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Abstract

Barrier corona (BC) arrangements are employed in di�erent plasma-based applications such
as material surface and exhaust gas treatments. However, a comprehensive study about the
discharge behavior and properties in such strongly asymmetric arrangements is still missing.
This dissertation is devoted to the detailed investigation of single microdischarges (MDs) in a
sinusoidally driven BC discharge in air at atmospheric pressure. The discharge arrangement
consist of a sharp metal pin and a dielectric-covered hemispherical electrode. It is the �rst
study of volume BC discharges, in which phasially-resolved spatio-temporal development of the
MDs are recorded using a multi-dimensional time-correlated single photon counting (TC-SPC)
technique. The morphology of the MDs is recorded using an ICCD camera. A voltage probe and
a current probe are employed to measure the applied voltage and current pulses. Furthermore,
phase-resolved current measurements and statistical studies of current pulse amplitudes are
realized using an oscilloscope.
Due to the asymmetric geometry and material of the electrodes, discharge behavior in the two
polarities of the applied sinusoidal voltage is signi�cantly di�erent. For the voltage amplitude
being applied, mostly two MDs appear in the anodic pin half-cycles. It is observed that the
breakdown mechanism in both MDs is a positive streamer starting near the anode, similar to
the single MDs in symmetric dielectric barrier discharges (DBDs). However, the second MDs
have di�erent properties, such as longer duration of the bulk plasma and broader current pulses.
It is considered that the di�erences are mainly due to the positive surface charges deposited
by the �rst MDs on the dielectric. It is proposed, for the �rst time, that the current pulse
derivative maximum corresponds to the arrival of the streamer head at the cathode surface.
This is used to synchronize the spatio-temporal development of the MDs with their current
pulses. The accuracy of the synchronization is limited to the rise-time of the current probe
(350 ps). In each cathodic pin half-cycle, only one major MD appears. The appearance and
amplitude of the MDs are more erratic compared to the anodic pin polarity. The TC-SPC
recordings show that the MDs appearing at low applied voltages have a similar spatio-temporal
development to the MDs of the anodic pin polarity. On the other hand, at high applied voltages
a development similar to transient sparks, i.e. a double-streamer starting near the tip of the
pin (cathode), is observed. The statistical study shows that in DBD-like MDs the current pulse
amplitude is not dependent on the appearance phase (or applied voltage), but this is not the
case for the transient sparks.
Since BC reactors are also used for air cleaning, a set of experiments is done with 35 ppm toluene
additive. It is observed that adding toluene results in 500 V lower breakdown voltage. Hence,
the discharge in the presence of toluene is operated under over-voltage condition, resulting in
stronger MDs in the anodic pin, and earlier-appearing as well as weaker MDs in the cathodic
pin half-cycles.
The results of this dissertation about the spatio-temporal development and statistical behav-
ior of the single MDs are foreseen to be employed in the study and optimization of plasma
reactors, such as �Stacked DBD Reactor,� which are developed for exhaust gas and material
surface treatment. Furthermore, the results are a benchmark for the study of a novel discharge
arrangement with a rotating dielectric electrode.
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1. Motivation and framework

Cold atmospheric pressure plasmas (CAPPs) are already being employed in various industrial
and medical applications, and have a great potential for various new application [1�6]. Plasma
technology is able to address environmental concerns by two approaches, �rst by o�ering more
environmental friendly alternatives for the hazardous chemical processes being employed in the
industry, and second as an e�ective tool for destroying the hazardous by-products of these pro-
cesses [7]. Therefore, due to the increased environmental concerns and more strict laws against
polluting and harming the environment, the importance of plasma technology, in particular
CAPPs, is growing. Atmospheric pressure plasmas do not require costly vacuum facilities,
which are essential for low-pressure plasmas. This is making them attractive for various ap-
plications [7]. For example, utilization of CAPPs is essential for biomedical applications, since
the living beings can only survive under these, i.e. low-temperature and atmospheric pressure,
conditions [5,8�10]. Other important applications, where atmospheric pressure plasmas are al-
ready employed or considered to have a large potential, are water treatment, surface treatment
and sterilization, nano-particle synthesis, food processing and agriculture [3, 7, 11].
However, the utilization of CAPPs is not a straight forward task. High density of neutral gas
molecules makes the nature of breakdown �lamentary and erratic. Filamentary means that the
plasma develops in narrow channels, and the discharge is nonuniform [3]. Erratic means that the
breakdown is a stochastic event. Hence, the operational parameters required for the breakdown
(specially the applied voltage) and also the position and development of the discharge channels
can di�er signi�cantly. Therefore, a deeper understanding of the discharge processes is essential
for the controlling of discharge operation. This has led to a considerable increase in the number
of the studies devoted to the CAPPs during the last three decades [12].
Dielectric barrier discharges (DBDs) are an important type of CAPPs, which have been em-
ployed for applications such as ozone generation and water cleaning since the nineteenth cen-
tury [13, 14]. Despite of the long history, the diagnostics and investigation of the discharge
development and properties are still a challenge. This is due to the small discharge dimensions
(gap distance of some millimeters) and short duration of the microdischarges (MDs) (ns to µs
range). In addition, erratic appearance of the MDs, speci�cally in the case of the sinusoidal
applied voltage, makes the discharge diagnostics complicated. Despite of the di�culties, some
diagnostics techniques are developed and have been applied for the investigation of DBDs. One
of the most important techniques, which has brought a deeper understanding about the physics
of the �lamentary plasmas, is time-correlated single photon counting (TC-SPC) [15�19].
An individual MD in air has a duration less than 100 ns and it is only possible to record its
current pulse and the morphology. Due to weak emission, short duration and erratic appear-
ance of the MDs, it is challenging to record the spatio-temporal development by measuring
only an individual discharge event. Considering this, the TC-SPC technique is based on the
accumulation of the photons emitted from a considerable number of MDs. For this technique,
the basic assumption is that the MDs being recorded have a similar development. By accumu-
lating photons from many MDs over a long time, it is possible to record their spatio-temporal
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2 CHAPTER 1. MOTIVATION AND FRAMEWORK

development. By employing some theoretical and numerical methods, it is also possible to
extract important plasma parameters such as the reduced electric �eld strength from TC-SPC
recordings [20�23].
Most of the numerical [24�30] and experimental [13,15,17,18,31�33] studies about the DBDs and
the properties of single MDs have been conducted in plate-to-plate or two spherical electrode
arrangements. However, in numerous industrial applications of DBDs a sharp metal electrode
is employed in one side. Since this arrangement is a combination of DBD and corona discharge,
it is named �Barrier Corona� (BC) [34]. An example of such a discharge arrangement is the
�stacked DBD reactor,� which is used for exhaust gas treatment [35]. Previous studies about BC
discharge have mostly investigated surface charge and electrical measurements and imaging of
the MDs, e.g. [34,36,37]. Although these studies have brought new insight about the discharge
dynamics and properties, a detailed understanding of the development mechanisms of the MDs
is not available. Furthermore, di�erent interpretations about the role of the metal pin and
dielectric-covered electrode on the inception and properties of the discharge can be spotted in
the literature.
The main aim of the present dissertation is to conduct a comprehensive experimental study of
the properties and development mechanisms of single microdischarges in a BC arrangement.
The results of this study are planned to be employed in the improvement and optimization
of plasma devices such as the �stacked DBD reactor� or �RotDBD reactor� (see appendix B
for details). The discharge behavior is also studied with a small toluene additive, which is an
important industrial volatile organic compound and can be decomposed using DBDs [38].
This dissertation aims to address the questions below:

• What are the development mechanisms of MDs in a sinusoidally driven single �lament
BC arrangement?

• How do residual volume and surface charges of a �rst discharge event a�ect the develop-
ment and properties of the second (subsequent) discharge event in the same half-cycle of
the applied voltage?

• How do MDs appearing in one half-cycle a�ect the appearance phase and development
mechanism of MDs appearing in the following half-cycle?

• How does a small toluene additive (35 ppm) a�ect the BC discharge dynamics and spatio-
temporal development of the MDs?

A multi-dimensional TC-SPC setup is employed to record the spatio-temporal developments of
the MDs at di�erent phases of the sinusoidal applied voltage. In addition, the current pulses
and morphology (ICCD images) of the MDs are recorded. The MDs appearing at di�erent
phases of the applied voltage can be signi�cantly di�erent. Therefore, phase-resolved current
measurement and statistical studies of current pulse amplitudes are realized by employing new
methods for their sampling. The questions above are addressed by synchronizing and analyzing
all the phase-resolved electrical, statistical, optical and TC-SPC recordings.



2. Introduction

2.1. Atmospheric pressure plasmas

From the middle of the previous century, low-pressure plasmas have been employed in vari-
ous industrial applications, such as etching and deposition. Most of these processes are well-
established and numerous studies are done in this �eld [39�41]. However, the low-pressure
plasma technology requires high-cost vacuum facilities, which also need regular maintenance.
This is a limiting factor for the low-pressure plasma processes, and has resulted in searching for
alternatives. Therefore, although they have been used in applications such as ozone generation
for more than a century, atmospheric pressure plasmas have attracted more attention in the
industry and the scienti�c community during the last decades [7, 12]. These types of plasmas
can be operated in ambient conditions and do not require extra facilities for their operational
environment.
Despite of their operational advantages, employing atmospheric pressure plasmas in the appli-
cations is a challenge. The main di�erences between the low and atmospheric pressure plasmas
are thermalization and constrainment of discharge. Thermalization means that, due to higher
collision frequencies at higher pressures, the electrons and gas molecules reach a thermal equilib-
rium. Hence, the gas temperature in atmospheric pressure plasmas can reach several thousand
Kelvin [42, 43]. Constrainment means that the discharge is shrank to small volumes and �la-
ments, which is also due to the high collision frequency between electrons and gas particles [2].
Except for some applications such as plasma cutting and arc welding, both of the properties
described above are not desired for many applications, e.g. surface treatment of heat sensitive
materials or living cells. Hence, some methods are developed in order to prevent the ther-
malization and constrainment of the atmospheric pressure plasmas. The most important ones
are [2, 7]:

1. Limiting external current : By limiting the electron current passing through the exter-
nal circuit, the applied power to the plasma can be limited. Consequently, the electron
density will be lower and the temperature will not increase considerably above room tem-
perature. Limiting the current can be realized by employing a dielectric barrier between
the electrodes or by adding a resistance to the external circuit. Employing a dielectric
barrier is more desired and common, since the dielectric act as a capacitor and stores the
electrical energy, while the energy is lost as heat in resistors. An example utilizing this
method is the dielectric barrier discharge (DBD).

2. Using sharp electrodes : By using sharp electrodes, the electric �eld is concentrated in
the tip of the electrode, which can lead to local breakdown at lower applied voltages and
lower power deposition to the plasma compared to �at electrodes. Corona discharge is
an example of such an arrangement. However, in the case of su�cient over-voltage, the
discharge temperature will increase and can reach thermal-equilibrium if an arc discharge
is formed between the electrodes.

3



4 CHAPTER 2. INTRODUCTION

3. Employing pulsed applied voltage: By employing pulsed power, a transient discharge will
be obtained. Hence, the thermalization can be prevented by applying pulses, which are
short enough that the gas molecules and electrons cannot reach thermal equilibrium.
Pulsed power is used for the operation of di�erent atmospheric pressure discharges, spe-
cially in corona discharges.

4. Applying gas �ow (convection): Applying gas �ow to the discharge region will remove the
high-temperature species from the discharge region. Hence, it will have a cooling e�ect
and will prevent temperature increase. An important example of this approach is the
�plasma jet.�

The di�erences in the plasma properties and behavior in low and atmospheric pressure plasmas
has triggered a vast research about the details of the gas breakdown and discharge dynamics
at atmospheric pressure. In the following sections, �rst a general introduction about the gas
breakdown is presented. After that, two types of atmospheric pressure discharges, namely DBD
and corona discharge, are discussed in detail. Finally, barrier corona (BC) discharge, which is
the main topic of the present dissertation, is introduced.

2.2. Gas breakdown at atmospheric pressure

In 1889, Paschen launched series of experiments in order to measure the minimum applied
voltage needed to ignite a spark between two parallel plate electrodes inside a glass tube [44].
The results of these experiments showed that the minimum applied voltage to ignite a spark is
dependent on the gas type, its pressure in the tube (p) and the distance between the electrodes
(d). In addition, he found out that the breakdown voltage can be presented as a function of the
product of gas pressure and gap distance (pd). He obtained the breakdown voltages for di�erent
pd values and gases [45,46], which are plotted as so-called �Paschen curves.� Depending on the
gas composition, the breakdown voltage has a minimum at pd values between approximately
0.5 and 10 Pa.m.
The mechanism of gas breakdown in low-pressure plasmas was described by Townsend at the
beginning of the twentieth century [46]. Townsend's theory is based on the microscopic processes
such as electron impact ionization of neutral gas atoms, multiplication of charge in electron
avalanches, and secondary electron emission due to ion impact on the cathode. The secondary
electrons initiate new electron avalanches. Based on Townsend's theory, the gas breakdown in
low pressure plasma occurs and the discharge is �self-sustained,� if the number of secondary
electrons is the same as the electrons, which initiated the primary electron avalanches.
The breakdown voltages calculated using Townsend's theory were close to the experimental
results. In fact, this theory is still used as a reliable explanation for the gas breakdown at low-
pressures. However, in atmospheric pressures a signi�cant deviation from Townsend's theory
was observed. In 1930s, it was found out that in high-pressures and long gaps, the discharge
developed much faster than what Townsend's theory predicted. In 1939, based on their experi-
mental observations, Loeb [47] and Raether [48] independently came up with a new description
for the gas breakdown mechanism at atmospheric pressure. This new mechanism was called
�streamer� by Loeb and �Kanal� by Raether. In Townsend's theory, the electric �eld of space
charges is neglected and only the external electric �eld is taken into account. Oppositely, the
streamer breakdown mechanism also includes the electric �eld induced by the space charges.
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Figure 2.1.: Di�erent stages of positive streamer breakdown.

Electron avalanches are also the starting part in the streamer breakdown mechanism. However,
due to the high gas and space charge density, the electric �eld of space charges produced by
the electron avalanches becomes comparable or even exceeds the value of the applied external
�eld, resulting in a signi�cant local distortion of the electric �eld. When this distortion reaches
a certain level, it starts to propagate in the gap forming, thin ionized channels. The breakdown
stages for a �positive� or �cathode-directed� streamer is shown in �gure 2.1. In the �rst stage,
free electrons are accelerated by the external �eld towards the anode. Because of high gas
density, the electrons loose their energy to the gas molecules resulting in ionization processes.
This leads to electron avalanches in the gap. This stage is also known as �Townsend pre-phase.�
In the second stage, due to their high mobility, the electrons are removed very fast from the
gap by the anode, while the heavy and low-mobile ions remain. The accumulated ions in front
of the anode induce an electric �eld, which results in streamer breakdown. The electrons are
accelerated in the high electric �eld of the streamer head and cause ionization in this region.
As a results, new born ions induce electric �eld and the streamer propagates as a thin channel
in the gap. Therefore, streamer is also known as an �ionization wave.� Streamer leaves a con-
ductive and approximately quasi-neural channel behind it, and the electrons generated in the
streamer head can �ow to the anode through this channel.

In 1940, Meek [49] introduces a criterion for the streamer breakdown. Based on this criterion,
the avalanche-to-streamer transition occurs when exp(αeff .d) = 108, where d is the distance
that the electron avalanche has traveled and αeff is the e�ective �rst Townsend ionization
coe�cient. �E�ective� means that the electron attachment in electronegative gases is taken
into account. In Meek's criterion, the ionization coe�cient αeff and the distance d indicate
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that the streamer breakdown needs su�cient applied voltage and gap distance, respectively.
The exact mechanisms of the propagation of the positive streamer is still disputed [50]. Recent
studies have shown that the positive streamer needs a source of free electrons in front of its
head and the streamer channels can be guided in pre-ionized regions [50�53]. The source of
these electrons are proposed to be photo-ionization by the photons emitted from the streamer
head, or background ionization (free electrons).

2.3. Dielectric barrier discharges

As indicated in the beginning of the chapter, employing at least one dielectric layer between
the metal electrodes is one of the approaches to limit the current and prevent the transition to
thermal plasma at atmospheric pressure. The discharge current or transferred charge in DBDs
is limited by the charge deposition on the dielectric surface during the discharge activity. The
deposited charge induces an opposite electric �eld, which eventually terminates the discharge.
To have a breakdown again at the same position, either a su�ciently higher voltage should be
applied or the polarity of the applied voltage should be reversed. Hence, normally a sinusoidal
applied voltage is employed to operate DBDs [13,14].
According to Kogelschatz et al., the dielectric barrier can be placed in di�erent ways between
the metal electrodes [13, 14]. The main DBD arrangements are shown in �gure 2.2. The
arrangement shown in �gure 2.2a is known as �volume DBD,� since the discharge develops in
the gap between the metal electrodes. If both metal electrodes are covered with dielectrics, as
the one presented here, the discharge is called �symmetric� or �double-sided� DBD, and if just
one electrode is covered with a dielectric layer, it is called �asymmetric� or �one-sided� DBD.
When both metal electrodes are put in contact with the dielectric layer, the discharge develops
on the dielectric surface and is called �surface DBD� (�gure 2.2b). If both metal electrodes are
embedded in a dielectric, as shown in �gure 2.2c, the arrangement is called �coplanar discharge.�
In this case the discharge develops above and on the surface of the dielectric.
The discharge breakdown mechanism in DBDs is normally based on the streamer forma-
tion. Hence, DBDs are naturally �lamentary discharges, i.e. the discharge consists of narrow

Figure 2.2.: Di�erent DBD arrangements, a) volume DBD, b) surface DBD and c) coplanar
discharge [14]
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Figure 2.3.: Image of a �lamentary symmetric DBD discharge operated at atmospheric pressure
air between two glass-covered electrodes [57].

(∼ 100 µm) channels known as �laments. An example of a �lamentary DBD is shown in �gure
2.3. Each �lament consist of numerous transient microdischarges (MDs). The duration of each
MD is in the range of 10 ns to some µs, depending on the geometry and operational parameters
such as the applied voltage, and the type and �owrate of the operating gas [30]. The current
pulses amplitudes are in the range of some µA to some hundred mA, and the transferred charge
is some nC. As �gure 2.3 also shows, the �lamentary DBD is not homogeneous in the volume
and on the surfaces of the electrodes. For some applications such as surface treatment, it is
important to have a �homogeneous� or �di�use� discharge. Hence, in the recent years an in-
creasing research is being conducted in order to obtain di�use DBDs by employing di�erent
electrode arrangements and operational conditions. The main approaches are gas composition,
e.g. employing helium, pre-ionization of the entire gap by UV light, employing applied voltages
with certain frequencies and limiting the current in the external circuit [14,54�56].

In DBDs, �laments interact with each other, and their collective behavior forms the overall
properties of the discharge. Numerous studies in the literature have focused on studying the
interactions between the �laments and their collective behavior. The interaction between the
�laments is realized by the residual (or memory) volume and surface charges [58]. Another
approach for the investigation of DBDs is to employ electrode geometries with only one �la-
ment. These kinds of DBDs are known as �single MD� arrangements. While majority of DBDs
employed in di�erent applications consist of numerous �laments, understanding the properties
of single MDs, as the building blocks of these discharges, is a key point to gain an insight
into the physics and chemistry of these discharges. Hence, several theoretical, numerical and
experimental studies have been conducted to investigate di�erent aspects of the single MDs,
such as streamer propagation, plasma channel formation and decay, and build-up and behavior
of the surface charges [13, 15, 17, 18, 24�33]. An example of experimental results for the single
MDs in an asymmetric DBD arrangement is shown in �gure 2.4. The discharge was sinusoidally
driven and one MD appeared in each half-cycle. Hoder et al. obtained the spatio-temporal
development of MDs by recording the emitted photons from several MDs using the TC-SPC
technique [18]. The recorded photons are form 0-0 transition of the second positive system
(SPS) of nitrogen molecules (Eex = 11 eV, wavelength = 337.1 nm). Details of TC-SPC tech-
nique are described in section 3.2 in this dissertation. The stages described for the positive
streamer breakdown above can also be observed in this result. At the beginning, a photon
emission can be observed near the anode, which is an indication of electron avalanches in this
region. By the increased discharge activity, the streamer is started at approximately 15 ns and
propagates towards the anode. By its impact and propagation on the dielectric surface, a bulk
plasma, also known as the �anode glow,� is formed in the gap. The surface streamer propaga-
tion also results in a positive surface charge deposition on the dielectric. The deposited surface
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Figure 2.4.: Spatio-temporal development of the MDs in an asymmetric single DBD arrange-
ment. The result is obtained by recording the emitted photons at 337.1 nm, using
TC-SPC technique [18].

charge induces an opposite electric �eld, which extinguishes the plasma after some nanoseconds.

Volume and surface memory e�ects play an important role also in the DBD arrangements with
single MDs. It is known that the presence of volume memory charges can a�ect the pathway
of the positive streamer, and hence, the shape of the discharge channel in the gap. Höft et
al. [59] showed that applying a gas �ow perpendicular to the axis of the electrodes can result
in the bending of the discharge channel in the direction of the gas �ow. This is because of the
residual charges being moved by the gas �ow. It is also observed that at high gas �owrates
the breakdown voltage is higher, which indicates that the residual volume charges a�ect the
breakdown voltage [59]. Furthermore, several studies such as [33, 52, 60�62] reported that the
pre-ionization in the gap (due to left-over charges or generated by external sources) results in
a streamer breakdown further away from the anode, and a lower streamer head velocity and
electric �eld strength.

Residual charges on the dielectric surface also in�uence the streamer breakdown considerably.
It is considered that the electric �eld induced by residual surface charges has a considerable
e�ect on the potential di�erence between the electrodes, known as �gap voltage� [14]. Akishev
et al. [63] suggested that the stochastic surface breakdowns due to residual surface charges are
responsible for the streamer breakdown and also the erratic appearance of the MDs over the
applied voltage cycle. Residual surface charges also a�ect the propagation of the streamer on
the dielectric surface. This is specially the case for the subsequent MDs appearing in the same
half-cycle of the applied voltage. In this case, the positive streamer propagation is a�ected
by the positive surface charges from the previous MDs. The streamer avoids the areas with
positive charges and propagates a longer distance on the dielectric surface [64�66].
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2.4. Corona discharges

It is mentioned above that employing a sharp electrode instead of plane electrode leads to
breakdown at lower applied voltages, which can also result in lower discharge current and gas
temperature. These types of discharge arrangements are known as �corona discharges� [67].
Corona discharges are realized in three main arrangements, namely pin-to-plate, wire-to-plate
and wire-in-cylinder. Sketches of these electrode arrangements are presented in �gure 2.5.
Close to the sharp electrode (pin or wire) the electric �eld is locally enhanced, which leads
to breakdown in this region. Since there is no charge accumulation on the surface of the
metal electrodes, corona discharges can be operated by DC voltage. Its polarity determines the
development and properties of the discharge. When the polarity of the applied voltage to the
sharp electrode is positive or negative, the discharge is named �positive corona� or �negative
corona,� respectively. In these discharge arrangements, depending on the electrode geometry,
gap distance and applied voltage amplitude, di�erent regimes such as streamer or spark regimes
are obtained [3, 7, 67].
The streamer breakdown is initiated near the sharp electrode and the discharge spreads in the
volume as streamers. In positive coronas, a positive streamer breakdown and its propagation in
the gap is observed [68]. In negative coronas, a double-streamer breakdown, i.e. both positive
and negative streamer, starting near the sharp electrode is recognized. In this case, the positive
streamer propagates a short distance and impacts the sharp electrode surface, while the negative
streamer propagates in the gap [20,21,51].
In negative coronas in air, streamer propagation leads to a self-pulsing regime known as �Trichel
pulse,� [69]. This self-pulsing regime is due to the space charge e�ects of the ions near the sharp
electrode. The electrons generated near the sharp electrode propagate in the gap (forming
negative streamers) and are attached to oxygen molecules. A cloud of negative ions is formed
in this region, which shields the electric �eld of the electrode and terminates the discharges.
The next breakdown occurs when the negative space charge has drifted away from the electrode.
The amplitude of the current pulses in Trichel pulses is low, in the range of 10 µA to 10 mA. The

a) b) c)

Figure 2.5.: Di�erent electrode arrangements of corona discharge. a) pin-to-plate, b) wire-to-
plate and c) wire-in-cylinder arrangements.
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frequency of the pulses is dependent on the discharge geometry and operational parameters,
such as applied voltage, gas �ow and its composition [70].
If the applied voltage is high enough, the streamers will reach the plane electrode and a conduc-
tive channel will be formed between the electrodes. This discharge regime is known as �spark
discharge,� which is a narrow, high density and temperature channel in the gap. If there is no
limit for the current, such as a dielectric barrier or a resistor or capacitor placed in the external
circuit, the spark discharge current can reach more than several hundred Ampere. If the power
supply can deliver a su�cient power, the discharge will be transformed to an arc discharge [43].
If the current is limited, the spark discharge will be terminated after some time. This discharge
regime is known as �transient spark� [3, 68,71].

2.5. Barrier corona discharges

Barrier corona discharge is a combination of DBD and corona discharge, i.e. a sharp metal
pin in one side, and a dielectric-covered electrode at the other side [34]. This arrangement is
employed in many applications such as surface modi�cation and exhaust gas treatment [14].
Discharge created between the sharp edges of the electricity carrying metals under high-voltage
conditions and voids of electric insulations are called partial discharges. The study of partial
discharge is important in terms of insulation degradation and failure [72].
Most of previous studies about BC discharge have employed metal pin to dielectric-covered
plane electrode arrangements. Zhu et al. [36] studied the residual charges on the surface of
the dielectric in such an arrangement, driven by a sinusoidal voltage. By varying the distance
between the electrodes from 0 to 7 mm, they observed a transition from surface DBD to
corona discharge. Akishev et al. [34] studied electrical properties of discharges in a pin-to-
plane arrangement (gap distance: 1.5-30 mm) in di�erent gases. They observed that in the
anodic pin polarity a streamer breakdown mechanism is dominant, while in the cathodic pin
polarity a combination of a di�use corona discharge with Trichel pulses govern the plasma.
They suggested that the surface streamers in an air BC discharge are not considerable, and
the discharge properties are similar to positive or negative streamer corona discharges. Petit
et al. [73] observed low current glow discharges in both polarities of the pin. Mu et al. [74]
investigated the surface streamer propagation and the residual surface charges on the dielectric
in an arrangement with 50 µm gap distance and di�erent dielectric materials. The radius
of negative residual surface charge was found to be smaller than the positive one. Qi et al.
[75] employed plasma radiation measurements to calculate the ion density of the MDs (gap
distance: 8 mm) in argon. Two modes of plasma, namely corona and streamer modes, were
identi�ed. By increasing the applied voltage frequency at constant voltage amplitudes, the
streamer mode became more prominent. They attributed this phenomena to residual volume
charges. In addition, at frequencies higher than 5.1 kHz and at 10 kVp−p applied voltage, two
MDs were observed in anodic pin polarity. They attributed the �rst MD to the streamer mode
(propagating in the gap) and the second MD to the corona mode (staying at the pin tip).
Becker et al. [76] conducted an experimental and numerical study of DBD plasma in a pin-
to-hemisphere arrangement in ozone-oxygen mixtures. In both polarities, more than one MD
was observed. The breakdown voltage was higher for the anodic pin half-cycle. Emelyanov et
al. [37,77] studied the breakdown voltage, residual surface charge, and current pulse oscillograms
and amplitudes. They suggested that the main breakdown processes for the anodic and cathodic
pin half-cycles are positive streamer and Trichel pulses, respectively. Comparing the current
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Figure 2.6.: Schematic and pictures of the stacked DBD reactor for gas treatment [35], together
with schematic and pictures of the single BC discharge investigated in the current
dissertation.

pulses of a volume DBD and a surface DBD, they concluded that the main charge transfer
between the electrodes is obtained during the surface streamer propagation.
Although the number of studies investigating BC discharges experimentally and numerically
is considerable, a detailed understanding of the discharge is still missing. Furthermore, some
contradictions between the di�erent studies are observed. As an example, as described above,
Akishev et al. [34] suggested that the e�ects of the surface processes are negligible in air BC
discharge, while Emelyanov et al. [37] considered these processes as the governing part of the
MDs in a similar discharge arrangement.
To gain a deeper insight about the MDs appearing in a single BC arrangement is specially
important for the plasma reactors with asymmetric discharge geometries. This reactors are
normally multi-�lament, i.e. they consist of large electrodes and several �laments appear at
the same time. An example of such reactors, namely the stacked DBD reactor, which is used
for the exhaust gas treatment [35, 78], is shown in �gure 2.6. As illustrated in �gure 2.6, the
single BC �laments are the fundamental elements of the plasma reactors, and understanding
them can help to improve the operation of the reactors. Another example is the coaxial BC
reactor, which is developed by Belov et al. [79] for the CO2 conversion. In this study, di�erent
discharge behaviors in the two half-cycle of the applied sinusoidal voltage were observed, which
also had an impact on the CO2 conversion.
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3. Experimental set-up and
measurement methods

3.1. Discharge cell and operational parameters

The aim of the dissertation is to investigate single microdischarges in a sinusoidally driven BC
discharge. This requires a special electrode arrangement. Details of the discharge cell and
electrode geometry as well as the power and gas connections are shown in �gure 3.1. An image
of the discharge under operation is presented in �gure 3.1b. The discharge cell and dielectric-
covered hemispherical electrode are the same as the ones in [32]. The hemispherical electrode
is covered with Alumina (Al2O3, εr ≈ 9, tip thickness: 0.5 mm). The radius of curvature of this
electrode is 2 mm. The metal pin electrode is made of stainless-steel and its radius of curvature
at the tip is 0.2 mm. The gap distance between the electrodes is 1 mm.
The discharge is operated at atmospheric pressure. Dry air at 300 SCCM �owrate is used
to �ush the cell from the bottom to the top. For the experiments with toluene admixture, a
small fraction of air �ow is guided through a toluene-containing bubbler and a stable toluene
concentration in air is obtained. A sinusoidal voltage at 7.5 kHz (period: 134 µs) is applied to
the dielectric-covered electrode and the metal pin is grounded. The minimum applied voltage
for the operation of a stable plasma is 11.5 kVp−p.

