

ABν=3→Aν=1 is the Einstein coefficient for the observed
transition and 	(t) is the Heaviside step function. The
factor RLIF/Ray (about 1 × 103 in our situation) is a kind
of ratio between both signals and can be determined from
the comparison of the time-dependent LIF signal to the
Rayleigh signal. Finally, the following equation enables the
determination of the metastables density nA0 ,

nA0 = RLIF/Ray · �Ray

�LIF
· TRayQRay

TLIFQLIF
· 3

2
· σRay

σLIF
· nRay, (3)

where nRay is the Rayleigh scatter density and T is the
transmission of detection optics, Q is the quantum efficiency
of the PM for Rayleigh scattering and LIF experiment,
respectively. The σRay is the cross section for Rayleigh
scattering and σLIF for the LIF experiment. For absolute
density calibration the Rayleigh scattering of carbon dioxide
is measured under identical conditions.

3. Experimental results and discussion

3.1. Pulsed driven dielectric barrier MDs

In principal, streak camera imaging is the only method
which enables the spatio-temporally resolved study of single,
individual MDs with high resolution in one exposure [22]. In
figure 3 twelve streak photos of individual MDs for a pulsed
driven DBD between the semi-spherical electrodes in setup 1
are shown. The MDs have been generated at the rising and at
the falling slope of fast rectangular high voltage pulses with
an amplitude of 10 kV, voltage rise of about 250 V ns−1 and at
10 kHz repetition frequency in a gas mixture 0.1 vol% O2 in
N2. The images show the spatio-temporal development along
the central axis of the MD. Simultaneously with the streak
camera recording, the electrical signals (voltage, current) and
the ICCD photos are monitored. These two methods allow one
to exclude recordings of multiple MDs in one streak photo and
to check the reproducibility as well as the stability of spatial
localization. For the conditions being considered in figure 3 a
good reproducibility can be confirmed [10]. The single shot
streak photos reveal quite similar features of a bulk plasma
located from the middle of the gas gap to the anode barrier
surface with a duration of about 5 ns. However, details of
discharge inception and decay cannot be followed from these
results. But, the reproducibility permits the accumulation over
many (e.g. 1000) MDs which displays the plasma evolution
much better.

The streak camera integrates the radiation in the UV
and visible spectral range. The optical emission spectrum
of the DBD investigated here is dominated by the molecular
bands of the second positive system (SPS, see transition (4))
of molecular nitrogen. Weak emissions of the first negative
system (FNS, see transition (5)) of nitrogen molecular ions
and NOγ bands can also be detected [10].

SPS : N2
(
C 3�u

)
ν ′ −→ N2

(
B 3�g

)
ν ′′ + hf (4)

FNS : N+
2

(
B 2�+

u

)
ν ′ −→ N+

2

(
X 2�+

g

)
ν ′′

+ hf. (5)
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Figure 3. Results of streak camera measurements on repetitive MDs: twelve examples on different, individual MDs and accumulation of
1000 MDs with jitter correction (larger picture).

The SPS excitation energy (ν ′ = 0 state) is �E =
11.03 eV [23]. Since SPS molecular bands dominate the
emission spectrum, the streak photos mainly contain these
transitions. The FNS has an excitation energy of 18.81 eV
(ν ′ = 0 state). Both excited states are dominantly excited
by direct electron impact. Due to the short duration and
high collisional quenching stepwise excitation or pooling via
metastable states are of minor importance [24–27]. Due to the
high excitation energy of the FNS its emission corresponds to
the progression of the electric field strength. In figure 4 integral
and spectrally filtered streak photos are compared. The optical
band filter transmits only the emission of the 0–0 transition of
the FNS at 391 nm.

The filtered streak photo in figure 4 clearly shows the
development of a cathode-directed ionization wave (streamer).
It starts in the area in front of the anode and accelerates towards
the cathode where it reaches the highest intensity. The bulk
plasma or anode glow is a region with much lower electric
field strength than at the cathode. The high luminosity seen
in the non-filtered streak photos is caused by a relatively high
electron density in this area [12].

Under certain conditions (voltage amplitude and rise time,
frequency, duty cycle, gas composition) the MDs can undergo
a temporal jitter in the ns-range [28]. Modern streak camera
systems can handle a temporal jitter by means of so-called jitter
correction, as demonstrated in figure 5.

The jitter correction function allows one to sum up images
or profiles containing signal which may be shifted on the
time axis due to sweep to sweep jitter [29]. Suitable data
samples are shifted along the time axis and overlaid with
an image processing function. The example in figure 5
compares an uncorrected streak photos of the discharge
inception phase resulting from 1000 MDs with a jitter corrected
accumulation. With jitter correction the start of the cathode-
directed ionization wave is seen even without a spectral

Figure 4. Spectrally integrated (top) and filtered streak photo
(bottom) of of 1000 MDs and 1 000 000 MDs, respectively. Same
conditions as in figure 3 but relative intensity in linear scale colour
code.

5
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Figure 5. Demonstration of the effect of jitter correction of streak camera. Same conditions as in figure 3, temporal jitter of the MDs ≈0.5 ns.

Figure 6. ICCD and streak camera recordings compared with CCS measurements for MDs generated in the rising and falling slope of the
rectangular high voltage. Same conditions as in figure 3.

discrimination and velocities of the wave of light can be
determined as well, as presented previously [10, 28, 30].

In figure 6 results of ICCD recording, streak camera
measurements, and CCS for the most intensive molecular band
(0–0 transition) of the SPS at 337 nm are compared.

The ICCD camera photos of individual MDs show the
discharge channel in the gas gap which expands towards the
electrodes and spread into several discharge channels on the
dielectric surfaces. The streak and ICCD photos are slightly
different for the rising and falling slope of the applied voltage
pulses due to its asymmetric duty cycle (in this case 10 µs
high voltage on and 90 µs off). This effect has already been
discussed in [10, 31]. The CCS results yield the cathode-
directed ionization wave and the formation of the anode-sided
bulk plasma in the same manner as the streak photos. Due
to higher sensitivity the CCS results show further that the
development of the cathode-directed ionization wave starts
directly at the anode. The structure of the bulk plasma and the
MD decay differ significantly for CCS and streak photo. The
streak photos resolve the temporal development of luminosity

only along the centre of the MD channel while CCS collects
the signal over the full channel width which is not constant
(see ICCD images). Therefore, the anode-sided signal is
overestimated. Consequently an extended bulk plasma and
a slower decay are observed. Obviously, the imaging of
the MDs and the radial resolution of CCS affects the result.
Spatially two-dimensional resolved CCS measurements have
been presented in [32, 33] but are very time consuming since
signal must be accumulated for several minutes for every point
of the area being investigated. The streak camera with its much
shorter recording times (e.g. about 2 min for the examples in
figure 6) is well suited to get a profound overview on the
discharge evolution in a wide range of operation parameters
while the CCS enables the investigation of specific aspects
under selected conditions, such as the streamer inception [34]
or the prephase as discussed in the following.

The Townsend-phase or prephase of MD development
is characterized by a weak intensity, since the electric field
strength and electron densities are low. Up to now streak
cameras are unlikely to be able to record the prephase because

6
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of limited sensitivity. Furthermore, TC-SPC methods like CCS
offer a much lower signal-to-noise ratio than other detection
techniques [35]. Using CCS the prephase in negative dc
corona and in sinusoidal driven DBDs in air could be measured
[11, 12, 34]. In both cases a prephase of about 100 ns and
longer was investigated. In figure 7 the result of a pulsed driven
dielectric barrier MD is presented together with the electrical
signals.

Using a high gain at the PMT 1 (90%) a signal with the
maximum at the anode is recorded (area marked by ①). When
the voltage reaches a value of about 7.3 kV, the MD formation
with current pulse rise takes places. Under these conditions
the MD development cannot be measured at high PMT 1 gain
due to saturation. To record the principal MD development
another measurement with a gain of 70% (area indicated by
②) has been performed. These results show the two intensity
maxima, namely at the cathode (streamer arrival and surface
discharge) and in the anode-sided bulk, but not the prephase
activity since this signal is estimated to be more than four orders
of magnitude lower. The prephase is only about 40 ns long due
to the steep rise of the applied voltage. It starts directly with
the increase in the voltage.

3.2. Correlation of surface and volume processes

The correlation between surface and volume processes
determines the appearance of different discharge modes which
can be controlled by the operation parameters gas composition,
applied voltage amplitude and feeding voltage shape [19, 36].
Under the experimental conditions studied (gap distance 1 mm,
sinusoidal voltage, frequency 2 kHz, applied voltage amplitude
0.4–6.5 kV (depending on working gas mixture), and pressure
500 mbar), the diffuse Townsend-like mode occurs in pure He
and in pure N2. Figure 8 summarizes the results of optical
and electrical characterization, surface charge measurements
and LIF diagnostics (N2(A)-density profile along the gap for
t = 125 µs; temporally resolved slopes for two selected
positions).

The discharge is characterized by an electrical breakdown
lasting several tens of microseconds and a low current density
in the range ∼0.1 mA cm−2. The investigation of the emission
evolution by the CCS in the PPG mode shows a maximum
at the anode. This confirms that the discharge is operating
in the Townsend-like mode without a significant perturbation
of electric field by space charges and thus electron density
increase towards the anode. The correlation of the discharge
current and the emission (shown for the gap position of the
maximum emission intensity marked by the white dashed line
in figure 8, left bottom part) confirm that the inelastic electron
collisions are the main excitation mechanism. Current and
emission increases simultaneously, which is in agreement with
former results [20, 37].

The cross-sectional view of light emission (photo taken
through the ITO-glass electrode) and surface charge in figure 8
(right top) reveals the diffuse character of the discharge. The
surface charge densities change the polarity in every half-
cycle during the appearance of an according current pulse
(figure 8 (left bottom)). After that, the surface charge density

Figure 7. CCS (λ = 337 nm) measurement for a pulsed driven
dielectric barrier MD (top) with corresponding signals of applied
voltage and net current (displacement current subtracted, see [10]).
The signals are merged at the steep rise of net current pulse and light
emission.

remains constant on the dielectric BSO until the next current
pulse is generated. The deposited positive surface charge
density amounts to σ+ = 4.5 nC cm−2, whereas the absolute
value for the negative surface charge density is lower (|σ−| =
3 nC cm−2). The reason is probably the asymmetry of the
discharge cell due to the different dielectric barriers [14, 18].
Positive surface charges are most likely the result of the
recombination of positive ions with electrons from the BSO
crystal, negative surface charges are deposited electrons. A
comparison of different methods to determine the transferred
charge (Lissajous-figure, temporally integrated net current and
surface charge measurement) shows an excellent agreement of
the transferred charge.

Furthermore, an increase in the N2(A) metastables
density in every half-cycle during and after the current
pulse is observed. The density maximum of about
(2.5 ± 0.5) × 1013 cm−3 does not coincide with the current
maximum. This is in agreement with optical–optical double
resonance (OODR)-LIF measurements in [38] and time-
resolved emission spectroscopy of the NOγ -system [39, 40]
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Figure 8. Diffuse DBD in N2 (sinusoidal driven with amplitude 3.7 kV � U � 4.0 kV: (top left) Phase-resolved surface charge density
(blue circles), corresponding net current (red solid line), and temporally integrated net current (dashed line) over one period [14]; (top right)
electrode cross sectional view of discharge emission and surface charge; (bottom left) spatio-temporally evolution of discharge emission
(λ = 337 nm, SPS); (bottom right) spatially and temporally resolved development of N2(A)-density nA0 .

in similar discharges in N2 at 1 bar. The reason for the delay is
the long lifetime of the metastable state. After the maximum
the density decreases to a value of about 1 × 1013 cm−3 at
the beginning of the next half-period. The density maximum
is located at the respective anode. This corresponds to the
maximum of the optical emission of the SPS in front of
the anode.

The metastable N2(A) molecules are assumed to be
responsible for the generation of diffuse DBDs in pure N2

via exo-emission of electrons from the surface [39]. The
admixture of O2 leads to a strong quenching of this energy
reservoir for secondary electron emission and thus to the
transition to the filamentary regime [20, 39, 40]. According
to the results in figure 8 metastables are present at the anode.
In the following half-cycle the latter becomes the cathode and
the exoemission of electrons by metastables might enhance the

formation of a diffuse discharge [39, 40]. Recent calculations
of secondary emission coefficients by metastables for SiO2

as a barrier material based on microphysics approaches of
plasma surface interaction [41, 42] revealed values in the order
of 10−1 [43, 44]. The model shows that the electrons are
emitted from the valence band, hence, the gamma coefficient
is independent from the surface charge density. Using this
coefficient, a rough estimation of the metastables flux to the
dielectrics predicts an exoemission current of up to 0.01 mA.
However, this low current cannot be confirmed by the current
and surface charge measurement in figure 8, where the latter
is almost constant in between the discharge pulses.

Adjacent to the increase in voltage amplitude or oxygen
admixture (see section 3.1), the voltage slope can lead to
the transition into the filamentary regime. An example for
a filamentary plasma in the case of a rectangular driven DBD

8
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Figure 9. Metastable density in filamentary DBD in N2 with
multiple MDs (setup 2) excited by slowly rising rectangular high
voltage pulses (500 mbar, 2 kHz, 4 kV). Measured in the middle of
the gas gap.

(rise time of about 250 V/µs) in pure N2 is shown in figure 9.
The current signal is the average of many short MD current
pulses from 128 discharge cycles. A metastable density of
about nA0 = 3 × 1013 cm−3 is reached in both half-cycles.

The spatial resolution of Pockels sensing enables the study
of the development and dynamics of surface charges in the case
of filamentary plasmas, too. In figure 10 the surface charge
profile for a rectangular ac-driven DBD in He/N2 (75 vol% He
in N2) gas mixture is shown. According to the MD appearance
positive or negative surface charge spots are observed. The
figures show 10 MD spots integrated over the full positive or
negative half-cycle (polarity of the applied voltage) after 1, 10,
50, 100 and 200 periods. For more than 200 periods the MDs
appear at nearly the same locations due to the memory effect
of surface charges.

The lateral resolution of the surface charge measurement
makes this technique also an important tool for the analysis
of self-organized structures in laterally extended DBD. In
figure 11 both the luminescence density and the negative
surface charge of a discharge spot in such a discharge are
shown. It turns out that, first, the charge distribution is broader
than the visual appearance from the emitted light and, second,
there is a ring of charge surrounding the core spot. It could be
shown that both the broad shape of the charge spot as well as
the negative ring are involved in the interaction of approaching
discharge spots [45].

3.3. Decay of surface charges after turning off of the DBD

To interpret the role of surface charges it is very important to
know its stability and decay behaviour. A detailed study is
described in the following. After turning off the discharge, a
decay of the surface charge is observed. Interestingly, a simple
exponential decay cannot describe this process. Instead, the
sum of two exponential curves with very different decay
constants σ = σ1 ·ek1t +σ2 ·ek2t (with the decay constants ki) is
necessary. The fast decay takes place within 0.5 s up to at most
5 s. This decay constant is independent from the illumination
of the BSO crystal, but depends on the gas pressure in the case
of He, as can be seen in figure 12. For N2 and other gases the
investigation of the fast decay in detail needs to be carried out
to clarify this behaviour. The origin of this decay is not yet
well understood; however, a tunnelling process in conjunction
with a surface charge model [46] is under discussion. After
the fast decay has died away, the remaining surface charge
decays within several seconds (continuous illumination) up to
several tens of minutes (pulsed illumination). The decay of
surface charges (originating in a diffuse discharge) is shown in
figure 13 in dependence on different illumination frequencies.
The green dashed line marks the case for no illumination.
This value results from the extrapolation of the surface charge
density of different illumination frequencies for selected decay
times [47].

The reason for the slow decay is the photo-conductivity
of the BSO crystal induced by the illumination. As the pulse
length of illumination is constant, the effective illumination is
determined by the pulse frequency. The lower the illumination
frequency the longer is the residence time of surface charges.
The decay of negative surface charges (figure 13, bottom)
shows in principle the same behaviour. Table 1 summarizes
the decay constants k2 for positive and negative surface
charges.

Figure 14 illustrates the decay of positive surface charges
recorded in the filamentary mode (pure N2). The decay
constant is of the same order as for the diffuse mode.
Under a continuous illumination, no lateral diffusion of the
surface charge is observable, as can be seen in the Gaussian
distributed radial profile in figure 14. A probable explanation
is the fast decay of the surface charges at continuous
illumination. The decay of negative surface charges shows
a comparable behaviour but their profiles are laterally more
extent than positive (FWHM− = 1.6 mm, FWHM+ =
0.9 mm) due to the higher electron mobility in the discharge
volume [14].

4. Conclusions and outlook

Different approaches combining diagnostic methods for the
investigation of small gas gap volume DBDs were discussed.