Sinusoidal 

power source

(7.5 kHz) 

Dielectric-coated 

hemispherical electrode

Metal pin

electrode

Dry air

300 SCCM

Outleta)

c) 1 mm

b)

1 mm

Figure 3.1.: a) 3D drawing of the discharge cell together with the power and gas connections,
b) Photo of the discharge during the experiments, c) 2D drawings of the electrodes.
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3.2. Diagnostic setup

A schematic of the diagnostic setup is shown in �gure 3.2. The employed diagnostics techniques
are:

• Electrical measurements : current and voltage are measured using a voltage probe (Tek-
tronix P6015A) placed at the high-voltage side, and a current probe (Tektronix CT1,
bandwidth: 1 GHz, rise time: 350 ps) placed at the grounded side. Both signals
are recorded by an oscilloscope (Tektronix DPO4104, bandwidth: 1 GHz, samplerate:
5 GS/s).

• ICCD imaging : using an intensi�ed charge-coupling device (ICCD) camera (Andor iStar
DH334T-18U-A3), the morphology of the microdischarges is recorded at di�erent phases
of the applied voltage. A mirror guides the light from the discharge to the ICCD camera
through a lens. The spatial resolution of the images is 7.5 µm. The ICCD camera is
triggered via a signal delivered from the delay generator (DG, Princeton Instruments
DG535) and the ICCD-gate is delivered as a TTL signal to the oscilloscope. The ICCD
images are recorded in two modes: single-shot and accumulated. In single-shot images,
which are taken for individual MDs, it is possible to record the corresponding current
pulses by triggering the oscilloscope via the ICCD-gate signal. The exposure time of all
accumulated ICCD images is set to 10 ms, which corresponds to 74 applied voltage cycles.
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Figure 3.2.: Schematic of the diagnostic setup.
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• Time-correlated single photon counting : spatio-temporally resolved light emission from
the microdischarges are recorded using TC-SPC technique (spatial resolution: 25 µm,
temporal sampling: 12 ps). These recordings are also resolved over the applied voltage
cycle in 128 channels, resulting in phasial resolution of 134/128 µs = 1.05 µs. For the TC-
SPC measurements, light goes trough the lens and a scanning mirror to a monochromator
(MC) (Princeton Instrument SP2300) entrance slit. The magni�cation of the lens at the
MC entrance is 4×. The scanning mirror is controlled by a scanner box and enables the
one-dimensional spatial resolution of the measurements along the axis of the electrodes, i.e
the recordings are not radially resolved. Based on the height of the MC entrance slit and
the lens magni�cation, the height of the TC-SPC recordings is 1 mm around the central
axis. The MC determines the wavelength of the photons being detected by the photo-
multiplier 1 (PMT1) (Becker & Hickl PMC-100-04). The electrical signals generated by
PMT1 are then delivered to the TC-SPC module as the �main signal.� The light from the
microdischarges goes through a second pathway, which is for the synchronization signal
(sync signal) of the TC-SPC unit. This signal is for determining the time information
of photons being detected in the main signal (for details see [80]). In this pathway,
the photons are carried with an optical �ber to PMT2. The electrical signal generated
in PMT2 is carried through a delay box to the TC-SPC module as the so-called �sync
signal.� The discharge is kept at the same conditions during the long accumulation times
of TS-SPC measurements.

The TC-SPC recordings are done for the 0-0 transitions of the molecular bands of the second
positive system (SPS) (λC = 337 nm, excitation energy: 11 eV)

e+N2(X1Σ+
g )υ=0 → N2(C3Πu)υ′=0 + e (3.1)

N2(C3Πu)υ′=0 → N2(B3Πg)υ′′=0 + h
c

λC
(3.2)

and the �rst negative system (FNS) (λB: 391 nm, ionization-excitation energy: 18.7 eV)

e+N2(X1Σ+
g )υ=0 → N+

2 (B2Σ+
u )υ′=0 + 2e (3.3)

N+
2 (B2Σ+

u )υ′=0 → N+
2 (X2Σ+

u )υ′′=0 + h
c

λB
(3.4)

of nitrogen. For low electron densities and short discharge duration (ns range), the excitation
processes above are dominated by direct electron impact, and step-wise processes do not play
a major role [22]. This is important for the interpretation of the TC-SPC results, specially the
FNS recordings, since it can be stated that the FNS emission is a result of collision of nitrogen
molecules with electrons that have energies larger than 18.7 eV.
As shown in �gure 3.2, the high-voltage power source as well as the diagnostic devices are
controlled by a trigger signal generated in the TC-SPC unit, which is triggering the DG.
Outputs of the DG are three di�erent TTL signals for triggering the sinusoidal power source,
determining the opening phase of the ICCD camera gate, and a clock signal delivered to the
oscilloscope. Di�erent delay times can be set between these signals, which enables control and
synchronization between phased-resolved optical and electrical measurements.
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3.3. Phase-resolved measurements and statistical study

of current pulses

During this dissertation, special measurement methods for the phase-resolved recording and
statistical study of the current pulses are developed using the oscilloscope, as described below:

• Current pulse appearance distributions : these histograms show the appearance distri-
bution of the current pulses at di�erent phases of the applied voltage cycle. They are
obtained using the �histogram� option of the DPO4104 oscilloscope in �horizontal mode.�

• Current pulse amplitude distributions : phase-resolved samplings of the current pulses are
realized by using the �setup-and-hold� triggering option of the oscilloscope. In this trig-
gering method, two signals, namely �clock� and �data,� are used to trigger the oscilloscope
recordings. The trigger occurs if the data signal (i.e. the current pulse) edge transition
occurs within a de�ned time-window of the �clock signal� (channel 3 of DG, see �gure 3.2)
edge transition. �Setup� and �hold� indicate the time values before and after the �clock
signal� transition, respectively (for more details, see [81]). This triggering method is used
to obtain current pulse amplitude histograms (CPAHs). After the desired phase of the ap-
plied voltage is selected using the clock signal, the time-window is adjusted depending on
the desired phase-range. The oscilloscope triggers only if a current pulse appears in this
time-window. Then, a gated measurement is de�ned in the oscilloscope, which measures
the amplitude of current pulses in the de�ned time-window. This measurement is de�ned
as a �mathematical function,� and the source of the �vertical histogram� is set to be this
mathematical function. The histogram data are extracted by connecting the oscilloscope
to a computer and a software provided by the manufacturer (Tektronix OpenChoice) is
used to communicate with the device.

• Averaged current pulses : to obtain averaged current pulses using the oscilloscope, the
current signal is selected as the �clock signal� and the signal delivered from the DG
is selected as the �data signal� in setup-and-hold triggering. By adjusting the phase
of the signal delivered from the DG, and setting a time window in the setup-and-hold
triggering, it is possible to take averaged current pulses in any phase-range of the applied
voltage. In order to avoid the possibility of double triggering in one cycle (triggering on
the subsequent current pulses in the same cycle), a proper trigger hold-o� time (50 µs) is
set, which prevents triggering twice in one cycle. The averaged current pulses are obtained
by averaging over 512 single current pulses.



4. Experimental results

4.1. Discharge behavior

Due to the asymmetric geometry of the barrier corona arrangement, the behavior of the dis-
charge in the two polarities of the applied voltage is signi�cantly di�erent. An accumulated
current-voltage oscillogram of the discharge is shown in �gure 4.1. The MDs in the anodic pin
half-cycle appear in two separated groups and the variation in the amplitude of the current
pulses is not signi�cant. However, the appearance of MDs in the cathodic pin half-cycle is
signi�cantly erratic and the variation of the current pulse amplitudes is clearly seen, reaching
much higher values compared to the MDs of anodic pin half-cycle. The current-voltage oscil-
lograms of individual cycles show that in most of the anodic pin half-cycles two current pulses
appear in certain phase-intervals, while in the cathodic pin half-cycle only one major current
pulse is observed. In this half-cycle, several smaller current pulses (Trichel pulses) are addi-
tionally detected. Due to the di�erent appearance, the MDs of the two polarities are studied
separately.

4.2. MDs in the anodic pin half-cycle: characteristics of

subsequent microdischarges [Article I]

As stated above, for the voltage amplitude being applied, two MDs appear in most of the
anodic pin half-cycles. The �rst and second MDs are named as ��rst group� and �second
group� MDs, respectively. It is known that by applying su�cient over-voltage, two or more
MDs can be obtained in each half-cycle of sinusoidally driven single DBD arrangements [17].

Figure 4.1.: Accumulated (for 1 second) current-voltage oscillogram of the BC discharge, to-
gether with four examples of single-shot oscillograms.

17
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In �gure 4.2, averaged and single current pulses of �rst and second group MDs are shown
together with the corresponding accumulated and single-shot ICCD images. The ICCD images
show that �rst group MDs are less curved in the gap, while most of the second group MDs are
curved upwards in the gap, i.e. in the direction of the gas �ow. The curving of the discharge
channel is most likely due to the residual volume charges being pushed by the gas �ow [59].
Since the time-di�erence between the �rst and second group MDs are short, it is expected
that more residual volume charges are available in the gap before the inception of the second
group MDs. Therefore, compared to the �rst group MDs, more second group MDs have a
curved channel in the gap. On the dielectric surface, the �rst group MDs develop on the center,
while the second group MDs mostly propagate longer distances and to the upper side. Similar
morphology of subsequent MDs can also be found in literature, for volume [64,82], surface [65]
and coplanar [66] DBDs. The di�erent morphology of subsequent MDs is related to residual
charges on the dielectric surface and will be discussed in the following.

Current pulses of �rst group MDs have a fast increase with a sharp maximum, followed by
a fast decay. On the other hand, the increase of the current in the second group MDs is
interrupted at approximately 4.4 ns. After approximately 1.5 ns, the current starts to increase
again and reaches its maximum. Compared to the �rst group MDs, the current pulse is broader.
Similar current pulses for subsequent MDs can also be found in the literature for pin to plane
BC discharges, e.g. in [75, 83]. These observations are correlated with the propagation of the
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Figure 4.2.: a) Accumulated ICCD images of �rst (left) and second (right) group MDs together
with the corresponding averaged current pulses, b) examples of single-shot ICCD
images and corresponding current pulses of the �rst (left) and second (right) group
MDs.
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streamer, which will be discussed in the section 4.3.
The spatio-temporal development of the �rst and second group MDs in anodic pin polarity,
obtained from the TC-SPC recordings, are shown in �gure 4.3. Duration of the SPS and FNS
measurements are 7 (≈ 1.88× 108 cycles) and 12 hours (≈ 3.22× 108 cycles), respectively. The
SPS signal is considered as a convolution of electron density and the rate-coe�cient for direct
excitation of nitrogen molecules to the N2(C) state. Because of its high excitation energy, the
FNS signal visualizes the development of high electric �eld strength [15, 18]. Hence, the SPS
signal shows the overall development of the discharge, while the FNS signal mainly tracks the
streamer head propagation in the gap and on the cathode surface. The TC-SPC measurements
are spatially resolved along the central axis of the discharge arrangement. As the axial positions,
the tips of the dielectric-covered electrode and metal pin electrode are marked as 0 and 1 mm,
respectively. The spatio-temporal development of the �rst group MDs (�gure 4.3) are similar
to the spatio-temporal development of the asymmetric DBD arrangement shown in �gure 2.4,
which is also obtained in an anodic metal electrode and a cathodic dielectric-covered electrode
arrangement [18]. The same development stages, namely positive streamer breakdown near the
anode and its propagation towards the cathode, formation of a bulk plasma by the arrival of
the streamer on the cathode surface, and discharge termination due to the charge deposition on
the dielectric surface, are observed. Similar stages can also be observed in the spatio-temporal
development of the second group MDs. However, the propagation of the streamer on the

SPS measurements FNS measurements

Figure 4.3.: TC-SPC recordings of the �rst and second group MDs appearing in anodic pin
half-cycle for SPS (left) and FNS (right) signals.
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dielectric surface and the development of the bulk plasma in the gap is signi�cantly di�erent.
In the �rst group MDs, the bulk plasma encompasses the entire gap some hundred ps after the
arrival of the streamer on the cathode surface. On the other hand, the bulk plasma development
in the second group MDs takes much longer time, taking approximately 2.5 ns to encompass the
entire gap. While the emission in the bulk decays fast in �rst group MDs, the photon emission
in the gap takes place for a longer time in the second group MDs. The di�erent propagation
of the streamers on the dielectric surface are obvious, and the second group surface streamer
propagates a longer distance on the dielectric surface, as it is observed in the ICCD images of
�gure 4.2.
In order to investigate the di�erences between the spatio-temporal development of the �rst and
second group MDs, the streamer velocities in the gap and the tracks of the streamer heads on
the dielectric surface are obtained using the FNS results of �gure 4.3, and are shown in �gure
4.4. The streamer velocities in the gap, presented in �gure 4.4a, have the same values and
increase nearly exponentially. However, 200 µm away from the dielectric surface the �rst group
streamer velocity exceeds the second group streamer velocity. The maximum of the streamer
velocities are obtained just before the streamer impact on the dielectric surface, where the
maximum velocity of the �rst group streamer is considerably higher compared to the second
group streamer (3.8 vs 1.5 mm/ns). The tracks of the propagation of the streamers on the
surface (4.4b) are obtained by taking the maximum intensity pro�les of the FNS emission from
the surface and scaling them based on the curvature of the spherical electrode (see �gure 10 in
[Article I] for details). At the beginning, the surface streamers of the two MD groups propagate
with the same velocities and are decelerated for approximately 500 ps (points 1 to 2). However,
at 15.5 ns (point 2) the second group surface streamer starts to be decelerated more than
the �rst group streamer, and its propagation track deviates from the �rst group. After this
time, the second group surface streamer is drastically decelerated till it reaches only about
0.003 mm/ns at 17.3 ns. At this moment, a jump in the surface streamer velocity is observed
and the streamer starts to propagate with a velocity of 0.52 mm/ns. This velocity is more than

a) b) 1

2

3

Figure 4.4.: a) Streamer velocity in the gap for �rst and second group MDs, and b) track of the
surface streamer head propagation (obtained from FNS recordings of �gure 4.3)
are scaled considering the curvature of the spherical dielectric-covered electrode.
Surface streamer velocity of each section is indicated in mm/ns. Di�erent phases
of the MDs are marked with purple stars and numbers, which are correlated with
the numbers in �gure 4.6b.
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two times higher than the velocity of the �rst group surface streamer at the same time, and
the second group streamer propagates a much longer distance on the dielectric surface till it is
decelerated to a low speed again.
The di�erences observed in the spatio-temporal development of the �rst and second group
MD can also be explained considering the di�erent memory e�ects, which are present before
the inception of the two MD groups. As explained above, it is expected that more volume
charges are available in the gap before the inception of second group MDs. Considering the
residual surface charges, it can be stated that MDs appearing in the cathodic pin polarity
deposit a negative surface charge on the dielectric, while the �rst group MDs deposit a positive
surface charge. Therefore, there are net negative or positive residual surface charges before the
inception of the �rst or second group MDs, respectively.
As discussed above, no signi�cant di�erence is observed between the breakdown and propagation
of the streamers of the two MD groups in the gap. The di�erences are only observed starting
from the vicinity of the dielectric surface. Based on this, it is proposed that the di�erences
in the volume memory e�ects do not result in a considerable di�erence between the spatio-
temporal development of the two MD groups, except that most of the second group MDs
have a curved channels in the gap. This is in contrast with pulse driven DBDs in nitrogen
with small oxygen admixtures, where di�erent pre-ionization in the gap results in signi�cant
di�erences in the location of the streamer inception and its propagation velocities [32, 33]. On
the other hand, the di�erences in the surface charges have a signi�cant e�ect on the spatio-
temporal development of the �rst and second group MDs. The lower velocity of the second
group streamer in the vicinity of the dielectric surface can be attributed to the positive surface
charges deposited by the �rst group MDs. Their opposing electric �led is e�ective in the vicinity
of the dielectric, which slows down the positively charge streamer head. The deceleration of the
second group surface streamer (�gure 4.4b) can also be attributed to the presence of the positive
residual surface charges. When the second group streamer head is decelerated to low velocities
(point 3 in 4.4b), the conductive streamer channel can be considered as an electrode, which is in
contact with the dielectric surface. Hence, the jump observed in the surface streamer velocity
can be considered as a surface breakdown, which results in the longer and faster propagation
of the streamer on the dielectric surface. The longer propagation of subsequent MDs on the
dielectric surface was also observed in the TC-SPC recordings of a coplanar discharge, which
was explained by the positive residual surface charges [66]. The morphology of the MDs, shown
in �gure 4.2, also con�rm this hypothesis. On the surface dielectric, �rst group MDs develop on
the center, where the negative charges are deposited by the MDs appearing in the cathodic pin
half-cycle and the discharge channel connects the tips of the electrodes with the shortest path.
On the other hand, in second group MDs surface streamers are retarded by the positive surface
charges, and hence develop on the upper side of the dielectric, where less positive charges are
deposited by the �rst group MDs.

4.3. Correlation between photon emission, current and

electric �eld [Article III]

TC-SPC recordings and current pulse measurements are independent diagnostics and do not
have a common time reference. Therefore, the time axis values in �gures 4.2 and 4.3 are not the
same and cannot be compared. In order to synchronize these two measurements, the following
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idea is proposed. It is known that by further propagation of the streamer in the gap, the
velocity, radius and electric �eld in the streamer head increase [18, 24, 29, 84�86]. Considering
this, it can be stated that the ionization in the streamer head increases together with electric
�eld, resulting in higher rate of electron current generation. However, by the arrival of the
streamer head at the cathode surface, the fast propagation of the streamer head is hindered
and the electron current generation rate drops. Based on this discussion, it is proposed that
the derivative of the current should reach its maximum value when the streamer head arrives at
the cathode surface. The averaged current pulses of the �rst and second group MDs are shown
together with their derivatives in �gure 4.5. The maximums of the current pulse derivatives are
highlighted by gray bars. Their width shows the time-uncertainty given by the current probe
time-resolution (350 ps). The coincidence of current derivative maximum and streamer head
arrival on the cathode is used to synchronize the current measurements and the spatio-temporal
development of MDs, obtained using the TC-SPC setup.
The synchronized current pulses and spatio-temporal development of the MDs are shown

in �gure 4.6. The TC-SPC recordings are conducted for 5 hours for the SPS emission and 24
hours for the FNS emission. In these results, the horizontal axis is the �time relative to streamer
impact,� which is the common time-reference obtained as described above. After the streamer
reaches the cathode surface, there is a clear correlation between the propagation of the surface
streamer (see �gure 4.4b), the development of the bulk plasma in the gap and the external
current of the MDs. In the �rst group MDs (�gure 4.6a), after arrival of the streamer head
on the cathode surface, the current continues to increase and reaches its maximum in some
hundred picoseconds. Meantime, the bulk plasma develops in the gap and encompasses the
whole gap. The current and the SPS emission from the gap reach their maximum values at the
same time. After this, by further propagation of the surface streamer and its deceleration due to
surface charge deposition, the current and the photon emission drop. In the case of the second
group MDs, the surface streamer propagation is hindered by the positive surface charges. This
leads to the interruption in the bulk plasma expansion in the gap and the rise of the external
current is stopped. The beginning of the interruption process is marked as point 2 on �gure

First group MDs Second group MDs

Figure 4.5.: Averaged current pulses of the �rst and second group MDs together with their
derivatives. Gray bars show the maximums of the current pulse derivatives, con-
sidering the time-resolution of the current measurement.
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Figure 4.6.: The averaged current pulses synchronized with TC-SPC recordings for the a) �rst
and b) second group MDs. The numbers on the SPS recording of the second group
MDs are correlated with the numbers on �gure 4.4b.

4.4b and SPS recording of �gure 4.6b. The interruption continues till the jump in the surface
streamer velocity (identi�ed as a surface breakdown) takes place. This is marked as point 3 on
�gure 4.4b and SPS recording of �gure 4.6b. Consequently, the bulk plasma expands in the gap
by further propagation of the surface streamer and the current pulse starts to increase again.
The current and the SPS emission in the gap reach their maximum approximately at the same
time. After this, a decay phase, similar to the �rst group MDs, is observed. This observations
show the importance of the surface processes in the BC discharge, and con�rm the suggestions
of Emelyanov et al. [37] about the discharge dynamics and the fact that most of the charge
transfer is realized during the surface streamer phase.
The determined reduced electric �led strength (E/n) for the �rst and second group MDs (not
presented here, see [Article III]) show that, similar to the streamer velocities, the E/n values
at the streamer head are nearly the same in the gap and they are only di�erent in the vicinity
of the dielectric surface. In both MD groups, the electric �eld rises by the propagation of
the streamer in the gap and reaches its maximum value by the impact of the streamer on the
cathode. However, the maximum E/n value for the second group MDs is much lower (980 vs
770 Td), which is related to the positive residual surface charges, as described above.
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4.4. MDs in the cathodic pin half-cycle [Article IV]

The accumulated current-voltage oscillogram presented in �gure 4.1 shows the erratic behavior
of the discharge in the cathodic pin half-cycle, in terms of appearance phase and current pulse
amplitude of MDs. The MDs appear starting from -5 µ, i.e. before the reversal of the applied
voltage polarity. This observation is related to the memory e�ects and will be discussed in the
following section.
In order to have a deeper insight into the properties of the MDs, a phase-resolved statistical
study of the current pulse amplitudes is conducted. Cathodic pin half cycle is divided into 1
µs time-windows and the CPAHs are recorded for each time-window. Three examples of these
CPAHs are shown in �gure 4.7a. The CPAH in 1-2 µs has only one maximum at 135 mA,
and the minimum and maximum current values are 45 and 250 mA, respectively. The second
example shows the CPAHs for 7-8 and 8-9 µs time-windows. Starting from 8-9 µs, the CPAHs
have two maximums. Therefore, the recorded CPAHs can be considered as a superposition of
two distributions, named as �distribution-1� and �distribution-2.� The last example from 16-17
µs shows that both distributions are shifted to higher currents by the increased applied voltage.
The CPAHs are summarized in �gure 4.7b. The solid lines show the maximums of the dis-
tributions for each phase, and the bars show the ranges of the distributions. The maximum
of distribution-1 does not change signi�cantly before 8 µs. In later phases (or higher applied

a)

b)

Distribution-1

Distribution-2

Distribution-1

Distribution-2

Distribution-1

Figure 4.7.: Examples of phase-resolved current pulse amplitude histograms for MDs of ca-
thodic pin half-cycle, b) the phase-resolved current pulse amplitude histograms are
transferred to a single plot. The solid lines show the maximums of the distributions
for each phase, and the bars show the ranges of the distributions.
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voltage), the distributions are shifted to higher values, i.e. the higher the applied voltage, the
higher the current pulse amplitude of the MDs. Hence, the highest current pulse amplitude
is obtained at the maximum applied voltage (i.e. 33-34 µs time-window). The distributions
shift to lower current pulse amplitudes during the falling slope of the applied voltage half-cycle.
This is fundamentally di�erent behavior compared to single volume DBDs. In single DBDs,
the amplitudes of current pulses do not vary signi�cantly by the appearance of the MDs at dif-
ferent phases, i.e. momentary applied voltage [14]. As described above, distribution-2 appears
�rst in the 8-9 µs time-window. Similar to the beginning part of distribution-1, the CPAHs
do not change signi�cantly at low applied voltages (till 12 µs). After this time, the CPAHs
become correlated with the applied voltage, following a similar trend as distribution-1. The
appearance of the two superimposed distributions and their phasial behavior can be explained
by the discharge events in the preceding anodic pin half-cycles, as it will be discussed in section
4.5.
The signi�cant di�erent between the current pulses of the MDs appearing at di�erent phases
of the applied voltage requires a phase-resolved measurement in the cathodic pin half-cycle.
As described in section 3.2, the phasial-resolution of the TC-SPC recordings is 1.05 µ. Hence,
the TC-SPC recording corresponding to each time-window can be investigated separately. The
results for the time-windows with similar spatio-temporal development are binned and presented

(-5,7) µs

dist-1 DBDs

(-5,7) µs

dist-1 DBDs

SPS signal FNS signal

a)

(15,47) µs 

dist-1 & 2 transient sparks

(15,47) µs 

dist-1 & 2 transient sparksb)

Figure 4.8.: TC-SPC results for a) (-5,7) and b) (15,47) µs phase-intervals in cathodic pin
half-cycle for the SPS (left) and FNS (right) signals.
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together. In �gure 4.8, the results for low applied voltages ((-5,7) µs phase-interval) and high
applied voltages ((15,47) µs phase-interval) are compared. Duration of the SPS and FNS
measurements are 5 (≈ 1.34× 108 cycles) and 24 hours (≈ 6.44× 108 cycles), respectively.
The MD development in (-5,7) phase-interval is similar to the development of the MDs in
single DBDs [17, 18] and the anodic pin polarity. The positive streamer starts near the anode
(dielectric) and propagates towards the cathode (pin). When the positive streamer head arrives
at the cathode, the bulk plasma is formed, and after that the discharge decays due to the charge
depiction on the dielectric surface. The spatio-temporal development of the MDs appearing
in (15,47) µs is completely di�erent. SPS recording in �gure 4.8b shows a double-streamer
breakdown starting near the pin tip. The cathode-directed streamer is recorded in both SPS
and FNS measurements. It travels a short distance (≈ 150 µm) and reaches the pin surface
within approximately 1 ns. The propagation of the negative streamer in the gap is not observed
in the FNS recording of �gure 4.8b. This is an indication of lower electric �eld in the negative
streamer head, which can not accelerate electrons to energies as high as 18.7 eV. It is known in
the literature that the velocity and electric �eld of negative streamers are lower than positive
streamers [51, 87�89]. The SPS recording shows that by the arrival of the negative streamer
at the anode (dielectric) surface, an intense bulk plasma is formed. The FNS emission at the
pin tip and in the entire gap is also intense, which could be an indication of a higher electric
�eld strength in these regions or step-wise ionization processes in the case of higher electron
densities, as Janda et al. [68] have shown for a DC operated self-pulsing transient spark. Due to
the charge deposition on the dielectric, the discharge decays and the bulk plasma emission fades
within approximately 15 ns. This development stages are similar to the transient sparks [42,71],
which were described in section 2.4.
In �gure 4.9 accumulated ICCD images are shown together with averaged current pulses for
(-5,7) and (15,47) µs phase-interval. A signi�cant di�erence between the morphology of the
MDs in the two phase-intervals is observed. The discharge channel in the gap is almost �ve

1 mm

Normalized intensity

(-5,7) µs (15,47) µsa) b)

Figure 4.9.: Averaged current pulses together with accumulated ICCD images a) for (-5,7) and
b) for (15,47) µs phase-intervals.
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times thicker (100 µm vs 500 µm) in (15,47) µs phase-interval and it covers a larger area on
the dielectric surface. The averaged current pulses for both phase-intervals have a fast increase
and sharp maximum. However, in (15,47) µs phase-interval the duration and amplitude (90 ns
and 870 mA) are signi�cantly higher compared to (-5,7) µs phase-interval (65 ns, 123 mA).
The higher amplitude of the averaged current in (15,47) µs phase-interval is correlated with
the results of the phase-resolved CPAHs study. Previous studies about transient sparks have
also reported higher current pulse amplitudes [71].

4.5. Correlation between MDs of anodic and cathodic pin

half-cycles [Article IV]

In the previous section, MDs in the cathodic pin half-cycle of the barrier corona arrangement
were di�erentiated based on two results: 1) the CPAHs, namely distribution-1 or distribution-2,
2) the spatio-temporal development, namely DBD-like or transient spark. The main question,
which is addressed in this section, is: which preconditions lead an MD to belong to distribution-
1 or distribution-2, and to have a spatio-temporal development similar to DBDs or transient
sparks?
By a detailed sampling of the current-voltage oscillograms of the discharge, it is observed that
the appearance of the MDs in cathodic pin half-cycle in two di�erent distributions is related
to the number of the MDs appearing in the preceding anodic pin half-cycle. If two or one
MD(s) appear in an anodic pin half-cycle, the MD appearing in the following cathodic pin
half-cycle will belong to distribution-1 or distribution-2, respectively. This �nding can give
some insight about the role of the memory e�ects in the BC discharge. It is shown in �gure
4.7 that in distribution-1 the MDs start to appear from -5 µs, which corresponds to -1.35 kV
applied voltage, i.e. in falling slope of anodic pin half-cycle. This is most probably due to
the electric �eld caused by the residual surface charges deposited by the �rst and second group
MDs appearing in the anodic pin half-cycle. On the other hand, the MDs of distribution-2 start
to appear from 8 µs, which corresponds to 2.1 kV applied voltage. In this case, the residual
surface charge density (and memory voltage) is lower. Therefore, the applied voltage needs
to be higher to reach the ignition threshold. Furthermore, MDs of distribution-1 have much
higher current pulse amplitudes compared to distribution-2 MDs in the same phases. This can
be explained as an e�ect of surface charge deposition as well, i.e. more surface charge deposition
in an anodic can result in more charge transfer and thus, higher current pulse amplitude in the
following cathodic pin half-cycle.
In order to investigate the preconditions that cause the jittering of the MD appearance in
cathodic pin polarity, an additional statistical study is performed. This is done by applying
two di�erent criteria for the appearance of the MDs in cathodic pin half-cycle, namely 1) MDs
appearing before 7 µs, and 2) MDs having current pulse amplitudes higher than 1000 mA.
The �rst criterion discriminates the DBD-like MDs of distribution-1, and the second criterion
discriminates high current amplitude transient sparks of distribution-1, which mostly appear at
the maximum value of the applied voltage. By applying each of these criteria to the triggering
of the oscilloscope, the appearance histograms as well as the CPAHs for the preceding and
following anodic half-cycles are recorded.
The results of the statistical study for the MDs appearing before 7 µs in the cathodic pin half-
cycle is presented in �gure 4.10a. The appearance and current pulse amplitude histograms,
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measured without any discrimination, are shown as the cyan and gray areas, respectively. The
line curves show the appearance histograms and CPAHs after applying the criterion. In the
preceding anodic pin half-cycles, the appearance and the CPAH of the �rst group MDs is not
changed considerably. But, the appearance of the second MDs is shifted to later times in the
half-cycle. Their CPAH is also shifted to higher current values. Therefore, MDs appearing
before 7 µs in the cathodic pin half-cycle most likely follow an anodic pin half-cycle, in which
the second MDs were ignited later and featured a higher current pulse amplitude. In the
following anodic pin half-cycle, the appearance of the �rst group MDs is concentrated at the
earlier phases, and the CPAH is shifted to slightly higher values. The appearance histogram
and CPAH of the second group MDs is not a�ected considerably.
The results for the MDs having a current pulse amplitude higher than 1000 mA is shown in
�gure 4.10b. In the preceding anodic pin half-cycles, the appearances of the �rst and second
group MDs have less phasial jitter, and are concentrated in earlier phases. The CPAH of the
�rst group MDs is shifted to higher current values, while the CPAH of the second group MDs is
shifted to lower current values. It indicates that the high current MDs appearing in cathodic pin
half-cycle follow an earlier and weaker second group MD in the preceding anodic pin half-cycle.
This is the opposite of the pre-condition for the MDs appearing before 7 µs. In the following
anodic pin half-cycles, the appearance of the �rst and second group MDs is also concentrated
in earlier phases. The CPAH of the �rst group MDs is not considerably changed, while the
CPAH of second group MDs is shifted to slightly higher values.
Akishev et al [63] have argued that the jittering in the appearance of MDs is due to stochastic
process related to the residual surface charges on the dielectric. The statistical study presented
above suggests that later appearance and higher charge dissipation by the second group MDs of
the anodic pin half-cycle causes a higher electric �eld, induced by the residual surface charges.
Thus, the following MD is, by trend, ignited at lower values of the applied voltage. Since the
applied voltage is low, the electric �eld at the tip of the pin electrode is not su�cient to ignite a
streamer near the pin (cathode). The discharge activity starts with the Townsend phase at the
dielectric anode, followed by a positive streamer (see �gure 4.8), similar to single DBDs. On the
other hand, when the second group MDs in the anodic pin half-cycle appear in earlier phases of
the applied voltage and have lower current pulse amplitudes, the electric �eld induced by the
surface charges will be lower. Therefore, in the following cathodic pin half-cycle the applied
voltage has to be higher to ensure that the gap voltage reaches the ignition threshold [90]. In
this case, due to high electric �led strength at the tip of the pin, the discharge activity starts
near this region followed by a double-streamer breakdown, similar to the transient sparks in
negative corona discharges.

4.6. Discharge characteristic in the presence of toluene

additive [Article II]

Although numerous studies have described the removal of a large variety of hydrocarbons and
VOCs in DBDs, e.g. in [38, 91�93], an experimental investigation of single MD development
in VOC-containing air is still missing. The accumulated current-voltage oscillogram of the BC
discharge in the presence of 35 ppm toluene additive is shown in �gure 4.11. Similar to dry air,
two and one MDs appear in majority of the anodic and cathodic pin half-cycles, respectively.
The TC-SPC recordings and ICCD images (see �gure 3 in [Article II]) show that the spatio-
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a)

b)

Figure 4.10.: a) Statistical study of pre- and after conditions for the MDs appearing before
7 µs in the cathodic pin half-cycle. The cyan areas show the appearance of MDs
without applying any criterion, and the lines show the appearance of the MDs
when the criterion is applied. The CPAHs for the �rst and second group MDs in
the anodic pin half-cycles are shown in the bottom. In this diagrams, the gray
areas show the CPAHs without applying any criterion, and the line plots show
the CPAHs when the criterion is applied, b) statistical study with the criterion
that the current pulse amplitudes of the MDs in cathodic pin half-cycle are higher
than 1000 mA.
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Figure 4.11.: Accumulated (for 1 second) current-voltage oscillogram of the BC discharge in
the presence of 35 ppm toluene additive and the comparison of the current pulse
appearance histograms for dry air with and without toluene admixture.

temporal development and the morphology of the MDs does change by adding toluene to the
air. However, the discharge behavior is changed signi�cantly in the presence of toluene. In
the anodic pin half-cycle, current pulse amplitudes of the �rst group MDs are much higher
compared to the ones in dry air, while current pulse amplitudes of the second group MDs are
not changed signi�cantly. The comparison of the current pulse appearance histograms for dry
air with and without toluene admixture shows that the appearance of both MD groups is shifted
to later phases. In the cathodic pin half-cycle, the discharge activity is concentrated in the �rst
10 µs and the maximum current pulse amplitude is only 220 mA.
An important observation is that by adding toluene the breakdown voltage of the discharge
drops by 500 V. However, the experiment was conducted at the same applied voltage amplitude
as dry air (5.75 kV). Therefore, the discharge is operated at over-voltage. The reduction of
the breakdown voltage can be related to the lower ionization energy of toluene (8.8 eV) [94]
compared to molecular oxygen (12.1 eV) and nitrogen (15.6 eV). Due to the lower ionization
energy of the toluene molecule, electrons with lower energies can also cause electron impact
ionization collisions. Therefore, the gas is ionized at lower electric �elds (applied voltages)
compared to dry air.
Due to the over-voltage, the discharge activity in the anodic pin half-cycle is increased by
stronger �rst group MDs. In addition, the appearance of the MDs is shifted to higher applied
voltages. Because of the increased surface charge deposition on the dielectric surface and the
later appearance of the MDs in the anodic pin half-cycle, the breakdown in the cathodic pin
half-cycle mostly takes place at lower applied voltages. Similar to dry air, the DBD-like MDs
appearing in these phases have much lower current pulse amplitudes compared to the transient
sparks. The study also shows appearance of a coating on the dielectric electrode, which also
e�ects the discharge behavior (see [Article II] for more details).



5. Conclusion and outlook

This dissertation is the �rst study employing multi-dimensional TC-SPC technique together
with optical and electrical diagnostics and statistical studies in order to investigate single MDs
in a metal pin to dielectric-covered electrode (barrier corona) arrangement. Di�erent types
of microdischarges, e.g. DBDs and transient sparks, and streamer breakdowns, e.g. positive
streamer and double-streamer breakdowns, are observed and investigated in the BC discharge.
In general, the obtained results contribute to a better understanding of the e�ects of volume
and surface memory e�ects on the spatio-temporal development of di�erent types of streamer
discharges. In addition, this study gives a more precise view about the relation between the
spatio-temporally resolved photon emission (or spatio-temporal development) of the MDs and
their external current and morphology. These �nding can be of interest for di�erent applications
of atmospheric pressure plasmas and streamer discharges, e.g. for the optimization of the CAPP
reactors. The results can also be useful for the understanding of partial discharges, which are
an important problem in the insulation of high-voltage electrical devices, such as transformers.
It is proposed, for the �rst time, that the maximum of the current pulse derivative corresponds to
the arrival of the positive streamer on the cathode surface. The idea originates from focusing on
the physics of positive streamer propagation in the gap. By further propagation of the streamer,
the streamer head velocity and electric �eld increase, resulting in an increasing ionization rate.
However, this is hindered by the impact of the streamer on the cathode surface. Hence, the
derivative of the current reaches its maximum value when the streamer arrives on the cathode
surface. This �nding is used to synchronize the spatio-temporal development of the MDs
(obtained using the TC-SPC technique) and their averaged current pulses.
It is shown that the formation and expansion of the bulk plasma and also the increase of
external current are correlated with the dynamics of the surface streamer. This is done by a
detailed investigation of spatio-temporal development of subsequent MDs (second group MDs)
in the anodic pin half-cycle and its synchronization with the averaged current pulse. When
the positive residual surface charges, deposited by �rst group MDs, decelerate the propagation
of the surface streamer in the second group MDs, the bulk plasma cannot expand in the gap
and the external current does not rise. These become only possible when the surface streamer
overcomes the barrier of positive residual surface charges and starts to propagate with much
higher velocities. These �ndings show the bene�ts of high-resolution and phase-resolved current
measurements in �lamentary discharges, which can give information about the spatio-temporal
development of MDs.
The TC-SPC results show that when an MD appears at lower applied voltage in cathodic
pin polarity, the breakdown mechanism is based on positive streamer breakdown near the
anode (dielectric) similar to single DBDs. On the other hand, when an MD appears at higher
voltages, the breakdown mechanism is based on double-streamer breakdown near the cathode
(pin) tip, similar to transient sparks. The phase-resolved CPAHs indicate that in the phase-
intervals where single DBDs appear, the CPAHs do not change signi�cantly by the increased
applied voltage. However, in the phase-intervals where the transient sparks appear, the CPAHs
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are dependent on the applied voltage and are shifted to higher values by the increased applied
voltage. These results shows that such studies can give a hint about the breakdown mechanisms
of the MDs.
Furthermore, it is demonstrated that the statistical study of appearance phase and amplitude
of current pulses can help to understand the interactions between the preceding and following
MDs. The investigation of the pre-conditions leading in appearance of the MDs at di�erent
phase of cathodic pin half-cycle showed that if a second group MD in an anodic pin half-cycle
appears at later phases and has a higher current pulse amplitude, the MD in the following
cathodic pin half-cycle will most probably appear at earlier phases and will have a DBD-like
spatio-temporal development. On the other hand, when a second group MD appears earlier
and has a lower current pulse amplitude, the MD in the following catholic pin half-cycle will
most probably appear later and will have spatio-temporal development similar to transient
sparks. These methods can also be employed in applicational multi-�lament reactors, which
can possibly result in better understanding and control of the processes.
The main e�ect of 35 ppm toluene admixture is the reduction of the breakdown voltage. This
is due to the lower ionization threshold and higher ionization cross-section of toluene molecules,
which leads to higher electron impact ionization rate. Considering the reduction of the applied
voltage, it can be concluded that the discharge was operated at over-voltage, which results in a
higher discharge activity in the anodic pin half-cycle. Consequently, the MDs appear in earlier
phases of the cathodic pin with lower current pulses, similar to the results of the statistical
study described above.
The experiments of this dissertation are conducted in a single set of operational conditions and
discharge geometry. First experiments at 14 kV in dry air shows that by the appearance of
third MDs in the anodic pin half-cycle, the discharge appearance in the cathodic pin half-cycle
is concentrated in earlier phases of the applied voltage and the high-current pulses become rare.
As a future work, it is important to study the e�ects of operational parameters such as the
applied voltage and frequency and the gas composition and �owrate. Study of e�ects of pin
geometry (radius of curvature) and the gap distance can be helpful for the optimization of the
applicational plasma reactors.
Since the discharge arrangement in the current study mimics stacked DBD reactors used for
exhaust gas treatment [35,78], the �ndings of the dissertation, specially the study with toluene
additive, are planned to be used for the investigation and optimization of these devices. It is
also planned to employ the �ndings and the methods developed in this dissertation to study
the discharge behavior and characteristics in a DBD reactor with a metal knife and a rotating
dielectric-covered electrode, named as �RotDBD� reactor. This concept of DBD, explained
in more detail in chapter B of the appendix, enables the removal of the surface charges by
the rotation of the dielectric-covered electrode and employing a surface charge neutralization
process. When the surface charges are removed e�ectively, the discharge can be operated with
a DC applied voltage and the in�uence of surface charges on the discharge development can be
neglected [95,96].



Bibliography

[1] U Kogelschatz. Atmospheric-pressure plasma technology. Plasma Physics and Controlled
Fusion, 46(12B):B63, 2004.

[2] PJ Bruggeman and R Brandenburg. Atmospheric pressure discharge �laments and mi-
croplasmas: physics, chemistry and diagnostics. Journal of Physics D: Applied Physics,
46(46):464001, 2013.

[3] PJ Bruggeman, F Iza, and R Brandenburg. Foundations of atmospheric pressure non-
equilibrium plasmas. Plasma Sources Science and Technology, 26(12):123002, 2017.

[4] J Winter, R Brandenburg, and K-D Weltmann. Atmospheric pressure plasma jets:
an overview of devices and new directions. Plasma Sources Science and Technology,
24(6):064001, 2015.

[5] M Laroussi. Plasma medicine: A brief introduction. Plasma, 1(1):47�60, 2018.

[6] M López, T Calvo, M Prieto, R Múgica-Vidal, I Muro-Fraguas, F Alba-Elías, and
A Alvarez-Ordóñez. A review on non-thermal atmospheric plasma for food preservation:
mode of action, determinants of e�ectiveness, and applications. Frontiers in microbiology,
10, 2019.

[7] PK Chu and X-P Lu. Low temperature plasma technology: methods and applications. CRC
Press, 2013.

[8] MG Kong, G Kroesen, G Mor�ll, T Nosenko, T Shimizu, J Van Dijk, and JL Zimmermann.
Plasma medicine: an introductory review. new Journal of Physics, 11(11):115012, 2009.

[9] N Bibinov, P Rajasekaran, P Mertmann, DWandke, W Viol, and P Awakowicz. Biomedical
engineering, trends in materials science, chapter Basics and biomedical applications of
dielectric barrier discharge (DBD). InTech, Rijeka, Croatia, 2011.

[10] Sabrina Baldus, Daniel Schroeder, Nikita Bibinov, Volker Schulz-von der Gathen, and Pe-
ter Awakowicz. Atomic oxygen dynamics in an air dielectric barrier discharge: a combined
diagnostic and modeling approach. Journal of Physics D: Applied Physics, 48(27):275203,
2015.

[11] T Bernhardt, ML Semmler, M Schäfer, S Bekeschus, S Emmert, and L Boeckmann. Plasma
medicine: Applications of cold atmospheric pressure plasma in dermatology. Oxidative
medicine and cellular longevity, 2019:3873928, 2019.

[12] KH Becker, U Kogelschatz, KH Schoenbach, and RJ Barker. Non-equilibrium air plasmas
at atmospheric pressure. CRC press, 2004.

33



34 Bibliography

[13] U Kogelschatz. Dielectric-barrier discharges: their history, discharge physics, and industrial
applications. Plasma chemistry and plasma processing, 23(1):1�46, 2003.

[14] R Brandenburg. Dielectric barrier discharges: progress on plasma sources and on the
understanding of regimes and single �laments. Plasma Sources Science and Technology,
26(5):053001, 2017.

[15] KV Kozlov, H-E Wagner, R Brandenburg, and P Michel. Spatio-temporally resolved
spectroscopic diagnostics of the barrier discharge in air at atmospheric pressure. Journal
of Physics D: Applied Physics, 34(21):3164, 2001.

[16] KV Kozlov, R Brandenburg, H-E Wagner, AMMorozov, and P Michel. Investigation of the
�lamentary and di�use mode of barrier discharges in N2/O2 mixtures at atmospheric pres-
sure by cross-correlation spectroscopy. Journal of Physics D: Applied Physics, 38(4):518,
2005.

[17] R Brandenburg, H-E Wagner, AM Morozov, and KV Kozlov. Axial and radial develop-
ment of microdischarges of barrier discharges in N2/O2 mixtures at atmospheric pressure.
Journal of Physics D: Applied Physics, 38(11):1649, 2005.

[18] T Hoder, R Brandenburg, R Basner, K-DWeltmann, KV Kozlov, and H-EWagner. A com-
parative study of three di�erent types of barrier discharges in air at atmospheric pressure
by cross-correlation spectroscopy. Journal of Physics D: Applied Physics, 43(12):124009,
2010.

[19] R Brandenburg, M Bogaczyk, H Höft, S Nemschokmichal, R Tschiersch, M Kettlitz, L Stol-
lenwerk, T Hoder, R Wild, and K-D Weltmann. Novel insights into the development of
barrier discharges by advanced volume and surface diagnostics. Journal of Physics D:
Applied Physics, 46(46):464015, 2013.

[20] T Hoder, M �ernák, J Paillol, D Lo�hagen, and R Brandenburg. High-resolution mea-
surements of the electric �eld at the streamer arrival to the cathode: A uni�cation of the
streamer-initiated gas-breakdown mechanism. Physical Review E, 86(5):055401, 2012.

[21] T Hoder, D Lo�hagen, J Vorá£, MM Becker, and R Brandenburg. Analysis of the electric
�eld development and the relaxation of electron velocity distribution function for nanosec-
ond breakdown in air. Plasma Sources Science and Technology, 25(2):025017, 2016.

[22] A Obrusník, P Bílek, T Hoder, M �imek, and Z Bonaventura. Electric �eld determination
in air plasmas from intensity ratio of nitrogen spectral bands: I. sensitivity analysis and
uncertainty quanti�cation of dominant processes. Plasma Sources Science and Technology,
27(8):085013, 2018.

[23] P Bílek, A Obrusník, T Hoder, M �imek, and Z Bonaventura. Electric �eld determination
in air plasmas from intensity ratio of nitrogen spectral bands: II. reduction of the uncer-
tainty and state-of-the-art model. Plasma Sources Science and Technology, 27(8):085012,
2018.

[24] D Braun, U Küchler, and G Pietsch. Microdischarges in air-fed ozonizers. Journal of
Physics D: Applied Physics, 24(4):564, 1991.



Bibliography 35

[25] B Eliasson and U Kogelschatz. Modeling and applications of silent discharge plasmas.
IEEE transactions on plasma science, 19(2):309�323, 1991.

[26] D Braun, V Gibalov, and G Pietsch. Two-dimensional modelling of the dielectric barrier
discharge in air. Plasma Sources Science and Technology, 1(3):166, 1992.

[27] G Steinle, D Neundorf, W Hiller, and M Pietralla. Two-dimensional simulation of �laments
in barrier discharges. Journal of Physics D: Applied Physics, 32(12):1350, 1999.

[28] V Gibalov and G Pietsch. The development of dielectric barrier discharges in gas gaps and
on surfaces. Journal of Physics D: Applied Physics, 33(20):2618, 2000.

[29] L Papageorghiou, E Panousis, JF Loiseau, N Spyrou, and B Held. Two-dimensional mod-
elling of a nitrogen dielectric barrier discharge (DBD) at atmospheric pressure: �lament
dynamics with the dielectric barrier on the cathode. Journal of Physics D: Applied Physics,
42(10):105201, 2009.

[30] V Gibalov and G Pietsch. Dynamics of dielectric barrier discharges in di�erent arrange-
ments. Plasma Sources Science and Technology, 21(2):024010, 2012.

[31] B Eliasson, M Hirth, and U Kogelschatz. Ozone synthesis from oxygen in dielectric barrier
discharges. Journal of Physics D: Applied Physics, 20(11):1421, 1987.

[32] M Kettlitz, H Höft, T Hoder, S Reuter, K-D Weltmann, and R Brandenburg. On the
spatio-temporal development of pulsed barrier discharges: in�uence of duty cycle variation.
Journal of Physics D: Applied Physics, 45(24):245201, 2012.

[33] H Höft, M Kettlitz, MM Becker, T Hoder, D Lo�hagen, R Brandenburg, and K-D Welt-
mann. Breakdown characteristics in pulsed-driven dielectric barrier discharges: in�uence
of the pre-breakdown phase due to volume memory e�ects. Journal of Physics D: Applied
Physics, 47(46):465206, 2014.

[34] YS Akishev, AV Dem'yanov, VB Karal'nik, AE Monich, and NI Trushkin. Comparison of
the ac barrier corona with dc positive and negative coronas and barrier discharge. Plasma
Physics Reports, 29(1):82�91, 2003.

[35] M Schmidt, R Basner, and R Brandenburg. Hydrocarbon assisted NO oxidation with non-
thermal plasma in simulated marine diesel exhaust gases. Plasma Chemistry and Plasma
Processing, 33(1):323�335, 2013.

[36] Y Zhu, T Takada, K Sakai, and D Tu. The dynamic measurement of surface charge
distribution deposited from partial discharge in air by Pockels e�ect technique. Journal of
Physics D: Applied Physics, 29(11):2892, 1996.

[37] OA Emelyanov and MV Shemet. Single dielectric barrier discharge characteristics in
needle-to-plane con�guration. Journal of Physics D: Applied Physics, 47(31):315201, 2014.

[38] Arne M Vandenbroucke, Rino Morent, Nathalie De Geyter, and Christophe Leys. Non-
thermal plasmas for non-catalytic and catalytic voc abatement. Journal of Hazardous
Materials, 195:30�54, 2011.



36 Bibliography

[39] MA Lieberman and AJ Lichtenberg. Principles of plasma discharges and materials pro-
cessing. MRS Bulletin, 30(12):899�901, 1994.

[40] P Chabert and N Braithwaite. Physics of radio-frequency plasmas. Cambridge University
Press, 2011.

[41] GS Oehrlein and S Hamaguchi. Foundations of low-temperature plasma enhanced materials
synthesis and etching. Plasma Sources Science and Technology, 27(2):023001, 2018.

[42] EM Bazelyan and YP Raizer. Spark discharge. CRC press, 1997.

[43] AB Murphy and D Uhrlandt. Foundations of high-pressure thermal plasmas. Plasma
Sources Science and Technology, 27(6):063001, 2018.

[44] F Paschen. Ueber die zum Funkenübergang in Luft, Wassersto� und Kohlensäure bei
verschiedenen Drucken erforderliche Potentialdi�erenz. Annalen der Physik, 273(5):69�96,
1889.

[45] NSJ Braithwaite. Introduction to gas discharges. Plasma Sources Science and Technology,
9(4):517, 2000.

[46] E Wagenaars. Plasma breakdown of low-pressure gas discharges. PhD thesis, Eindhoven
University of Technology, 2006.

[47] LB Loeb and AF Kip. Electrical discharges in air at atmospheric pressure the nature of
the positive and negative point-to-plane coronas and the mechanism of spark propagation.
Journal of Applied Physics, 10(3):142�160, 1939.

[48] H Raether. Die Entwicklung der Elektronenlawine in den Funkenkanal. Zeitschrift für
Physik, 112(7-8):464�489, 1939.

[49] JM Meek. A theory of spark discharge. Physical review, 57(8):722, 1940.

[50] S Nijdam. Experimental investigations on the physics of streamers. PhD thesis, Eindhoven
University of Technology, 2011.

[51] A Luque, V Ratushnaya, and U Ebert. Positive and negative streamers in ambient air:
modelling evolution and velocities. Journal of Physics D: Applied Physics, 41(23):234005,
2008.

[52] GWormeester, S Pancheshnyi, A Luque, S Nijdam, and U Ebert. Probing photo-ionization:
simulations of positive streamers in varying N2: O2-mixtures. Journal of Physics D:
Applied Physics, 43(50):505201, 2010.

[53] S Nijdam, J Teunissen, E Takahashi, and U Ebert. The role of free electrons in the guiding
of positive streamers. Plasma Sources Science and Technology, 25(4):044001, 2016.

[54] U Kogelschatz. Filamentary, patterned, and di�use barrier discharges. IEEE Transactions
on plasma science, 30(4):1400�1408, 2002.



Bibliography 37

[55] Françoise Massines, N Gherardi, N Naudé, and P Ségur. Recent advances in the under-
standing of homogeneous dielectric barrier discharges. The European Physical Journal-
Applied Physics, 47(2), 2009.

[56] S Baldus, F Kogelheide, N Bibinov, K Stapelmann, and P Awakowicz. Phase resolved
analysis of the homogeneity of a di�use dielectric barrier discharge. Journal of Physics D:
Applied Physics, 48(37):375202, 2015.

[57] K Ellmer, R Hippler, H Kersten, M Schmidt, and KH Schoenbach. Low Temperature
Plasmas. Fundamentals, Technologies and Techniques. Wiley-VCH, Berlin, 2008.

[58] U Kogelschatz. Collective phenomena in volume and surface barrier discharges. In Journal
of Physics: Conference Series, volume 257, page 012015. IOP Publishing, 2010.

[59] H Höft, MM Becker, and M Kettlitz. Impact of gas �ow rate on breakdown of �lamentary
dielectric barrier discharges. Physics of Plasmas, 23(3):033504, 2016.

[60] A Bourdon, Z Bonaventura, and S Celestin. In�uence of the pre-ionization background
and simulation of the optical emission of a streamer discharge in preheated air at atmo-
spheric pressure between two point electrodes. Plasma Sources Science and Technology,
19(3):034012, 2010.

[61] S Nijdam, G Wormeester, EM Van Veldhuizen, and U Ebert. Probing background ioniza-
tion: positive streamers with varying pulse repetition rate and with a radioactive admix-
ture. Journal of Physics D: Applied Physics, 44(45):455201, 2011.

[62] S Nemschokmichal, R Tschiersch, H Höft, R Wild, M Bogaczyk, MM Becker, D Lo�hagen,
L Stollenwerk, M Kettlitz, R Brandenburg, and J Meichsner. Impact of volume and surface
processes on the pre-ionization of dielectric barrier discharges: advanced diagnostics and
�uid modeling. The European Physical Journal D, 72(5):89, 2018.

[63] YS Akishev, G Aponin, A Balakirev, M Grushin, V Karalnik, A Petryakov, and
N Trushkin. `memory'and sustention of microdischarges in a steady-state DBD: Volume
plasma or surface charge? Plasma Sources Science and Technology, 20(2):024005, 2011.

[64] S Célestin, G Canes-Boussard, O Guaitella, A Bourdon, and A Rousseau. In�uence of
the charges deposition on the spatio-temporal self-organization of streamers in a DBD.
Journal of Physics D: Applied Physics, 41(20):205214, 2008.

[65] R Brandenburg, H Grosch, T Hoder, and K-D Weltmann. Phase resolved cross-correlation
spectroscopy on surface barrier discharges in air at atmospheric pressure. The European
Physical Journal-Applied Physics, 55(1), 2011.