Fast optical and spectroscopic methods have been
reviewed for the example of a pulsed driven single filament
DBD. The method of streak photography is capable to
study individual MDs but also to accumulate signals over
many repetitive events if these are reproducible. This can
be monitored by simultaneous application of fast current

9
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Figure 10. Charge distribution in the filamentary mode in He/N2 (75 vol% He in N2) (slowly rising rectangular high voltage with amplitude
of 3.2 kV) of positive and negative surface charges in the positive and negative half-cycle over 1, 10, 50, 100 and 200 periods of high
voltage. Size of an image: 8 mm × 8 mm.
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Figure 11. Shape of a discharge spot in a patterned DBD. Top:
surface charge distribution after the negative half-cycle, averaged
over 100 camera frames. Bottom: Radial shape of the surface charge
distribution and the luminescence density, averaged over 35
discharge spots in one camera frame. Parameters: discharge gap
0.8 mm, 100 mbar He, 260 V sinusoidal voltage at 100 kHz.

measurements and ICCD imaging. The main phases of MD
development are revealed, namely cathode-directed ionization
wave and anode-sided bulk plasma. The more sensitive method
of CCS enables one to study the Townsend- or prephase.
Even if streak accumulation is required to get detailed insight
into the discharge development, this method is still less time
consuming than CCS. Streak camera recording can be used
to get a profound overview on the discharge evolution in a
wide range of operation parameters while CCS can be used
to investigate other specific aspects as the inception phase
under selected conditions. Both methods can complement one
another in a beneficial way.
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Figure 12. Decay constant k1 of the fast charge decay immediately
after turning off the operation voltage of a helium discharge. The
higher the working gas pressure the higher the decay constant k1.

The application of the advanced volume discharge and
surface charge diagnostics techniques (optical and electrical
characterization, LIF, Pockels-sensing) has been presented
for the investigation of diffuse and filamentary DBDs. The
discharge modes in He/N2-mixtures depend on the mixing
ratio, the applied voltage, and the feeding voltage shape.
The development of the Townsend-like discharge emission is
well-correlated with the current. Metastable N2(A) species
density increases with the current rise but its maximum is
reached after the current pulse maximum. Such findings
allow conclusions about dominant excitation mechanisms.
Quantitative temporally resolved surface charge measurements
enables the investigation of surface charge development over
one period and after turning off the discharge. It could be
shown that the decay of surface charges depends crucially on
the illumination frequency.

DBDs in gas mixtures containing oxygen will be studied
in order to investigate the role of negative ions in the discharge
breakdown and development. In particular, the development
of transient modes (transition between filamentary and diffuse
plasma) and the influence of voltage shapes on the discharges
will give more insights about the elementary processes in
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Figure 13. Decay of positive (top) and negative (bottom) surface
charge density in logarithmic scale after turning off the discharge
under certain illumination times for a diffuse discharge operating in
pure N2.

Table 1. Decay constant k2 for positive and negative surface charge
densities σ after a DBD in N2 of 500 mbar pressure for different
illumination periods.

Sign Illumination Diffuse mode Fil. mode
of σ period k2 (s−1) k2 (s−1)

+ continuously 1.92 ± 0.10 1.62 ± 0.09
5.13 ± 0.59
2.97 ± 0.19
2.37 ± 0.25


 × 10−3

20 s —
60 s —
nonea —

– continuously 2.02 ± 0.12 1.74 ± 0.10
8.71 ± 0.72
4.68 ± 0.37
2.67 ± 0.31


 × 10−3

20 s —
60 s —
nonea —

a Calculated from extrapolated data [47].

reactive plasmas. One of the biggest challenges is the
consistent spatio-temporally resolved study of surface charge
and volume discharge evolution of microdischarges [48].
The described diagnostics approaches are a profound tool
box for these tasks but further methods, in particular for
the determination of the electrical field strength (e.g. Stark
polarization spectroscopy [49]) are planned to be incorporated
in the future. Furthermore, quantitative experimental results

(a)

(b)

Figure 14. Decay of an averaged radial profile of positive surface
charges (filamentary discharge in pure N2) under continuous
illumination of the BSO crystal.

and insight into the discharge development are an important
input as well as benchmark for the simulation of such plasmas.
The described methods are not limited to the investigation of
DBDs. Fast optical and spectroscopic methods in combination
with electrical characterization could give novel insights into
the development and instabilities in atmospheric pressure
plasma jets, coronas and microplasmas. The findings on
surface charges may also support a better understanding of
plasma devices with a large surface-to-volume ratio.
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[31] Hoder T, Höft H, Kettlitz M, Weltmann K-D and
Brandenburg R 2012 Phys. Plasmas 19 070701

[32] Brandenburg R, Wagner H-E, Morozov A M and Kozlov K V
2005 J. Phys. D: Appl. Phys. 38 1649

[33] Brandenburg R, Hoder T and Wagner H-E 2008 IEEE Trans.
Plasma Sci. 36 1318

[34] Hoder T, Černák M, Paillol J, Loffhagen D and Brandenburg R
2012 Phys. Rev. E 86 055401

[35] Becker W 2005 Advanced Time-Correlated Single Photon
Counting Techniques (Berlin: Springer)
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Abstract
Experiments on the spatial and temporal structure of the breakdown process of sinusoidal- and
pulsed-operated dielectric barrier microdischarges (MDs) are compared. Three different
waveforms are considered: a sinusoidal waveform at 20 kHz and pulsed-bipolar and
unipolar-voltage profiles at 10 kHz with varying duty cycles (asymmetric pulse). Electrical
data and simultaneous streak and iCCD images of individual MDs in dielectric barrier
discharges (DBDs) with 1 mm gap in a gas mixture of 0.1 vol% O2 in N2 at atmospheric
pressure are recorded. For sinusoidal-operated DBDs there are no significant differences
between the MDs at positive and negative half-periods. Sinusoidal operation corresponds to
pulsed-bipolar operation with symmetrical pulses, but with lower streamer velocities and
different spatio-temporal emission distribution. The development of pulsed-driven MDs is
determined by the voltage between both electrodes and not by the polarity of the driven
electrode, resulting in nearly the same behavior of bipolar- and unipolar-pulsed-driven MDs.
DBDs operated with asymmetric pulses show a significant difference in the spatial structure
and in the temporal behavior between the rising and falling slopes of the high voltage pulse.

(Some figures may appear in colour only in the online journal)

1. Introduction

Dielectric barrier discharges (DBDs) provide high electron
energies at low gas temperatures and consequently generate
active species that are highly relevant for plasma chemistry,
such as ozone production or gas and water purification
[1]. DBDs driven by sinusoidal waveforms are often used
as plasma sources for these applications [2]. However,
the shape of the applied voltage is an essential factor in
the generation of DBDs [3]. In some cases, pulsed-
driven discharges are more efficient than sinusoidal-driven
discharges, e.g. in pollution removal or ozone production [4–
6]. Investigations on helium–nitrogen plasmas at atmospheric
pressure show a higher electron production for pulsed-
operated homogeneous DBDs compared with sinusoidal
operation [7, 8]. So far, the physical properties of sinusoidal
operation versus pulsed operation (positive and negative

unipolar and bipolar pulses) in air-like plasmas have remained
uninvestigated.

Preliminary results in [9] demonstrate that discharges
operated with unipolar symmetrical pulses behave similarly to
sinusoidal operated discharges. Unipolar-pulsed-driven DBDs
show a single microdischarge (MD) generation during the
rising and the falling slope of the voltage pulse, that is, also
when the potential at the electrodes is changed to zero without
changing the sign of the polarity of the driven electrode. This
second current pulse is induced by residual surface charges
on the surfaces of dielectrics. The situation is different for
sinusoidal-driven DBDs. MDs appear in each half-period of
the applied voltage while the potential of the driven electrode
changes. Thus, the appearance of the MD in a new half-period
is also induced by a field reversal. From this point of view, the
comparison between pulsed and sinusoidal-driven DBDs needs
to be performed with bipolar applied voltage, which represents
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Figure 1. Schematic DBD arrangement (left, discharge
gap dg = 1 mm, barrier thickness db = 0.5 mm) and photography of
the electrode tips with filament (right).

the same kind of potential change but different voltage slopes.
The point of interest is how the surface charges are influenced
by the applied electrical field. The objective of this study
is to investigate the similarities and differences in the spatio-
temporal development and electrical characteristics for several
types of operation of gas discharges at atmospheric pressure,
based on high resolution electrical and optical measurements.

A number of papers in the literature have compared pulsed
and sinusoidal operation, e.g. [5, 10–12]. These are mostly
single case studies involving large numbers of MDs in the
discharge space. This paper continues other previous studies
[9, 13] and presents experiments with single MDs as a basis for
multi-filament systems. In the case of pulsed-driven operation,
these have not received much attention in the literature so far.
Experimental details include the spatial dependent streamer
velocities, pictures of single MDs, high-resolution voltage
and current curves and transferred charge values. This paper
investigates the influence of the voltage waveform on the
electrical characteristics, and the spatial and temporal structure
of the breakdown process in a nitrogen–oxygen mixture at
atmospheric pressure as a model system. Comparing pulsed
with sinusoidal operation of the DBD will provide a deeper
insight into the physical processes of breakdown and plasma
generation, providing a starting point for the optimization of
applications such as exhaust gas treatment.

2. Experimental and diagnostic set-up

A double-sided (symmetric) dielectric barrier MD arrange-
ment, as described in [9] and shown in figure 1, was used for the
investigation of single MDs. It consisted of a gas cell made of
plexiglas, including alumina-covered half-sphere metal elec-
trodes and quartz glass windows, which enabled the obser-
vation of the MDs. The dielectric barrier was about 0.5 mm
thick and the gap between the electrodes was 1 mm. An O2/N2

gas mixture of 0.1 vol% O2 in N2 at 1 atm was chosen to ob-
tain stable, well localized filaments. The influence of varying
O2 content on the discharge behavior was analyzed in [14].
A total gas flow of 100 sccm was flushed through the cell
(volume ≈ 2.5 cm3). For sinusoidal operation of the DBDs
the power supply consisted of an arbitrary waveform generator

Far-field 
microscope

Streak
camera

Current 
probe

HV probe

HV

Beam splitterICCD

Figure 2. Experimental set-up.

(HP, 33120A), power amplifier (ALC, AL-1400-HF-A) and a
high-frequency high-voltage transformer (ALC, Al-T1000.6).
Frequently, more than one current peak occurred per half cycle
in sinusoidal-driven DBDs. This was due to re-ignition result-
ing from the continuous slow voltage increase during the half
cycle after recovery of the gap [1]. The same behavior was
observed in this set-up, but for an accurate comparison with
pulsed operation the sinusoidal discharge parameters were ad-
justed to generate one MD per half period (f = 20 kHz and
Vpp = 14 kV), as described in [15].

For pulsed operation of the DBDs a pulse generator was
used, powered by two high-voltage power supplies. In this
case, the discharge was driven by square wave pulses with
variable polarity and 10 kV peak-to-peak voltage Vpp at a
repetition rate frep of 10 kHz. Furthermore, the duty cycle D

is variable and was chosen at 50% (symmetric pulse) and
10% (asymmetric pulse), respectively, i.e. the pulse width is
50 µs and the pause is 50 µs for 50% or 10 µs and 90 µs
(D = 10%), respectively. The voltage rise of the pulse
was approximately 250 V ns−1 specified by the pulse generator
(DEI, PVX-4110) which was powered by high voltage power
supplies (FUG, HCN 1400–12500 and HCK 800M-20000).
Thus, the voltage rise time for pulsed mode was three orders
of magnitude higher than for sinusoidal operation (<1 V ns−1).
Electrical measurements were performed with fast probes
and the current and voltage waveforms were recorded with a
5 GS s−1 (bandwidth 500 MHz) digital sampling oscilloscope
(Tektronix, TDS 7054). Current (Tektronix, CT-1) and voltage
probes (Tektronix, P6015A) had rise times less than 0.35 ns and
4.67 ns, respectively.

The MDs were observed simultaneously by an iCCD
camera (Andor, iStar DH734-18U-A3) and a streak camera
system (Hamamatsu, C5680-21C). These were connected to a
far-field microscope (Questar, QM100), as shown in figure 2,
which magnifies the discharge image by a factor of four,
significantly increasing the spatial resolution. The iCCD

2
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(a) Overview of voltage and current for a
      bipolar pulse Vpulse = ±5kV.

(b) Overview of voltage and current for a
      sinusoidal waveform Vpp = 14 kV.

(c) Comparison of discharge current at rising
      slopes (pulse) and positive half-period
      (sinusoidal).

(d) Comparison of discharge current at falling
      slopes (pulse) and negative half-period
      (sinusoidal).

Figure 3. Electrical characteristics of MDs driven by sinusoidal and pulsed voltage in 0.1 vol% O2/N2. Pulsed operation: Vpp = 10 kV,
frep = 10 kHz, D = 50%; Sinusoidal operation: Vpp = 14 kV, f = 20 kHz (the zero baseline (dashed line) indicates the change in polarity
in figures 3(a) and (b)).

records images of single MDs and their propagation on the
electrode surfaces with a temporal resolution of 2 ns and a
spatial resolution of 10 µm. The streak camera images yield
the spatio-temporal MD development along the discharge axis
during the rising and falling slopes of the electrical pulse with
a high temporal and spatial resolution of 50 ps and 10 µm,
respectively. The cameras and the far-field microscope are
sensitive in the UV and the visible spectral range, where the
images were recorded spectrally integrated.

3. Results and discussion

Figure 3 compares the electrical characteristics of sinusoidal
and pulsed operation. For sinusoidal operation the MDs are
driven by Vpp = 14 kV at f = 20 kHz. For pulsed operation
the MDs are driven by Vpp = 10 kV at frep = 10 kHz with a
duty cycle of D = 50%. In the latter case the polarity is varied
in three ways: positive unipolar, negative unipolar and bipolar
operation. There are steep voltage rises and falls in the pulsed

mode (≈250 V ns−1) and much slower ones in sinusoidal mode
(<1 V ns−1, in spite of higher f ) (see figures 3(a) and (b)). A
single MD occurs at positive and negative half periods, and at
rising and falling slopes, for all waveforms (see figures 3(a)
and (b)). Current pulse shape and amplitude are identical for
both half periods for sinusoidal operation. They are also the
same for both slopes for all three pulse modes, as shown in
figures 3(c) and (d).

The time integration over one discharge current pulse gives
the transferred charge QMD for a single MD [17] using the total
and barrier capacitances Ctot and Cb (see [9]). The discharge
current IMD is the difference between the measured and
displacement current multiplied by the factor (1 − Ctot/Cb)

−1

[18]. The displacement current is measured without discharge
ignition at the same voltage waveform [9]. The values of
transferred charges are listed in table 1 for sinusoidal and
pulsed operation. The current decay in pulsed discharges
is similar to the decay in sinusoidal operation, whereas the
current amplitude and thus the transferred charge are higher,

3
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although the peak-to-peak voltage is lower. This difference is
due to the continuing pulse voltage rises during the MD ignition
because of the steep voltage slope (consequently different
voltage amplitudes influence IMD and QMD, see [9]). While in
sinusoidal-driven DBDs the transferred charge per MD is only
determined by the gas and the geometry and parameters of the
discharge arrangement (gap, type and thickness of dielectrics),
for pulsed-driven DBDs these parameters can additionally be
influenced by the voltage amplitude. Here, a charge about
three times higher than for sinusoidal operation is transferred
per MD under the conditions considered (see table 1).

For pulsed operation, the IMD development and transferred
charge QMD are in good agreement for the three pulse modes.
There is a slight difference in the IMD maximum at the
rising slope between the unipolar and bipolar operation, which
does not significantly affect the discharge current shape.
The bipolar-driven MDs are more similar to the unipolar
pulsed than to the sinusoidal operations, from an electrical
point of view. When the applied voltage collapses from its

Table 1. Transferred charge per MD (QMD) for sinusoidal and
pulsed-DBD operation.

Rising slope Falling slope

Bipolar pulse
Vpulse = ±5 kV (2.3 ± 0.1) nC (2.3 ± 0.1) nC

Unipolar pulse
Vpulse = −10 kV (2.0 ± 0.1) nC (1.9 ± 0.1) nC

Unipolar pulse
Vpulse = 10 kV (1.9 ± 0.1) nC (2.1 ± 0.1) nC

Positive half-period Negative half-period
Sinusoidal waveform
Vpp = 14 kV (0.7 ± 0.1) nC (0.7 ± 0.1) nC

Positive half-period Negative half-period

1
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Figure 4. Comparison of 2D structures of single MDs at positive and negative half-periods of sinusoidal-driven DBDs (Vpp = 14 kV,
f = 20 kHz), and rising and falling slopes of pulsed operation (bipolar with 10 kV amplitude, frep = 10 kHz, D = 50%) recorded by an
iCCD camera with 150 ns gate width. In each image the powered electrode is on the top and the grounded electrode on the bottom.

maximum value, residual charges must induce the MD ignition,
which development continues when the potential at the driven
electrode is reversing. The surface charges generated in
this MD will be sufficient for the breakdown in the next
voltage slope. Consequently, in a pulsed-dielectric-barrier
arrangement which is grounded at one side (see figure 1),
the voltage amplitude determines the discharge current (for
D = 50%) [9], because only the absolute value of the external
voltage has an effect on the gap voltage and consequently on
the electric field.

Figure 4 compares two-dimensional structures of MDs
for sinusoidal- and bipolar-pulsed operation (D = 50%, i.e.
symmetric pulse), as recorded by the iCCD camera. All
pictures are in pseudocolor, i.e. red indicates the highest and
black the lowest intensity. The MDs are displayed in both
half cycles for sinusoidal operation and rising and falling
slopes for pulsed operation. The polarity of the electrodes
is also indicated, with the powered electrode on top. Single
MDs were recorded to obtain an overview of the discharge
structure without inferring accumulation effects. The spatial
jitter during accumulation can in some cases lead to false
estimations, as will be described below.