[66] T Hoder, P Synek, D Chorvát, R Brandenburg, and M �ernák. Complex interaction of
subsequent surface streamers via deposited charge: a high-resolution experimental study.
Plasma Physics and Controlled Fusion, 59(7):074001, 2017.

[67] J-S Chang, PA Lawless, and T Yamamoto. Corona discharge processes. IEEE Transactions
on plasma science, 19(6):1152�1166, 1991.



38 Bibliography

[68] M Janda, T Hoder, A Sarani, R Brandenburg, and Z Machala. Cross-correlation spec-
troscopy study of the transient spark discharge in atmospheric pressure air. Plasma Sources
Science and Technology, 26(5):055010, 2017.

[69] GW Trichel. The mechanism of the negative point to plane corona near onset. Physical
Review, 54(12):1078, 1938.

[70] P Sattari, CF Gallo, GSP Castle, and K Adamiak. Trichel pulse characteristics�negative
corona discharge in air. Journal of Physics D: Applied Physics, 44(15):155502, 2011.

[71] YS Akishev, M Grushin, I Kochetov, V KaralNik, A Napartovich, and N Trushkin. Neg-
ative corona, glow and spark discharges in ambient air and transitions between them.
Plasma Sources Science and Technology, 14(2):S18, 2005.

[72] RJ Van Brunt, M Misakian, SV Kulkarni, and VK Lakdawala. In�uence of a dielectric
barrier on the stochastic behaviour of trichel-pulse corona. IEEE transactions on electrical
insulation, 26(3):405�415, 1991.

[73] M Petit, A Goldman, and M Goldman. Glow currents in a point-to-plane dielectric barrier
discharge in the context of the chemical reactivity control. Journal of Physics D: Applied
Physics, 35(22):2969, 2002.

[74] H-B Mu, G-J Zhang, Y Komiyama, S Suzuki, H Miyake, Y Tanaka, and T Takada. Inves-
tigation of surface discharges on di�erent polymeric materials under hvac in atmospheric
air. IEEE Transactions on Dielectrics and Electrical Insulation, 18(2):485�494, 2011.

[75] B Qi, J Huang, Y Qiu, Y Liu, and L Liu. Diagnosis of the ion density in two discharge
modes generated in atmospheric pressure argon with pin-to-plate dielectric barrier geom-
etry. Physics of Plasmas, 18(8):083302, 2011.

[76] MM Becker, T Hoder, D Lo�hagen, L Ramoino, and M Kettlitz. Variation of the break-
down voltage with ozone concentration in dielectric barrier discharges. In 31st ICPIG,
Granada, Spain, 2013. Topic number 10.

[77] OA Emelyanov and MV Shemet. Study of the mechanisms of barrier discharge development
in the needle�plane system. Surface Engineering and Applied Electrochemistry, 52(6):579�
583, 2016.

[78] S Müller and R-J Zahn. Air pollution control by non-thermal plasma. Contributions to
Plasma Physics, 47(7):520�529, 2007.

[79] I Belov, S Paulussen, and A Bogaerts. Appearance of a conductive carbonaceous coating
in a CO2 dielectric barrier discharge and its in�uence on the electrical properties and the
conversion e�ciency. Plasma Sources Science and Technology, 25(1):015023, 2016.

[80] W Becker. The bh TCSPC handbook. Becker & Hickl, 2014.

[81] Tektronix. Triggering Fundamentals. Tektronix Inc., 2011.

[82] PN Bondarenko, V Belko, OA Emelyanov, and MV Shemet. Matrix method of surface
charge distribution measurement for pd series prediction and recognition. In Dielectrics
(ICD), 2016 IEEE International Conference on, volume 1, pages 468�471. IEEE, 2016.



Bibliography 39

[83] PN Bondarenko, OA Emelyanov, and MV Shemet. Investigation of a single barrier dis-
charge in submillimeter air gaps. nonuniform �eld. Technical Physics, 59(8):1127�1135,
2014.

[84] I Radu, R Bartnikas, and MR Wertheimer. Dielectric barrier discharges in helium at
atmospheric pressure: experiments and model in the needle-plane geometry. Journal of
Physics D: Applied Physics, 36(11):1284, 2003.

[85] GV Naidis. Positive and negative streamers in air: velocity-diameter relation. Physical
Review E, 79(5):057401, 2009.

[86] H Höft, MM Becker, and M Kettlitz. Correlation of axial and radial breakdown dynamics
in dielectric barrier discharges. Plasma Sources Science and Technology, 27(3):03LT01,
2018.

[87] TMP Briels, J Kos, GJJ Winands, EM Van Veldhuizen, and Ute Ebert. Positive and
negative streamers in ambient air: measuring diameter, velocity and dissipated energy.
Journal of Physics D: Applied Physics, 41(23):234004, 2008.

[88] JY Won and PF Williams. Experimental study of streamers in pure N2 and N2/O2
mixtures and a 13 cm gap. Journal of Physics D: Applied Physics, 35(3):205, 2002.

[89] ER Williams. Problems in lightning physics�the role of polarity asymmetry. Plasma
Sources Science and Technology, 15(2):S91, 2006.

[90] MM Becker, T Hoder, R Brandenburg, and D Lo�hagen. Analysis of microdischarges in
asymmetric dielectric barrier discharges in argon. Journal of Physics D: Applied Physics,
46(35):355203, 2013.

[91] H-H Kim. Nonthermal plasma processing for air-pollution control: a historical review,
current issues, and future prospects. Plasma Processes and Polymers, 1(2):91�110, 2004.

[92] M Magureanu. Plasma chemistry and catalysis in gases and liquids, chapter VOC Removal
from Air by Plasma-Assisted Catalysis-Experimental Work. Wiley-VCH, Weinheim, Ger-
many, 2012.

[93] B O�erhaus, J-W Lackmann, F Kogelheide, V Bracht, R Smith, N Bibinov, K Stapelmann,
and P Awakowicz. Spatially resolved measurements of the physical plasma parameters
and the chemical modi�cations in a twin surface dielectric barrier discharge for gas �ow
puri�cation. Plasma Processes and Polymers, 14(10):1600255, 2017.

[94] YK Kim, KK Irikura, ME Rudd, MA Ali, PM Stone, J Chang, JS Coursey, RA Dragoset,
AR Kishore, KJ Olsen, AM Sansonetti, GG Wiersma, DS Zucker, and MA Zucker.
Electron-Impact Ionization Cross Section for Ionization and Excitation Database (version
3.0). [Online] Available: http://physics.nist.gov/ionxsec [2019, June 16]. National Institute
of Standards and Technology, Gaithersburg, MD, 2004.

[95] VV Andreev and YP Pichugin. Study of low-temperature plasma between rotating elec-
trodes. Plasma Physics Reports, 40(6):481�487, 2014.



40 Bibliography

[96] VV Andreev, R Brandenburg, A Sarani, and M Kettlitz. Investigation of single �laments
in a dielectric barrier discharge with rotating electrode. In 15th High Pressure Low Tem-
perature Plasma Chemistry Symposium (HAKONE), 2016.



6. Thesis articles

Article I
�Single microdischarges in a barrier corona arrangement with an anodic metal pin: discharge
characteristics in subsequent breakdowns�
Jahanbakhsh, S.; Brüser, V.; Brandenburg, R., Plasma Sources Science and Technology,
2018, Vol. 27, No. 11, pp. 115011.
SJ adapted the experimental setup for the investigation of the BC discharge. SJ performed the
experiments, and prepared and analyzed the results. These were discussed with RB and VB.
SJ wrote the manuscript based on these discussions, which was edited by all authors.

Article II
�About the development and dynamics of microdischarges in toluene-containing air�
Brandenburg, R.; Jahanbakhsh, S.; Schiorlin, M.; Schmidt, M., Plasma Chemistry and
Plasma Processing, 2019, Vol. 39, No. 3, pp. 667-682.
M. Schiorlin and M. Schmidt prepared the toluene supply. M. Schiorlin measured the toluene
concentrations. SJ performed the experiments and prepared the results. RB and SJ analyzed
the results and discussed them with M. Schiorlin and M. Schmidt. RB wrote the manuscript,
which was edited by all authors.

Article III
�Correlation between electric �eld, current and photon emission in subsequent barrier corona
microdischarges�
Jahanbakhsh, S.; Hoder, T.; Brandenburg, R., Journal of Applied Physics, 2019, vol. 126,
No. 19, pp. 193305.
SJ came up with the idea about derivative of current pulse. SJ performed the experiments,
and prepared and analyzed the results. TH did the E/n analysis. The results were discussed
with RB and TH. Based on these discussions, SJ and partly RB wrote the manuscript, which
was edited by all authors.

Article IV
�Experimental investigation of single microdischarges in a barrier corona arrangement with a
cathodic metal pin�
Jahanbakhsh, S.; Brüser, V.; Brandenburg, R., Plasma Sources Science and Technology,
2020, Vol. 29, No. 1, pp. 115011.
SJ performed the experiments, and prepared and analyzed the results. These were discussed
with RB and VB. SJ wrote the manuscript based on these discussions, which was edited by all
authors.

41



[This Page Intentionally Left Blank.]



CHAPTER 6. THESIS ARTICLES 43

Article I
Jahanbakhsh, S.; Brüser, V.; Brandenburg, R.,�Single microdischarges in a barrier corona ar-
rangement with an anodic metal pin: discharge characteristics in subsequent breakdowns,�Plasma
Sources Science and Technology, 2018, Vol. 27, No. 11, pp. 115011.

DOI: https://doi.org/10.1088/1361-6595/aaec5f

https://doi.org/10.1088/1361-6595/aaec5f


[This Page Intentionally Left Blank.]



Single microdischarges in a barrier corona
arrangement with an anodic metal pin:
discharge characteristics in subsequent
breakdowns

Sina Jahanbakhsh1 , Volker Brüser1 and Ronny Brandenburg1,2

1 Leibniz Institute for Plasma Science and Technology (INP), Felix-Hausdorf-Str. 2, D-17489 Greifswald,
Germany
2 Institute of Physics, University of Rostock, Albert-Einstein-Str. 23-24, D-18051 Rostock, Germany

E-mail: sina.jahanbakhsh@inp-greifswald.de

Received 30 August 2018, revised 23 October 2018
Accepted for publication 29 October 2018
Published 22 November 2018

Abstract
Metal pin-to-dielectric-covered electrode arrangements can be considered as a combination of
corona discharge and dielectric barrier discharge. In the current study, the discharge is operated
in dry air at atmospheric pressure. Sinusoidal voltage is applied to the dielectric-covered
hemispherical electrode, and the metal pin electrode is grounded. Using an ICCD camera and a
current probe (Rogowski coil), images and current pulses of single microdischarges (MDs) are
recorded simultaneously. In addition, a time-correlated single photon counting technique is used
to record the spatio-temporally resolved development of the MDs. The appearance and properties
of the MDs in the two polarities of the applied voltage differ significantly. In this contribution,
only the results of the negative half-cycle, i.e. anodic pin, are presented. In this half-cycle, for the
voltage amplitude being applied, two MDs appear in each applied voltage cycle. The first MDs
leave a positive charge on the surface of the dielectric, which has considerable influence on the
propagation and properties of the second MDs, namely slower propagation of the cathode
directed streamer in the dielectric vicinity, further expansion of the plasma on the dielectric
surface and longer presence of the bulk plasma in the gap.

Supplementary material for this article is available online

Keywords: dielectric barrier discharge (DBD), barrier corona discharge, partial discharge (PD),
time-correlated single photon counting, current pulse histograms

1. Introduction

Dielectric barrier discharges (DBDs) and corona discharges
are used to generate non-thermal atmospheric pressure plas-
mas, which have attracted much attention in industry. DBDs
are characterized by at least one dielectric layer placed
between the metal electrodes. Charge deposition on the sur-
face of the dielectric limits the transferred charge and prevents
transition to spark or arc [1, 2]. Corona discharges are created
in a pin-to-plane or wire-in-cylinder arrangement. Due to
local electric field strength enhancement, the breakdown
occurs near the tip of the pin electrode and the plasma

expands to the gap. Local increase of the electric field near the
tip of the pin allows the corona discharges to be ignited at
lower applied voltages compared to plane-parallel discharge
arrangements [3]. A pin-to-dielectric coated electrode
arrangement features a combination of DBDs and corona
discharges and is referred as barrier corona (BC) [4]. Indeed,
many technological applications of DBDs have an asym-
metric electrode arrangement. In addition, discharges created
between the sharp edges of the electricity carrying metals and
voids of the insulations are called partial discharges (PDs).
Study of PDs is important in terms of insulation degradation
and failure [5].
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In most cases, DBDs and corona discharges are fila-
mentary plasmas, i.e. the plasma consists of thin (∼100μm
diameter) channels called filaments. Each filament is a result
of numerous repetitive and transient microdischarges (MDs).
MDs in atmospheric pressure air are characterized by the
formation of positive streamers in the gap and its propagation
towards the cathode, an anode glow existing for several
nanoseconds and a decay phase due to charge deposition [1,
6–8]. Understanding the different properties of single MDs is
a key point to gain an insight into the parameters and
chemistry of filamentary plasmas. Hence, several theoretical,
numerical and experimental studies have been conducted to
investigate different aspects of the single MDs, such as
streamer propagation, plasma channel formation and decay,
and build-up and behavior of the surface charges [7, 9–14].

A majority of previous studies about asymmetric DBDs
have employed metal pin to dielectric-covered plane electrode
arrangements. Zhu et al [15] and Mu et al [16] studied the
residual charges on the dielectric surface in such an
arrangement. Akishev et al [4] studied electrical properties of
discharges in a pin-to-plane arrangement in different gases
(gap distance: 1.5–30mm). Petit et al [17] observed low
current glow discharges in both polarities of the pin. Qi et al
[18] employed plasma radiation measurements to calculate
the ion density of the MDs in argon. Becker et al [19] con-
ducted an experimental and numerical study of DBD in a pin-
to-hemisphere arrangement in ozone–oxygen mixtures.
Emelyanov et al [20, 21] studied breakdown voltage, residual
surface charges, and current pulse oscillograms and
amplitudes.

Despite a considerable number of studies conducted on
pin-to-plane DBD arrangements, a detailed understanding of
the discharge is still missing, and there are even some con-
tradictions between different studies. As an example, Akishev
et al [4] claimed that the effect of the surface processes are
negligible in air BC, while Emelyanov et al [20] considered
these processes as the governing part of the MDs in a similar
discharge arrangement. In the present study we have
employed spatio-temporal and phase-resolved time correlated
single photon counting (TC-SPC) combined with ICCD
images and electrical measurements in order to investigate the

development of MDs of an asymmetric DBD arrangement
with a sufficient, namely sub-mm and sub-ns, resolution.

The BC arrangement being investigated is sketched in
figures 1(a) and 1(b) shows the accumulated voltage and
current wave-from on the oscilloscope. In this figure, the
yellow curve is the applied voltage and the purple lines are
current pulses accumulated over 1 s, which corresponds to
approximately 7500 cycles. It can be seen in figure 1(b) that
for the anodic pin (negative half-cycle of the applied voltage)
there are two groups of MDs, separated by a region with
nearly no current pulses. It indicates that two current pulses
(MDs) appear in each negative half-cycle. On the other hand,
MDs of the cathodic pin half-cycle show an erratic behavior
in terms of the current pulse amplitude and inception phase.
In this half-cycle usually just one current pulse appears, but
two or even more current pulses could also be observed.
Because of these differences in the appearance of current
pulses and different mechanisms governing the MDs of the
anodic and cathodic pin, we have decided to present only the
results of anodic pin half-cycle in the current contribution. In
addition to general properties of the MDs in this half-cycle,
by investigating the second MDs, current study tries to
explain how residual volume and surface charges remaining
from first MDs can effect the streamer propagation (in the
volume and on the dielectric surface), and MD dynamics in
the subsequent second MDs. The employed multi-dimen-
sional TC-SPC unit allows phase-resolved recording of MDs
and thus, to investigate the discharge development in different
phases of the applied sinusoidal voltage.

It is known that by applying sufficient overvoltage, two
or more MDs can be obtained in each half-cycle of sinu-
soidally-driven single DBD arrangements [22]. Few studies
are available in the literature concentrating on the properties
and dynamics of subsequent MDs in DBDs. Celestin et al
[23] conducted an statistical study about the relation between
the applied voltage amplitude and number of MDs appearing
in one half-cycle. Brandenburg et al [24] obtained 4 MDs in
one half-cycle of a surface DBD, and studied the different
propagation of these MDs using ICCD images. Becker et al
[25] and Avtaeva [26] modeled plane-to-plane DBDs with
subsequent MDs in argon and Xe–Cl2 mixtures, respectively.

Figure 1. (a) Sketch of the electrode geometry and power connections, (b) accumulated voltage and current wave-from on the oscilloscope
during the experiments, purple lines show accumulated current pulses for several applied voltage cycles accumulated over 1 s.
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Emelyanov et al [20, 21] studied surface charges of sub-
sequent MDs in pin-to-plane DBD arrangements. Using
ICCD images and TC-SPC technique, Hoder et al [27] stu-
died the interaction of subsequent MDs in a coplanar barrier
discharge at slightly reduced pressure which enables MDs
without phasial jitter.

This paper is organized as follows: in section 2 the
experimental setup is described in detail, and the diagnostic
devices are introduced. In section 3 experimental results are
presented, which are discussed in section 4. The conclusions
of the study are given in section 5.

2. Experimental set-up and measurement methods

2.1. Discharge cell and diagnostics

Details of the discharge cell and electrode geometry, and
power and gas connections are shown in figure 2. A photo of
the discharge during the experiment is also presented in
figure 2(b). The discharge cell and the dielectric-coated
hemispherical electrode are the same as the ones in [10]. The
hemispherical electrode is covered with Alumina (Al O2 3,

9re » , thickness: 0.5mm). The radius of the curvature of
this electrode is 2mm. The pin electrode is made of stainless-
steel and its radius of curvature at the tip is 0.2mm. The gap
distance between the electrodes is 1mm. The discharge is
operated at atmospheric pressure, and dry air at 300 SCCM
flowrate is used to flush the cell from the bottom to the top. A
sinusoidal voltage at 7.5kHz (period: 134μs) is applied to
the hemispherical electrode and the pin is grounded. The
minimum applied voltage for the operation of a stable plasma
is 11.5 kVp p- , and this value is kept constant during all
experiments.

A schematic of the diagnostic setup is shown in figure 3.
The diagnostic methods are as follows: electrical (current and
voltage measurements), morphology of the discharge by
taking ICCD images, and photon counting (spatio-temporally

resolved discharge development using TC-SPC technique). A
current probe (Tektronix CT1, bandwidth: 1GHz) is sur-
rounding the connection of the pin to the ground, and a
Tektronix P6015A voltage probe is connected to the high-
voltage side. Both probes are connected to the oscilloscope
(Tektronix DPO4104, bandwidth: 1GHz, sample rate:
5GHz). A mirror guides the light from the discharge to the
ICCD camera (Andor iStar) through a lens. For the TC-SPC
measurements this mirror is removed, and the light goes to a
monochromator (MC) (Princeton Instrument SP2300)
entrance via a scanning mirror, and finally to the photo-
multiplier 1 (PMT1) (Hamamatsu PMC-100-04). Based on
the height of the MC entrance slit, the height of the TC-SPC
recordings is 1 mm around the central axis, as shown in
figure 5(b).

As shown in figure 3, the high-voltage as well as the
diagnostic devices are controlled by a trigger signal generated
in the TC-SPC unit, which is triggering a delay generator
(DG, Princeton Instruments DG535). Outputs of the DG are
three different TTL signals triggering the sinusoidal power
source, determining the opening phase of the ICCD camera
gate, and a clock signal to the oscilloscope. Different delay
times can be set between these signals, which enables control
and synchronization between phased-resolved optical and
electrical measurements. The ICCD gate output signal is also
connected to the oscilloscope.

Light has two pathways in the TS-SPC measurements:
the first pathway is the one that generates ‘main signal’.
Photons emitted from the discharge go through the lens to the
scanning mirror, and to the MC entrance. The scanning mirror
is controlled by a scanner box and enables the one-dimen-
sional spatial resolution of the measurements along the axis of
the electrodes. The MC determines the wavelength of the
photons being detected by the PMT1. The electrical signals
generated by PMT1 are then delivered to the TC-SPC mod-
ule. The second pathway is for the synchronization signal of
the TC-SPC unit. This signal is for determining the time

Figure 2. (a) 3D drawing of the discharge cell together with the power and gas connections, (b) photo of the discharge during the
experiments, (c) 2D drawings of the electrodes.
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information of photons that are detected as the main signal
(for details see [28]). In this pathway, the photons are carried
with an optical fiber to PMT2. The electrical signal generated
in PMT2 is carried through a delay box to the TC-SPC
module as the so-called ‘sync signal’. The discharge is kept in
the same conditions during the long accumulation times of
TS-SPC measurements. Details of the TC-SPC technique and
unit, which records the spatio-temporally resolved discharge
development, are to be described in section 2.3.

2.2. Sampling of current pulses and control of ICCD recordings

As was discussed in section 1 (see figure 1), MDs appearing
at different phases of the applied high-voltage have different
behavior and parameters. Therefore, a phase-resolved sam-
pling and recording of the current pulses and ICCD images is
needed. In addition, distributions of current pulses amplitudes
and inception phases describe the statistics of the MDs.
Special methods were needed to be developed to conduct
such statistical analysis using the DPO4104 oscilloscope.

ICCD images were taken in two modes: single-shot and
accumulated. In single-shot and accumulated modes, the
‘integrate on chip’ option in the ICCD camera software
(Andor Solis I) is off and on, respectively. The ICCD
recording is triggered by the channel 1 of the delay generator.
By varying the delay between this output channel and the
input channel of the DG, it is possible to set the ICCD gate
opening to desired phases of the applied voltage. In single-
shot images, it is possible to record the current pulses, which
correspond to the taken pictures, by triggering the oscillo-
scope via the ICCD gate output signal. The exposure time for
all accumulated ICCD images is set to 10ms, which corre-
sponds to 74 applied voltage cycles.

Histograms of appearance of current pulses in the dif-
ferent phases of applied voltage cycle are obtained by using
the ‘histogram’ option of the DPO4104 oscilloscope in
‘horizontal mode.’

To distinguish between the current pulses of the two MD
groups, a phase-resolved sampling of the current pulses is
realized by using the ‘setup-and-hold’ triggering option of the
oscilloscope. In this triggering method, two signals, namely
‘clock’ and ‘data’, are used to trigger the oscilloscope
recording. The trigger occurs if the data signal (i.e. the current
pulse) edge transition occurs within a defined time-window of
the ‘clock signal’ (channel 3 of delay generator, see figure 3)
edge transition. ‘Setup’ and ‘hold’ indicate the time values
before and after the ‘clock signal’ transition, respectively.
This triggering method is used to obtain current pulse ampl-
itude histograms (CPAHs) for the first and second MD
groups. After setting the phase-shift between the clock signal
and applied voltage, the time-window is also adjusted
depending on the phase-range that each MD group appears
over the applied voltage half-cycle. The oscilloscope triggers
only if a current pulse appears in this time window. Then, a
gated measurement is defined in the oscilloscope, which
measures the amplitude of current pulses in the defined time-
window. This measurement is defined as a ‘mathematical
function’, and the source of the ‘vertical histogram’ is set to
be this mathematical function. The histogram data are
extracted by connecting the oscilloscope to a computer and a
software provided by the manufacturer (Tektronix open-
choice) is used to communicate with the device.

To obtain an averaged current pulse using the oscillo-
scope, the current pulse is selected as the ‘clock signal’ and
the signal delivered from the DG is selected as the ‘data

Figure 3. Schematic of the diagnostic setup.
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signal’ in setup-and-hold triggering. By adjusting the phase of
the signal delivered from the DG, and setting a time window
in the setup-and-hold triggering, it is possible to take aver-
aged current pulses in any phase-range of the applied voltage.
In order to avoid the possibility of double triggering in one
cycle (triggering on the subsequent current pulses in the same
cycle), a proper trigger hold-off time is set, which prevents
triggering twice in one cycle. The averaged current pulses are
obtained by averaging over 512 current pulses.

2.3. Multi-dimensional TC-SPC setup

Details of the TC-SPC unit are shown in figure 4. As
described in [29], the idea of TC-SPC (also referred to as
cross-correlation spectroscopy) is to accumulate single photon
signals of selected wavelength (‘main-signal’, PMT1) from
repetitive discharge events with their time information to
obtain a fine-temporal resolved light pulse.

The MDs occur at random phases of the applied voltage
cycle. Therefore, the measurement is synchronized by the
light pulse of the MDs (‘sync-signal’, PMT2). This procedure
is realized in the single photon counting board (Becker &
Hickl GmbH SPC-150) as follows: both PMT signals are
discriminated by constant fraction discriminators and the time
information is obtained by a time-to-amplitude converter
(TAC). A value ‘1’ is added in the segment of the SPC
memory at the corresponding time address (determined by an
analog-to-digital converter from the TAC value). The result of
the accumulation of several thousand photons is the light
pulse at a given position and selected wavelength with sub-ns
time resolution. The main-signal consists of random photon
pulses and the PMT1 requires operation at a high gain (about
108), while PMT2 pulses represent the full light pulse of the
MD detected at lower gain. Both PMTs are cooled to reduce

dark counts. The cooling and the gain are controlled via the
detector control card (Becker & Hickl GmbH DCC-100).
Since the time-information determination is based on a
coincidence, the sync-signal needs to be delayed. This is
realized by the delay box.

For the spatially resolved investigation of the MDs in
sinusoidal driven plasmas it is desired to record the light
pulses according to the phase of the sinusoidal voltage. Fur-
thermore, spatial information (i.e. resolution along the central
axis of the electrode arrangement) is needed. This is realized
by a so-called multi-dimensional TC-SPC technique. The
photon distribution is recorded as a function of additional
parameters (phase and position) controlling the addressing of
memory segments. Figure 4 shows a memory of 4×4 seg-
ments to demonstrate the principle, but, in our experiments
128×128 memory segments were used. The memory-seg-
ment-addressing is controlled by the scanner controller
(Becker & Hickl GmbH GVD-120). It generates two syn-
chronized signals, namely the trigger signal and the scan
control signal. The trigger signal is a sinusoidal signal, which
is delivered to the DG. The outputs of the DG are used to
trigger the sinusoidal power source and diagnostic devices,
see figure 3. Thus, the applied voltage and all the measure-
ments are synchronized via the trigger signal generated by the
scanner control. The sawtooth-like scanner control signal is
delivered to the galvanometer scanner (see figure 3), which
operates the rotating mirror. Thus, the discharge gap is
scanned automatically and spatial distributions of photon
histograms are obtained.

As a summary, a matrix with spatial and phasial
dimensions is measured, while each element of the matrix
contains a table with the fine-resolved photon distribution.
The theoretical time resolution is determined by the time-
window the TAC (current study: 50ns) and the number of

Figure 4. Schematic of the TC-SPC unit.
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memory elements for each segment (current study: 4096).
Thus, for the current study the highest possible time-resolu-
tion of the TC-SPC measurements is 12 ps. The phasial
resolution of the measurements could be obtained by dividing
one period to the phase memory segments (2π/128). This
phasial resolution allows one to distinguish between the
photons that are emitted from the different MD groups, and to
obtain the spatio-temporal developments separately. The
spatial resolution is determined by the magnification factor of
the discharge gap on the entrance slit of the MC (realized by a
lens, see figure 3) and the width of this slit. The axial spatial
resolution of the TC-SPC measurements in the current study
is 25μm.

3. Experimental results

3.1. Electrical measurements and morphology of MDs

As indicated in section 1, two MDs appear in each anodic pin
half-cycle. The MDs which appear first, are called ‘first group
MDs’ and subsequent second MDs are called ‘second group
MDs.’ In each anodic pin half-cycle, there are always one MD
belonging to the first group and one MD belonging to the
second group. Figure 5(a) shows the histogram of current
pulses appearance over the half-cycle. The existence of two
separate MD groups, with a region of almost no discharge
events between them, can be seen. First group MDs start to
appear approximately 1 μs after the beginning of the half-
cycle. There is a pronounced maximum at 2.8 μs in the his-
togram, and 55% of first group current pulses appear from
1.8 to 3.8 μs. 37% of first group MDs appear after 5 μs, and
probability of the appearance of a first group current pulse
after 14 μs is zero. The time-range for the appearance of the
second group MDs is from 14 to 42 μs. The length of this
time-range (28 μs) is nearly twice of the first group (14 μs). In
addition, compared to the first group distribution, a broader
peak at 17.4 μs is observed for the appearance of the second
group MDs. 46%, 47.5% and 6.5% of second group MDs
appear between 14–20, 20–30 and 30–42 μs respectively.
Thus, MDs are generated even after the maximum of the
applied voltage (at 33.5μs), although appearance probability
is low (2% of the second group MDs).