The MDs consist of a constricted channel in the volume
and spreading discharge channels on the surface of the
dielectric barriers, similar to unipolar-pulsed-driven MDs. The
structure does not change significantly between the slopes,
where only the polarity is reversed. The same spatial structures
of the discharge are observed in both half cycles of sinusoidal
operation. Almost the same delay occurs between the
succeeding discharges, leading to a generally equal discharge
development in both half periods. The structures are also
the same for rising and falling slopes, as well as among the
three pulsed modes (bipolar and both unipolar for D = 50%).

4

70 6. Thesis Articles



Plasma Sources Sci. Technol. 22 (2013) 025003 M Kettlitz et al

Figure 5. Comparison of streak camera images showing the spatio-temporal development along the discharge axis for bipolar-pulsed and
sinusoidal-operated DBDs (bipolar pulses with 10 kV amplitude, f = 10 kHz, D = 50%, 750 MDs accumulated; sinusoidal waveforms
with Vpp = 14 kV, f = 20 kHz, 65 single MDs accumulated). The position of the electrode tips is marked by white lines.

Comparing sinusoidal and pulsed (D = 50%) operation gives
almost the same two-dimensional structures, though the anode
branches of surface discharges seem to be more pronounced
for pulsed operation.

Furthermore, the diameter of the MDs is determined for
all waveforms: it was estimated from single iCCD pictures
and measured from the emission in the middle of the gap.
There is a measurable difference between the MD diameters
for pulsed and sinusoidal operation. The diameter of the MDs
is about (75 ±10) µm for all pulsed modes and (100±10) µm
for sinusoidal operation. The diameters are smaller but the
transferred charge is three times as high for pulsed DBDs,
which means that the current density in a pulsed DBD is higher
than in a sinusoidal one.

Figure 5 shows streak camera images of MDs at both
half-periods and slopes for sinusoidal- and bipolar-pulsed
(D = 50%) operation. They are taken in the center along
the axis of the discharge channel and visualize its spatio-
temporal development. This leads to the one-dimensional
space over time diagram. The intensity is again in pseudocolor.
The different graininess of the pictures result from the
different number of accumulated MDs of 750 (pulsed) and
65 (sinusoidal) MDs, respectively. The low number of sine-
driven MDs is due to the larger jitter of MD occurrence (∼1 µs
versus 0.5 ns for pulsed). Thus, for almost 4000 recorded MDs
only 65 remain after jitter correction, revealing a proper picture
of MD development.

The discharge process starts with the accumulation of
positive space charges in the pre-breakdown phase (Townsend
phase) and the subsequent propagation of a cathode directed

(positive) streamer followed by a short lasting transient glow-
like discharge [9, 15, 16]. Surface discharges in their temporal
development can also be seen on the electrodes at the bottom
and top of the pictures.

The temporal behavior for sinusoidal operation is
displayed in the right column of figure 5, and the one for
pulsed operation in the left column. In general, the similar
spatio-temporal behavior for sinusoidal operation [15, 16, 22]
and pulsed mode (all three types for D = 50%) was detected.
Since the MD development is determined by the amplitude
of the applied voltage, virtually the same spatial and temporal
behavior was observed for bipolar- and unipolar-pulsed-driven
DBDs. It is similar for both half-periods as well as for
both slopes. There are however differences for both types
of operation. The streamers are nearly twice as fast in
pulsed mode. Furthermore, there is a higher acceleration of
the streamer, and its origin is closer to the anode than for
sinusoidal operation, see figure 8(a). A possible explanation
is the different space charge creation (pre-phase, compare
[13, 15, 16]) before the MD ignites. For sinusoidal operation
the voltage in the gap stays several hundred ns before the
formation of the positive streamer just below the breakdown
voltage [16]. By contrast, for pulsed operation the voltage rises
in less than 100 ns to 10 kV, so there is only a short time for
the pre-phase [13]; in addition the applied voltage still rises
during the streamer propagation, which may lead to faster
volume ionization and further acceleration of the streamer
propagation.

Both types of operation also show a different temporal
emission development, the sinusoidal DBDs lasting a little
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Table 2. tFWHM of the normalized emission profile of the spatially
integrated streak camera signal for a pulsed (with different duty
cycles, 10 kV) and sinusoidal DBD operation.

Rising slope Falling slope

Bipolar pulse
D = 50% (3.3 ± 0.1) ns (3.3 ± 0.1) ns
D = 10% (3.1 ± 0.1) ns (3.9 ± 0.1) ns

Pos. unipolar pulse
D = 50% (3.2 ± 0.1) ns (3.2 ± 0.1) ns
D = 10% (3.2 ± 0.1) ns (4.3 ± 0.1) ns

Neg. unipolar pulse
D = 50% (3.3 ± 0.1) ns (3.3 ± 0.1) ns
D = 90% (3.1 ± 0.1) ns (4.1 ± 0.1) ns

Positive half-wave Negative half-wave
Sinusoidal waveform
Vpp = 14 kV (4.2 ± 0.2) ns (4.3 ± 0.2) ns

longer. For the duration of the discharge emission the full-
width at half-maximum (FWHM) tFWHM of the emission profile
is taken as the characteristic time scale. Therefore, the
temporal emission signal of the discharge was integrated in the
whole gap between the electrodes, i.e. the streak camera signal
presented in figure 5 was spatially integrated. The signals
were subsequently normalized, the profiles compared and the
FWHM determined. The results are displayed in table 2. For
all three pulse waveforms with D = 50% at both slopes the
tFWHM is about 3.3 ns; for the sinusoidal operation tFWHM is
about 4.3 ns for both the positive and the negative half period.

In contrast to sinusoidal operation the application of
pulsed waveforms offers a second possibility of varying not
only the frequency but also the duty cycle and therefore
the delay time to the preceding pulse. The duty cycle was
therefore subsequently changed from 50% to 10% (90% for
negative unipolar pulse), which led to asymmetric pulses with
10 µs between rising and falling slopes and 90 µs between
falling and rising slopes rather than of 50 µs for D = 50%.
These effects are investigated further. As was shown, for
temporal symmetric pulses there are no significant differences
between the MDs at rising and falling slopes. This changes for
D = 10% when distinct differences in the MD development
and structure for the two different slopes are observed, as was
shown only for unipolar positive pulses in [9].

Figure 6 shows iCCD images of a duty cycle variation
for rising and falling slopes of bipolar-pulsed DBDs with
Vpulse = ±5 kV at 10 kHz. For D = 10% the MDs have
less spatial jitter so that they seem to have a smaller diameter
than the symmetrical ones. But if one compares with single
shots as shown for positive unipolar pulses with D = 10%
in [9], the diameter is the same for both types. The zone of
lower emission in front of the cathode is much smaller in the
case of the falling slope. Consequently for the rising slope
the ‘positive column’ of the transient glow in the gap is more
concentrated at the anode and in the case of the falling slope
located farther in the volume. For D = 50% the structure does
not change.

Figure 7 shows the comparison of the spatio-temporal
MD development for the duty cycle variation for both slopes
of the bipolar pulse. The general evolution is the same,

although the streamer propagation velocity clearly depends on
the time delay to the preceding MD, as shown in figure 8. The
MD lasts longer during the falling slope, while the cathode
directed streamer propagates faster in the rising slope for
D = 10%. When the streamer propagates faster it generates
more charge carriers at this particular time and therefore the
discharge current maximum also rises [9, 23]. However, the
total transferred charge is equal for both slopes.

The streamer propagation velocities shown in figure 8 are
calculated from the streak images. The streamer velocities are
equal for both half periods of sinusoidal-driven MDs shown
in figure 8(a) and approximately 0.6 × 106 m s−1 in front of
the cathode. Bipolar- and unipolar-pulsed operation of the
DBDs for D = 50% provide equal results, which also have
the same streamer velocities at both slopes. Due to the faster
voltage rise compared with sinusoidal operation, however,
the pre-breakdown phase is shorter for pulsed operation and
the streamers are faster. The streamer velocities for pulsed
operation are 1.5 × 106 m s−1(D = 50%). The fastest
velocities are observed in the rising slope for pulsed operation
of D = 10% with 2 × 106 m s−1, as shown in figure 8(b).

In the falling slope for D = 10% the region where the
streamer starts its propagation with lower acceleration is farther
in the volume, see figure 7. For this slope the maximum
propagation velocities in front of the cathode are approximately
the same as for sinusoidal operation, although the voltage drops
much faster with ≈250 V ns−1 instead of ≈1 V ns−1.

Thus, as for unipolar-pulsed DBDs, the time between
the MDs has a significant effect on the discharge physics.
Obviously, residuals from the preceding MD influence the
breakdown and plasma formation. Both volume and surface
processes taking place on a 10 µs time scale must be considered
in order to explain the dependence of MD development on the
duty cycle. Under the conditions considered here, nitrogen
metastables N2(A

3�+
u ) have an effective lifetime of the same

order of magnitude as the pulse duration and therefore may
influence MD generation. Ionization of metastables requires
less energy than from the ground state, which demands
less direct ionization and has a significant influence on the
positive streamer characteristics. Furthermore, metastables
are considered to lead to secondary emission of electrons from
dielectric surfaces (so-called exo-emission) [19]. The general
discharge development as described above remains in principle
the same at both slopes, as long as the pulse duration is larger
than the ion drift time for the 1 mm gap (about 2 µs) [13].

Finally, sinusoidal operation can be characterized by
its peak-to-peak voltage and frequency. The frequency
determines the time between two discharges and a relatively
slow voltage rise leading to a long pre-phase of the MDs in
comparison with the pulsed waveform. Pulsed operation is
characterized by its peak-to-peak voltage, frequency and duty
cycle. Here, frequency and duty cycle determine the time
between two discharges, which has a crucial impact on the
discharge physics up to breakdown manipulation [13]. There
is a high voltage rise (given by the pulse generator) leading to
a shorter pre-phase of the MDs and faster streamer velocities.
This means that two different discharge modes in one operating
DBD are feasible, offering more possibilities to adjust the
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Figure 6. Comparison of iCCD images of a duty cycle variation for rising and falling slopes of bipolar-pulsed DBDs at Vpulse = ±5 kV and
frep = 10 kHz for 0.1 vol% O2 in N2 in pseudocolor intensity scale (each image =̂ 1000 accumulations). Top: D = 50%; bottom: D = 10%.
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Figure 7. Comparison of the spatio-temporal development of bipolar-pulsed DBDs when changing the duty cycle from 50% to 10%
(Vpulse = ±5 kV, frep = 10 kHz).

DBD for specific applications than is the case for sinusoidal
operation.

4. Summary and conclusions

This paper compared experimental results on the spatial and
temporal structure of the breakdown process of sinusoidal-
and pulsed-operated microdischarges. Electrical data

and simultaneous streak and iCCD images of individual
microdischarges in dielectric barrier discharges with 1 mm gap
in a gas mixture of 0.1 vol% O2 in N2 at atmospheric pressure
were recorded for various operation modes. The results
show that sinusoidal operation corresponds to symmetrical
high voltage pulses, but with lower streamer velocities
and different spatio-temporal emission distribution than
pulsed operation. Bipolar-pulsed-operated DBDs give very
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(a) Propagation velocities at both slopes of bipolar pulses
(D = 50%) and for both half-periods of the sinusoidal
operation.

(b) Propagation velocities at both slopes for the D = 10%
bipolar pulse.

Figure 8. Comparison of the streamer propagation velocities of bipolar-pulsed DBDs (D = 50% and D = 10% with Vpulse = ±5 kV,
frep = 10 kHz) and sinusoidal-driven DBDs (Vpp = 14 kV, f = 20 kHz). The values are calculated from streak camera images.

similar results to unipolar-driven discharges for all measured
parameters (discharge structure, diameter, streamer velocity).
A modification of the duty cycle of pulsed operation leads
to further changes, in particular significant differences in the
formation of MDs in rising and falling slopes. This behavior
is accompanied by a slight increase in MD duration, a slower
streamer, a smaller zone of lower intensity in front of the
cathode and expansion of the anode glow into the volume.
Both volume and surface processes must be considered in
order to explain this behavior. Elevated densities of nitrogen
metastables may enhance background ionization in the volume
as well as from the dielectric (charged) surfaces leading to
changes in the inception and dynamics of streamer propagation
and thus of MD structure and properties.

The results show that pulse width variation yields the
possibility of controlling MD properties down to the level of
fundamental plasma parameters. This offers new possibilities
for the optimization and control of plasma chemistry, e.g.
exhaust gas treatment or life-science applications.
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Manfred Kettlitz
Klaus-Dieter Weltmann
Ronny Brandenburg

Title

Barrier discharges driven by sub-microsecond pulses at atmospheric pressure:
Breakdown manipulation by pulse width

Journal

Physics of Plasmas 19, 070701 (2012).

Online at
http://scitation.aip.org/content/aip/journal/pop/19/7/10.1063/1.4736716

Reproduced with kind permission from
Phys. Plasmas 19, 070701 (2012),
Copyright 2012 by AIP Publishing LLC.

The figure 3 of this article was chosen to be on the cover of “Physics of Plasmas”,
Volume 19, Number 7, July 2012:

July 2012 Volume 19 Number 7

pop.aip.org

Physics of
Plasmas





Barrier discharges driven by sub-microsecond pulses at atmospheric
pressure: Breakdown manipulation by pulse width

Tomáš Hoder,a) Hans Höft, Manfred Kettlitz, Klaus-Dieter Weltmann,
and Ronny Brandenburg
Leibniz Institute for Plasma Science and Technology, INP Greifswald, Felix-Hausdorff-Str. 2,
17489 Greifswald, Germany

(Received 5 January 2012; accepted 28 April 2012; published online 10 July 2012)

Barrier discharges at atmospheric pressure in nitrogen-oxygen mixture powered by high voltage

pulses of widths between 10 ls and 200 ns were investigated. The development of the

microdischarges on rising and falling slopes was recorded by streak and intensified CCD cameras

simultaneously. The breakdown on the falling slope strongly depends on the pulse width. As a

result of pulse width variation the starting point of ignition changes and positive and negative

streamers occur simultaneously in the falling slope. The observed effect is caused by the electric

field rearrangement in the gap due to the different positive ion densities related to their gap

crossing times. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4736716]

The investigation of pulsed microdischarges (MDs)

received an increased attention in the last years.1–3 The

application of sub-microsecond lasting voltage pulses opens

new possibilities for a discharge parameter variation. It intro-

duces new effects in highly transient discharges produced by

rapidly increasing electric field, such as faster energy transfer

or more effective plasma-chemistry.4,5 The exact mechanism

behind these advantages and the discharge behavior is, how-

ever, not well known yet as the results published up to now

do not include high spatial and temporal resolution simulta-

neously. Increased understanding and control over the dis-

charge mechanism and therefore its basic parameters as well

are important for more precise or selective application of

such plasmas. In this paper, we present unique experimental

results with high temporal (tens of picoseconds) and spatial

(magnitude of micrometers) resolution on MDs in barrier

discharges at atmospheric pressure with a voltage pulse

width variation and its effect on the discharge mechanism.

The MDs were generated in a plexiglass chamber (vol-

ume of 2.5 cm3) with quartz glass windows. Both electrodes

were covered by the dielectric of a half-spherical form in

order to localize and stabilize one single filament.6 The thick-

ness of the alumina dielectric barrier was 0.5 mm and the dis-

charge gap 1 mm. The chamber was supplied with a mixture

of 0.1 vol. % oxygen in nitrogen gas at atmospheric pressure.

The total flow of the gas was 100 sccm in every experiment.

One of the electrodes was grounded while the other was pow-

ered by a positive square wave high voltage pulse of an am-

plitude of 10 kV with a repetition frequency of 10 kHz. The

pulse width (tpulse) was changed between values of 200 ns,

1 ls, 5 ls, and 10 ls while the cycle duration of 100 ls

remained constant. The rising and falling slopes of the posi-

tive pulse have a voltage slope of approximately 250 V/ns.

Voltage and current measurements were realized by Tektro-

nix probes P6015A and CT-1, respectively, and recorded by

Tektronix oscilloscope (TDS 7054). The stabilized filament

of the barrier discharge was projected through a far-field

microscope (Questar QM 100) and beam-splitter to the inten-

sified CCD camera (Andor iStar DH734-18U-A3) and the

streak camera (Hamamatsu C5680-21 C), respectively.

In Fig. 1, the time correlated applied voltage and the

MD current IMD records are shown for different pulse widths.

The capacitive current is already subtracted. The breakdown

occurs during the rising as well as the falling slopes. For the

rising slope, the shape of the MD current is approximately

the same for all four voltage pulse widths. During the falling

slope, however, the current signals show clear differences in

comparison with the rising slope as well as compared to each

other: The shorter the pulse width (and the shorter delay to

the preceding MD in the rising slope) the lower is the current

peak amplitude and the broader is the current pulse for the

MD in the falling slope.

Results of streak camera measurements are shown in

Fig. 2. The recorded signal corresponds to the integral spec-

tral luminosity of the MD where the dominant intensity in

the spectra has the spectral bands of the second positive sys-

tem of molecular nitrogen. Their radiative states are excited

dominantly by direct electron impact.7 Therefore, the pre-

sented signal distribution can be interpreted as a density dis-

tribution of electrons7 with energy above 11 eV. These

results are not time correlated with the current measure-

ments, the zero denotes the start of the streak camera expo-

sure. We can state following findings. At the beginning of

each period, the first breakdown occurs in the rising slope

according to the three phases, as it is well known from fila-

mentary barrier discharges driven by a sinusoidal voltage

(i.e., with relatively slow voltage increase time6,7), or simi-

larly on orders of magnitude larger timescale from diffuse

barrier discharges:8 pre-breakdown phase (also Townsend

pre-phase in sinusoidal driven barrier discharges) is respon-

sible for the charge accumulation, followed by the phase of

propagation of positive streamer (velocities reaching 106 m/s

in this case) and creation of transient glow discharge

a)Author to whom correspondence should be addressed. Electronic mail:

hoder@inp-greifswald.de.

1070-664X/2012/19(7)/070701/4/$30.00 VC 2012 American Institute of Physics19, 070701-1

PHYSICS OF PLASMAS 19, 070701 (2012)

Article V 77



structure. During the final phase, the surface discharges

spread over the electrodes, charges are deposited on the

dielectrics9 and decrease the electric field in the gap and

the MD extincts. The term “Townsend” is used because of

the Townsend processes dominated accumulation of the free

charges in the gap.10 In this case, however, where the

applied voltage of the pulse increases with the velocity of

250 V/ns (breakdown at applied voltage of �7.5 kV is

reached in few tens of nanoseconds, see Fig. 1), the pre-

breakdown phase is extremely short in comparison with si-

nusoidal driven barrier discharges.6 Using our diagnostics,

we were able to detect the pre-breakdown phase of about

3 ns. The rapidly increasing electric field in the gap leads to

fast pre-ionization by electron multiplication. Only very few

“massive” electron avalanches are sufficient to accumulate

free charge density large enough for streamer ignition.11

Probably, the electric field is so high that even one single

electron avalanche has the power to reach the Raether-Meek

criterion for free charge density to start the streamer,11–14

the so called avalanche-to-streamer transition happens.14

This has to take place in the close vicinity of the anode,

because the positive streamer propagates across the whole

gap (see Fig. 2).

The MD development in the rising slope was the same

for all pulse widths as the delay between rising and preced-

ing falling slopes is on the same time scale of approximately

100 ls due to the constant 10 kHz operating frequency. In

the falling slope, however, the MD development changes

rapidly with mentioned pulse widths. Even at the pulse

widths of 10 and 5 ls, one can see that the MD development

is simply not just the mirrored one as for the MD on the ris-

ing slope as it is for tpulse of 50 ls (not shown here). Never-

theless, the MD development shows the same phases as

denoted for the rising slope MDs and within the same time

scale of about 20 ns as shown in Figures 2 and 3. For the

pulse width of 1 ls, the MD development changes signifi-

cantly. One can observe first emission close to the cathode

followed by an anode directed streamer. Later on, the lumi-

nous channel in the gap is produced with two local maxima

close to each electrode. To our knowledge, such a behavior

has not been observed yet. The development of the MD for

the pulse width of 200 ns differs again. However, some simi-

larities remain: emission close to the cathode at the begin-

ning and appearance of two local maxima 10 ns later (see

Fig. 3(b)).

The explanation of this effect is supposed to be the var-

iation of the positive ion density in the gap originating

within the preceding MD in the rising slope. Indeed, the

background ionization can significantly influence the struc-

ture and ignition of the streamer, as it was reported in

pulsed discharges.15 The influence of metastables can be

neglected at atmospheric pressure gas with an admixture of

oxygen.16 The time of flight for positive ions of nitrogen

and oxygen through the whole gap is few microseconds

FIG. 1. Current development of MDs at rising and falling slopes (left and

right respectively) at different pulse widths.

FIG. 2. Streak image of the MD luminosity distribution at rising and falling slopes for the pulse width of 10 ls (1000 accumulated MDs, logarithmic scale).
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(�2 ls)11,17 in these conditions. This time correlates with

the duration of the applied pulse widths. We suppose that

the more important components are the positive nitrogen

ions because of dominant nitrogen gas density in the mix-

ture. The positive ions produced during the rising slope

have already reached the cathode after few microseconds

and therefore the MD in the falling slope of the pulse with

tpulse of 10 ls starts undisturbed, as described for the MD in

the rising slope. However, if the polarity of electrodes

changes after 1 ls or 200 ns, the ions are accordingly on the

way in the gap. Their presence (with different densities for

different pulse widths) in the gap during the next slope thus

rearranges the electric field within the gap so significantly

that the discharge breakdown changes. The structure of the

current pulses in Fig. 1 supports this conclusion. The travel-

ing free charges (positive ions) of different densities and of

different spread in the gap (for different voltage pulse

widths) blur the current pulse accordingly.

FIG. 3. Characterization of the MD emission at the falling slope for three different pulse widths; (a) spatial structure of the complete MD (iCCD images, 1000

accumulated MDs); (b) spatio-temporal development of the MD at the discharge axis (streak image, 1000 accumulated MDs); (c) detail in logarithmic intensity

scale, gray rectangles denote iCCD gates (5 ns each) in Fig. 4 with their starting times. The letters C and A denote the cathode and anode, respectively.
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Obviously, there is a change in the breakdown between

200 ns and 5 ls lasting pulse. We focused our further analy-

sis on the 1 ls lasting pulse. The more detailed streak and

iCCD recordings for this case are shown in Figs. 3(c) and 4,

respectively. One can recognize a very short pre-phase of

approximately 5 ns in Fig. 3(c) and in 4(b). The emission

has a maximum close to the cathode (approximately

0.1 mm in front of the electrode surface). There, the cathode

directed positive streamer is ignited and creates the cathode

layer (Figures 3(c) and 4(c)). This event is followed by a

negative streamer which starts to propagate from the same

area, crosses the rest of the gap, and reaches the anode

(Fig. 4(d)). Both streamers have velocities in the order of

105 m/s. It is interesting to note that similar behavior was

observed in the case of the Trichel pulse in negative corona

discharge18 and further discussed by Cernak et al.19 The

fundamental role of the accumulated positive ion cloud in

front of the cathode during the Trichel pulse ignition was

shown, too.20 After the positive and negative streamers

impact onto the electrodes, the structure similar to glow dis-

charge is created as shown in Fig. 4(e). It consists of the

cathode spot and positive column at the side of the anode.

On the electrodes, no surface discharges were created yet.

Nevertheless, the so called positive column splits 10 ns later

into two local emission maxima developing towards both

electrodes (Figures 3(b) and 4(f)) and increasing the MD di-

ameter from the middle of the gap towards the electrodes.

This is followed by the creation of surface discharges as

can be seen in Figs. 4(g) and 4(h).

We believe that these findings show that a well-chosen

change of the pulse width can be utilized to modify the dis-

charge breakdown (number and placement of the streamers)

and thus vary the basic plasma parameters.
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M. Kettlitz
M. M. Becker
T. Hoder
D. Loffhagen
R. Brandenburg
K.-D. Weltmann

Title

Breakdown characteristics in pulsed-driven dielectric barrier discharges:
influence of the pre-breakdown phase due to volume memory effects

Journal

Journal of Physics D: Applied Physics 47, 465206 (2014).

Online at
http://iopscience.iop.org/0022-3727/47/46/465206

Reproduced with kind permission from
J. Phys. D: Appl. Phys. 47, 465206 (2014),
Copyright 2014 by IOP Publishing Limited.





1 © 2014 IOP Publishing Ltd Printed in the UK

1. Introduction

One major question in the investigation and understanding 
of dielectric barrier discharges (DBDs) is the role of memory 
processes in the inception and development of the discharge. 
Generally, the behaviour of a DBD is strongly influenced 
by processes in the so-called Townsend pre-phase, i.e. the 
time before the actual breakdown occurs [1–4]. While in 
sinusoidal-operated DBDs—which is the case for most 
applications [5]—the pre-phase lasts for at least several hun-
dred nanoseconds, in pulsed-operated DBDs this duration is 
limited by the rise time of the HV pulse (in our case ≈50 ns 
for 10 kV pulse amplitude). The pulsed-operation, however, 
offers an additional electrical control parameter (apart from 

voltage amplitude and repetition frequency): the pulse width 
or duty cycle [6, 7]. In the context of a pulsed (square wave) 
operation of DBDs, the pulse width does not refer to the 
duration of the discharge itself but to the delay between two 
subsequent discharges. The repetition frequency also influ-
ences the DBD behaviour, because a lower repetition fre-
quency results in a reduced overall pre-ionisation, which is 
independent of the pulse width [8]. The pulse width had a 
stronger impact on the DBD characteristics, up to changing 
the breakdown regime from a cathode-directed streamer-
like propagation to the occurrence of cathode- and anode-
directed streamers (for pulse widths of  ≈1  µs) and finally 
to no propagation at all (for pulse widths of  ⩽0.5  ns), as 
reported in previous works [9, 10].
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This study analyses the influence of the pulse width on the 
pre-phase and its consequences for the following breakdown 
of pulsed-driven DBDs at atmospheric pressure by means 
of electrical and optical diagnostics accompanied by time-
dependent, spatially one-dimensional (1D) fluid modelling. 
A profound explanation for the effects reported in [9, 10] is 
provided.

2. Experimental set-up and diagnostics

The experimental set-up and diagnostics are schematically 
shown in figure 1. The double-sided DBD arrangement (1 mm 
gap) with half-spheric alumina covered electrodes (Al2O3, 
εr  ≈  9) was housed in a Plexiglas cell (volume  ≈2.5  cm3) 
similar to [6, 9–11]. The DBDs were operated by positive uni-
polar square wave pulses with a pulse voltage amplitude of 
Vp = 10 kV at a repetition frequency of 10 kHz (i.e. T = 100 μs, 
see figure 2(a)). The pulse width tpulse was varied from 50 µs 
(symmetrical pulse) to 0.2 µs. The steepness of the rising and 
falling slopes of the high voltage pulses was about 250 V ns−1 
specified by the pulse generator (DEI, PVX-4110). The 
DBDs were simultaneously observed by a fast iCCD camera 
and a streak camera system connected to a far-field micro-
scope (Questar, QM100). The iCCD camera (Andor, iStar,  
Δt  ⩾  2  ns, Δx  ≈  2  µm) recorded high resolution images of 
single and accumulated DBDs as well as their propagation on 
the electrode surfaces. The streak camera system (Hamamatsu, 
C5680) delivered the spatio-temporal discharge development 
along the discharge axis during the rising and falling slopes 
of the high voltage pulse with high temporal (Δt ⩾ 50 ps) and 
spatial (Δx ≈ 2 µm) resolution. Both cameras were sensitive 
in the visible and UV spectral range. For the spectral resolu-
tion metal interference filters were inserted in the optical path, 
i.e. for the second positive system of N2 (SPS, 0–0 transition: 
Melles-Griot, CWL 337.1 nm, 3 nm bandwidth) and the first 
negative system of +N2  (FNS, 0–0 transition: Melles-Griot, 
CWL 391.4 nm, 1 nm bandwidth).

In addition, the spatio-temporal SPS emission was recorded 
for the 10 µs pulse by cross-correlation spectroscopy (CCS or 
time correlated single photon counting (TCSPC)) in the same 
diagnostic set-up as described in [4]). Although this method is 
more sensitive, it is also more time-consuming than the streak 
camera measurements.

Electrical measurements were performed by fast voltage 
(Tektronix, P6015A, rise time t10%−90%  =  4.67  ns) and cur-
rent probes (Tektronix, CT-1, rise time t10%−90%  =  0.35  ns) 
and recorded with a digital phosphor oscilloscope (Tektronix, 
DPO 7254C, 2.5 GHz, 40 GS s−1).

3. Results

3.1. Experimental results

In figure 2(a), the concept of using the pulse width to set dif-
ferent delays between the discharges at rising and falling slopes 
is illustrated for tpulse = 50 µs and tpulse = 10 µs. For pulsed 
operation a single DBD (also referred to as microdischarge 

(MD)) occurred at the rising and the falling slope. In the case 
of a symmetrical pulse (tpulse = 50 µs) the discharge proper-
ties at both slopes were the same, only the polarity inverses  
[6, 9]. An asymmetrical pulse, i.e. different pause times 
between the DBDs at the rising and the falling slopes, caused 
different discharge properties. The effect on the electrical 
DBD current at the falling slope is shown in figure 2(b) for 
different pulse widths between 50 and 0.2 µs. Reduction of 
the pulse width led to a lower maximum (absolute value) and a 
smearing of the discharge current, accompanied by a lowering 
in the applied breakdown voltage1. A similar behaviour was 
reported in [9, 10].

In what follows, the different DBD behaviours at the 
rising and falling slopes for tpulse = 10 µs are analysed using 
spectrally resolved iCCD and streak camera recordings, as 
opposed to the spectrally-integrated measurements performed 
in [9]. The spectrally-resolved two-dimensional (2D) struc-
ture and spatio-temporal development of the DBD emission 
along the channel axis are shown in figure 3 for both slopes 
of the HV pulse with tpulse = 10 µs. Figure 3(a) shows the 0–0 
transition of the SPS of N2:

 
ν λΠ → Π + =′= ′′=N (C )  N (B ) h , ( 337.13 nm)v v2

3
u 0 2

3
g 0 0-0

SPS
0-0
SPS

 (1)

with an excitation energy of ΔE = 11.03 eV [12]. Figure 3(b) 
displays the 0–0 transition of the first negative system of +N2  :

 
ν λΣ → Σ + =+ +

′=
+ +

′′=N (B )  N (X ) h , ( 391.44 nm)v v2
2

u 0 2
2

g 0 0-0
FNS

0-0
FNS

 (2)

with an excitation energy of ΔE  =  18.75  eV [12]. The SPS 
contributed to the major part of the emission while the FNS 
is correlated to the propagation of the electric field strength 
(i.e. high energetic electrons) due to its high excitation energy. 

Figure 1. Schematic set-up with diagnostics featuring simultaneous 
iCCD and streak camera measurements as well as fast electrical 
probes.

Far-field 
microscope

Streak
camera

iCCD

Current 
probe

Beam splitter

Spectral filter

HV 
probe

HV pulse

1 After the DBD at the rising slope the accumulation of the surface charges 
compensates the electric field strength in the gap. For a unipolar applied 
voltage pulse, this means that the breakdown voltage in the gap is higher for 
lower values of the applied voltage.
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An overview emission spectrum of a pulsed DBD in 0.1 vol% 
O2 in N2 is given in [9].

The 2D structures of both emissions (integrated over 150 ns 
and accumulated over 103 DBDs) in figure 3 show a constricted 
channel in the volume which branches out on the surfaces of 
the electrodes. There is a zone of lower emission in front of the 
cathode which is more extended for the DBD at the rising slope 
than at the falling slope. The distinctions between the SPS and 
FNS emissions are obvious: for the SPS the emission maximum 
is in the volume, the discharge channel broadens towards the 
anode and the surface discharge is more pronounced on the 
anode, while the FNS emission features almost no broadening 
and a maximum on the cathode surface. The differences between 
SPS and FNS are even more pronounced in the spatio-temporal 
development recorded by the streak camera in the centre of the 
DBD channel compared to the 2D structure measured by the 
iCCD camera. The propagation of the cathode-directed ionisa-
tion front (positive streamer mechanism) with a maximum on 
the cathode surface is clearly visible for the FNS emission, while 
the SPS emission is more intense in the gap in front of the anode.

Furthermore, as no significant change between the SPS and 
FNS emission was detected during the streamer phase, these 
measurements confirm the validity of the streamer velocity 
estimation from both spectral emission developments. 
The emission development is in agreement with the results 
of Hoder et al [4] for sinusoidal driven DBDs in a similar 
arrangement. A direct comparison of the 2D evolution of the 
SPS and FNS emissions in the volume and on the electrode 
surfaces can be found in [13].

The recording of the SPS emission of the falling slope in 
longer time windows (50  ns) including the pre-breakdown 
phase is shown in figure 4 and provides the key to the expla-
nation of the differences between the DBDs at the rising 
and falling slope for asymmetrical pulses. A localised dif-
fuse emission in front of the anode lasting about 10 ns and 
reaching roughly 200  µm in to the gap is visible approxi-
mately 25 ns before the global SPS intensity maximum. This 
emission in the pre-phase can be correlated to an increased 
space charge which leads to a shift in the inception point of 

the cathode-directed propagation (see figure  3(b)). Such a 
localised emission was observed neither in the falling slope 
of the 50 µs pulse nor in the rising slopes of tpulse = 50, ..., 
0.2 µs. The emission of the SPS could be used as a measure 
for the presence of (high energetic ≈11 eV) electrons because 
the N2(C3Πu) state (see process (1) above) is mostly excited 
by electron impact at atmospheric pressure.

Moreover, the pre-phase emission of the 10  µs pulse 
was recorded at both slopes with the more sensitive cross- 
correlation spectroscopy (CCS) to verify the findings of the 
spectrally resolved streak camera measurements. Figure 5 dis-
plays the SPS emission profiles obtained by CCS for the rising 
and falling slopes averaged over 250 µm in front of the anode. 
A clear localised emission peak of three orders of magnitude 
lower intensity than the global emission maximum occurs 
about 25 ns before the global SPS emission.