In order to investigate possible differences in the
morphology of MDs appearing in different phases of the
applied voltage, the accumulated ICCD images are taken for
the following time windows, labeled as W11 (0–5 μs) and W12

(5–14 μs) for the first group, and W21 (14–20 μs), W22

(20–30 μs) and W23 (30–42μs) for the second group MDs
(figure 5(a)). The accumulated ICCD images for each window
are presented in figure 5(b). Differences in the morphology of
the MDs can be seen in the gap as well as on the dielectric.
The ICCD images of individual MDs, presented in
figure 5(c), show that the discharge channel between the two
electrodes can be straight as well curved in both MD groups.
The overlap of both types of channels manifests as thicker
channels in the accumulated images. The accumulated ICCD
image of the first window for each group of MDs (W11 for the

first group and W21 for the second group) are wider compared
to the ICCD images of the later window(s) for the same
group. This difference is more obvious between W11 and W12.
It shows that there is a higher spatial scattering and bending of
MDs in the first time-window of each group. To investigate
the effect of the gas flow, a flowrate of 2000 SCCM is applied
to the gap and the accumulated ICCD images are taken for
both groups of MDs. The images, presented in figure 6, show
that at 2000 SCCM thin and straight plasma channels
(≈100 μm) develop without any bending in both MD groups.

The difference between the surface morphology of first
and second group MDs can be seen in accumulated and
single-shot ICCD images presented in figures 5 and 6. First
group MDs arrive and cover the center of the dielectric, and
the shape of the MD channels is similar to the conventional
shape of the discharge structure on a dielectric cathode, which
has been widely presented in the literature using different
imaging and charge measurement methods [7, 15, 16]. On the
other hand, ICCD images show that the second group MDs
avoid the center of the dielectric, and prominently propagate
to the sides of the surface. In the images of the single MDs it
is also observed that their channels can turn and propagate
radially. In addition, second group MDs are brighter on the
area of the surface that is close to the plasma channel in the
gap, and plasma channels cover longer distances on the di-
electric surface. These observations about the morphology of
subsequent MDs can also be found in literature, for volume
[23, 30], surface [24] and coplanar [27] DBDs, which are
attributed to the deposited surface charges from the preced-
ing MDs.

CPAHs of first and second group MDs are shown in
figure 7(a). Similar to the distribution of the appearance of
MDs over half-cycle (figure 5(a)), a pronounced maximum is
observed in the first group CPAH (at 150mA) and 91% of the
first group current pulses have an amplitude between 125 and
175mA. The distribution is approximately Gaussian, and
minimum and maximum current pulse amplitudes are 110 and
210mA, respectively. On the other hand, second group
CPAH is non-Gaussian and broader compared to the first
group CPAH. The maximum of the distribution is 100mA,
and 66% of current pulses have amplitudes between 75 and
125mA. The minimum and maximum current pulse ampli-
tudes are 50 and 350mA, respectively.

Averaged and single current pulses for both MD groups
are shown in figures 7(b) and (c), respectively. Figure 7(b)
shows that, in the starting part, value of the current is higher
in second group compared to the first group, but the first
group current pulse start a high-slope phase earlier, and thus,
its value exceeds the the second group current pulse at 3.5ns.
First group current pulse reaches a sharp maximum at 4.2ns,
followed by exponential decay. The second group current
pulse reaches a local maximum slightly later, at 4.4ns, and its
value is significantly lower. The current increase is inter-
rupted for 1.2ns after the first local maximum. The current
starts to increase again at 5.6 ns and reaches its global max-
imum at 8.7ns. The second group current pulse is longer
(135ns compared to 105ns), but decay phases of the both
pulses are similar. The dissipated charge for first and second
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group averaged current pulses are 1.79 and 2.16 nC,
respectively.

The current pulses of individual MDs presented in
figure 7(c) show the same general behavior as the averaged
current pulses. The first group current pulse is similar to the
current pulses of single DBD MDs in symmetric and asym-
metric arrangements [9, 31]. Similar current pulses for the
second group MDs can also be found in the literature for pin-
to-plane BC discharges, e.g. in [18, 32].

3.2. Spatio-temporal development of the MDs

Spatio-temporal development of the first and second group
MDs are presented in figure 8. As described in section 3.2,
multi-dimensional TC-SPC enables recording of the MD
development with fine phasial resolution of 2π/128=π/64
or 134/128=1.05 μs. Detailed analysis of single time-
channels shows that MD development in all time channels
corresponding to each MD group, i.e. 0–14 μs for the first
group MDs and 14–42 μs for the second group MDs, are the
same. Therefore, all phase channels of the time windows

Figure 5. (a) Histogram of current pulses appearance over the half-cycle, (b) accumulated ICCD images for each time window indicated in
‘a’. The green dashed strips show the area that is captured in the TC-SPC recordings, and (c) single-shot ICCD images of the first and second
group MDs.
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corresponding to first and second group MDs can be binned,
as in figure 8. The TC-SPC measurements are conducted for
0–0 transitions of the molecular bands of the second positive
system (SPS) (wavelength: 337 nm, excitation energy: 11 eV)
and first negative system (FNS) (wavelength: 391 nm, exci-
tation energy: 19 eV) of nitrogen. Details of these molecular
bands and their excitation and de-excitation processes in DBD
and other air plasmas operating at atmospheric pressure can
be found in the literature, e.g. [29]. Duration of SPS and FNS
measurements are 7 (≈1.88×108 cycles) and 12 h
(≈3.22×108 cycles), respectively. The TC-SPC measure-
ments are spatially resolved along the central axis of the
discharge arrangement. As the axial positions in figure 8, the
tips of the dielectric-coated electrode and metal pin electrode
are marked as 0 and 1 mm, respectively. Hence, the positions
with negative values indicate the dielectric surface. The time
axis of TC-SPC measurements is relative. The number of
recorded photons is shown in a color-coded logarithmic scale.

SPS signal is considered as a convolution of electron
density and the rate-coefficient for direct excitation of the
radiating state (N2(C)). Because of high excitation energy,
FNS signal visualizes developement of high electric field
strength [9, 29]. Hence, the SPS signal shows the overall
development of the plasma, while the FNS signal mainly
tracks the streamer head propagation in the gap and on the
cathode surface. The TC-SPC results presented in figure 8
show that both MD groups have the same development stages
that are well-known for single MDs in air [6, 7]. These
stages are:

(i) Townsend or pre-breakdown phase: in this stage, an
emission near the anode is observed for both MD
groups. The emission intensity of the SPS signal is
higher than the FNS signal. This shows that less
nitrogen molecules in N2

+-state, which emit FNS
photons, are generated. This indicates that, in the pre-
breakdown phase, the local electric field strength is not
sufficient to accelerate free electrons to higher energies.
For the second MDs, a weak but significant emission is

observed from 0 to 5ns in the whole gap. We propose
that the sources of this emission are the residual species
in the volume remaining from the first group MDs.

(ii) Positive streamer inception and propagation in the gap:
for both MD groups, the streamer inception takes place
approximately at 11ns. However, the position of the
streamer inception in the case of second group is
approximately 50 μm further away from the pin
compared to the first group streamer. By analyzing
the FNS measurements in figure 8, the velocities of the
streamer heads in the gap are determined. The results
are shown in figure 9. Between 0.7 to 0.2 mm distance
from the cathode, the velocities are approximately the
same. However, closer than 0.2 mm to the dielectric
surface, the acceleration of first group streamer is higher
compared to the second group streamer, and it reaches a
higher maximum velocity close to the cathode surface.
The FNS signals show that the second group streamer is
slightly ahead of the first group streamer in the gap, but
close to the dielectric surface first group streamer
propagates much faster and reaches the surface earlier
than the second group streamer.

(iii) Positive streamer arrival on the cathode surface and
bulk plasma (anode glow) formation: different streamer
propagation on the dielectric surface in each MD group
can be seen in SPS and FNS results of figure 8. To
discuss these differences, the maximum intensity
profiles of the FNS measurements, visualized in
figure 10(a), are compared to each other in
figure 10(b). As shown in this figure, the corresponding
smoothed FNS profiles for the surface streamers
propagation (after the streamer head arrival on the
dielectric surface) are scaled based on the distance on
the dielectric surface, by taking into account the surface
curvature. These profiles can be considered as a trace of
streamer head propagation for each MD groups. Each
profile is divided into sections with nearly constant
velocities. The values indicated on the profiles are in
mm ns–1 (106 m s–1). On the other hand, as indicated in

Figure 6. Accumulated ICCD images for the discharge at 2000 SCCM gas flowrate and 13.5 kVp p- applied voltage, (a) first group MDs, and
(b) second group MDs.

8

Plasma Sources Sci. Technol. 27 (2018) 115011 S Jahanbakhsh et al



figure 5(b), it should be considered that the height of the
strip in the TC-SPC recordings is 1 mm. The single-shot
ICCD images of figure 5(c) show that the streamer
channels do not always develop in the straight axial
direction. It means that the photons gathered from the
surface streamers are not only from the streamers
propagating in this direction, but also from discharge
channels developing in the directions deviating from the

straight axis. Therefore, it should be kept in mind that
the surface streamer velocities in figure 10 are under-
estimated for both groups. However, this does not affect
the general trend of the surface streamer propagation,
obtained from the TC-SPC results.

Figure 10(b) shows that first group steamer reaches
the dielectric surface about 200 ps earlier than the
second group streamer. For the first 900 ps after the

Figure 7. (a) Current pulse amplitude histograms, (b) averaged current pulses, and (c) single current pulses (corresponding to the single-shot
ICCD images presented in figure 5(c) of the first and second group MDs.

9

Plasma Sources Sci. Technol. 27 (2018) 115011 S Jahanbakhsh et al



streamer head arrival, the streamer velocities of both
MD groups are nearly the same. It means, despite of the
higher velocity of first group streamer close to the
surface, they are decelerated to the same velocity when
they impact the dielectric surface.

For both groups, the anode glow is formed near the
pin (anode) tip approximately 300 ps after the streamer

reaching the surface. In the first group MDs, 200 ps
after the anode glow formation near the tip, anode glow
encompasses the whole gap. SPS emission reaches its
maximum intensity 800 ps after the streamer arrival on
the dielectric surface. In case of second group MDs,
simultaneously with the arrival of the streamer on the
cathode and its propagation, a fast axial expansion of
the anode glow is obtained. However, at 15.5ns
(marked as 3 in figure 10(b)) the second group surface
streamer head starts to be decelerated more than the first
group, and the trajectories of the streamer heads deviate
from each other. The velocity of the second group
surface streamer becomes very low at 17.3ns (marked
as 4 in figure 10(b)). During this stage (from point 3 to
4), the axial expansion of the anode glow in the gap is
also slowed down, and it has not encompassed the
whole gap till 17.3ns. At point 4, the velocity of the
second group streamer jumps from 0.003 to
0.52 mm ns–1. Then, it propagates faster than the first
group streamer and also travels a longer distance on the
dielectric surface. Simultaneously with the jump in the
streamer velocity, the axial expansion of the anode
glow becomes faster, and it encompasses the whole gap
at 17.5ns. The maximum intensity of SPS emission in
the second group MDs is reached at 18.5ns. The
Different bulk plasma expansion in the first and second
group MDs can also be seen in the FNS emissions from

Figure 8. TC-SPC results of the first and second group MDs for SPS (left) and FNS (right) signals.

Figure 9. Positive streamer velocity in the gap for the first and
second group MDs, calculated from the FNS results of figure 8.
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the gap, particularly by the longer emission near the pin
tip in the FNS results of the second group MDs.

(iv) Charge deposition on the dielectric surface and decay
phase: by the propagation of the positive streamer on
the dielectric surface, positive charges are deposited on
it, which initiates the decay phase of the MDs. Thus,
total electric field is reduced by the change of the
surface charge, the emission from the gap and the
current drop as well. By further propagation of the
streamer on the surface, both FNS and SPS emission
intensities on the surface decrease. A correlation
between the emission intensity of the surface streamer
head and the anode glow is observed for the first group
MDs: the SPS emission from surface streamer intensity
fades at the same time as the emission in the gap (at
about 32ns). For the second group MDs a complete
decay of the volume emission after the fading of the
emission from surface streamer (at about 35ns) is not
observed. There is still an emission near and on the
dielectric surface after this time. Similar to the current
pulses, the SPS and FNS emissions are longer in the
second group MDs.

4. Discussion

A synchronization of the spatio-temporal developmenets and
the current pulses of the MDs is done based on the assump-
tion that the current starts with the inception of the streamer
near the anode [11]. The SPS emissions, correlated with the
averaged current pulses, are presented in figure 11.

Volume and surface memory effects play a major role in
the development and dynamics of MDs. Hence, the differ-
ences in the volume and surface charge conditions before the
inception of first and second group MDs should be con-
sidered. These effects can be described as follows:

(i) Effects of different residual volume charges: as
discussed in section 3, a significant difference that can
be observed in the images of figure 5(b), is the different
width of the discharge channels in the gap. The wide
channels observed in accumulated ICCD images are an
indication of radial scattering and bending of the
channels. Höft et al [33] have shown that the bending
of the MDs is due to the residual volume charges being
pushed from the center of the gap by the gas flow. This
finding is confirmed by the accumulated and single
ICCD images in figures 5(b) and (c). Curved MDs can
be observed in both MD groups, and the bending is

Figure 10. (a) The FNS results of figure 8 are shown between 10 and 30ns, and maximum intensity profiles of these results are indicated on
the graphs, and (b) sketch showing the relation between the position and distance on the dielectric surface in TC-SPC measurements. The
maximum intensity profiles of FNS results are smoothed and scaled based on the distance on the dielectric surface. Surface streamer velocity
of each section is indicated in mm ns–1. Different phases of the MDs are marked with purple stars and numbers, which are correlated with the
numbers in figure 11.
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always to the same direction as the gas flow. Höft et al
[33] showed that in high flowrates the bending of the
discharge channel is not observed. The reason is that in
high gas flow-rates the residual volume charges of the
previous MDs are removed before the next MDs are
initiated. The ICCD images of figure 6 also confirm this
result in our experiment. This observation indicates that
the bending of the MDs is only due to residual volume
charges, i.e. residual surface charges from first group
MDs do not effect the pathway of the subsequent
second group MDs in the gap.

As it can be seen in figure 5(b), in the first time-
window of each MD group (W11 and W21) the width of
the channel is larger compared to the other time-
window(s). The reason for this observation could be
that the time difference between the MDs occurring in
these windows and the MDs occurring before them (for
W11, MDs in cathodic pin half-cycle and for W21, first
group MDs in anodic pin half-cycle) is shorter. It
means, in these time-windows the presence of residual
volume charges from the previous MDs is more
probable, which causes more MDs to be curved. A
more detailed analysis of interaction of the MDs in full
sinusoidal cycle is planned.

In section 3.2 it was indicated that the streamer
inception times in TC-SPC results are nearly the same
for both MD groups (11ns), while the inception
position of second group is further away from the
anode. The different streamer inception positions were
explained by experiments and modeling for pulsed MDs
in nitrogen with small oxygen admixture by Höft et al
[12], and were attributed to the presence of more
residual volume charges. Our results show that such an
effect is also possible in air.

(ii) Effects of different residual charges on the dielectric
surface: before the inception of a first group MD, there
are most likely negative residual charges on the
dielectric surface, left over from the MDs in the
previous half-period of applied voltage (cathodic pin
half-cycle). On the other hand, first group MDs of the
anodic pin half-cycle change the surface charge

distribution by leaving positive charges on it
[15, 16, 27, 34]. The different surface charge distribu-
tion can explain the extended surface streamer propaga-
tion (see figure 10), which also affects the bulk plasma
and current pulse (figure 11).

Based on the results shown in figure 9, it is
proposed that the streamer propagation in the gap is
only affected by the different surface charges, when the
streamer head is approximately 200 μm away from the
surface. In the case of negative surface charges, i.e. first
group MDs, the streamer head reaches a maximum
velocity of about 3.8 mm ns–1. In second group MDs,
the opposing electric field of the positive residual
charges, as well as the residual volume charges, reduce
the charge amplification on the streamer head and a
considerably lower streamer velocity of about
1.5 mm ns–1 is reached. The differences in charge
amplification during this phase are also manifested in
the current pulses, and can explain the reason that the
first group current starts the high-slope mode (marked
as 1 in figure 11) earlier than the second group (1¢ in the
same figure).

In the configurations with a dielectric coated
electrode acting as the cathode, the streamer propaga-
tion on the cathode surface determines the main
dynamics of the MDs as well as the transferred charge
value, and the formation and parameters of the bulk
plasma. [7, 20]. After the positive streamer reaches the
surface of the cathode, electrons are transferred from the
cathode to the anode through the conductive channel
left behind the positive streamer head in the gap. Some
hundreds of picoseconds after it, the bulk plasma (or
anode glow) is formed by these electrons near the
anode.While the streamer continues to propagate on the
dielectric surface, the bulk plasma expands axially from
the anode towards the cathode, [7] deposition of charge
on the dielectric surface reduces the electric field in the
streamer head and in the gap, which leads to the decay
of the plasma, and hence, decrease of the current. The
same explanation applies to the first group MDs. The
point that the streamer reaches the surface of the

Figure 11. The SPS results of figure 8 are shown between 10 and 30ns, and the averaged current pulses are correlated with the SPS results.
The numbers on the graphs show different phases of the discharge development.
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dielectric are marked as 2 in figures 10 and 11. In first
group MDs current pulse reaches its maximum value
approximately 500 ps after the streamer reaches the
dielectric surface. After that, the current decreases due
to the fall of the electric field in the streamer head and in
the gap.

The second group streamers reach the cathode
surface at point marked as 2¢ in figures 10 and 11. As
discussed above, between points 2–3 and 2′–3 in
figure 10, the streamer heads of both groups propagate
similarly on the dielectric surface. In this stage, the
current of the second group continues to increase, and
reaches a local maximum at point 3. After this, the
presence of positive residual charges results in a
significant slowing down of the streamer propagation
(approximately two orders of magnitude) between the
points 3–4 . As a consequence, also the current does not
continue to increase in this part.

At about 17.3ns (point 4 in figure 10), the streamer
head could be considered as a virtual pin electrode
which is located on the dielectric surface. It is
connected to the metal pin electrode by conductive
plasma channel in the gap. This means that there is a
high electric field between the streamer head and the
dielectric surface. Hence, the jump in the streamer
velocity from 0.003 to 0.52mm ns–1 at point 4 could be
interpreted as a second phase of the surface streamer
propagation. As it can bee seen in the single-shot ICCD
pictures of figure 5(c), the discharge propagates in
areas, where there was no discharge activity during the
first group MDs, and thus, no residual surface charge
from the previous event. This observation is in
agreement with previous studies about volume [23],
surface [24], and coplanar [27] single DBDs. After
starting the second phase, the current starts to increase
again and reaches a global broad maximum, which is
correlated with the faster axial expansion of the anode
glow in the gap. The anode glow encompasses the
whole gap 200 ps after the start of the second phase,
and the SPS emission reaches its maximum at 18.5ns.
Similar to first group MDs, charge deposition on the
dielectric surface decreases the electric field in the
streamer head and the gap, and current decreases again.
Longer propagation of the streamer on the surface (seen
in the TC-SPC and ICCD results) could explain the
longer duration of the emission and the current of
second group MDs.

5. Conclusion

The presented results are the first study about the behavior of
MDs in BC arrangements in air at atmospheric pressure with
sub-ns and sub-mm resolution, using the TC-SPC technique.
Furthermore, the discharge is operated at sufficient over-
voltage to generate two subsequent MDs in anodic pin half-
cycle of the applied sinusoidal voltage. Most of the previous

studies about single DBDs by means of TC-SPC are con-
ducted at an applied voltages resulting in only one MD per
half-cycle.

It can be concluded that, similar to the conventional
single DBDs, the breakdown mechanism in both MD groups
is based on the formation of a positive streamer starting in
front of the anode. On the other hand, differences in streamer
formation and its propagation in the gap and on the surface
are observed between the two MD groups. These differences
are explained by the different volume and surface charge
conditions preceding the inception of the MDs. Based on the
experimental results, it is proposed that the residual volume
charges mostly effect the streamer inception and its propa-
gation in the gap, while the effect of residual surface charges
becomes more pronounced during the surface streamer pro-
pagation. The streamers propagation in the gap in the two MD
groups are only different approximately 200 μm near the
cathode. The residual volume charges, as well as the residual
surface charges left from the first group MDs could explain
this effect. The surface steamer propagation is mostly deter-
mined by the distribution of the residual surface charges,
which is changed by the first group MDs. Existence of local
residual positive charges on dielectric surface during the
propagation of the second group streamer results in a con-
siderably different dynamics of the plasma on the surface and
in the volume, compared to the first group MDs. It is mani-
fested in longer propagation of the streamer on the surface,
longer emission from the plasma, and also different shape of
the current pulses of second group MDs.

The cathodic pin half-cycle is planned to be investigated
in a future study. Here, the discharge behavior is much more
erratic, however, using the diagnostic techniques described in
the present contribution, the development of MDs can be
explained in this half-cycle as well. Furthermore, it is planned
to study the correlation between the discharge events of the
two half-cycles in details. Since the discharge arrangement in
the current study also mimics DBD stack reactors used for
exhaust gas treatment [35, 36], a study about the effect of the
admixture of volatile organic compounds on the properties of
single MDs is planned. Finally, a new experiment with a
rotating barrier electrode [37, 38] is in preparation. It is
proposed that in this configuration MDs are produced in a
condition, where no residual surface charges are present
before the MD inception. Hence, it is proposed that this study
can help to understand the role of residual surface charges in
more detail.
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Abstract
The development of microdischarges and the inception dynamics of subsequent microdis-
charges in an electrode arrangement consisting of a metal pin and a hemispherical die-
lectric-covered electrode, operated in air with a small toluene admixture, is studied. The 
discharge is operated with sinusoidal high voltage. A gated ICCD camera and a current 
probe enable the recording of images and current pulses of the single microdischarges, 
respectively, while the spatio-temporally resolved development is measured with a multi-
dimensional time-correlated single photon counting technique. The overall discharge 
dynamics changes significantly if a concentration of 35 ppm toluene is added to dry air. A 
lower high voltage amplitude than in dry air is needed for stable discharge operation. This 
can be explained by the lower ionization energy of toluene compared to molecular oxy-
gen and nitrogen. The microdischarge development is the same with or without admixture, 
i.e. a positive (cathode directed) streamer mechanism is observed. Lower mean power is 
dissipated into the discharge when toluene is admixed. The main effect caused by tolu-
ene admixture is the suppression of high-energy microdischarges in case of the cathodic 
pin half-cycle of the sinusoidal high voltage. The influence on the inception voltage by 
additional ionization mechanisms and volume memory effects, the consumption of ener-
getic electrons for toluene decomposition reactions, and the modification of the surface by 
plasma treatment are discussed as possible reasons.

Keywords Dielectric barrier discharge · Atmospheric pressure plasma · Microdischarge · 
Pollutant degradation · Volatile organic compounds · Toluene removal

Introduction

Dielectric barrier discharges (DBDs) are an established approach for the generation of 
ozone and the abatement of air impurities from exhausts and off-gases [1–3]. In particu-
lar, the removal of volatile organic compounds (VOCs), specially odorous molecules, was 
widely studied by plasma and plasma-catalyst combination [3–7]. The conversion of VOCs 
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in air is mainly via oxidising reactions driven by free radicals such as oxygen atoms O, OH, 
 HO2, ions and other reactive species, e.g. ozone [5–7]. The conversion, energy efficiency, 
carbon balance and selectivity to  CO2 are improved when plasma is coupled with a catalyst 
and undesired by-products such as ozone and solid deposits at walls are suppressed [8, 9].

DBD plasmas are commonly filamentary, i.e. consisting of transient and thin individual 
microdischarges (MDs) [10–12]. The generation of free radicals and ions via electron-
impact dissociation is determined by the mechanisms and basic plasma parameters of the 
MDs. Microplasmas and its diagnostic are a topic of research since about four decades 
[10–15]. The physics of MDs or single DBDs in air and other nitrogen/oxygen gas mix-
tures has been studied by experimental methods, in particular electrical measurements 
[16–23], optical emission spectroscopy and imaging [24–29], Streak camera recording [19, 
30], time-correlated single photon counting [31–33] and laser diagnostics [34–37] as well 
as by simulation and modelling [38–46]. In [47] the correlation of the chemical reaction 
pathways for the oxidation of toluene and trichlorethylene with the physical behaviour of 
MDs was studied. The variation of the oxygen concentration in argon and nitrogen had a 
significant impact on the removal efficiency, which was explained by the balances between 
atomic oxygen generation, its fast reactions with the VOC molecules and the formation 
of ozone, which is slow reacting with the hydrocarbons. Although numerous publications 
describe the removal of a large variety of hydrocarbons in DBDs, with and without a cata-
lyst (see e.g. [3–7] and references therein), an experimental study dedicated to the MD 
development in low-level VOC-containing air is still missing. Even small admixtures of 
VOCs (ppm or sub-ppm level) can cause distinct changes on the discharge dynamics. As 
an example, it is observed that in case of a defined admixture of about 30 ppm of oxygen 
to nitrogen even the discharge regime changes from a diffuse or uniform discharge to a fila-
mentary plasma [48]. In addition, the humidity has an effect on both, the discharge physics 
and the removal efficiency of VOCs [49].

Recently, a metal pin-to-dielectric-covered electrode arrangement was investigated 
in dry air [50]. This electrode arrangement combines the main features of single-DBDs 
and corona discharges. It can also be seen as a miniaturization of a DBD stack reactor, 
i.e. volume DBD arrangements consisting of a stack of dielectric plates  (Al2O3 or mica) 
and woven mesh electrodes (fabric made of stainless steel) operated at alternating poten-
tial of the high voltage–power supply [51]. The reactor concept has been used to clean air 
admixed with toluene and other VOCs in the past (e.g. [52]). This work also motivated the 
study of single MDs in low-level VOC contaminated air.

Toluene  (C6H5CH3) was chosen as the VOC in this study. It is an aromatic compound 
and one of the most frequent used hydrocarbon in laboratory studies concerning the VOC 
removal by means of plasmas or plasma-catalyst combination [5–7]. Furthermore, it is one of 
the most widespread hydrocarbon in the troposphere since it is extensively used in industry 
e.g. as a solvent or thinner, in rubber, in cosmetics and in adhesives, as a gasoline additive 
or for the synthesis of other chemicals. Toluene is hazardous as it affects the central nervous 
system and is known to cause several illness (e.g. drowsiness, headache, nausea) [5–7].

Experimental Set‑Up

The experimental set-up is the same as described in [50] except the gas supply system. Fig-
ure 1 sketches the overall set-up. Only the main aspects of the discharge arrangement and 
the measurement procedure are given in the following.
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The discharge cell is a closed cell made of polycarbonate with two quartz windows. It 
contains the metal pin electrode as well as the dielectric-covered hemispherical electrode. 
The latter is a cap made of alumina  (Al2O3, relative permittivity 9, radius 2 mm) contain-
ing the second metal electrode. The thickness of the dielectric at the tip is about 0.5 mm 
[30]. The gas-gap distance between the electrodes is 1 mm.

The electrodes are aligned horizontally and the gas (dry air plus toluene admixture) is 
flowing through the cell from the bottom to the top. The gas is prepared by mixing two gas 
lines controlled with separate mass flow controllers. One line of dry air is kept constant at 
a flowrate of 300 sccm and the other passes through a bubbler filled with toluene. The gas 
flow rate though the bubbler is varied from 0 to 4 sccm, but most of the experiments were 
conducted at 1.5 sccm. The hydrocarbon-containing dry air is admixed with the “pure” dry 
air gas flow, resulting in a long time stable toluene admixture. The toluene concentration 
was determined by means of micro-GC analysis (Inficon, 3000 Micro GC).

A sinusoidal voltage at 7.5 kHz (period of 134 µs) is applied to the dielectric-covered 
hemispherical electrode, while the pin is grounded. The applied voltage amplitude is 
11.4 kVpp during all experiments. The diagnostic methods include electrical (current and 
voltage) measurements, optical (morphology of the discharge by taking ICCD images), 
and time-correlated single photon counting (TC-SPC, spatio-temporally resolved discharge 
development). A current probe (Tektronix CT-1, bandwidth: 1  GHz) is surrounding the 
grounded lead of the metal pin electrode, and a voltage probe (1000:1, Tektronix P6015A) 
is connected to the high-voltage contact of the dielectric-covered electrode. An oscillo-
scope (Tektronix DPO4104, bandwidth: 1 GHz, sampling rate: 5 GHz) records current and 
voltage. The distribution of the current pulses is measured using the “histogram” option of 
the oscilloscope. For current pulse distribution over the applied voltage cycle “horizontal 
histogram” option of the oscilloscope is used. Current pulse amplitude distributions are 
measured using “vertical histogram” option of the oscilloscope. The details of these meas-
urements are described elsewhere [50].