For the systematic study of the SPS emission in the pre-
phase, spatial- and time-averaged profiles were extracted from 
the spectrally-resolved streak camera images at the falling 
slope for tpulse = 50 ... 0.2 µs, in order to get information about 
the temporal and spatial changes. The temporal SPS emission 
profiles were obtained for three positions in the gap:

 (a) spatial averaging over the whole gap (over 1000  µm, 
figure 6(a)),

 (b) spatial averaging in front of the anode (over 250  µm, 
figure 6(b)),

 (c) spatial averaging in front of the cathode (over 250 µm, 
figure 6(c)),

which were synchronised with respect to the applied voltage.
Evidently, for all cases, a decrease in the pause time to the 

previous DBD (lower tpulse) led to an earlier breakdown (cor-
related to a fast rise in the SPS emission) and an increase in 
the SPS emission duration, which corresponds to the behav-
iour of the discharge current, see figure  2(b). Additionally, 
spatial SPS emission profiles as shown in figure 7 were gen-
erated using a temporal average over 10  ns (just when an 
emission signal could be detected, e.g. for 8 ⩽ t ⩽ 18 ns for 
tpulse = 10 µs, see figure 4).

Figure 2. Electrical current and voltage for Vp = 10 kV at 10 kHz for various pulse widths in 0.1 vol% O2 in N2. (a) Overview of electrical 
current and voltage over one period of the HV pulse (repetition rate 10 kHz ⇔ 100 µs) illustrated for tpulse = 50 µs and tpulse = 10 µs 
indicating a single DBD at the rising and the falling slope. (b) Detail of electrical DBD current and voltage at the falling slope for different 
pulse widths. The displacement current was subtracted. Time t = 0 ns indicates the start of the falling slope for each tpulse.
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For tpulse = 50 µs, no structured SPS emission in the pre-phase 
was found. The intensity rose exponentially with time before the 
cathode-directed breakdown occurred (figure 6). The spatial 
profile shown in figure 7 before the breakdown was also flat.

However, this changed significantly for tpulse = 10 µs, where 
a temporally limited SPS emission of about 10 ns duration in 
front of the anode (figure 6(b)) was observed, reaching around 
250  µm into the gap (figure 7). In front of the cathode, on 
the other hand, no significant difference was observed, except 
the afore-mentioned temporal shift in the breakdown time. 
A similar behaviour was recorded for tpulse = 5 µs, although 
the intensity and the duration of the isolated SPS emission in 
front of the anode increased, accompanied by a further expan-
sion into the gap.

A noticeable change appeared for tpulse  =  2  µs: here, the 
intensity of the isolated SPS emission in front of the anode 
decreased, but simultaneously a (not isolated) SPS emission 

in front of the cathode occurred. The spatial profile of the SPS 
signal showed a local maximum in front of both electrodes.

This announces a transition of the breakdown regime from 
the cathode-directed streamer to the simultaneous appearance 
of cathode- and anode-directed streamers, which occurred for 
tpulse < 2 µs. For tpulse = 1 µs, a localised SPS emission max-
imum in front of the cathode, (figure 6(c)) and a shift of the 
spatial SPS emission towards the cathode, accompanied by a 
much earlier breakdown inception (about 20 ns earlier than for 
tpulse = 50 µs, figure 6) indicated this change of the breakdown 
regime, which was also reported in [10]. For tpulse = 0.2  µs 
the start of the SPS emission in front of the cathode nearly 
coincided with the fall of the applied voltage, figure 6. The 
spatial SPS emission maximum was found directly on the 

Figure 3. Spectrally resolved 2D structures (iCCD, left column) 
and corresponding spatio-temporal developments in the centre of 
the DBD channel (streak camera, right column) for Vp = 10 kV 
with tpulse = 10 µs for 0.1 vol% O2 in N2 (number of accumulations: 
iCCD: ∼ 103; streak: ∼105). The iCCD gate width was 150 ns and 
was positioned over the DBD current pulse. The position of the 
electrodes in the streak image is indicated by the white lines. (a) SPS 
development of N2 (337 nm). (b) FNS development of +N2  (391 nm).

Figure 4. Spatio-temporal development of the SPS emission 
(337 nm) at the falling slope for tpulse = 10 µs and Vp = 10 kV. 
The areas for the spatial average are indicated by the dashed grey 
lines: (a) over the whole gap (0 to 1000 µm), (b) from 0 to 250 µm 
in front of the anode, (c) from 750 µm to 1000 µm in front of the 
cathode, see figures 6(a)–(c), respectively.

Figure 5. Comparison of the averaged SPS emission (337.1 nm) 
over 250 µm in front of the anode measured by cross-correlation 
spectroscopy at the rising and falling slope for tpulse = 10 µs and 
Vp = 10 kV. Each profile was obtained from two measurements with 
different gains of the photomultiplier in order to achieve a higher 
dynamic range (six orders of magnitude instead of four, see [4]). 
The signal from 5 to 42 ns was measured with the highest gain, 
from 42 to 60 ns with a lower gain.
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cathode surface, see figure 7. No propagation was observed in 
this case, merely a re-ignition in the afterglow of the previous 
DBD. This effect was first reported in [10].

The development of the SPS emission during the breakdown 
in the gap was analysed by contour plots of the DBD emis-
sion at a certain intensity. The results are depicted in figure 8(a), 
illustrating the streak camera image and the corresponding con-
tour line for tpulse = 1 µs. These plots traced the spatio-temporal 
breakdown development in the gap for the falling slope and for 
better comparison were temporally shifted to reach the cathode 
at the same time, i.e. they were not temporally synchronised. 

The extracted contour plots for tpulse = 50, 10, 2, and 1 µs are 
shown in figure 8(b). Comparing tpulse = 50 µs and tpulse = 10 µs, 
the lower propagation velocity and the shift of the streamer 
inception point (place of origin) are obvious for the latter pulse 
width (see figure 3). For tpulse = 2 µs and tpulse = 1 µs, the forma-
tion of a cathode- and anode-directed streamer is clearly visible 
for both cases, but with slower velocities for tpulse = 1 µs. Using 
the contour plots shown in figure 8(b), the velocities of the posi-
tive streamer in front of the cathode were determined (averaged 
over 50 µm), displayed in figure 9. The propagation velocity 
increases with the pause time to the previous DBD (lower tpulse) 
from ∼105 to 1.5 × 106 m s−1. This indicates a higher electric 
field strength in front of the cathode [14].

Apart from the influence of the changing preconditions in the 
gap on the streamer dynamics, a geometric reason for this behav-
iour is the shift of the streamer inception point (see figure 3(b)), 
which shortens the possible propagation distance of the streamer 
towards the cathode, i.e. it reduces the acceleration time.

In summary, for 0.1 vol% O2 in N2 four different regimes 
comparing the DBDs at rising and falling slopes could be 
distinguished which were quite sensitive to the pulse width 
(pause time). The breakdown characteristics and the SPS 
emission behaviour in the pre-phase are listed in table  1 
for the four cases and one transition between them. The 
different SPS emission structures during the pre-phase con-
clusively indicate a significant change of the pre-ionisation 
in the gap, which has distinct effects on the following 
breakdown.

3.2. Comparison with fluid modelling

To analyse the observed phenomena in more detail, a time-
dependent, spatially 1D fluid model [15] was adapted for the 
theoretical description of the DBD under consideration. The 
fluid model comprises particle balance equations for 49 spe-
cies, including electrons, positive and negative ions and neutral 

Figure 6. Spatially-averaged SPS emission (337 nm) in semi-
logarithmic scale measured by the streak camera during the falling 
slope for tpulse = 50 ... 0.2 µs (Vp = 10 kV) (a) over the whole gap, 
(b) in front of the anode and (c) in front of the cathode, see figure 4. 
The signals are synchronised with respect to the applied voltage V 
displayed in grey.
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Figure 7. Profiles of the SPS emission (337 nm) measured by 
the streak camera during the falling slope for tpulse = 50 ... 0.2 µs 
(Vp = 10 kV) temporally averaged over the pre-phase (10 ns). The 
position of the electrodes is indicated by the grey dashed lines (A: 
anode, C: cathode).
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species. Additionally, an energy balance equation for the elec-
trons and Poisson’s equation  to determine the axial electric 
field were solved. The accumulation of surface charges on the 
dielectrics was captured by the integration of the charge car-
rier fluxes towards these surfaces. To determine the particle 
and energy fluxes of electrons the improved drift-diffusion 
approximation detailed in [16] was used. The reaction kinetic 
scheme included about 520 reactions for the N2–O2 gas mix-
ture [17]. Calculations were performed for the experimental 
conditions mentioned in section 2 and the three pulse widths 
tpulse = 50, 10, and 1 µs. Here, the measured voltage was used 
as the input. All other quantities, including the discharge cur-
rent density, were self-consistently determined.

Figure 10 compares the measured and the modelled 
results. Displayed are the temporal evolution of the den-
sity of the N2(C) state obtained from the modelling and 
the measured SPS emission profiles both averaged over 
the whole gap. The N2(C) density is directly connected to 
the SPS emission (see process (1) above). The comparison 
reveals a qualitative agreement between model and experi-
ment; for shorter pause times (tpulse) the profiles broaden 

with decreasing intensity. Furthermore, the maxima of the 
measured SPS emission and the calculated N2(C) densi-
ties shift in time with decreasing pulse width due to the 
earlier breakdown. Metastable species such as Σ+N (A )2

3
u  

(with ΔE = 6.17 eV) may have an influence on the reported 
effects, because they can transfer their energy to the elec-
trons via super-elastic collisions [18], or excite N2(C) due to 
the pooling reaction [19]. The effective lifetime of Σ+N (A )2

3
u  

is about 10 µs for the gas composition used in this study of 
0.1 vol% O2 in N2 at atmospheric pressure.

4. Discussion

The qualitative agreement between the modelling results 
and the experimental data for different pulse widths sug-
gests that the model could assist in the interpretation of the 
afore-mentioned four different breakdown regimes with their 
distinct pre-phases. Figure 11 displays the temporal develop-
ment of the dominant charge carrier densities in the centre 
of the gap for tpulse = 50 and 10 µs. There are considerably 
high electron and positive ion densities of ⩾1011 cm−3 to up to 
approximately 20 µs after the DBD at the rising slope. These 
charge carrier densities decrease for longer pause times and 
significantly increase for shorter pause times. When the slope 
of the HV pulse drops, the resulting fast change of the elec-
tric field strength in the gap accelerates the electrons almost 
immediately (<10 ns), while the heavier ions remain quasi-
static (∼1 µs). This is the key for the disparate behaviour in 
the pre-phase and the following breakdown for different pause 
times (tpulse).

No significant residual charge carrier densities lead to 
regime I in table  1 (99.8  μs  ⩾  tpulse  ⩾  20  µs). There is an 
exponential multiplication of electrons which are accelerated 
in the applied electric field until the positive space charge in 
front of the anode is high enough to start the cathode-directed 

Figure 8. Tracking the breakdown development in the gap using 
contour lines of the SPS emission (337 nm) at a certain intensity 
for Vp = 10 kV. (a) Streak camera image of the SPS emission with 
the chosen contour line exemplified in white for the falling slope of 
tpulse = 1 µs featuring the double streamer propagation (A: anode, C: 
cathode). (b) Contour plots for the SPS emission for tpulse = 50, 10, 
2, and 1 µs. The position of the electrodes is indicated by the grey 
dashed lines. For a better comparison, the curves were temporally 
shifted to reach the cathode at the same time.

Figure 9. Propagation velocity of the cathode-directed streamer 
propagation averaged over 50 µm in front of the cathode for 
tpulse = 50 ... 1 µs and Vp = 10 kV (there is no propagation for 
tpulse = 0.2 µs).
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breakdown (positive streamer mechanism). The exponen-
tial increase in the electron density can be correlated to the 
recorded exponential increase in the SPS emission in front of 
the anode for tpulse = 50 µs, see figure 6(b).

This behaviour changes when the charge carrier densi-
ties are still higher than a certain level when the falling slope 
occurs (regime II for 20 μs >  tpulse > 4 µs). During the change 
of the electric field strength, the residual electrons are accel-
erated towards the anode and reach energies high enough 
to excite the SPS of N2, which leads firstly to the measured 
localised SPS emission in front of the anode and secondly, to 
the shift of the streamer inception point towards the centre of 
the gap. However, the positive space charge generated by fast 
electrons is not sufficiently high to start the streamer directly 
after the transit through the gap—which is the reason for the 
isolated, temporally limited SPS emission maximum. By con-
trast, the applied breakdown voltage and the discharge current 
pulse maximum slightly decrease compared to regime I. The 
isolated SPS emission lengthens and extends with increasing 
residual electron density (see figure  6(b) and figure  7 for 
tpulse = 10 and 5 µs).

With further increase in the residual charge carrier densi-
ties, the electrons are not only accelerated towards the anode, 
but also exponentially multiplied in front of the cathode. 
As a consequence, the isolated SPS emission in front of the 
anode weakens and the SPS emission in front of the cathode 
increases. These changes indicate a change in the space charge 
distribution, which initiates the transition between regime II 
and III (see table 1) and is accompanied by a further decrease 
in the applied breakdown voltage.

In regime III (2 μs >   tpulse > 0.5 µs), the residual charge 
carrier densities are high enough to start a cathode-directed 
streamer about 200 µm in front of the cathode and simulta-
neously, an anode-directed streamer that propagates with 
lower velocity. Liu et al [20] qualitatively simulated the same 

propagation velocity behaviour for a symmetrical plane-to-
plane arrangement (no dielectric barrier) with a seed charge 
carrier density of 1014 cm−3 at atmospheric pressure.

Although the SPS emission for regime III occurs some 
tens of nanoseconds before the one for regime I, the discharge 
current maximum for tpulse  =  1  µs is delayed compared to 
tpulse = 50 µs, see figure 2(b). A possible reason for this delay is 
the simultaneous occurrence of positive and negative streamers 
towards the electrodes. In addition, the current probe only 
measures the net drift of all charge carriers in the gap.

If the charge carrier densities exceed a critical level  
(∼ 1013 cm−3), no streamer-like propagation can occur, because 
the electrons from the previous DBD are still in motion to 
build up the surface charges. Thus, the discharge in regime IV 
can be interpreted as a re-ignition in the immediate afterglow 
of the previous DBD.

Table 1. Pre-phase structure and following breakdown characteristics for pulsed DBDs driven by a 10 kV HV pulse with 10 kHz repetition 
frequency in dependence of the pause time (tpulse) after the DBD at the rising slope in 0.1 vol% O2 in N2.

Pause time (tpulse) Pre-phase structure Breakdown characteristics

regime I Exponential increase of SPS Propagation of cathode- 
directed streamer99.8 μs ⩾ tpulse ⩾ 20 µs emission in front of anode

regime II Isolated SPS emission in Propagation of a slower
20 μs >  tpulse > 4 µs front of anode cathode-directed streamer

(shifted inception point)

4 μs ⩾ tpulse ⩾ 2 µs Isolated SPS emission in front Transition between single
of anode accompanied by an and double streamer
exponentially increasing SPS propagation
emission in front of cathode

regime III SPS emission in front Simultaneous propagation
2 μs >  tpulse > 0.5 µs of cathode (inception point of cathode- and anode-

of the double streamer) directed streamers

regime IV SPS emission directly on No propagation at all,
tpulse ⩽ 0.5 µs cathode surface re-ignition in afterglow

of previous discharge

Figure 10. Qualitative comparison of the SPS emission (337 nm) 
by spectrally-resolved streak camera recordings and the modelled 
nN2(C) density for Vp = 10 kV.
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The DBD breakdown regime in pulsed operation can be 
determined by controlling the pre-ionisation by the pulse 
width, independently from the repetition rate. The limitation 
of the pre-phase duration by the rise time of the HV slope (in 
our case approximately 50  ns) was crucial for the reported 
effects. Changing the steepness of the HV pulse in a certain 
range could be another parameter to control the pre-phase and, 
consequently, the breakdown of the DBD.

5. Summary

This study investigated the influence of the pulse width on 
the pre-phase and the subsequent breakdown of pulsed single 
DBDs in 0.1 vol% O2 in N2 at atmospheric pressure with a 
10 kV pulse amplitude and a 10 kHz repetition rate. Results 
were obtained by electrical and optical diagnostics and com-
pared with the results of 1D fluid modelling. Four distinct 
breakdown regimes were identified, depending on pause times 
between the DBDs at the rising and falling slopes (specified by 
tpulse) and ranging from ‘classical’ cathode-directed (positive) 
streamer propagation, to no streamer propagation at all for sub-
µs pause times. All regimes were determined by their different 
behaviours in their pre-phases. For 99.8 μs ⩾ tpulse ⩾ 20 µs, no 
peculiarities in the pre-phase were observed, while the break-
down featured an exponential increase in the SPS (of N2) 
emission in front of the anode, followed by a propagation of a 
fast cathode-directed streamer. For pause times between 20 μs 
and 4 μs a temporally limited (isolated) diffuse SPS emission 
was found, which could be correlated to a considerably high 
residual electron density in the gap, which led to changes in 
the spatio-temporal DBD development—i.a. the propagation 
velocity, the streamer inception point and the applied break-
down voltage—but to no general changes in the breakdown 
characteristics. This behaviour changes for pause times in the 
range of 2 ... 1 μs where a simultaneous cathode- and anode-
directed streamer propagation was observed, starting directly 
from the pre-phase near the cathode. When the pause time was 

below 0.5 μs, no streamer propagation occurred, but a re-igni-
tion of the afterglow of the previous DBD.

The results of the modelling indicate that the effects of the 
pause time are correlated to a change in the pre-ionisation created 
by the previous DBD; in other words the pre-ionisation before 
the actual breakdown can be controlled by the pulse width.

So far, the discussion has not addressed the role of sur-
face charges, especially their temporal development, which is 
assumed to be on the microsecond time scale [20]. The inclu-
sion of these processes in a more complex two-dimensional 
model, as well as the experimental determination of surface 
charge dynamics on the sub-μs time scale, are among the cur-
rent challenges in DBD research.
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Abstract
This paper presents experimental results on the spatio-temporal development and breakdown
statistics of filamentary microdischarges (MD) in O2/N2 gas mixtures at atmospheric pressure.
The influence of the O2 admixture was studied for 0.1–20 vol% O2 in N2. Electrical
measurements were recorded, as were simultaneous streak and iCCD images of MDs in a
pulsed-driven barrier discharge of 1 mm gap. The O2/N2 percentage was found to have a
significant impact on the electrical characteristics, the temporal development of the MDs and
its breakdown statistics, e.g. an increase in the temporal jitter of breakdown occurrence. A
higher O2 concentration leads to a delay in ignition time, a shorter discharge duration, an
increasing discharge radius, higher discharge current maxima, rising breakdown field strength
values over the gap and larger velocities of the cathode directed streamers. These changes can
be explained by the electronegativity and effective collisional quenching of O2, in combination
with the steep rise of the voltage pulse.

(Some figures may appear in colour only in the online journal)

1. Introduction

The elementary processes which control the evolution and
the type of breakdown phenomena are determined by the
properties of the gas mixture, the gas pressure and the discharge
configuration [1]. This paper focuses on pulsed driven
dielectric barrier discharges (DBDs) at atmospheric pressure
in various binary gas mixtures of N2 and O2. The highly
reactive species generated in DBDs have various industrial
applications, including exhaust treatment and ozone generation
[2–4]. Recent studies on the influence of the oxygen content on
the development of single microdischarges mainly focused on
sinusoidal-driven DBDs, e.g. [5, 6]. A significant reduction
in the spatial jitter of MDs in single filament arrangements
was reported for sinusoidal [7] as well as pulsed [8] operation,
this stabilization enabled their study with high spatio-temporal
resolution. Pulsed driven DBDs show great potential in the
above-mentioned applications, as they can produce a higher
number of radicals [9–11]. However, the generation of active

species is determined by the properties of the discharge,
e.g. the plasma parameters and thus the discharge physics
[12–15]. Since oxygen is electronegative, it can significantly
influence the breakdown and the plasma properties, e.g.
due to the generation of negative ions (electron attachment
and detachment) and collisional quenching. Therefore, this
paper is dedicated to a systematic study of the influence of
the O2 content on the breakdown and the spatio-temporal
development of pulsed-driven MDs. Fast electrical, iCCD and
streak measurements of MDs in a single filament arrangement
in various binary O2/N2 gas mixtures are performed. In
addition to the development of single MDs their distribution
regarding MD inception time and MD current amplitude are
analysed in detail.

2. Experimental set-up

A symmetric dielectric barrier MD arrangement as described
in [8] was used in this study (see figure 1). It consisted of

0022-3727/13/095202+09$33.00 1 © 2013 IOP Publishing Ltd Printed in the UK & the USA
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Figure 1. Discharge cell with alumina covered electrodes and
spatial fixed filament in the gap of 1 mm.

a gas cell (volume ≈2.5 cm3) including alumina (Al2O3 with
εr ≈ 9) covered metal electrodes. The gas cell was made of
plexiglas with gas inlet from the top and outlet at the bottom
(the top corresponds to left in figure 1). Two lateral quartz glass
windows allowed the observation of the MD from the UV to
the near infrared spectral range. To ensure that subsequent
MDs are located in the same position, half sphere electrodes
covered with alumina were used in a similar fashion to [8].
The dielectric barrier was about 0.5 mm thick at each side and
the gap of the electrodes was 1 mm. The barrier thickness
was verified by x-ray measurements. The experimental set-up
is shown in figure 2. The O2/N2 gas mixture at atmospheric
pressure with a total flow of 100 sccm was flushed through
the cell. The gas flow was adjusted by mass flow controllers
(MFCs) (MKS 179B with control unit MKS 647B) connected
to gas cylinders (gas purity of 99.999%). The O2 content in
the gas mixture was varied from 0.1 to 20 vol% O2 in N2.

The discharge was driven by unipolar square wave pulses
of 10 kV amplitude at a repetition rate of 10 kHz. The duty
cycle was chosen to 10%, i.e. the pulse width was 10 µs
and the pause is 90 µs, see figure 3(a). The voltage rise
of the pulse was approximately 250 V ns−1 specified by the
pulse generator (DEI, PVX-4110). The pulse generator was
supplied by a high-voltage power supply (FUG, HCN 1400-
12500) and controlled by a digital delay generator (DG) (SI,
DG645). Electrical measurements were performed with fast
probes and recorded with a 5 GS s−1 (bandwidth 500 MHz)
digital sampling oscilloscope (DPO) (Tektronix, TDS 7054).
Voltage (Tektronix, P6015A) and current probes (Tektronix,
CT-1) have rise times (10% to 90%) less than 4.67 ns and
0.35 ns, respectively.

The MDs were observed simultaneously by a fast iCCD
camera (Andor, iStar DH734-18U-A3) and a streak camera
system (Hamamatsu, C5680-21C), which were connected
to a far-field microscope (Questar, QM100), as shown in
figure 2. The far-field microscope magnifies the discharge
image by a factor of four, which significantly increases the

Figure 2. Experimental set-up with electrical supply, gas system,
optical and electrical diagnostics.

spatial resolution to 10 µm. The iCCD enables the recording
of 2D images of single MDs and their propagation on the
electrode surfaces. In addition to the single shots, the camera
allows the accumulation of consecutive MDs on the CCD
device. The streak camera images yield the spatio-temporal
MD development along the discharge axis during the rising
and falling slopes of the voltage pulse, with a high temporal
and spatial resolution of 50 ps and 10 µm, respectively. The
cameras are sensitive in the UV and the visible spectral range,
and the images presented in this paper were recorded with
spectral integration.

3. Results and discussion

The results of the electrical measurements are presented in
figure 3, where (a) displays exemplarily the voltage and current
development for a complete pulse of 10 kV with a duty cycle D

of 10% (tpulse = 10 µs, tpause = 90 µs). The pulsed operation
leads to one single MD at the rising and one at the falling
slope, respectively [8, 16]. This paper only focuses on MDs at
the rising slope. Figure 3(b) illustrates the detailed structure
of the applied voltage V and current within the rising slope in
a 200 ns time window. The voltage rise time to reach 10 kV is
about 50 ns. The measured current signal Itot consists of the
displacement current Idis and the discharge current IMD. The
displacement current was measured when the corresponding
voltage was applied and the MD did not ignite immediately.
Because of the steep voltage rise the displacement current is
of the same order of magnitude as the discharge current. It
is therefore essential to properly subtract Idis from Itot. To
calculate the discharge current flowing through the gap from
the measured difference Itot −Idis, IMD has to be scaled with the
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(a) Overview of applied voltage and current. (b) Rising slope (RS) in detail with total current and displacement
current.

Figure 3. Electrical characteristics of pulsed MDs for a 10 kV pulse with D = 10% exemplarily for 0.1 vol% O2 in N2.

factor dependent on the capacitances of the dielectric barriers
Cb and of the total DBD arrangement Ctot [17, 18], as shown
in equation (1). The result of the analysis is presented in figure
4(a) for two instances of the gas mixtures under consideration
here. The time integration over one discharge current pulse
then allows determination of the transferred charge QMD for
a single MD using the capacitances (Ctot = 0.16 pF and
Cb = 0.34 pF) calculated in [8, 19].

I scaled
MD = Cb

Cb − Ctot
· (Itot − Idis) (1)

⇒ QMD =
∫

I scaled
MD dt. (2)

Obviously a higher amount of O2 leads to a faster discharge
decay and therefore a lower amount of charge QMD transferred
per MD through the gap. The drop in QMD and IMD full-
width at half-maximum (FWHM) with increasing O2 content is
plotted in figure 4(b). The same dependence was observed for
sinusoidal driven MDs and related to the electron attachment
on O2 [6]. However, as recently presented in [8], compared
with sinusoidal driven DBDs [20], the transferred charge and
power for a single MD can be controlled by the voltage
amplitude in pulsed operation.

A significant increase in the jitter of MDs with increasing
O2 content was observed. This phenomenon was investigated
in more detail, as described below. By means of the
FastFrameTM mode of the DPO the current and voltage slopes
of 1250 single MDs were recorded in a time window of 400 ns
for each O2/N2 ratio. The distributions of inception time
and MD current maximum Imax were analysed, as shown in
figure 5, where (a) shows the temporal distribution of Imax

(one symbol corresponds to one MD). Counting the number
of MD occurrences for every time t in (a) between the dashed
lines gave the temporal distribution of MD inception—i.e. the
number of MD ignitions over time (figure 5(b)). Repeating
the same procedure with Imax instead of time, i.e. counting the
number of MDs for every Imax value in (a), yielded the spread
of MD current maxima as shown in figure 5(c).

For 0.1 to 3 vol% O2 the temporal distribution of the
MD ignition point of time is Gaussian. However, the

mean breakdown occurrence (the centre of Gaussian fits
in figure 5(b)) is delayed by some ns, accompanied by a
broadening of the Gaussian distribution from 0.6 to 2.0 ns
(FWHM). Due to the steep voltage rise this short delay leads
to a higher voltage across the gap when the breakdown occurs.
Consequently, the mean MD current maxima rises from 70
to 100 mA, as shown in figure 5(c). The distribution of Imax

is also Gaussian for O2 concentrations between 0.1 vol% and
3 vol%, with a slight increase in FWHM from 5 mA to 12 mA,
respectively.

For O2 concentrations between 6 and 20 vol% a more
erratic behaviour was registered. The distributions of the
temporal inception points as well as the current maxima
were broadening with O2 concentration. The FWHM of the
inception points increased to approximately 25 ns; even about
250 ns after the maximum of voltage a breakdown of MD
could be detected (figure 5(a)). The above-mentioned direct
connection between MD current maxima and voltage slope
is also evident from figure 5(a). The distribution of current
maxima reaches values between 80 and 325 mA (figure 5(c)).
These results suggest that the breakdown voltage over the
gap rises with O2 concentration. Up to 3 vol% O2 in
N2 the breakdown threshold for the gap voltage is certainly
reached within the pulse slope. This is not the case for O2

concentrations from 6 to 20 vol%, as here the voltage threshold
for breakdown is not surely exceeded. Hence the breakdown
takes place with a statistical delay (see figure 5(b)).

As a consequence the increase in the voltage across the
discharge gap by the breakdown delay is a higher value of the
reduced electric field strength E/n at the breakdown point
of time tb: (E/n)|t=tb ≡ (E/n)b. The reduced breakdown
field strength in the gap can be calculated knowing the voltage
over the gap at ignition Vb (when MD current rises) using the
capacitances of the DBD arrangement taken from [8, 19], the
discharge gap dg and an estimation of the gas density n (ideal
gas law for p = 1013 hPa and T = 298 K):(

E

n

)
b

= Vb

dg · n
with Vb = Cb − Ctot

Cb
· V |t=tb , (3)

where V |t=tb is the applied voltage at tb. These voltage values
could be slightly biased by the electrical potential caused by
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(a) Comparison of the discharge current (calculated with
equation (1)) within the rising slope for 0.1 vol% and 
20 vol% O2 in N2.

(b) FWHM of the discharge current and the transferred charge
in the rising slope.

Figure 4. Analysis of electrical MD parameters for a variation of the gas mixture from 0.1 to 20 vol% O2 in N2 for a 10 kV pulse.

(a) Temporal distribution of MD current maxima.

(c) Distribution of the discharge current maxima.

(a) Temporal distribution of MD ignition (time between
dashed lines in(a)).

Figure 5. Comparison of the statistics on the temporal distribution of MD current peaks (a), the temporal behaviour of the MD ignition (b)
and the spread of the MD current peak values (c) within the rising slope in dependence of the gas mixture between 0.1 and 20 vol% O2 in N2

for a pulse voltage of 10 kV (1250 MDs in each case, no IMD scaling factor).

the amount of the deposited surface charge from the previous
MD, which is unknown in this DBD arrangement (measured
for plane dielectric barriers in [21]).

With higher O2 content an increase in the mean value, as
well as the scattering range of Vb and consequently of (E/n)b

was observed, see figure 6. Starting from 6 vol% O2 there are a

minimum and a maximum for (E/n)b (160 Td =̂ 39 kV cm−1

and 210 Td =̂ 51 kV cm−1 for n = 2.45 × 1025 m−3,
respectively). The minimum value corresponds to the smallest
reduced field strength value where the breakdown is possible
but not generally appearing. The highest (E/n)b value is
restricted to the applied voltage maximum, i.e. some discharges
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Figure 6. Gap voltage at ignition Vb and the reduced
electrical field strength at ignition (E/n)b in dependence on
the O2 content for 0.1–20 vol% O2 in N2 with 10 kV pulse
amplitude ([E/n] = 1 Td = 10−17 Vcm2). The vertical bars do not
indicate the measurement error but the spread of single data points.
The uncertainty is about 0.1 kV for Vb and less than 10 Td
for (E/n)b.

occur on the plateau of the HV pulse. This also provides an
explanation for the rise in the discharge current maximum
for increasing O2/N2 ratio which follows the voltage slope
(figure 5(a)). Since the range of voltage increases, and
since the discharge current maximum is determined by the
voltage value, the scatter of discharge current amplitudes
increases. In addition, the reduced effective ionization
coefficient ᾱ/n = (α − η)/n as a function of the reduced
electric field strength is higher for O2 than for N2, for (E/n)b >

100 Td [22]. This could also explain the higher discharge
current maxima with increasing O2 content as measured by
Kozlov et al [6] for sinusoidal DBDs up to 10 vol% O2 in N2

and by Ono et al [23] for a positive pulsed corona discharge
up to 1 vol% O2 in N2. However, for pulsed driven DBDs
the breakdown delay has a stronger impact on the discharge
current maxima due to the steep voltage slope (e.g. 4 ns delay
in the slope corresponds to ≈1 kV increase in applied voltage).

The breakdown delay could be explained as follows: since
with increasing O2 concentration the background ionization
level is reduced [24], a higher electric field strength in the gap
is needed to reach the breakdown condition. Because of the
fast voltage rise, the accumulation of positive space charges
(ionization in so-called pre-phase [25]) has only tens of ns
to generate an electric field near the breakdown field strength
in front of the anode, which is needed to start the cathode-
directed ionization front (positive streamer). Thus, the electron
trapping by O2 and O ( i.e. the generation of negative ions due
to electron attachment) could cause the delay. Furthermore,
the very effective quenching of metastable states N2(A 3�+

u )

by O2 and O will lead to the reduction of the metastable
state density [26] and thus also reduce the pre-ionization level.
Metastables are known to decrease the breakdown field due to
either Penning ionization in the volume, or collisions with the
dielectric surface (i.e. emission of electrons deposited on the
dielectric) as additional processes that supply free electrons
[27–29]. Šimek et al [30] also measured a breakdown delay in

air compared with N2 for MDs at the positive half-wave of a
sinusoidal driven coplanar barrier discharge (for ac frequencies
of 6 and 10 kHz).

Figure 7 shows exemplary iCCD images of the
investigated MDs. All pictures are in pseudo-colour, i.e.
red indicates the highest and black the lowest intensity. The
labels anode and cathode are related to the potential difference
established between the electrodes. In case of a positive
unipolar pulse the powered electrode is the anode during
the rising slope and the cathode during the falling slope, as
described in [8, 16]. The top row of figure 7 shows the single
and accumulated iCCD images of MDs in the rising slope
for 0.1 vol% O2 in N2; the bottom row for 20 vol% O2 in
N2. The MDs consist of a constricted channel in the volume
and branching discharge channels on the dielectric surface,
which are well described in the literature [3, 7, 31]. The
MD branches are more pronounced at the anode, but surface
discharge channels were observed at both electrodes. The
surface discharge channels on the anode side look similar for
different O2/N2 mixtures but are less extensive for higher O2

concentrations. The axial discharge luminosity distribution is
similar to to the structure of a glow discharge: a zone of lower
emission in front of the cathode (the so-called dark space in
analogy with the glow discharge [8, 32, 33]), and towards the
anode a zone with higher emission was detected.

The results of the iCCD measurements may also contribute
to the previous discussion of the temporal breakdown jitter,
since according to Akishev et al [34] the temporal jitter for
a sinusoidal driven multifilament plate to plate DBD in air is
caused by the different amounts of deposited surface charge.
With rising O2 content the spread of surface discharges on the
anode decreases, see figure 7. This could indicate that both
the area in which charges were attached on the surface and
the total amount of deposited charge are reduced (compare the
reduction of transferred charge in figure 4(b)), which may have
and could contribute to the temporal jitter.