The microdischarges are imaged by a lens, and recorded by an ICCD camera (Andor 
iStar). By setting the opening of the ICCD gate to different phases of the applied voltage, 

Fig. 1  Scheme of the experimental set-up
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it is possible to take images of different discharge events within the high voltage cycle 
(see [50] for details). To measure the spatio-temporally resolved MD development, the 
light from the single DBD is guided to a monochromator (Princeton Instrument SP2300) 
entrance slit. A highly sensitive photomultiplier for single photon counting (Hamamatsu 
H5773/Becker-Hickl PMC-100-04) is equipped at the exit slit of the monochromator. This 
photomultiplier is part of the multi-dimensional time-correlated single photon counting 
(TC-SPC, Becker-Hickl SPC 152) set-up [50]. The high-voltage–power source as well 
as the diagnostic devices are controlled by a trigger signal generated in the TC-SPC sys-
tem in order to enable the recording of the MD development for different phases within 
the applied voltage cycle. The spatial resolution (resolved along the MD axis) is given by 
imaging and the width of the entrance slit, and it is 25 µm. Technically, the temporal reso-
lution is given by the parameters of the TC-SPC device, namely the time-window of a 
time-to-amplitude convertor and the number of memory segments covering this time win-
dow. It is 12 ps for all experiments (50 ns divided by 4096).

The monochromator enables investigation of different spectral lines or bands emit-
ted by the plasmas. The 0-0 transition of the second positive system (SPS) of nitrogen 
(λ = 337 nm), the most intense band of the DBD under the conditions being considered, 
and the 0-0 transition of the first negative system (FNS) of nitrogen (λ = 391 nm) are inves-
tigated. The dominant excitation process of the radiating states  N2(C3Πu) and  N2

+(B2Σu
+) 

is direct electron collision with energy thresholds of 11.03 and 18.70 eV, respectively. The 
main loss processes of the excited molecules are spontaneous emission (according to the 
radiative lifetime of the state) and collisional quenching by nitrogen and oxygen molecules. 
For the  N2

+(B) state three-body quenching with nitrogen molecules has to be considered as 
well. Due to atmospheric pressure the effective lifetimes of the states in dry air are orders 
of magnitude lower than their radiative lifetimes, namely about 0.6  ns  (N2(C3Πu) state) 
and 0.05 ns  (N2

+(B2Σu
+) state). A comprehensive overview about lifetimes and quenching 

coefficients for the calculation of effective lifetimes is given in [53]. A detailed sensitiv-
ity analysis including 617 elementary processes performed in [54] revealed that the above 
mentioned processes are the most dominant and sufficient to describe the radiation kinetics 
in weakly ionised atmospheric pressure plasmas in dry air. Due to the much higher excita-
tion energy of  N2

+(B2Σu
+) the FNS emission is an indicator the development of the elec-

tric field strength, while SPS emission is interpreted as a convolution of the electric field 
strength and the local electron density [31–33, 54].

Results and Discussion

Microdischarge Morphology and Development

The Fig. 2 shows oscillograms of the applied voltage (blue curve) and discharge current 
(purple lines) after accumulation over 1 s, i.e. 7500 voltage cycles.

An oscillogram (voltage and current development) for dry air is shown in Fig. 2 a. For 
the negative half-cycle, i.e. the grounded pin acts as the anode, two subsequent MDs per 
single half-cycle are observed forming two “groups” in the accumulated oscillogram. In 
the positive half-cycle, i.e. the grounded pin acts as the cathode, an erratic behaviour in 
terms of the current pulse amplitude and the inception phase is obtained. MDs with ampli-
tudes above 400 mA, but also weaker current pulses are observed. This behaviour is not 
changing up to a toluene-containing gas flow of 1.5 sccm. For this admixture (see Fig. 2 b), 
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significant effects on the discharge dynamics are obtained. For the negative half-cycle still 
two MD groups appear. The two groups are now separated by a time window of about 6 µs 
and MDs in the 1st group can exceed amplitudes of 200 mA, while the MDs in the second 
group are weaker. In the positive half-cycle clearly weaker MDs are obtained if toluene is 
admixed. In most cycles current pulses with amplitudes in the range 100–200 mA appear 
in the first or second interval. MD with an amplitude higher than 200 mA are rare.

For 1.5 sccm gas flow admixture the value of toluene concentration was determined at 
35 ppm ± 2 ppm by means of micro GC analysis. After about 20 h of operation, the dis-
charge behaviour shown in Fig. 2 b remained when the discharge was operated with dry air. 
This will be discussed further in “Discussion” section.

The employed multi-dimensional TC-SPC system allows recording of MDs in defined 
intervals of the applied voltage cycle and, thus, to investigate the discharge development 
for the two subsequent MDs in case of the anodic pin configuration. The discharge devel-
opment and the morphology of individual MDs are presented in Fig. 3 by means of ICCD 
images and TC-SPC results (time-position-photon count plots after an accumulation of 
4 h (1.07 × 108 cycles) for SPS and 3 h (8 × 107 cycles) for FNS). As shown in Fig. 3, the 
discharge development is determined by the positive streamer mechanism. The 1st MD 
(Fig. 3a) propagates nearly along the central axis between anode tip and dielectric menis-
cus and spreads on the dielectric surface (see ICCD image). The TC-SPC results show 
that the streamer inception starts near the pin electrode. After streamer reaches the die-
lectric surface, the propagation of discharge channels along the gas-dielectric interface is 
observed and a bulk plasma (so-called anode glow) forms. From 19 ns on the decay of the 
discharge in the volume is obtained. Due to residual surface charges from the 1st MD, the 
2nd MD avoids the centre of the dielectric, and covers the sides of the surface (see Fig. 3b). 
This influences MD development of the 2nd MD as well, but since the same discharge 
development is observed in air we refer to our previous contribution [50] and do not dis-
cuss the details here.

The small toluene admixture does not affect the breakdown mechanisms. Even the 
velocities of the streamers in the gap or on the surface are almost the same than in dry 
air. The decay of the intensity of the FNS and the SPS is unaffected as well. Obviously, 
the effective lifetime of the excited states is not influenced by the presence of toluene due 
to its low density compared to nitrogen and oxygen. The rate coefficients for the quench-
ing of the state  N2(C3Πu) by nitrogen and oxygen are kC

q,N2
= (0.4 − 1.7) × 10−11cm3∕s 

Fig. 2  Current (purple) and voltage (blue) oscillograms after accumulation over 7500 V cycles for a dry air 
without toluene admixture and b with admixture of 35 ppm toluene (Color figure online)
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and kC
q,O2

= (1.9 − 3.3) × 10−10cm3∕s , respectively [54]. For the state  N2
+(B2Σu

+) these 
constants are kB

q,N2
= (1.4 − 9.8) × 10−10cm3∕s and kB

q,O2
= (4.4 − 11.0) × 10−10cm3∕s , 

respectively [54]. Rate coefficients for the quenching of the states by toluene are not 
known, but should be in the order of 10−4cm3∕s to have a significant influence on the 
effective lifetime under the conditions being considered. The quenching coefficients for 
the metastable states  N2(A3Σu

+) by benzene  (C6H6) are kA
q,VOC

= (1.6 − 3.2) × 10−10cm3∕s 
[55] and thus, far below this threshold.

In the work [55] the role of the nitrogen metastable molecules on the removal of tolu-
ene in nitrogen and nitrogen/oxygen was discussed. Toluene removed efficiently through 
dissociation processes involving electrons and nitrogen excited species in nitrogen with-
out oxygen. The admixture of oxygen leads to considerable quenching of  N2(A3Σu

+). 
The values for quenching by nitrogen and oxygen are kA

q,N2
= 3.0 × 10−18cm3∕s and 

kA
q,O2

= 3.83 × 10−12cm3∕s [56, 57]. Using these values and a radiative lifetime of 
�0 = 2 s its effective lifetime is 50.2 ns in air, and 49.8 ns with toluene. For the metasta-
ble  N2(a’1Σu

−) the effective lifetime is 0.4 ns in dry air and the effect of toluene admix-
ture is also negligible. These timescales are significantly lower than for other radicals 
[58] and, for an admixture of oxygen in the range of some volume percent, oxygen and 

Fig. 3  ICCD photos of individual MDs and spatio-temporally resolved development of the emission of the 
second positive system of nitrogen (0–0 transition at 337 nm) and first negative system of nitrogen (0–0 
transition at 391 nm) for the different time windows of the applied high voltage in dry air with 35 ppm 
toluene admixture. a 1st MD in negative half-cycle (anodic pin); b 2nd MDs in negative half-cycle; c MDs 
in the first interval of positive half-cycle. The number of recorded photons is shown in color-coded logarith-
mic scale (Color figure online)
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hydrogen atoms as well as hydroxyl radicals are dominant for the toluene removal [6, 
55].

The current pulses of the 1st and 2nd group MD are also not significantly changed when 
toluene is admixed. The current pulse averaged over 512 cycles for dry air with and with-
out toluene admixture as measured with the current probe are presented in Fig. 4a, b. The 
timescales are different than the time scale presented in the TC-SPC results as both meth-
ods (current pulse oscillography, TC-SPC) are independent from each other. The 1st MD 
current pulses are characterized by a steep increase and an exponential decay, while the 
2nd MD current pulses reach a first local maximum after a steep inset, but then saturates 
for about 2 ns before a second, the global maximum is reached. From the integration of 
current pulses over time, taking the values of total and barrier capacitance ( Ctot = 0.21 pF 
and Cb = 0.68 pF ) into account [see Eq. (1)], the dissipated charge is calculated [29]. With-
out toluene 2.5 nC and 3.8 nC are obtained for the 1st and 2nd MDs, respectively. Admix-
ing toluene increases the value of charge for the 1st MDs (2.9 nC) but reduces the value for 
the 2nd MDs (3.2 nC).

 
The MDs for the positive half-cycle (pin acts as the cathode), presented in Fig. 3c, 

show a similar morphology to the 1st MD in the negative half-cycle, with the differ-
ence there are no distinct discharge channels observed on the dielectric surface. The 
discharge inception starts in front of the anode (dielectric) and a cathode directed 
ionisation wave followed by bulk plasma formation in the entire gas-gap is observed. 
Only a limited part of the surface is covered by plasma and there is no distinct propaga-
tion on the surface. Again, there is no significant difference to the MDs development 
observed in air without toluene admixture. Similar current pulses to the 1st MDs in 
the negative half-cycle are obtained, i.e. a steep increase followed by slower decay (see 
Fig. 5a, b). Due to reversed polarity, the sign of the current changed to positive values. 
MDs appearing at the very beginning of the half-cycle (1st appearance time interval in 
Fig. 2b) have a longer duration in dry air. MDs in the 2nd appearance time interval (no 

(1)QMD =
1

1 − Ctot
/
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TC-SPC results shown because of seldom events) are longer (50  ns instead of 30  ns) 
than in the 1st interval, and the current increase is less steep (about 5 ns instead of 2 ns). 
Without the toluene admixture, much higher current pulses (280 mA amplitude in the 
mean, but up to 700 mA for individual MDs) can be obtained (see “Microdischarge 
Inception and Dynamics” section). The corresponding values of mean dissipated charge 
in the 1st interval are 1.5 nC no matter if toluene is admixed or not. The main difference 
is observed in the second interval, where the high current MDs appear. Here, the dissi-
pated charge value become significantly smaller (2.5 nC instead of 4.1 nC).

Microdischarge Inception and Dynamics

As seen in the previous subsection, the admixture of toluene to dry air does not change 
the MD development but it effects the overall discharge dynamics. For the negative 
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half-cycle the difference of dissipated charge is about 20%, but for positive half cycle, 
MDs with a higher amplitude are supressed at the same high voltage when toluene is 
admixed. This behaviour is further analysed by means of averaged electrical measure-
ments. Figure 6 shows the normalized appearance of MD current pulses (pulse distribu-
tion function), while Figs. 7 and 8 present the distribution of current pulse amplitudes 
for each of the sections.  

The highest probability to detect a MD in the air-toluene gas mixture in the positive 
half-cycle is within the first 10 µs after the zero crossing of the high voltage (see Fig. 6a). 
Without toluene, the tendency is that MDs are ignited later and more distributed over the 
phase of the high voltage. The pulses in the first interval have a most probable amplitude 
of about 150 mA, but spread over a range of 44–250 mA (see Fig. 7a). The spreading of 
amplitudes is even larger in the second interval (Fig. 7b). In this interval, the most probable 
amplitude is slightly higher for pure air compared to the one with toluene admixture, and 
even amplitudes of up to 600 mA are reached. For the negative half-cycle (anodic pin) the 
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toluene admixture causes higher current pulses in case of the 1st group MDs (Fig. 8a), but 
lower amplitudes of the 2nd group (Fig. 8b).

The mean energy per MD EMD can be calculated by multiplying the values of charge from 
the average current pulses QMD (Figs. 4, 5) with the value of the voltage at the breakdown 
Vbd [Eqs. (2, 3)] [30]. This value is assumed as constant during the MD development in case 
of sinusoidal operation in the kHz-range. It cannot be determined directly from the electrical 
measurements in our particular case due to the erratic behaviour of the discharge. However, 
from the normalised appearance histograms in Fig. 6b it is seen that the external voltage Vappl 
(in the mean) needs to increase by (3.5 ± 0.6) kV to start the 2nd MD. Thus, this value is 
needed for the ignition of a MD. Therefore, it is assumed as an estimation for the inception 
voltage. Considering the voltage drop over the barrier, which is calculated with the capacities 
of barrier and discharge arrangement, the value of Vbd is about (2.4 ± 0.4) kV. This value is 
applied for both polarities. The corresponding value of the reduced electric field for electrical 
breakdown is (90 ± 15) Td and in fair agreement with the known Paschen-values for air. The 
measured mean charges, resulting MD energies and mean power is given in Table 1.

With and without toluene admixture, nearly similar values of EMD are obtained for the neg-
ative half cycle as well as the first interval in the positive half-cycle. In the second interval, a 
higher energy is dissipated in case of air. Taking the probabilities of discharge appearance per 
section p into account (for positive polarity it is calculated from the data in Fig. 7), the mean 
dissipated power P̄ in case of air is about (178 ± 31) mW, while for toluene admixture a con-
siderably smaller value, namely (138 ± 24) mW, is calculated (Eq. (4)). Considering the gas 
flow value, the specific energy input of the discharge with toluene admixture is about (27 ± 5) 
J/L, and (36 ± 6) J/L in air. The difference in the power consumption is due to the fact, that 
(1) the dissipated charge in the MDs appearing in the 2nd interval of cathodic pin half-cycle 
drops with toluene admixture (2.5 instead of 4.1 nC), and, (2) these stronger MDs appear less 
frequent. This is also clearly seen in the amplitude distributions in Fig. 8a, b. Except the 1st 
group MDs in negative polarity there is always the tendency to higher current pulse ampli-
tudes in air without the admixture. The most significant effect is obtained in the 2nd interval 
of the positive half-cycle (see Figs. 6, 7b).

(2)EMD = QMDVbd

Table 1  Overview of mean charge QMD (by integration of average current pulses), mean energy per MD 
EMD and mean power per section P̄

The probabilities of the corresponding discharge event are also given. In case of negative polarity two MDs 
per T/2 appear (thus probability is 1 for each group), in case of positive polarity one MD per T/2 appears 
(sum of both probabilities are equal to 1)

Gas Polarity Interval Mean charge
QMD (nC)

Energy
EMD (µJ)

Probability
p (−)

Power
P̄ (mW)

Air Negative 1st group 2.5 6. ± 1.0 1 178 ± 31
2nd group 3.8 9. ± 1.6 1

Positive 1st interval 1.5 3. ± 0.6 0.19
2nd interval 4.1 9. ± 1.7 0.81

Air + tol. Negative 1st group 2.9 7. ± 1.2 1 138 ± 24
2nd group 3.2 7. ± 1.3 1

Positive 1st interval 1.5 3.5 ± 0.6 0.72
2nd interval 2.5 6.1 ± 1.0 0.18
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It must be mentioned that the values in Table 1 are based on averaged measurements (in 
particular for QMD ). A more precise analysis would require the determination of the charge 
and the breakdown voltage for individual MD current pulses followed by statistical meth-
ods. This was not in the focus of this study.

The effect of inlet concentration of toluene and temperature on the energy per MDs gen-
erated in a pulsed DBD was investigated in [59]. The energy dissipated per pulse was in the 
range 4.4–5.3 mJ and only a slight increase with the concentration was measured. Due to 
operation with fast increasing high voltage pulses and a different reactor design, the values 
in [55, 59] are about three orders of magnitude higher. The small increase of the energy 
per pulse was related to an increase of oxygen atom production and thus, a decrease of the 
toluene removal rate. Overall, changes in the discharge physical characteristics over time 
did not improve the toluene removal efficiency. A similar trend than in [59] is seen here 
only for the 1st group MDs, but not for the other MDs. This is related to the different MD 
development within the high voltage cycle (shown by the TC-SPC results).

Discussion

To discuss the obtained effect of the toluene admixture on the MDs properties and their 
inception dynamics three hypotheses are considered: (1) influence on the inception voltage 
by additional ionization mechanisms and volume memory effects, (2) toluene decomposi-
tion reactions, and (3) modification of the surface of the electrodes by plasma treatment.

As mentioned in “Experimental Set-Up” section, to obtain comparable results for both 
gas compositions, the same voltage amplitude (11.4  kVpp) was used in all experiments. 
However, it was observed that the effect of toluene admixture on the distribution of the 
current pulses over the applied voltage cycle is similar to applying higher voltages (over-
voltage) in pure air (14.5  kVpp). Furthermore, a lower voltage amplitude (10.5  kVpp) is 
needed for the stable operation of the discharge with the toluene admixture, while for dry 
air 11.4 kVpp is required (i.e. 300 V less gap voltage value). Thus, toluene admixture seems 
to decrease the value of ignition voltage slightly. Consequently, MDs are generated at 
lower gap voltage than in air, which results in lower current amplitudes. The difference of 
the ignition voltage is within the error bar of the value used for Vbd in Table 1.

The ionization energy of toluene (8.8 eV) is significantly lower than for molecular oxy-
gen (12.1  eV) and nitrogen (15.6  eV). Penning ionisation by nitrogen metastable mole-
cules cannot explain a lower breakdown voltage in this gas mixture. The energies of  N2(A) 
(6.16  eV) and  N2(a’) (8.4  eV) are not sufficient to ionise toluene. Another possibility is 
Penning ionisation of by-products of toluene decomposition. However, at the low specific 
input energies (27 J/L) the overall conversion is about 20% [52] and effective lifetimes of 
the metastable nitrogen molecules are low due to quenching by oxygen (see “Microdis-
charge Morphology and Development” section).

The electron-impact ionization cross section of toluene has not only a lower threshold 
energy than the cross sections for nitrogen and oxygen, also the values are significantly 

(3)Vbd =
(
1 − Ctot

/
Cb

)
Vappl|t=tb

(4)P̄ = f ⋅
∑

i

(EMD,i ⋅ pi)
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higher. At an electron energy of 15 eV its value is about 2.4 × 10−16  cm2 [60, 61] for tolu-
ene, but 1 × 10−17  cm2 for oxygen and zero for nitrogen [62]. The maximum ionization cross 
section of toluene is at 60 eV with a value of 1.5 × 10−15  cm2, while about 2.5 × 10−16  cm2  
at 100 eV for nitrogen as well as oxygen. Thus, rate coefficients for electron impact ioni-
zation in weakly ionized non-thermal plasmas ( Te ≈ 1 eV) will be considerably larger for 
toluene.

Toluene is detectable by Atmospheric Pressure Chemical Ionization (APCI) with a 
sensitivity in the sub-ppb (parts-per-billion) range [63, 64]. APCI utilises DC corona dis-
charges for the formation of primary ions, which start reaction cascades leading to radi-
cal and molecular cations, protonated clusters and other ion–molecule complexes. These 
are then detected by a mass spectrometer. A study of the ions being formed by APCI in 
dry air concluded that in case of negative DC-polarity the same kind of ions were pro-
duced in both dry and toluene-polluted air [65]. But, in positive DC-polarity different ions 
than in air were formed. Exothermic charge- and proton transfer ion–molecule reactions 
between toluene and  O2

+,  N2
+ and  H3O+ led to the generation of  C7H8

+,  [C7H8 + H]+ and 
their ion–molecule complexes, e.g.  C7H8

+(C7H8). The rate coefficients for these formation 
processes are in the range of  10−9 cm/s. The same ions and rate coefficients have also been 
investigated for a pulsed electron beam at low pressure [66]. Since these ions are bigger 
and heavier than  O2

+ and  N2
+, their mobility is smaller. The ion mobility in dry air with 

and without toluene admixture was determined in the same work in DC corona discharges 
by means of current–voltage measurements in a wire-to-cylinder reactor. The concentration 
of toluene was 500 ppm, and DC high voltage (positive or negative polarity) was applied 
to the wire electrode. The Townsend formula was used to determine the ion mobility of 
positive ions, which was 2.35  cm2  V−1  s−1 for pure air and 1.79  cm2  V−1  s−1 for tolu-
ene-containing air. In correlation with this result, the current–voltage characteristics were 
almost identical in negative polarity (wire as cathode) while in positive (wire as anode) the 
presence of toluene produced a smaller discharge current when compared to dry air. The 
authors [65] conclude that ionic reactions could be responsible for the initial stages of the 
toluene removal process in case of positive DC corona discharges.

In our experiment subsequent “switching” between both polarities is present. The effect 
on the discharge is more significant when the (albite grounded) pin electrode acts as the 
cathode. This is somewhat different compared to the results of the DC corona measure-
ments in [65]. However, the formation of ions with lower mobility in the MDs in the nega-
tive half-cycle (anodic pin) could lead to a higher residual volume charge at the start of the 
following positive half-cycle. This could also explain the lower inception voltage obtained 
with the toluene admixture. In case of air, residual volume charge is lower at the start of 
the positive half-cycle. Consequently, it is more probable that the MDs appear in later 
phases of the applied voltage and thus, have higher current pulse amplitudes. It is known 
for pulsed single DBDs in  N2 with small admixtures of  O2 that sufficient pre-ionization 
can affect the breakdown leading to weaker MDs [30]. The formation of low-mobility ions 
is therefore a candidate to explain the suppression of the high-current MDs by the tolu-
ene admixture. This also influences the MDs inception in the following (i.e. negative half-
cycle). Since weak MDs are more probable, the amount of deposited surface charge on 
the dielectric surface is lower and so it is the electric memory field after the voltage rever-
sal (zero crossing). This explains why 1st group MDs appear later within the half-cycle 
if toluene is present (Fig. 7b). Since the applied voltage value is higher when these MDs 
ignite, they have higher current pulse amplitudes (160 mA most probable amplitude within 
a range of 130 mA up to 400 mA, see Fig. 8a). A quantitative proof of this hypothesis, and 
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whether chemi-ionization or associative ionization play a role, remains as an open question 
for further studies.

Toluene as a molecule consisting of an aromatic ring with six carbon and five hydrogen 
atoms as well as a methyl group (–CH3) can also be dissociated or vibrational/rotationally 
excited by electron collisions. These processes consume high-energy electrons. According 
to decomposition pathway studies conducted with GC–MS analysis (see [5, 6, 55]) oxygen 
radicals, but also energetic electrons are the most important species for toluene removal. 
The analysis of organic by-products of toluene removal suggest H-abstraction from the 
methyl group by both electrons and O or OH radicals as the primary destruction pathway. 
The subsequent reactions lead to the formation of various partially oxidized intermediates, 
which finally convert to  CO2 and  H2O. These reactions can also be induced by electron 
collisions. In summary, the toluene destruction mechanisms consumes energetic electrons, 
which leads to a decrease of measured dissipated energy. The effect of the toluene admix-
ture on the average charge is not significant, but in most cases lower current amplitudes are 
obtained than in air.

As mentioned before the discharge dynamics reported in Fig. 2 b remained when the 
discharge cell was operated in dry air after about 20 h (i.e. after time-consuming TC-SPC 
and ICCD measurements). This is a clear indication that surface processes must be con-
sidered. During the experiments with 35 ppm toluene admixture the current signals were 
continuously inspected and the discharge behaviour did not changed during this period. 
However, after the measurements a brownish, non-wipeable layer was found on the barrier 
electrode. A similar observation was reported in [55, 67]. It was explained by the depo-
sition of polymer layers on the dielectric due to plasma polymerization. After polishing 
the barrier electrode with fine sandpaper the discharge behaviour was as expected for air 
(Fig. 2a), but after some hours of operation with dry air, the discharge behaviour changed 
to the regime similar to Fig. 2b. This suggest, that toluene (and other hydrocarbons) are 
deposited on the cell walls (made of polycarbonate), and evaporated and diffused into the 
plasma zone, where it can cause change of discharge behaviour and new polymer layers on 
the surface of the electrodes.

Obviously, the surface layer does not influence the MD morphology as seen by compar-
ing the ICCD camera pictures (see Fig. 3 and ICCD images in [50]). The spreading of the 
MD foot and the size of the surface spot are about the same. Also, the values of dissipated 
charge change only slightly. These observations suggest a minor effect on the MD proper-
ties by the deposited layer, but a comprehensive investigation of this subject remains for 
future work.

Conclusions and Outlook

The properties, the inception dynamics and the development of MDs in toluene contain-
ing dry air are studied in an asymmetric DBD arrangement consisting of a metal pin and 
a hemispherical dielectric-covered electrode. The discharge is operated by sinusoidal high 
voltage with a frequency of 7.5 kHz. Several discharge events are obtained within one high 
voltage cycle.

It is shown that small concentration of toluene (up to 35 ppm) has only minor effects on 
the discharge physics. The MD development is similar to that in dry air (positive streamer 
mechanism), only the inception dynamics and the properties of MDs change by the toluene 
admixture. The toluene admixture affects the dissipated charge and energy of MDs only 
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slightly and there is no distinct trend obtained in the discharge geometry being consid-
ered. The main influence of toluene is the suppression of high current MDs in the posi-
tive half-cycle of the applied voltage (the pin acts as the cathode). In addition, the mini-
mum applied voltage to operate the plasma is lower with 35 ppm toluene admixture (about 
300 V). Possible explanations are higher rate coefficients for electron impact ionization of 
toluene, additional ionization processes and the formation of toluene-ion complexes with a 
lower mobility than nitrogen and oxygen ions. These ions could be responsible for a vol-
ume memory space charge, which affect the MD properties and supress the formation of 
the high current MDs. Furthermore, toluene decomposition reactions consume energetic 
electrons. Also observed is the modification of the surface by plasma treatment. The effect 
on MD properties and inception dynamics is not found to be significant, but a comprehen-
sive statement cannot be done without further studies dedicated to this issue. Such studies 
must include a variation of the toluene concentration (including higher admixtures) as well 
as a coupling with high-sensitive gas-analysis in order to correlate physical and chemi-
cal effects. An in situ surface analysis would enable the study of the influence of surface 
modification.

The asymmetric electrode arrangement was chosen as a representation of the conditions 
in DBD reactors used for studying pollutant degradation. According to [59] it is preferable 
to use discharge pulses with a highest energy per pulse and less number of pulses in order 
to obtain optimal removal. Simulation results in [68] suggest that a maximized area density 
of MDs will most likely lead to an optimum removal efficiency (studied for nitrogen oxides 
conversion from automotive exhausts). In [69] it is suggested that treatment of a volume 
element of the gas with a series of discharge pulses with a smaller energy deposition is 
more efficient than treating the gas with a single pulse of high energy deposition. These 
examples demonstrate the highly complex interaction of discharge physics and energy dis-
tribution, and the chemistry. And, it gives plenty of room for optimization.