Moreover, the emission diameter of the MD channel in
the middle of the gap was estimated from several single MDs
recorded with the iCCD to exclude the effect of a spatial jitter
(compare the left and right columns in figure 7). Therefore, a
150 µm sector along the axis of the MD channel was averaged
and normalized. The resulting profiles were fitted with a
pseudo-Voigt profile to get a proper value for the FWHM of
the diameter dMD. The results are shown in figure 8. There
is an increase in the MD diameter with rising O2 content
(see figure 8). The diameter is about 75 µm for 0.1 vol%
and increases to about 120 µm for 20 vol% O2 in N2. An
overestimation due to a small spatial jitter of the MDs can be
excluded, as can be seen from iCCD pictures of single MDs
shown in figure 7. Although the diameter estimated from the
iCCD images is essentially not the diameter of the cathode
directed streamer, but of the emission of the transient plasma
(see figure 9) it can be assumed that the emission takes place
in the ionized channel created by the streamer propagation
through the gap. Under this assumption the estimated diameter
values confirm other experiments on the diameter of positive
streamers in O2/N2 mixtures performed in air and N2 by
Briels et al and Nijdam et al [35–37]. The discharge
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Figure 7. Spatial structure of the MDs at the rising slope for 0.1 and 20 vol% O2 in N2 with 10 kV pulse amplitude. Left column: single
MDs (150 ns gate width over the current pulse); right column: accumulation of 1000 consecutive MDs (on the CCD chip with same gate).

conditions with a pin to plan geometry and larger gap deviate
from ours but the streamer behaves similarly. The minimal
streamer diameters for atmospheric pressure estimated in these
experiments [35–37] are in all cases increasing with rising
O2 concentration. A minimum streamer diameter of about
70 µm in N2 increasing in air up to 120 µm was measured
by Nijdam et al [36], correcting the data presented by Briels
et al [35] (120 µm for N2 and 200 µm for air). The diameters
shown in [37] are 90 µm for N2 and 100 µm for 0.01 vol%
O2 in N2. For air at atmospheric pressure, van Veldhuizen
et al [38] reported a streamer diameter of 160 µm. These
data are in accordance with our measurements. However, for
a coplanar barrier discharge in N2 at atmospheric pressure,
Šimek et al measured values of about 50 µm using a different
determination method [39].

According to Eliasson et al [22] the discharge diameter is
proportional to the reciprocal of the derivation of the effective
ionization coefficient (for n = const) with respect to the

reduced electric field strength at breakdown
(

d
d(E/n)b

ᾱ
)−1

.

In our measurements the enlargement of the diameter with
rising O2 concentration is accompanied by an increase in the
reduced electric field strength at breakdown (see figure 6).
This corresponds to the diameter relation reported by Eliasson.
Since for (E/n)b values above approximately 175 Td, the slope
of ᾱ/n is steeper for N2 than for O2 (see [22], p 1277, figure 3).

Consequently
(

d
d(E/n)b

ᾱ
)−1

is higher for O2 than for N2 in

this range of the reduced electric field strength at breakdown.
Therefore, the diameter rises with increasing O2 content (for

Figure 8. Discharge diameter dMD (FWHM in the middle of the
gap) in dependence on the O2 content for 0.1–20 vol% O2 in N2 at
10 kV pulse amplitude. The vertical bars indicate the spread of
single data points.

(E/n)b > 175 Td). Thus the simulations of Eliasson et al
[22] are confirmed for the pulsed-driven DBDs used in our
experiments.

Streak camera measurements provide further insight into
the MD structure and development. Exemplary streak images
of MD progress in the rising slope for 0.1 and 20 vol% O2 in
N2 are displayed in figure 9. These pictures were taken under
the same conditions as the iCCD images at the centre along the
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Figure 9. Temporal development of MDs at rising slope for an O2 concentration of 0.1 vol% O2 in N2 (left) and for 20 vol% O2 in N2 (right)
for an accumulation of 1000 MDs (jitter corrected) with 10 kV pulse amplitude; the position of the electrode tips is marked by white lines.

(a) Normalised emission profile of the spatial integrated streak
camera signal.

(b) FWHM and decay time τ of the emission profiles
in (a).

Figure 10. Duration of the MDs in dependence on the O2 content for 0.1–20 vol% O2 in N2 at 10 kV.

axis of the discharge channel and visualize its spatio-temporal
development in a space over time diagram with discharge
luminosity in pseudo-colours.

The discharge process starts with the accumulation of
positive space charges in the pre-breakdown phase [25] (for
sinusoidal DBDs see [40, 41]) and the subsequent propagation
of a cathode directed ionizing front (positive streamer). After
the streamer transit, a zone of high luminosity with local
maximum in the bulk towards the anode is obtained. At
this stage, the MD is similar to a short lasting transient glow
discharge [25, 41–43]. Surface discharges in their temporal
development can also be seen on the electrodes. Due to the
high sensitivity of the streak camera system it is also possible
to follow a single MD event without accumulation (shown
in [8]). Because of the effective collisional quenching of the
excited N2 states (which are responsible for the majority of
the emission, mainly N2(C 3�u)) by O2 the signal intensity
decreases drastically. Thus, for O2 concentrations above
5 vol% it is up to now inaccurate to obtain the streamer
velocities out of a single shot and about 1000 single MDs
need to be accumulated. The huge temporal jitter of the MD
occurrence for larger O2 contents (see figure 5) is corrected by
means of the jitter correction procedure of the streak camera
software [44].

The duration of the discharge emission also varies with
the O2 content as can be seen qualitatively in figure 9.
For a detailed analysis the streak images were spatially
integrated over the discharge gap. The FWHM of the emission
development and the decay time τ corresponding to the
exponential drop after the maximum (proportional to e

t
τ ) were

plotted in figure 10 in dependence on the O2 content. It is
apparent that the duration decreases with rising O2 content.
The collisional quenching of the excited N2 states (especially
N2(C 3�u)) by O2 and O is responsible for this behaviour [6, 7].
The dependence of discharge duration on O2 concentration is in
good agreement with the results of the electrical measurements
(see figure 4(b)), and with the behaviour of sinusoidal driven
DBDs investigated in [6].

The streamer propagation velocities were extracted from
the streak camera measurements at several positions in the
discharge gap and plotted semi-logarithmically as a function
of the O2 content in figure 11. The propagation velocity
increases exponentially towards the cathode reaching an order
of magnitude 106 m s−1 close to it. The same behaviour was
measured by Wagner et al [45] for sinusoidal driven DBDs.
Wagner et al also stated that the O2/N2 ratio did not influence
the propagation velocity. In this study, a significant increase in
the velocity with rising O2 concentration was observed, within

7

Article VII 101



J. Phys. D: Appl. Phys. 46 (2013) 095202 H Höft et al

Figure 11. Comparison of the streamer propagation velocities
(semi-logarithmic scale) in the rising slope at various positions
within the gap for gas mixture variation from 0.1 to 20 vol% O2 in
N2 with 10 kV pulse amplitude.

the limits of experimental accuracy. This rise is due to the
higher breakdown voltage across the gap, which resulted in an
increase in the reduced electrical field strength at discharge
inception as mentioned before. Ono et al [23] also found
a higher streamer velocity with increasing O2 concentration
for pulsed positive corona discharges at atmospheric
pressure.

Naidis [46] stated that both the propagation velocity and
the discharge diameter increase with the electric field strength
in the streamer head. This likewise indicates a higher electric
field strength in the streamer of pulsed DBDs for higher
O2 concentrations, because the MD diameter increases with
rising O2/N2 ratio, as do the streamer velocities (in agreement
with the results presented in figures 8 and 11, respectively).
According to Wormeester et al [47] the propagation velocity
increases with higher O2 content due to the more effective
photo-ionization of oxygen.

As an outlook, further research will need to include
investigations on the variation of the duty cycle and the
repetition frequency, especially concerning the effects of
metastable N2 on the breakdown process. Working with
steeper high-voltage pulses and higher voltage amplitudes
may confirm claims about discharge inception delay and its
influence on MD properties. Simulations are required to obtain
further insights into the role of electron attachment/detachment
processes and photo-ionization. The results presented here
provide the necessary input and verification data for such an
approach.

4. Summary

Experimental results on the spatio-temporal development
and breakdown statistics of filamentary microdischarges in
binary oxygen–nitrogen mixtures at atmospheric pressure are
presented. The influence of the oxygen content is studied in
gas mixtures of 0.1 to 20 vol% O2 in N2 by means of precise
fast electrical and optical measurements.

There is a significant impact on the essential properties of
pulsed microdischarges dependent on the O2/N2 ratio:

(1) The MD current maxima increase with rising O2/N2 ratio.
(2) Under our conditions an O2 concentration above 5 vol%

leads to a breakdown delay which increases the reduced
electrical field strength at ignition.

(3) The MD current, the emission durations and the
transferred charges all decrease with rising O2/N2 ratio.

(4) The MD emission diameters increase with the O2/N2 ratio.
(5) The streamer propagation velocities rise with the O2/N2

ratio.

Because of the steep voltage rise in pulsed operation even
a short breakdown delay has a strong influence on the
reduced electric field strength in the gap. In other words, an
increase in the amount of electronegative O2—which delays
the breakdown inception—has a big impact on the discharge
physics, apart from the influence of the effective collisional
quenching of excited N2 states by O2. Therefore, the results
obtained in this study can be explained by the properties
of oxygen (e.g. electron trapping and collisional quenching
which reduce the background ionization before breakdown),
in combination with the rapid voltage increase during the pulse
slope.
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1. Introduction

The elementary processes controlling the development and 
type of electrical breakdown phenomena are determined by 
the characteristics of the gas mixture, the gas pressure and the 
discharge configuration [1]. Non-thermal plasmas generated at 
atmospheric pressure in air-like gas mixtures are often used 
for industrial applications [2]. Since oxygen is electronega-
tive, it significantly influences the breakdown and discharge 
properties, such as the generation of positive and negative ions 
(by electron detachment and attachment, respectively) and 
strong collisional quenching of excited nitrogen species [3]. 
Systematic studies on the influence of O2 concentration on the 
discharge development at atmospheric pressure have been pro-
vided by e.g. [4–8]. The streamer breakdown in O2/N2 mixtures 
by double pulse excitation in a point-to-plane arrangement 
has been investigated by Nijdam et al [9], who found a non-
linear correlation of decay and recombination rates of positive 
oxygen and nitrogen ions depending on the O2 concentration. 
At a specific O2 concentration (of around 0.2 vol % O2 in N2 for 

p = 133 mbar) these rates were at a minimum, i.e. the recombi-
nation processes were slower than in air or in almost pure N2. 
This has significant consequences for the breakdown behaviour 
due to the minimal electron loss. Nijdam et al supposed that 
the same tendency might also occur in dielectric barrier dis-
charges (DBDs) as performed in [8], although at quite different 
experimental conditions. Discussing this hypothesis with S. 
Nijdam inspired us to extend our previous experiments on the 
breakdown of pulsed driven DBDs [8] to a lower O2 concen-
tration ([O2] < 0.01 vol % ≪ 0.1 vol %) and a lower pressure. 
Therefore, the experimental set-up of [8] was amended to per-
form fast electrical, intensified charge-coupled device (ICCD) 
and streak measurements of single filament DBDs in various 
binary gas mixtures of O2/N2 at 0.5 bar and 1 bar.

2. Experimental set-up

A symmetric single filament DBD arrangement was used 
for the experiments, implemented in a vacuum cell made of 
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stainless steel with a gas inlet on top and an outlet to a vacuum 
pumping system (turbo pump and membrane pump) at the 
bottom (see figure 1). The DBDs in the gap were observed 
through two lateral quartz glass windows. To ensure that sub-
sequent DBDs were located in the same position, half sphere 
alumina-covered metal electrodes were used, similar to the 
procedure in [8, 10]. Each dielectric barrier was about 0.5 mm 
thick and the gap between the electrodes was 0.8 mm.

Before filling the cell with a specific gas mixture, it was 
evacuated for about twelve hours to p  ≲  10−4 mbar by a 
turbo pump. A second membrane pump was used as a pro-
cess pump in a bypass to set the pressure in the cell to 0.5 
and 1 bar. The total gas flow through the cell was adjusted 
to 100 sccm by mass flow controllers connected to gas cyl-
inders (gas purity of 5.0)1. Gas mixtures of 0.1 to 10 vol % 
O2 in N2 were investigated, as well as virtually pure N2 (O2 
concentration of at most 0.01 vol %). The DBD was driven 
by positive unipolar square wave pulses with pulse ampli-
tudes of Vp = 10 kV (p = 1 bar) and Vp = 6.5 kV (p = 0.5 bar) 
at a repetition rate of 10 kHz. The pulse width was chosen at 
10 µs, i.e. the pulse width was 10 µs and the pause was 90 µs, 
see figure 2. In this context, pulse width does not refer to the 
duration of the discharge itself, but to the delay of the pre-
vious one because there was a single discharge in the rising 
slope and a single one in the falling slope [10]. The slope 
of the pulse voltage was approx. 250 V ns−1, specified by a 
pulse generator supplied by a high voltage power supply and 
controlled by a digital delay generator (see [10] for more 
details). Electrical measurements were performed with fast 
probes and recorded with a digital sampling oscilloscope. 
The DBDs were observed simultaneously by a fast ICCD 
camera (Δt ≳ 2 ns, Δx ≳ 2 µm) and a streak camera system 

(Δt ≳ 50 ps, Δx ≳ 2 µm) connected to a far-field microscope 
[10], see figure 1. These cameras are sensitive in both the 
UV and the visible spectral range and the recording of the 
images was spectrally-integrated.

3. Results and discussion

The measurements were performed at total pressures of 
p = (0.50 ± 0.01) bar and p = (1.02 ± 0.02) bar. To create sim-
ilar discharge conditions concerning the reduced electrical field 
strength E/n over the gap and to avoid multiple discharges, the 
pulse voltage amplitude had to be reduced from 10 kV at 1 bar 
to 6.5 kV at 0.5 bar. Previous statements presented in [8] for 
medium and high O2 concentrations were confirmed for mix-
tures of 0.1 vol % to 10 vol % O2 in N2 for p = 1 bar: a higher O2 
concentration led to an ignition delay, shorter discharge duration, 
increased discharge radius, higher discharge current maxima 
and larger velocities of the cathode-directed propagation (posi-
tive streamers). Further reduction of the O2 concentration led to 
some of these effects being reversed. The values for nearly pure 
N2 ([O2] < 0.01 vol %) were similar to those obtained for 1 vol % 
O2 in N2. Generally, the effects for very small O2 concentrations 
were stronger for p = 0.5 bar than for p = 1 bar.

Figure 3 shows examples of the accumulated ICCD images 
of DBDs at the falling slope at p  =  1 bar and p  =  0.5 bar 
depending on the O2 concentration of the gas mixture. The typ-
ical discharge topology as described in [8, 10] was observed: 
emissions in the volume and on the surface and ‘dark spaces’ 
in front of the cathode. The anode was on top according to 
the polarity change in the gap due to the electric field gener-
ated by the remaining surface charges of the preceding dis-
charge after a drop in the applied voltage [10]. A lower gas 
pressure led to an increase in the discharge diameter for all 
O2 admixtures while the above described discharge structure 
stayed the same as shown in figure 3. Single shot ICCD images 
were used to determine the discharge emission diameter, since 
the accumulation of several DBDs led to an overestimation of 

Figure 1. Experimental set-up with electrical supply, gas system, 
optical and electrical diagnostics.
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Figure 2. Overview of applied square wave pulses with Vp = 10 kV 
and the corresponding electrical current at a repetition rate of 
10 kHz at p = 1 bar. Rising (RS) and falling slope (FS) are labelled.
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1 The O2 concentration in the N2 gas cylinder should be less than 2 ppm 
according to the manufacturer and the gas purity was checked by mass 
spectrometry.
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the diameter due to spatial jitter of the discharge channels. 
The discharge diameter for 0.1 vol % O2 was roughly 90 µm at 
p = 1 bar (compare [8]) and roughly 180 µm at p = 0.5 bar—an 
approximate doubling with halving pressure, i.e. correlated to 
the doubled mean free path of electrons in the gas λmfp ∼ p−1.

Figure 4 shows the dependency of the discharge emission 
diameter2 on the O2 concentration at p = 0.5 bar. The DBDs 
at both slopes had a minimal diameter of about 125 µm for 
1 vol % O2 and higher values for lower and higher O2 concen-
trations. At p = 1 bar, a similar tendency was observed but with 
the minimum occurring at 0.1 vol % O2 (see [8]) and a less pro-
nounced difference between 0.1 vol % O2 and nearly pure N2.

Figure 5 shows the electrical characteristics of the DBDs 
at rising and falling slopes at p  =  0.5 bar depending on the 
O2 concentration. The displacement current had already been 
subtracted. The discharge current IDBD at the rising slope for 
0.1 to 10 vol % O2 (figure 5(a)) featured a similar behaviour as 
described in [8]: an increasing O2 concentration led to a longer 
breakdown delay, resulting in a higher breakdown voltage due 
to the steep slope of the applied voltage pulse. Because of the 
higher breakdown voltage, the discharge current amplitudes 
increased with higher O2 concentration. The discharge cur-
rent for the lowest O2 concentration (< 0.01 vol %), however, 
did not follow this rule: it was delayed compared to the IDBD 
for 0.1 vol  % O2. This delay was even more pronounced at the 
falling slope (figure 5(b)): here, the breakdowns for 0.1 vol % 
and 1 vol % O2 occurred before those for  < 0.01 vol % and 
10 vol % O2. In addition, the rise of the discharge current for 
the earliest breakdown at 0.1 vol % O2 was much flatter than 
for the other concentrations. At p = 0.5 bar, the ignition delays 
for the DBDs at both slopes depending on the O2 concentra-
tion were obtained from the discharge current rise, using the 
time at which the signal had reached half of its maximum, see 
figure 6. The aforementioned earliest breakdown for 0.1 vol % 
O2 was used as the time reference point for the delay. The 
delays gained from the discharge current and the emission 
profiles3 both showed an explicit minimum for 0.1 vol % O2. 