Here, we show that microdischarges generated in the same half-cycle of the high voltage 
can be different and that they influence events in the following half-cycle. More statements 
on the role of residual ions and surface modifications require an experiment in a symmet-
ric arrangement and only one MD per half-cycle. This remains for future studies, as well 
as the simulation of DBDs in VOC containing gases. Such investigations would also be 
interesting with catalytic barrier materials in order to characterize the interaction between 
plasma and surface from physics and chemistry viewpoints.
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ABSTRACT

We investigate single microdischarges (MDs) in a sinusoidally operated barrier corona discharge in air. For the voltage amplitude being
applied, two subsequent MDs appear in the anodic pin half-cycle. The developments of these subsequent MDs were studied and presented
in detail in a previous contribution [Jahanbakhsh et al., Plasma Sources Sci. Technol. 27, 115011 (2018)]. In the present study, the reduced
electric field strength (E=n) values of the MDs are determined. In addition, the current pulses are synchronized, with a subnanosecond time
resolution, to the spatiotemporally resolved light emission and E=n development of the MDs. It is proposed that the current pulse derivative
maximum corresponds to the streamer head arrival on the cathode surface. Therefore, the derivatives of the current pulses are used to
synchronize the light emission and current measurements. Based on this synchronization, spatiotemporally resolved light emissions at
different positions are compared to the averaged current pulses. Considering the observed correlations, it is proposed that after the arrival of
the streamer head on the dielectric (cathode) surface and bulk plasma formation, the ionization processes near the dielectric surface are the
dominant source of electron current production. The determination of the E=n is based on the analysis of the time-correlated single photon
counting results for the molecular states of the first negative and the second positive systems of nitrogen. The E=n increases during the
streamer propagation in the gap, reaching its maximum value at the impact of the streamer on the cathode. The E=n values for the second
group MDs are lower only in the vicinity of the dielectric surface, which can be attributed to the positive residual surface charges from the
first group MDs.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5124363

I. INTRODUCTION

Dielectric barrier discharges (DBDs) and corona discharges
are atmospheric pressure plasmas that usually have a filamentary
character.1–3 Filamentary discharges consist of thin (�100 μm),
short-living (nanosecond to microsecond range) plasma channels,
which are called “microdischarges” (MDs). Since these discharges
are employed in a variety of industrial and medical applications,
the detailed understanding of the plasma dynamics and properties
is of great importance. Numerous experimental and theoretical
studies have been carried out in these regards, among which many
are devoted to single MDs, as the building blocks of DBDs and
corona discharges.2,4–7

In a previous contribution,8 we studied single MDs in anodic
pin polarity of a barrier corona discharge. For the voltage ampli-
tude being applied, two MDs appear erratically in most of the
anodic pin half-cycles. In all of these MDs, a streamer breakdown
near the anode (pin) and its propagation toward the cathode
(dielectric) and on the dielectric surface were observed. By investi-
gating the second MDs and comparing them to the first MDs, the
effects of volume and surface memory effects in subsequent break-
downs were discussed. The most important volume memory effects
are the results of residual volume charges, which consist of positive
and negative (especially in the case of oxygen containing air) ions
and free electrons. The surface memory effects result from the
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negative or positive charges due to missing or extra electrons on
the dielectric surface, respectively.

In the last 20 years, many studies have investigated memory
effects in DBD discharges, most of them being dedicated to residual
surface charges. The role of residual volume species such as electrons
or metastable molecules was also considered within the last few
years. In these papers the “residual volume charges” are mostly
named as “preionization in the gap,” “decaying plasma channels” or
“left-over charges from the previous microdischarge.” For example,
Akishev et al.9 considered the decay of a quasineutral plasma
channel by ion-ion recombination and proposed densities between
108 and 1011 cm�3. Furthermore, residual electrons as well as posi-
tive ions from the previous breakdown were shown to affect the
Townsend phase and also the streamer propagation in the gap in
case of pulsed operated single DBD microdischarge.10–14 These
studies suggest that preionization results in a streamer breakdown
further away from the anode and a lower streamer head velocity and
electric field strength. Studies about the effects of gas flow15 have
shown that it can also influence the inception and morphology of
such microdischarges, since the residence time of electrons, ions, and
excited species such as metastable N2(A) molecules are changed by
the gas flow. Nijdam et al.16 studied the effects of preionization by
laser irradiation in a corona discharge. The authors showed that
positive streamers are guided by the preionized regions. All the
studies discussed above consider a quasineutral preionization.

Residual surface charges are also known to affect the propaga-
tion of the streamer on the dielectric surface. This is specially the
case for the subsequent MDs, where the positive streamer propaga-
tion is affected by the positive surface charges from the previous
MDs. In this case, the streamer avoids the areas with positive charges
and propagates a longer distance on the dielectric surface.17–19

Akishev et al.9 have argued that the jittering of the appearance of
MDs over the applied voltage cycle is due to the stochastic processes
taking place on the dielectric surface, while the decaying plasma
channel (or preionization in the gap) plays the key role in the
appearance location and the shape of the MD channel in the gap.

In our previous contribution,8 it was shown that the residual
volume charges most probably determine the pathway of the
streamer in the channel. When the volume residual charges are
moved from the center of the gap by the gas flow, a bending of the
discharge channel in the upcoming MD occurs. Similar results
were found in Ref. 15. However, no significant differences in the
breakdown and propagation of the streamers of the first and
second MDs were observed in the gap. It was also argued that,
especially in the case of the second MDs, the surface charges
influence the dynamics of the streamer in the vicinity of the dielec-
tric and on the dielectric surface. While the determined streamer
velocities for both the first and the second MDs were similar in the
gap, a considerable difference was observed in the vicinity of the
dielectric surface, with the first group streamer velocity being much
faster (3.8 vs 1.5 mm/ns). This observation was attributed to the
residual positive surface charges from the first group MDs, which
hinder the propagation of the second group streamer in the vicinity
of the dielectric surface. Furthermore, it was also shown that the
propagation of the surface streamer in the second MDs is drasti-
cally affected by the positive surface charges, which results in a
longer and faster propagation of the surface streamer.

However, two aspects remained open in the previous contri-
bution, namely, (1) a reliable synchronization between the spatio-
temporally resolved photon emission recordings, obtained by
time-correlated single photon counting (TC-SPC), and current
pulses of the MDs, and (2) determination of the reduced electric
field strength (E=n) using the recorded spatiotemporally photon
emissions.

Current pulse measurements and photon emission recordings
are two commonly used methods in the experimental study of
single microdischarges.4,20,21 For sinusoidally-driven discharges
with erratic MD appearance, both of these measurements are
conducted independently and have no common time reference.
Furthermore, due to subnanosecond time scales of the different
stages during MD development, especially during the positive
streamer inception and its propagation, a direct synchronization
between the experimental results of current pulse measurements
and photon recordings is challenging for erratically appearing
MDs. Despite this, numerical and experimental studies have been
conducted in order to synchronize the current pulse and spatiotem-
poral development of MDs in different discharge arrangements.
Braun et al.22,23 and Gibalov et al.5,24 developed a numerical model
for MDs in asymmetric DBD arrangements and plotted the calcu-
lated streak image (showing the spatiotemporal development of the
MD) and the current pulse of the MD. Steinle et al.25 conducted a
2D simulation of MDs in a cathodic metal and anodic dielectric-
covered electrode arrangement. The authors calculated the current
pulse of the MD and discussed the corresponding phases of
its development. Célestin et al.26,27 developed a 2D model for an
anodic metal pin and cathodic dielectric-covered plane electrode
arrangement and calculated the current during the propagation of
the positive streamer in the gap. Hoder et al.28 and Janda et al.29

studied MDs in negative Trichel pulse corona and transient sparks,
respectively, and correlated the spatiotemporal development of the
MDs, obtained by using TC-SPC, and current pulses. Tschiersch
et al.30 correlated intensified charge-coupled device (ICCD) images
of different phases of the MD to its current pulse in a plane-parallel
symmetric DBD in helium-nitrogen gas mixtures. Nemschokmichal
et al.14 presented a correlation between the spatiotemporally resolved
light emission (obtained using streak camera) and current pulses of
single MDs in a pulsed operated DBD. In the present contribution,
we propose a new approach for the synchronization of TC-SPC
recordings and current pulse measurements.

The reduced electric field strength (E=n), where E denotes the
electric field strength and n the gas particle density, is a basic plasma
parameter. The value of E=n determines the electron energy distribu-
tion as well as the rate coefficients of elementary electronic collisional
processes. Therefore, its knowledge is crucial for the understanding
and optimization of plasma sources and processes. Furthermore, the
comparison of E=n obtained in two subsequent MDs can give evi-
dences on the presence and role of residual charges remaining from
the first MDs, since the residual volume and surface charges affect
the streamer inception and propagation in the gap.8 A well-known
method for an indirect determination of E=n is the ratio of the spec-
tral band intensities of the first negative to the second positive
systems (SPSs) of molecular nitrogen. It has already been applied for
various plasmas including barrier and corona discharges in air and
relies on the dependence of the intensity ratio R(E=n) of the
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mentioned bands to E=n. In the present contribution, this method is
employed to calculate E=n using the TC-SPC recordings of barrier
corona MDs for the first as well as the second MD.

II. EXPERIMENTAL SETUP AND METHODS

A. Discharge arrangement and diagnostics

A schematic drawing of the discharge cell, electrodes and diag-
nostic techniques is shown in Fig. 1. The metal pin electrode
(stainless steel, radius of curvature: 0.2 mm) is grounded and hemi-
spherical electrode (radius of curvature: 2 mm), consisting of an
alumina cap (Al2O3, εr � 9, thickness: 0.5 mm), is connected to a
sinusoidal power source. The applied voltage frequency and ampli-
tude are 7.5 kHz (time period: 134 μs) and 5.75 kV, respectively.
The gap distance is 1 mm and it is flushed by dry air at 300 SCCM
flow rate from bottom to top.

Tektronix CT-1 current probe (rise time: 350 ps)31 is placed
on the grounded side, and the voltage probe (Tektronix P6015A) is
connected to the high-voltage side of the electric power circuit. The
current and voltage at the probes are recorded by an oscilloscope

(Tektronix DPO4104, bandwidth: 1 GHz, sample rate: 5 GHz). A
TC-SPC unit is used to record the spatiotemporal development of
the MDs along the central axis of the electrodes (nominal time
resolution: 12 ps, spatial resolution: 25 μm). The sinusoidal power
source is controlled by the TC-SPC unit in order to realize the
so-called multidimensional TC-SPC, i.e., simultaneous recording of
spatiotemporally resolved discharge emission over the phase of the
applied voltage (see Ref. 8 for details).

A comprehensive description of the TC-SPC setup and the
optical system is given in Ref. 8; here, only the main details are
described. A schematic of the TC-SPC setup is shown in Fig. 1.
The discharge is imaged by an achromatic lens and a mirror on the
entrance slit of a monochromator (MC) (Princeton Instrument
SP2300). Light is diffracted in the MC and photons of a selected
wavelength are detected by a photomultiplier (PMT1) (Becker &
Hickl PMC-100-04) at the MC exit slit. The width of the slit is
100 μm. The MC has a focal length of 300 mm and contains a
turret with three reflection gratings. The results presented here
were obtained by a grating with 2400 g/mm and a blaze of 240 nm.
The reflection efficiency is approximately 75% between 300 and

FIG. 1. Schematic of the discharge cell and diagnostic setup. A single-shot negative (anodic pin) half-cycle current-voltage oscillogram, obtained from oscilloscope record-
ings, is embedded in the oscilloscope box.
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400 nm. The spectral bandpass of the MC is 0.14 nm. The wave-
lengths investigated in the current study are 337.1 nm [0-0 transition
of the molecular bands of the second positive system (SPS) of
nitrogen] and 391.5 nm [0-0 transition of the molecular bands of the
first negative system (FNS) of nitrogen]. The mirror in front of the
MC is rotating during the recording, with a signal being delivered
from the TC-SPC unit. Hence, the discharge area is scanned auto-
matically in horizontal direction. The magnification of the imaging
lens (focal length 75mm) is 4, which leads to a spatial resolution of
25 μm in the TC-SPC recordings (MC slit width divided by 4). The
height of the MC slit is 4 mm, and considering the lens magnifica-
tion, the height of the TC-SPC recordings is 1 mm around the
central axis, as shown in Fig. 3. Thus, the measured signal is not
radially resolved. A second pathway (PMT2) for the light is used to
correlate the TC-SPC recording and to gather the time information
of the random emitted photons detected by PMT1.

The time resolution of the TC-SPC technique is mainly deter-
mined by the transit time dispersion (or transit time spread) of the
photon pulses in the PMT.32 For the detector used here, the transit
time spread, given by the manufacturer, is 180 ps. In this study, we
paid special attention to possible time shifts between the recorded
emissions at different wavelengths, known as “color-shift effect.”32

However, such an effect is not found in the TC-SPC recordings. On
the other hand, different gain values of the PMTs do affect their
response-time, which can result in a time-shift in the recordings.
As an example, setting the PMT1 gain value to 82% and 91% of
the maximum gain in two different TC-SPC recordings leads to a
time-shift of 200 ps in these recordings. In the present study, the
TC-SPC recordings for SPS and FNS signals are either conducted
at equal PMT-gain values or the time-shift between them is
compensated.

B. E/n determination using TC-SPC recordings

Both radiating species N2(C3Πu) and Nþ
2 (B

2Σþ
u ) are excited by

direct electron impact at the conditions being considered, i.e., low
density and short duration (nanoseconds range) plasma. The corre-
sponding values of excitation energy EC and EB for the vibrational
level υ0 ¼ 0 are 11.03 eV and 18.70 eV, respectively,

eþ N2(X
1Σþ

g )υ¼0
! N2(C

3Πu)υ0¼0 þ e, (1)

N2(C
3Πu)υ0¼0 ! N2(B

3Πg)υ00¼0 þ hν, (2)

eþ N2(X
1Σþ

g )υ¼0
! Nþ

2 (B
2Σþ

u )υ0¼0 þ 2e, (3)

Nþ
2 (B

2Σþ
u )υ0 ! Nþ

2 (X
2Σþ

u )υ00 þ hν: (4)

The intensity of the signal is dependent on E=n, the electron
density, and the quenching coefficients of the exciting states by
oxygen and nitrogen molecules. A detailed sensitivity analysis
including more than 600 elementary processes, performed in
Ref. 33, revealed that the mentioned processes are the most domi-
nant for the characterization of the radiation kinetics in weakly
ionized atmospheric pressure plasmas in synthetic air. A

comprehensive overview about lifetimes and quenching coefficients
for the calculation of the effective lifetimes was recently given in
Ref. 34 and values of about τSPSeff ¼ 0:6 ns [N2(C3Πu)] and
τFNSeff ¼ 0:05 ns [Nþ

2 (B
2Σþ

u )] are used here. Within the frame of the
kinetic scheme, the ratio of the rate coefficients R(E=n) ¼ f (kB/kC)
of the reactions (3) and (1), which is a sole function of E=n, can be
determined as follows:35,36

R(E=n) ¼ f
kB
kC

� �
¼

dIFNS
dt þ IFNS

τFNSeff

dISPS
dt þ ISPS

τSPSeff

�
τFNSeff

τSPSeff

: (5)

Thus, to determine R at a certain position along the discharge
axis, the measured intensities IFNS(t) and ISPS(t) are smoothed
numerically, differentiated, and finally analyzed according to Eq. (5).
Since the processes are fast (subnanosecond time scale), it is essential
to include the temporal derivatives of the measured emission
profiles.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Synchronization of current pulses and
spatiotemporally resolved photon emission

A single-shot voltage-current waveform of the anodic pin half-
cycle is shown in Fig. 1, embedded in the oscilloscope box. Two
MDs appear in most of the anodic pin half-cycles. The first MDs
are named “first group MDs” and the subsequent second MDs are
named “second group MDs.” These MDs appear erratically in two
separate, subsequent phase-windows. Figure 2 presents the appear-
ance histogram of the current pulses, in which the phase ranges
corresponding to the first and second group MDs are indicated.
The first group MDs appear from 0 to 14 μs, and second group
MDs appear from 14 to 42 μs within the applied voltage half-cycle.
The current pulses appearance histogram is compared to the inte-
grated SPS and FNS emission intensities, recorded by the TC-SPC

FIG. 2. Appearance histogram of the current pulses, compared to normalized
SPS and FNS emission intensities in different phases of the applied voltage.
The phase ranges, which correspond to appearance of the first and second
group MDs, are separated by a green line.
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technique in different phases of the applied voltage. As expected,
the appearance of the current pulses and light emission over the
cycle are correlated. The only significant difference is that,
compared to the current pulses appearance, the intensity of SPS
emission in second group MDs is higher. As it will be discussed
(see Fig. 4), this is due to the fact that the light emission from
second group MDs takes place for a longer time, and more photons
are emitted per MD.

Single-shot ICCD images of first and second group are shown
in Fig. 3. The major difference between the morphology of the first
and second MDs is the branching and the length of the plasma
channels on the dielectric (cathode) surface. In the second group
MDs, the streamer propagates a longer distance on the surface.
A detailed explanation for these observations is given in the
following.

The TC-SPC recordings of SPS and FNS signals for both MD
groups are shown in Fig. 4. The two MD groups have a considerably

FIG. 3. Single-shot ICCD images of a first group MD (left) and a second group
MD (right). The green-dashed strips show the area which is captured in the
TC-SPC recordings. The positions marked as 1 and 2 are correlated with posi-
tions marked in Fig. 4.

FIG. 4. TC-SPC results of (a) SPS and (b) FNS signals for first and second group MDs. The selected positions for the study are shown by red lines on the SPS results.
The TC-SPC results are the same as the ones presented in Ref. 8 but a time-shift of 200 ps due to PMT-gain difference between FNS and SPS is compensated.
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different discharge development. These differences were studied in
Ref. 8, where it was argued that the residual charges left from first
group MDs, particularly positive residual charges on the dielectric
surface, play a key role in the differences between the discharge
developments of the two MD groups. Both MD groups have a
Townsend prebreakdown phase with a weak emission at the anode
(pin). There the streamer inception starts its propagation toward
the cathode (at about 11 ns), which is well visualized by the FNS
signal. The main differences between the two MD groups manifest
in the longer propagation on the cathode surface and the longer
duration of the bulk plasma in second group MDs. In Ref. 8, the
positive streamer velocities were determined and it was observed
that, compared to the first group MDs, in the second group MDs the
streamer propagates slower in the vicinity of the cathode (dielectric)
surface. The analysis of the streamer propagation showed a further
slowdown when it starts to propagate on the dielectric surface,
but then a jump in the streamer velocity was observed. Finally, the
longer propagation of the streamer on the dielectric surface and
duration of the bulk plasma in the gap, compared to the first group
MDs, are obtained. In Ref. 8, these differences between the two MD
groups are interpreted as a result of the positive charge deposition
on the dielectric surface during the first MDs. When a positively-
charged streamer head of a second group MD approaches the
positively-charged dielectric, a repulsing force is induced and
influences the following propagation toward and on the dielectric, as
seen in the results.

A comprehensive discussion of the overall discharge physics
and its electrical behavior requires synchronization between mea-
sured spatiotemporal developments and current pulses of the MDs.
This is not a straightforward task, as both methods are independent
from each other and MDs appear with a time-jitter in the micro-
seconds range. The time scale of the TC-SPC recordings is relative,
as it results from the time difference (or coincidence delay) of two
optical signals, both originating from the MDs.35 The current pulse
measurements are triggered by the current pulses itself in the
digital storage oscilloscope. So far, the synchronization was based
on the assumption that the current starts with the inception of
the streamer near the anode,8 which is crude because of the weak
emission at this stage. Furthermore, it is not physical because
the emission is only characterizing electrons with an energy
higher than 11 eV, while the current represents all charges

(although mostly electrons). To search for an alternative approach,
the following investigation of the current pulses was done.

Averaged current pulses, obtained by averaging over 512 single
current pulses, of the first and second group MDs are shown in
Fig. 5. In order to show their representative character, three indi-
vidual current pulses are presented as well (dashed-lines). The first
group current pulses have a sharp increase, followed by a slower
decay. The second group MDs have a local maximum and a broad
global maximum, and their duration is longer. These differences
are consistent with the differences between the spatiotemporally
photon emissions described above. Here, the temporal derivative of
the current pulses are investigated. Normalized averaged current
pulses and current pulse derivatives of the first and second group
MDs are shown in Fig. 6. The values of the current derivative for
the second group MDs are lower than the first group MDs, which
will be discussed in Sec. III B. After the maximum, both derivatives
drop sharply and become zero in some hundred picoseconds. From
this point, the current pulse derivatives start to oscillate around
zero. Such oscillations have been observed in most of the experi-
mental studies of single DBDs, for example, in Refs. 17 and 37–39.
Synek et al.39 have attributed this phenomenon to the echoing of
the signal in the current probe cable. Whether these oscillations are
due to physical processes40 (e.g., related to the propagation of the
surface streamer or instabilities in the bulk plasma) remains as an
open question for future studies.

The two normalized current pulse derivatives are compared to
each other in Fig. 6(b). At approximately 3.5 ns, the derivatives
enter a high-slope mode and reach their maximum value. After the
maximum, both derivatives drop sharply. When the current starts
to increase again in the second group current pulse (5.5 ns), the
values of the derivative becomes positive until the second group
current pulse reaches its maximum value at 8.7 ns. During this
time, the derivative of the second group current pulse has a higher
value compared to the first group derivative. However, after 9.1 ns,
the derivative of the first group stays higher until the end of the
current pulses, i.e., the decay of the current for first group MDs is
slower in this range.

In Fig. 7, examples of single current pulses of first and second
group MDs are presented together with the current pulse deriva-
tives. The slope and maximum values of the single-shot current
pulses slightly differ, but nevertheless the shapes of the current

FIG. 5. Averaged current pulses of the
first and second group MDs. For each
MD group, 3 individual current pulses
are shown in dashed-lines.
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pulses and their derivatives are similar to the averaged current
pulses shown in Fig. 6. Indeed, the measured current and its
derivative are affected by the current probe and its rise time in
particular. The latter determines the time resolution and thus the

precision of our approach. For Tektronix CT-1 current probe, the
maximum rise time is 350 ps.31 Due to this limitation, a sharp
maximum for the current pulse derivatives, as it should be expected
for an ideal pulse, is not obtained in the examples.

FIG. 6. (a) Averaged current pulses and their derivatives. Gray bars show the maximum of the current pulse derivatives, considering the time-resolution of the current
measurement, and (b) normalized derivatives of the averaged current pulses compared.

FIG. 7. Examples of single current
pulses of first and second group MDs,
presented together with the current
pulse derivatives.
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Numerical22,41–45 as well as experimental8,21,46–48 studies of
positive streamers have shown that by further approaching of the
streamer to the cathode surface during its propagation in the gap,
the streamer head charge, electric field, velocity and diameter
increase. In the vicinity of the electrode surface (dielectric-covered
cathode), the electric field increases sharply and reaches its
maximum value at the moment, at which the streamer impacts on
the cathode (see also Sec. III B, where it is experimentally deter-
mined). This increases the ionization in the cathode vicinity rapidly
and thus the conductive current component as well. With abrupt
electric field increase, the displacement current can significantly
rise locally as well. After the streamer impacts the surface, the rear-
ranged electric field does not lead to such a rapid ionization growth
anymore, nor is it subjected to fast temporal changes. As a result,
the derivation of the total current measured in the external circuit
would reach its maximum at the instant when the streamer reaches
the dielectric surface. Considering this qualitative approach, we
propose that the maximum of the derivative of current can be used
as an approximate, yet more exact and more physical approach for
synchronization of the current and the TC-SPC measurements. For
the first and second group MDs, the points of current derivative
maxima and their uncertainty are indicated by the gray bars in
Fig. 6(a). It is important to notice that the part of the current pulse
that corresponds to the arrival of the streamer at the surface is in
agreement with most of the numerical and experimental studies,
which have shown that the arrival of the positive streamer at the
cathode surface coincides with the sharply rising part of the
current pulse.23–25 Fine-resolved studies on Trichel pulse negative
corona discharges in air also showed a correlation between streamer
head impact and a change of the rising slope of the current.28

In our previous study,8 the averaged current pulses and the
SPS recordings were synchronized based on the assumption that
the current starts with the positive streamer inception in front of
the anode. In the present study, the maximum of the current pulse
derivative is proposed as a criterion for the arrival of the streamer
at the cathode surface. This is a more physically motivated
approach for the synchronization. However, a profound check of
this hypothesis will be possible only by dedicated simulation of the
discharge development and the electrical discharge parameters,
which would exceed the scope of this experimental study.

Based on the FNS results, the arrival of the streamer on the
cathode surface for the first and second group MDs can be
determined. Applying the hypothesis above, the synchronization
between the TC-SPC recordings and current pulses can be per-
formed with an uncertainty given by the time resolution of the
current measurements (350 ps). This could be considered as a
“time reference” for both current and TC-SPC measurements.
Therefore, for the synchronized TC-SPC recordings and current
pulses in Figs. 8 and 9, t0 ¼ “time relative to streamer impact,”
where t0 ¼ 0 means the time of the current pulse derivative
maximum, is employed.

In order to investigate the correlations between the spatiotem-
porally resolved light emission and current pulses of the MDs, nor-
malized profiles of the TC-SPC recordings at different positions are
compared to the normalized current pulses. Specific positions
(position 1: 0.94 mm and position 2: 0.055 mm) are chosen, since
significant similarities between the normalized TC-SPC profiles

and the normalized current pulses are observed. The results are
presented in Fig. 8.

The results of the study near the pin (anode) tip (position 1)
are shown in Fig. 8(a). Here, the FNS signal and the current pulse
have similar shapes and the maximums of the FNS signals approxi-
mately coincide with the maximums of the current pulses
(the uncertainty is shown by the gray bar centered at t0 ¼ 0). This
is especially recognizable in the second group MDs. However, the
SPS signal in the second group MDs does not follow the current
after the first local maximum and decays sharply.

As it can be seen in Fig. 8(b), there is nearly no emission
(neither FNS nor SPS) before the streamer head arrival. In this
position, the shapes of the SPS signal and the current are similar
and their maximums nearly coincide. Contrary to the SPS signal,
the FNS signal does not follow the current after the first maximum.
In all profiles near the anode and cathode, the light emission drops
significantly after the global maximums or first maximum (in the
case of second group MDs) of the current pulses. However, the
current decay is much slower compared to the decay of the light
emission.

In general, due to the particular shape of the second group
averaged current pulse with a local maximum and a broad global
maximum, it is easier to distinguish the similarities between the
TC-SPC signals and the current pulse. Hence, the main observation
from the results of Fig. 8 is that the shapes of the SPS signal near
the cathode and the FNS signal near the anode tip are similar to
the current pulses.

After the arrival of the streamer on the cathode surface, it con-
tinues as a surface streamer. The majority of the ionization pro-
cesses resulting in electron current generation will take place on the
surface streamer head. These electrons are then accelerated in
the high local electric field of the streamer and are transferred to
the gap via the conductive channels left behind the surface
streamer. When the electrons enter the gas gap, they reach
sufficient energies (�11 eV) in the vicinity of the cathode (cathode
fall) to excite nitrogen molecules to the N2(C) state. Therefore, the
SPS signal near the cathode develops similar to the current pulse.
Because of the locally enhanced electric field near the anode (pin)
tip, the electrons from the bulk plasma gain further energy and
reach such high energies (18.7 eV) required for the direct
ionization-excitation collisions of nitrogen molecules to the Nþ

2 (B)
state. Hence, the FNS profiles near the anode tip have similar
shapes to the current pulses. Note that both SPS and FNS photon
emissions reach their maximum together with the current.
However, the decay of the photon emission is faster, since current
represents all the electrons in the external circuit, while the photon
emission is (indirectly) caused only by the high-energy ones.

B. Reduced electric field strength development

To determine E=n, the SPS and FNS emissions were recorded
with a same PMT gain value. The results are given in Figs. 9(a) (for
first group MDs) and 9(b) (for second group MDs). The results are
nearly the same as the ones presented in Fig. 4 and Ref. 8. The mea-
surement times were 5 h for the SPS emission and 24 h for the FNS
emission. The horizontal axis shows the “time relative to streamer
impact,” as discussed in Sec. III A.
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The values of E=n, determined using Eq. (5), are presented at
the bottom of Figs. 9(a) and 9(b). Contrary to Ref. 36, the calibra-
tion on E=n was not performed with a Townsend-discharge,
because this was not available. Before the streamer starts, the SPS
emission grows nearly exponentially toward the anode. In the
Townsend prephase, the volume charges are not significantly

perturbing the electric field. The first Townsend coefficient α(E=n)
can be estimated from the exponential increase for this region and,
as this is a sole function of E=n, a calibration with an uncertainty
of 20% is performed. A similar approach was used in Ref. 35 but
with the SPS signal in front of the anode after the streamer head
arrival. The same approach was used here for the verification of the

FIG. 8. Normalized averaged current pulses compared to smoothed and normalized profiles of the SPS and FNS signals, (a) near the cathode tip (0.055 mm) and (b)
near the anode tip (0.94 mm). The gray bars show the times corresponding to maximum of current pulse derivatives, which are attributed to the arrival of the streamer at
the cathode surface.
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FIG. 9. Measured SPS and FNS emission and determined reduced electric field strength for (a) first and (b) second group MDs. The averaged current pulses are embed-
ded in all graphs, based on the synchronization method proposed in Sec. III A.
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calibration prior to the streamer phase and confirmed, with negligi-
ble uncertainty, the determined E=n values.