The increased distribution for 10 vol % O2 was due to the dis-
charge jitter occurring at higher O2 concentrations, see [8].

At p = 1 bar, the differences between the ignition delays for 
distinct O2 concentrations were not as obvious as at p = 0.5 bar. 
Moreover, the minimum of the ignition delay occurring for 
0.1 vol % O2 was not clearly visible at p = 1 bar. The reversal 
of some effects depending on the O2 concentration was more 
distinct at p = 0.5 bar than at p = 1 bar.

The values of full width at half maximum (FWHM) of 
the DBD emission at p = 0.5 bar were extracted from streak 
camera images (see figure 7). They were spatially integrated 
over the gap and used for the estimation of the duration of the 
DBD emission, see figure 8. For both slopes, a maximum of 
the DBD duration was clearly visible for 0.1 vol % O2, which 
was more pronounced for the falling than for the rising slope. 

Figure 3. Accumulated ICCD images of DBDs during the falling slope at p = 0.5 bar and 1 bar depending on the O2 concentration 
(1000 DBDs accumulated in each image).
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Figure 4. Discharge diameter at the rising and falling slope in the 
centre of the gap at p = 0.5 bar and Vp = 6.5 kV depending on the  
O2 concentration.
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2 The values were calculated out of single ICCD shots using a pseudo-Voigt 
profile fit similar to [8].

3 These ignition delays were calculated from the spatially-integrated emis-
sion profiles obtained by the streak camera, see figure 7. They featured the 
same behaviour as the discharge current ignition delays.
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At p = 0.5 bar, the DBD emission duration was shortest for 
10 vol % (about 3 ns) and longest for 0.1 vol % O2 (about 20 ns 
for the falling slope and almost 10 ns for the rising slope). The 
DBD emissions for the lowest O2 concentration (< 0.01 vol %) 
and for the 1 vol % O2 concentration had approximately the 
same duration of 12 ns for the falling slope. This behaviour is 
probably caused by the increased background ionisation due 
to the preceding pulse (see figure 2). The DBD emission dura-
tion for the rising slope at p  =  0.5 bar is about three times 
longer than at p = 1 bar [8].

Kozlov et al [6] found a similar behaviour in dependence 
on the O2 concentration at p = 1 bar under slightly different 
conditions for sinusoidal-driven DBDs. They did not observe 
a reversal, because their lowest O2 concentration in which the 
filamentary discharge mode occurred was 0.5 vol %, although 
they varied the O2/N2 ratio in a broad range. In contrast to 
these sinusoidal-operated DBDs [6], in pulsed-operated DBDs 

no diffuse discharge mode was found even below 0.01 vol % 
O2 in N2, see figure 3.

Our results for pulsed-operated DBDs could be correlated 
to the recombining processes of the different positive molec-
ular ions of nitrogen and oxygen molecules with different rate 
coefficients [3, 6, 11, 14]. The dominant positive ions in O2/N2  
gas mixtures are +N2 , +N4, +O2  and +O4, with their densities 
depending on time and O2 concentration [11]. The generation 
of positive ions follows a chain of reactions [3, 9, 11, 12, 15]:

 ⇒ ⇒ ⇒+ + + +N N O O2 4 2 4 (1)

At very low O2 concentration the chain stops at +N4, at higher 
O2 concentrations all ions of the chain up to +O4 are gener-
ated. The recombination rates of +N4 and +O4 are both consider-
ably high leading to a fast decay of the electron density after 
the discharge [11]. At intermediate low O2 concentrations the 
chain is interrupted at +O2 . In this case there is enough O2 to 
produce +O2 , but the O2 concentration is insufficient to gen-
erate a significant amount of the cluster ion +O4. Nijdam et 
al state that the quantity of +O2  dominates around 0.2 vol % 
(at p = 133 mbar) [9]. Additionally, +O2  recombines one order 
of magnitude slower than +O4 and +N4 [3, 11]. Hence, a high 
amount of +O2  leads to a slower decay of the electron density, 
e.g. to a higher pre-ionisation in the gap for the next discharge. 
In our experiment the slower decay of +O2  resulted in a larger 
residual ionisation for 0.1 vol % O2 and, consequently, a longer 
lasting discharge, as shown in figure 8. This could explain our 
results of a minimum of ignition delay and a maximum of 
DBD emission duration at the specific O2 concentration of 
0.1 vol % . The reason is a minimum in the recombination 
rate, i.e. a minimum loss of electrons in the gap. This is in 
accordance with calculated electron densities as a function of 
time for several gas mixtures of O2 in N2 at 1 bar displayed in 
figure 17 of [9].

Additionally, these reactions depend on pressure especially 
because the generation of +O4 and +N4 is due to three body col-
lisions of +O2 , O2 and +N2 , N2 with a third partner [11]. Due to 
this pressure dependency (p−2) the effects are more distinct at 
p = 0.5 bar than at p = 1 bar.

Figure 6. Ignition delay at rising and falling slopes at p = 0.5 bar 
and Vp = 6.5 kV depending on the O2 concentration using 0.1 vol% 
O2 as the time reference point. The delays were estimated from the 
inception times of the DBD current.
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Figure 5. Detailed electrical characteristics for DBDs at p = 0.5 bar and Vp = 6.5 kV depending on the O2 concentration (displacement 
current was subtracted).
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Finally, the development of the breakdown in the gap was 
analysed on the basis of synchronised streak camera record-
ings with 10 ns time windows as shown in figure 9. Figure 10 
displays the maxima of the streamer propagation velocities 
at rising and falling slopes at p  =  0.5 bar and Vp  =  6.5 kV 
depending on the O2 concentration. The velocities were calcu-
lated from jitter-corrected streak images as described in [17]. 
For all O2 concentrations the propagation at the rising slope is 
correlated with the propagation of a cathode directed streamer-
like breakdown starting in front of the anode. Additionally, 
the starting point of the cathode-directed propagation for the 

DBDs at the falling slope was shifted towards the centre of the 
gap for the lowest O2 concentration.

For 0.1 vol % O2, a simultaneous propagation towards the 
cathode and anode was observed (figure 9), similar to the effect 
reported in [13] for DBDs at the falling slope at pulse widths 
of ≈1 µs. This behaviour was explained by a high residual pos-
itive ion density in the gap, which led to streamer breakdown 
formation towards both electrodes. In our study, the occur-
rence of this effect at p  =  0.5 bar and a longer pulse width 
(10 µs) could therefore have been triggered by a high posi-
tive ion density in the centre of the gap, due to the minimum 
ion recombination rate at 0.1 vol % O2 as discussed above. The 
smooth discharge current rise for 0.1 vol % O2 (see figure 5) 
supports this interpretation, because the same behaviour was 
found in [13].

The streamer velocity strongly depends on the O2 concen-
tration (see figure 10). Here, the difference between the rising 
and falling slope is clear: for the DBDs at the rising slope, 
there was a straight increase of the velocities with increasing 
O2 concentration, whereas for the DBDs at the falling slope, 
a minimum for the 0.1 vol % O2 occurred. This means that 
for the rising slope, the breakdown process was not influ-
enced by the effects of the recombination, but only by the 
dependency of streamer propagation on the reduced effective 
first Townsend (ionisation) coefficient α n/ , as reported in  
[6, 8, 16]. The velocity minimum at the falling slope could 
be related to the high residual density of positive ions (from 
the previous DBD at the rising slope), which shifted the 
starting point towards the centre of the gap and therefore 
resulted in a reduced velocity in front of the cathode. The 
propagation velocities were all approximately 50% higher at 
p = 1 bar compared to p = 0.5 bar (see [8]), but they show a 
similar dependence on the O2 concentration. 

Figure 7. Spatio-temporal DBD development in the centre of the discharge channel using a 50 ns time window of the streak camera for 
both slopes exemplarily for three O2 concentrations at p = 0.5 bar and Vp = 6.5 kV. The intensity is scaled in pseudo-colour; the position of 
the electrodes is indicated by white lines.

Figure 8. Duration of the DBD emission at rising and falling slopes 
at p = 0.5 bar and Vp = 6.5 kV depending on the O2 concentration. 
The FWHM values were calculated from spatially-integrated streak 
camera images, see figure 7.
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Thus, this investigation has highlighted the importance of 
volume memory effects on the breakdown and development 
of DBDs at elevated pressures.

4. Summary

This study investigated the influence of O2 concentration on 
the breakdown behaviour and discharge development of single 
filament dielectric barrier discharges in O2/N2 gas mixtures at 
p = 0.5 bar and p = 1 bar and O2 concentrations of < 0.01 vol % 
and 0.1 to 10 vol % O2 in N2. The experimental results con-
firmed a minimum recombination rate of positive molecular 
oxygen and nitrogen ions at a specific O2 concentration in O2/

N2 gas mixtures, i.e. this rate is higher for O2 concentrations  
< 0.01 vol % and ≫0.1 vol % O2 in N2. This led to a minimal 
ignition delay and a maximal duration of the discharge for 
0.1 vol % O2 in N2. The streamer propagation velocities also 
showed a minimum for the DBDs at the falling slope of the 
voltage pulse at p  =  0.5 bar for 0.1 vol % O2 in N2, but this 
increased steadily during the rising voltage slope. The dis-
charge emission diameter at both voltage slopes displayed a 
minimum for 1 vol % O2 in N2 at p = 0.5 bar.

In conclusion, there is a bidirectional impact of O2 concen-
tration on most characteristics of pulsed-driven dielectric bar-
rier discharges in O2/N2 gas mixtures. These effects are more 
distinct at p = 0.5 bar than at p = 1 bar.

It is intended that future research will include the roles of 
surface processes and negative ions.
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6. H. Höft, M. Kettlitz, T. Hoder, K.-D. Weltmann, R. Brandenburg:
Influence of pulse width variation on the breakdown of pulsed barrier discharges at
atmospheric pressure
Talk, XIX. GD in Peking, China (2012).
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10. H. Höft, M. Kettlitz, T. Hoder, K.-D. Weltmann, R. Brandenburg:
The influence of O2 content on the spatio-temporal development of pulsed driven
dielectric barrier discharge in O2/N2 gas mixtures
Poster, XXXI. ICPIG in Granada, Spain (2013).

11. H. Höft:
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Talk, XX. GD in Orléans, France (2014).

15. H. Höft, M. Kettlitz, K.-D. Weltmann, R. Brandenburg:
The benefits of combined optical and electrical diagnostics for dielectric barrier dis-
charges driven by HV pulses under overvoltage conditions
Poster, ESCAMPIG XXII. in Greifswald (2014).
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Scientific Stay Abroad

Eindhoven, July–November 2013

Visit to the “Pulsed Power” group headed by A.J.M. (Guus) Pemen at the Electrical
Engineering Department of the Technical University of Eindhoven. ICCD measurements
were performed on dielectric barrier and transient spark discharges driven by high-voltage
pulses with sub-ns rise time (together with Tom Huiskamp). Papers 7 and 8 of the pub-
lications list above (page 115) were written during this stay. This visit was financially
supported by COST Action under grant TD1208.

Summary

For the ignition of spark and barrier discharges, a positive HV pulse with a rise time
of approx. 200 ps and a pulse width of 5 ns was used with (21 ± 1) kV and (17 ± 1) kV
amplitude. These pulses were generated by a pulse-forming line switched by an oil spark
gap. The qualitative pulse shape can be found in figure 13 in [131]. The spark discharge
was generated in a Plexiglas discharge cell with half-sphere metal electrodes with a 1 mm
gap (see figure A.1, left-hand side). For the coaxial DBD arrangement, a sharp tungsten
rod (ca. 25µm tip radius) was used as the HV electrode in a quartz tube (3 mm inner and
5 mm outer diameter), and a grounded ring electrode was used on the outside of the tube
(for details, see figure A.1, right-hand side).

HV tip 
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  Top view             Side view (cut) 

Gas flow 

Line of sight 

(iCCD) 

HV electrode 

Focus area 

Figure A.1 Left: Schematic representation of the metal-metal configuration for the spark dis-
charges;
Right: Schematic representation of the coaxial point-cylinder DBD configuration.

The results are presented in note form for the spark and coaxial dielectric barrier dis-
charges:

Spark Discharge

• discharge characteristics: streamer channel followed by a spark discharge

• high current in the “arc flash” → gas heating → transient thermal plasma [132]

• broader channel during streamer breakdown and thinner channel in high current
phase (up to 100 Hz repetition rate)

• small influence of O2/N2 ratio on the discharge structure for 0.1 to 10 vol% O2 in N2

• significant impact of higher repetition rate
→ from one to multiple discharge channels

• increased thermalisation effect for 1000 Hz repetition rate
→ cylinder-shaped emission structure
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Figure A.2 Single iCCD shots of spark discharges in 10 vol% O2 in N2 for repetition frequencies
from 1 to 1000 Hz (HV pulse amplitude (21± 1) kV).

Coaxial Dielectric Barrier Discharge

• diffuse breakdown during the HV pulse itself (“inception cloud”) [133]

• no streamer breakdown following the inception cloud
→ consequence of the short pulse width of 5 ns
→ insufficient time for space charge accumulation [134]
→ no significant field distortion to start the streamer propagation

• reignition during the reflections of the pulse in a highly (pre-)ionised area

• strong impact of O2/N2 ratio on the breakdown during the reflections
→ low O2 concentration: diffuse channels and no gap crossing
→ higher O2 concentration: more constricted channels, which eventually cross the

gap, stronger discharges in later reflections

• low influence of repetition rate up to 1000 Hz due to limitation of the discharge
current
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Figure A.3 Single iCCD shots (1µs gate width) of coaxial DBDs in 0.1 and 10 vol% O2 in N2

for repetition frequencies from 1 to 1000 Hz (HV pulse amplitude (17± 1) kV).

In summary, the dielectric barrier suppresses the influence of the repetition rate due to the
lack of high currents and, consequently, avoids the thermalisation of the plasma contrary
to the spark discharge. The influence of the O2/N2 ratio on the discharge structure is
higher for the non-thermal plasma in the DBD than for the spark discharge.
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B Additional Material

Estimation of the Maximal Current Density

Assuming the emission diameter dDBD determined by a pseudo-Voigt fit as the radius of
the circular area through which the current flows and using the maximum of the transferred
DBD current Imax

DBD,tr, the maximal current density jmax
DBD can be estimated using:

jmax
DBD =

Imax
DBD,tr

πd2DBD

.

In 0.1 vol% O2 in N2 the maximal current densities are ≈ 1400 A/cm2 for the rising slope
of the symmetrical pulsed operation (Vpulse = 10 kV, tpulse = 50µs) and ≈ 300 A/cm2 for
sinusoidal operation with Vpp = 14 kV at 20 kHz.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

(a) Photograph of the metal cell.
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(b) Schematic illustration of the experimental
set-up.

Figure B.1 Single filament DBD arrangement in pumped metal cell.
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Figure B.3 Electrical characteristics and SPS emission structure of DBDs at the falling slopes
for 0.1 to 10 vol% O2 in N2 with Vpulse = 10 kV at frep = 10 kHz and tpulse = 1µs
[109].

Figure B.4 Spectrally-integrated emission during an ultra-steep HV pulse with 30 kV amplitude,
5 ns pulse width and dV

dt ∼ 100 kV/ns in double-sided DBD arrangement recorded
with full iCCD gain with a 200 ns gate width showing only a faint glow on both di-
electric surfaces of the electrodes, but not streamer breakdown (measured in 0.1 vol%
O2 in N2 at atmospheric pressure during the visit of TU Eindhoven).
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Used Devices

device manufacturer and device designation

arbitrary waveform generator HP 33120A
HV-transformer ALC R©Al-T1000.6
power amplifier ALC R©AL-1400-HF-A
(for the sinusoidal operation)

current probe Tektronix R© CT-1

DC HV supplies FUG R© HCN 1400-12500
FUG R© HCN 700-20000

digital phosphor oscilloscopes Tektronix R© TDS 7054
Tektronix R© DPO 7254C

far-field microscope Questar R© QM 100

gas supply system MKS R© Mass-Flow Controller 179
and control unit 647B

HV probe Tektronix R© P6015A with 3 m cable

HV pulse generators DEI R© PVX-4110
Behlke R© HTS 161-06 GSM

iCCD camera Andor R© iStar DH734-18U-A3

pulse delay generator NI R© DG 645
NI R© DG 535

spectrograph Ocean Optics R© HR4000CG-UV-NIR

streak camera system HAMAMATSU R© C5680 21C with
Slow Sweep Unit C5677 and
CCD camera C10600-10B-H (ORCA ER2)
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Über die Jahre hat er mich an seinem reichhaltigen Erfahrungsschatz teilhaben lassen und
damit erheblich dazu beigetragen, meinen Blick für das Wesentliche zu schärfen. Aller-
dings werden wir wohl nie übereinkommen, was die Auswahl der passenden Labormusik
betrifft, doch davon zeigten sich die Messungen zum Glück unbeeindruckt.
Für die anregenden fachlichen Diskussionen danke ich zudem Dr. Tomáš Hoder, Dr. Mar-
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und Verständnis entgegengebracht hat, wenn ich mal wieder die Nächte der Wissenschaft
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