The E=n results for the first and second group MDs show that
the propagation of the cathode-directed streamer starts from the
vicinity of the anodic pin for both MD groups. Temporal evolution
of the maximum E=n (E=nmax) values in the gap for the first and
second group MDs, obtained from the E=n graphs presented in
Fig. 9, is shown in Fig. 10. It can be seen that the values of the
E=nmax for both MD groups are similar in the gap. The E=nmax

values increase by further propagation of the streamer, starting
from �100 Td and reaching to �500 Td. On the other hand, the
E=nmax values significantly differ when the streamers reach the
vicinity of the cathode (dielectric) surface. The maximum E=nmax

values, 980 and 770 Td for the first and second group MD, respec-
tively, are obtained at the impact of the streamer on the dielectric
surface. This observation is in agreement with the determined
velocities of the streamers in the gap, presented in Ref. 8. The
velocities of the positive streamers in the gap are the same for
the two MD groups. However, in the vicinity of the cathode, the
streamer velocity of the first group MDs reaches much higher
values compared to the second group MD (3.8 vs 1.5 mm/ns). The
values of E=n presented in Fig. 9 are in fair agreement with previ-
ous experimental studies, which have employed the same approach
for the field strength determination,19,36,49–51 as well as modeling
results5,22–25 for DBDs, which predict a reduced electric field
strength of about 1000 Td in the streamer head during its impact
on the cathode surface. The rapid increase of the E=nmax and its
temporal derivative by approaching to the dielectric surface, and
the fact that the maximum electric field is obtained at the streamer
head impact on the dielectric surface, as shown in Fig. 10, support
the discussion about the maximum of the current pulse derivative
in Sec. III A.

After the streamer impact, the streamer continues its develop-
ment on the dielectric surface. In the first group MDs, during the
surface streamer propagation, E=n in the gap drops to about
100 Td and its value is the same along the gap. The E=n values in
the surface streamer head are in the range of 250–650 Td. However,

the measured emission profiles are spatially distorted due to the spher-
ical surface geometry of the dielectric. Therefore, the values below the
position = 0mm present only a qualitative development of E=n. The
surface streamer head develops until the position = �0.3mm, which
corresponds to a distance on the spherical dielectric surface of about
1mm. In the second group MDs, the surface streamer propagates a
longer distance, namely, about 2mm. At the beginning stage of the
surface streamer, the E=n value in the gap is in the range of
50–100 Td. However, at about 2 ns, the E=n increases above 120 Td
near the pin (anode) and further ionization is obtained. This is in
agreement with the results of Fig. 8(a), which shows that the FNS
signal near the anode follows the current pulse. The local field
enhancement due to the prolonged surface streamer propagation
could be the reason for this effect.

In Fig. 9, the current pulses are synchronized with the SPS
and FNS emissions and the E=n results, based on the method
described in Sec. III A. In Ref. 8, it is shown that the external
current is dependent on the dynamics of the streamer propagation.
In first group MDs, as the streamer reaches the vicinity of the
cathode, the current grows fast. This could also be seen in the
values of the current derivative shown in Fig. 6. After the impact of
the streamer on the cathode surface, an intense bulk plasma is
formed, which encompasses the whole gap in a short time.
Simultaneously, the current continues to grow. Indeed, the current
maximum is reached well after the maximum of the reduced elec-
tric field strength, which is correlated with the streamer head
impact on the cathode. Due to charge deposition on the dielectric
surface, the electric field in the streamer head and in the gap drops,
which leads to lower current production. From this time on, the
current and also the light emission start to drop. In the second
group MDs, the propagation of the streamer is affected by the posi-
tive residual surface charges from the first group MDs. Positive
surface charges hinder the propagation of the streamer in the vicin-
ity of the cathode. This leads to lower current, current derivative
maximum, and E=n maximum values for the second group MDs.
The current maximum coincides with the maximum of E=n at the
pin (anode) tip and maximum of the SPS radiation in the gap. The
decay phase due to the charge deposition on the dielectric surface
results in current and emission drop.

IV. SUMMARY AND OUTLOOK

Subsequent single MDs appearing in a barrier corona arrange-
ment operated in atmospheric pressure dry air are investigated. The
E=n values of the MDs are determined by investigating spatiotem-
porally resolved photon emissions from the MDs. In addition, the
spatiotemporally resolved photon emissions are synchronized with
the current pulses of the MDs using a new method. Considering
the propagation of the positive streamer in the gap and electron
current generation at its head, it is proposed, for the first time, that
the maximum of the current pulse derivative corresponds to the
arrival of the positive streamer head at the cathode surface. This is
used to synchronize the spatiotemporally resolved light emission
and the determined E=n values with the averaged current pulses of
the MDs.

A more reliable proof of this approach requires dedicated simu-
lation of the discharge development with sufficient time resolution.

FIG. 10. Maximum values of E=nmax during the propagation of the streamers in
the gap.
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The current probe used here is, to our knowledge, the best com-
mercially available one in the sense of the lowest rise time
(350 ps) and highest sensitivity (5 mV/mA). Experiments on
slower discharge events (e.g., at reduced pressures) or with better
(higher time-resolution) current probes are necessary and remain for
future work. In addition, the employment of current pulse derivative
for the study of the different phases of the streamer propagation (in
the gap and on the surface) could be applied to other transient
plasmas, e.g., corona, pulsed DBDs, transient sparks, and plasma jets.

By comparing normalized profiles of the spatiotemporally
resolved light emission from the MDs (TC-SPC recordings) and
normalized current pulses, correlations are found between them
near the cathode and anode tips. The correlation between the SPS
signal near the cathode (dielectric) tip and current pulse is attrib-
uted to the generation and amplification of the electrons on the
surface streamer head and their acceleration on the dielectric
surface and in the cathode fall region. The correlation between the
FNS signal near the anode (pin) tip and current pulse is attributed
to the enhancement of the electric field in this region, which can
accelerate electrons to high energies and enable the generation of
excited nitrogen ions.

The development of the reduced electric field strength shows
that the propagation of the cathode-directed streamer starts from the
anode area and continues over the dielectric cathode surface, with
values of about 700–1000 Td at the streamer head impact on the
cathode. The E=n maximum is lower for the second group MDs due
to the positive residual surface charges from the first group MDs. In
agreement with the discussion of the emission profiles, an enhance-
ment of the electric field near the anode tip in the glow phase of the
second MD with an E=n above 120 Td is obtained.
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Abstract
Microdischarges (MDs) in a sinusoidally driven barrier corona discharge, operated in dry air at
atmospheric pressure, are investigated using time-correlated single photon counting (TC-SPC)
technique, electrical measurements (applied voltage and current pulses) and ICCD images. In the
current contribution, results of the cathodic pin half-cycle are presented. Results of the anodic pin
half-cycle were presented in a previous study (Jahanbakhsh et al 2018 Plasma Sources Sci. Technol.
27 115011). In the cathodic pin half-cycle appearance phase and current pulse amplitude of the MDs
have an erratic behavior. Hence, a statistical study of the current pulse amplitudes is conducted, and
it is correlated to the phase-resolved spatio-temporal development of the MDs, obtained from TC-
SPC recordings. This study indicates that the breakdown and development of the MDs is dependent
on their inception phase, which is related to the discharge activity in preceding (anodic pin) half-
cycles. It is shown that the MDs appearing at lower applied voltages are ignited with a positive
streamer starting near the anode (dielectric), similar to single dielectric barrier discharge MDs. On
the other hand, the inception of the MDs appearing at higher applied voltages takes place with a
double-streamer mechanism starting near the tip of the cathode (pin). These MDs have similarities to
transient sparks, in particular much higher current pulse amplitudes compared to single DBDs.

Supplementary material for this article is available online

Keywords: dielectric barrier discharge (DBD), barrier corona (BC), negative corona, partial
discharge (PD), transient spark, time-correlated single photon counting (TC-SPC), current pulse
histograms

1. Introduction

Non-thermal atmospheric pressure plasmas such as dielectric
barrier discharges (DBDs) and corona discharges have been
employed in various industrial and medical applications. The
most possible way of gas breakdown in atmospheric pressure
discharges is the streamer mechanism, resulting in filamentary
plasmas [1, 2]. The filaments are the result of many transient
microdischarges (MDs) with diameters in the range of
100 μm and durations in the range of several ns to μs. As the

building blocks of the filamentary plasmas, single MDs play a
key role in terms of the physical and chemical properties of
these types of plasmas. Numerous theoretical, experimental
and numerical studies have been conducted in order to
investigate single MDs in DBDs [3–8] and corona dis-
charges [9, 10].

While majority of the DBDs being employed in appli-
cations such as ozone generation, surface activation, air
treatment and biomedical applications are operated in asym-
metric electrode arrangements, many fundamental studies
were conducted for symmetric DBDs, i.e. both electrodes
covered by dielectric layers. A handful of studies in the
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literature can be found about experimental and numerical
investigation of asymmetric volume DBD arrangements, e.g.
[11–18]. All of these studies are conducted in metal pin-to-
plate (dielectric-covered) electrode arrangements. In these
studies, surface charges and electrical measurements, and
images of the filaments are used to study the properties of the
plasma in different gases, gap distances and pin radii. Results
of these studies show that pin-to-plate geometry can be
interpreted as a combination of corona discharge and DBD.
Depending on the different geometric and operational con-
ditions, both corona-like (positive and negative corona) and
DBD-like (microdischarge filaments and diffuse DBD) are
reported. For this reason, this kind of arrangement is named
barrier corona (BC) discharge [13, 19].

In the present study MDs in a BC arrangement with a
metal pin and a hemispherical dielectric-covered electrode are
investigated. A sinusoidal voltage is applied between the
electrodes and the discharge is operated in dry air at atmo-
spheric pressure. Because of strong asymmetry in the geo-
metry and the materials of the two electrodes, the
characteristics of the discharge in the two polarities of the
applied sinusoidal voltage, i.e. anodic and cathodic pin, are
significantly different. The results of the anodic pin half-cycle
were presented in a previous contribution [20]. In addition,
general appearance and characteristics of the discharge with
35 ppm toluene admixture in air were presented in [21]. In the
current contribution, the results of the cathodic pin half-cycle
are presented and discussed in detail.

Negative coronas have been subject of numerous studies.
Trichel [22] reported a self-pulsing mode in negative corona,
now known as Trichel pulses. Greenwood [23] observed a
pulse-less mode (known as glow mode) in higher applied
voltages. Kurimoto and Farish [24] measured breakdown
voltages for different pin electrode geometries and studied
shapes of the discharge in Trichel and glow modes. Goldman
et al [25] and Chang et al [26] gave an overview about corona
discharges and their applications. Černák et al [27] investi-
gated current pulses of a negative corona discharge in

different gas compositions and pressures and at various
applied voltages. Akishev et al [28, 29] and Trushkin et al
[30] studied Trichel-to-glow and glow-to-streamer transitions
in negative corona discharges. Chen et al [31] developed a
numerical model for negative corona discharge and compared
their results to positive corona. Bruggeman et al [32]
employed a water surface as the anode and studied its effect
on the glow-to-spark transition. Tran et al [33] developed a
numerical model for a negative corona discharge and studied
the effects of adding a dielectric surface on the anode. Hoder
et al [34] studied pre-breakdown discharge activity and
electric field in Tirchel pulse mode using ‘time-correlated
single photon counting (TC-SPC)’ technique. Amirov et al
[35] and Berend et al [36] investigated the effects of airflow
on the appearance and electrical characteristics of the dis-
charge in Trichel and glow modes.

The aim of this contribution is to conduct a phase-
resolved study of the MD development in the cathodic pin
half-cycle of the BC arrangement. TC-SPC technique is used
to record the spatio-temporal development of the MDs with
additional phasial-resolution. These results are correlated to
statistical studies of current pulses and ICCD imaging.

2. Discharge cell and diagnostics

The experimental setup and diagnostics is the same as our
previous study about the anodic pin half-cycle [20]. A sim-
plified schematic of the discharge cell and diagnostic setup is
shown in figure 1. A hemispherical electrode, covered with
Alumina (Al2O3, εr≈9, thickness: 0.5 mm, radius of cur-
vature: 2 mm), and a stainless steel metal pin (tip radius:
200 μm) are put inside a gas-tight cell. The gap distance
between the two electrodes is set to 1 mm. The discharge cell
and the dielectric-covered hemispherical electrode are the
same as the ones in [6]. Dry air at 300 SCCM flowrate is used
to flush the cell from the bottom to the top. A sinusoidal
voltage at 7.5 kHz (period: 134 μs) and 5.75 kV (11.5 kVp−p)

Figure 1. Schematic of the discharge cell and the diagnostic setup.
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is applied to the hemispherical electrode and the metal pin is
grounded. These values are kept constant during all
experiments.

Three types of diagnostic techniques are employed:

(i) Current and voltage measurements. Electrical measure-
ments are conducted using a voltage probe (Tektronix
P6015A) placed in the high-voltage side, and a current
probe (Tektronix CT1, rise time: 350 ps) placed in the
grounded side. Both signals are recorded by an
oscilloscope (Tektronix DPO4104, bandwidth: 1 GHz,
samplerate: 5 GHz). Individual and averaged (over 512
individual pulses) current pulses, as well as current
pulses appearance and amplitude histograms are
recorded using the oscilloscope. For the phase-resolved
electrical measurements, i.e. averaged current pulses
and current pulse amplitude histograms (CPAHs),
setup-and-hold triggering option of the oscilloscope is
employed, and the desired phases are selected using the
clock signal delivered from a delay generator (DG,
Princeton Instruments DG535).

(ii) ICCD imaging. Using an ICCD camera (Andor iStar
DH334T-18U-A3), the morphology of the micro-
discharges are recorded in the different phases of the
applied voltage. The spatial resolution of the images is
7.5 μm. The ICCD camera is triggered via a signal
delivered from the DG, and the ICCD-gate is delivered
as a TTL signal to the oscilloscope. The ICCD images
are recorded in two modes: single-shot and accumu-
lated. In single-shot images it is possible to record the
corresponding current pulses by triggering the oscillo-
scope via the ICCD-gate signal. The exposure time of
all accumulated ICCD images is set to 10 ms, which
corresponds to 74 applied voltage cycles.

(iii) Time-correlated single photon counting. Spatio-tempo-
rally resolved light emission of the microdischarges are
recorded using TC-SPC technique (spatial resolution:
25 μm, temporal sampling 12 ps). These recording are
also resolved over the applied voltage cycle. Hence, the
spatio-temporal development of the MDs in different
phases of the applied voltage can be investigated. The
recorded wavelengths are selected using a monochro-
mator. As shown in figure 1, a signal from TC-SPC
setup triggers the DG, and the sinusoidal power source
and ICCD camera are triggered via output signals of
the DG.

3. Microdischarges in the cathodic pin half-cycle

3.1. Appearance and CPAHs of the microdischarges

An accumulated current–voltage oscillogram of the discharge
is shown in figure 2(a). The development and properties of
the MDs appearing in the anodic pin half-cycle are described
in [20]. The behavior of the discharge in the cathodic pin
is more erratic compared to the anodic pin half-cycle.
The single-shot current–voltage oscillograms, presented in

figure 2(b), show that in the anodic pin half-cycle usually 2
current pulses appear, while a single pulse is also possible. In
the cathodic pin half-cycle normally a single pulse appears,
and the amplitudes and phases of the current pulses are
erratic. Similar behaviors for the two polarities of the applied
voltage are observed in a BC reactor used for CO2 conversion
[37]. Appearance distribution of the MDs over the cathodic
pin half-cycle is shown in figure 2(c). This histogram shows
that the MDs can appear starting from −5 μs, i.e. before the
start of the cathodic pin half-cycle. This happens when the
electric field induced by the residual surface charges is suf-
ficiently high, so that the gap voltage reaches the breakdown
value before the reversal of the applied voltage [2]. The
histogram has a peak at 10 μs, and the appearance of the MDs
is considerable till the maximum applied voltage (33.5 μs).
After this time, the probability of the appearance of the MDs
drops considerably and becomes zero at 47 μs. The CPAH of
the MDs appearing in the cathodic pin half-cycle are shown in
figure 2(d). The minimum and maximum current pulse
amplitudes are 60 and 1600 mA, respectively. The maximum
of the histogram appears at 160 mA, indicating the ‘amplitude
with the highest probability’ for the MDs appearing in the
cathodic pin half-cycle.

The accumulated current–voltage oscillogram and the
histograms of appearance and amplitude of the current pulses
show that in the cathodic pin half-cycle the MDs can appear
in a wide phase-interval, having significantly different current
pulse amplitudes. Therefore, a phase-resolved statistical study
of the current pulse amplitudes is conducted by dividing the
cathodic pin half-cycle to time-windows with 1 μs duration.
For each time-window, the CPAH of the appearing MDs is
recorded. Four examples of the recorded CPAHs are pre-
sented in figure 3(a). For 1–2 μs time-window, the current
pulse amplitudes are between 45 to 250 mA, and the max-
imum of the distribution is at 135 mA. The second example
shows the CPAHs in 7–8 and 8–9 μs time-windows. Starting
from 8 μs, the CAPHs have a second maximum at lower
values of current amplitude. The last example from 16–17 μs
time-window clearly shows that the CPAH has two max-
imums, and it is shifted to higher current values.

The phase-resolved CPAHs are summarized in
figure 3(b). The solid lines show the maximums of the dis-
tributions for each phase, and the bars show the ranges of the
distributions. As the distributions are not Gaussian, no aver-
age values and confidence intervals are given. Here, the dis-
tributions are only studied generally and no more effort is
done in order to study them in detail. By the appearance of the
second maximum in the CPAHs after 8 μs, the CPAHs could
be considered as a superposition of two distributions. These
distributions are named as ‘distribution-1’ and ‘distribution-2’
and are plotted separately in figure 3(b). They are also marked
on the examples given in figure 3(a). Before 8 μs, distribu-
tion-1 does not change significantly by an increased applied
voltage, but in later phases the distribution becomes depen-
dent on the applied voltage, i.e. the higher the applied voltage,
the higher the current pulse amplitude. Consequently, the
maximum current pulse amplitude is obtained at the max-
imum applied voltage (33–34 μs time-window) and the
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distribution shifts again to lower current pulse amplitudes
during the falling slope of the applied voltage half-cycle. As
described above, distribution-2 appears first at 8–9 μs time-
window. Similar to the beginning part of distribution-1, in
distribution-2 the CPAHs do not change significantly till
12 μs. After this time, the CPAHs become dependent on the
applied voltage and follow a similar trend as distribution-1.
The appearance of two superimposed distributions and their
phasial behavior can be explained by the discharge events in
the preceding anodic pin half-cycle, as will be discussed in
section 4.

3.2. Spatio-temporal development of the MDs

The TC-SPC measurements are conducted for the 0-0 tran-
sitions of the molecular bands of the second positive system
(SPS, N2(C)) (wavelength: 337 nm, excitation energy: 11 eV)
and the first negative system (FNS, +N B2 ( )) (wavelength:
391 nm, ionization-excitation energy: 19 eV) of nitrogen.
Details of these molecular bands and their excitation and de-
excitation processes in DBDs and other air plasmas operating
at atmospheric pressure can be found in the literature, e.g. [5].
Duration of the SPS and FNS measurements are 5
(≈1.34×108 cycles) and 24 h (≈6.44×108 cycles),
respectively. The SPS signal is considered as a convolution of
electron density and the rate-coefficient for direct excitation
of the radiating state (N2(C)). Because of its high excitation
energy, the FNS signal visualizes the development of high

electric field strength [5, 38]. Hence, the SPS signal shows the
overall development of the plasma, while the FNS signal
mainly tracks the streamer head propagation in the gap and on
the cathode surface. The TC-SPC measurements are spatially
resolved along the central axis of the discharge arrangement.
As the axial positions, the tips of the dielectric-covered
electrode and metal pin electrode are marked as 0 and 1 mm,
respectively. Hence, the positions with negative values in
figures 4 and 5 indicate the dielectric surface. The time axis of
TC-SPC measurements is relative. The number of recorded
photons is shown in a color-coded logarithmic scale.

The statistical study presented in 3.1 shows the sig-
nificant variation of the electrical properties of the MDs
depending on their appearance applied voltage. This indicates
the importance of phase-resolved diagnostics in such a dis-
charge, which should also be taken into account in the pre-
sentation and analysis of the experimental results. In the
multi-dimensional TC-SPC unit, the applied voltage cycle is
divided into 128 channels, which results in 2π/128=π/64
or 134/128=1.05 μs phasial resolution. Hence, every
channel approximately corresponds to the time-window of the
phased-resolved CPAH measurements presented in figure 3.
Considering this, the spatio-temporal development of the
discharge in each time-window is recorded. A video, which
presents the TC-SPC results for each time-window, is pro-
vided as a supplementary material, available atstacks.iop.
org/PSST/29/015001/mmedia for the present contribution.

Figure 2. (a) Accumulated current–voltage oscillogram of the discharge. The accumulation time is 1 s, corresponding to 7500 applied voltage
cycles, (b) examples of single-shot current–voltage oscillograms, (c) histograms of appearance and (d) amplitude of the current pulses in the
cathodic pin half-cycle.
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Based on this detailed study, the TC-SPC results are pre-
sented for 5 phase-intervals, namely (−5, 7), (7, 8), (8, 12),
(12, 15) and (15, 47) μs. In each of these phase-intervals, the
spatio-temporal development of the MDs are similar and can
be binned and presented together.

To compare the spatio-temporal development of the MDs
appearing at low and high applied voltages, the TC-SPC
results for (−5, 7) and (15, 47) μs phase-intervals are pre-
sented in figures 4(a) and (b), respectively. In (−5, 7) μs
phase-interval only the MDs of distribution-1 appear (see
figure 3(b)). The discharge activity starts in front of the anode
(dielectric), followed by a positive (cathode-directed) strea-
mer. After the streamer reaches the pin surface, an intense
bulk plasma is formed in the gap. The emission from the gap
and the surfaces of the electrodes decays after some nanose-
conds. This discharge development is similar to the well-
known positive streamer breakdown and anode glow forma-
tion observed in single DBDs [2–6, 38]. The same develop-
ment stages are obtained for the MDs appearing in the anodic
pin half-cycle [20].

In (15, 47) μs phase-interval, MDs of distribution-1 and
distribution-2 can appear (see figure 3(b)). The TC-SPC
results presented in figure 4(b) show that in this phase-interval
the discharge activity starts only in front of the pin (cathode),
about 0.2 mm away from the pin tip, as seen in the SPS
recording. An increasing SPS emission, which encompasses
longer distances from the pin by the time, is observed. It is
opposite to the results of figure 4(a), where the pre-

breakdown discharge activity is only observed in the region
near the electrode surface. On the other hand, this emission
could not be observed in the FNS recordings of figure 4(b). It
indicates that in pre-breakdown phase the electrons gain
enough energy in the electric field near the tip of the pin to
excite nitrogen molecules to the N2(C) state, but not high
enough to ionize and excite these molecules to the +N B2 ( )
state. Shortly before the streamer breakdown, the SPS emis-
sion is observed in the whole gap, which could indicate that at
this stage the electric field of the pin is effective in all this
region. This pre-breakdown discharge activity is reported for
negative coronas in literature [28, 29, 32]. The streamer
inception occurs approximately at 0.85 mm position (0.15
away from the cathodic pin tip). The SPS recording shows a
double-streamer propagating towards the cathode (pin) and
the anode (dielectric). The double streamer breakdown is
observed for different modes of negative corona discharge
[34]. In the FNS recording, the propagation of the positive
streamer towards the pin is mapped, but there is no significant
FNS emission from the propagation of the negative streamer.
It indicates that the electric field in the head of the negative
streamer is lower than the positive streamer. This is also
observed in the studies comparing positive and negative
streamers [39–42]. The positive streamer reaches the surface
of the pin electrode approximately 2 ns before the negative
streamer reaches the surface of the dielectric. After the
negative streamer impacts the dielectric, an intense bulk
plasma is formed. During this stage, an intense SPS emission

Figure 3. (a) Examples of phase-resolved current pulse amplitude histograms, (b) the phase-resolved current pulse amplitude histograms
transferred to a single plot. The solid lines show the maximums of the distributions for each phase, and the bars show the ranges of the
distributions.
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is observed from the gap and surfaces of the electrodes. The
FNS emission at the pin tip and in the entire gap is also
intense, which is could be indication of a higher electric field
strength in these regions or stepwise ionization processes in
the case of higher electron densities, as Janda et al [43] have
shown. Compared to the results of 4(a) the discharge propa-
gates a longer distance on the dielectric surface. By the charge
deposition on the dielectric surface, the electric field drops
and the decay phase of the MD begins. The discharge
development observed in the TC-SPC recordings of
figure 4(b) are typical of ‘transient sparks’ in negative corona
discharges [29, 44]. Transient sparks are also observed in
positive coronas [43, 45]. However, in positive coronas
positive (cathode-directed) streamer crosses the gap and
forms the channel between the electrodes.

The TC-SPC results for (7, 8), (8, 12) and (12, 15) μs
phase-intervals are presented in figure 5. It is shown in
figure 3(b) that in (7, 8) μs phase-interval only the distribu-
tion-1 MDs appear. As it can be seen in figure 5(a), compared
to (−5, 7) μs, the discharge activity in front of the anode is
weaker in (7, 8) μs phase-intervals. In addition, a weak
activity is observed in front of the cathode (pin), indicating
that the inception of some MDs in this phase-interval takes

place by the streamer breakdown in front of the pin. This
shows that in this phase-interval a transition occurs in the
dynamics of distribution-1 MDs and the MD inception can
take place either by the streamer breakdown in front of the
anode (DBD-like MDs) or in front of the cathode (transient
sparks).

As shown in figure 3(b), the MDs of distribution-2
appear for the first time in ‘8–9 μs’ time-window, and the
MDs appearing after this time-windows can belong both
distribution-1 and distribution-2. The TC-SPC results for
(8–12) μs phase-interval are presented in figure 5(b). These
results indicate that, by the appearance of distribution-2 MDs,
the discharge activity starting from the anode tip becomes
intense again. The same MD development stages, described
above for (−5, 7) μs phase-interval, are also observed in this
phase-interval. In addition, it is observed that in (8–12) μs
phase-interval the discharge activity can also start in front of
the cathode (pin) tip, as for (7, 8) μs phase-interval. The
CPAHs show that the majority of the MDs, appearing in
(8–12) μs phase-interval, belong to distribution-2. Based on
this result and the observed transition in the dynamics of
distribution-1 MDs in (7, 8) μs phase-interval, it can be
concluded that the significant increase in the discharge

Figure 4. Phase-resolved TC-SPC results for (a) (−5, 7) and (b) (15, 47) μs phase-intervals for the SPS (left) and FNS (right) signals.
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activity in front of the anode and the positive streamer
breakdown is due to the appearance of distribution-2 MDs. In
other words, the MDs of distribution-2 that appear in (8, 12)
μs phase-interval are DBD-like microdischarges, similar to
the MDs of distribution-1 in (−5, 7) μs. On the other, the
inception of the distribution-1 MDs appearing in this phase-
interval takes place in front of the cathode, as for the transient
sparks.

The TC-SPC results of (12–15) μs phase-interval are
shown in figure 5(c). Compared to (8, 12) μs phase-interval,
the discharge activity in front of the cathode increases sig-
nificantly, while the discharge activity in front of the anode
becomes weaker. This indicates that in this phase-interval a
considerable number of the MDs are ignited in front of the
cathode (pin) and appearance of the transient sparks becomes
more prominent. Considering the discussion about the

Figure 5. Phase-resolved TC-SPC results for (a) (7, 8), (b) (8, 12) and (c) (12, 15) μs phase-intervals for the SPS (left) and FNS (right)
signals.
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discharge dynamics in (8, 12) interval, it could be stated that
in (12, 15) μs phase-interval the MDs of distribution-1 are
only ignited in front of the cathode, while the MDs of dis-
tribution-2 can be ignited by both of these mechanisms, i.e. in
this phase-interval a transition takes place in the dynamics of
the distribution-2 MDs.

As a summary of the TC-SPC results, it can be stated that
the MDs appearing at the beginning parts of the distribution-1
((−5, 7) μs phase-interval) and distribution-2 ((8, 12) μs
phase-interval) show similar development and properties as
obtained for DBD microdischarges, while MDs appearing at
later phases of the applied voltage (15–47 μs phase-interval)
have features similar to transient sparks.

The velocities of the positive streamers in the gap for the
DBD-like MDs of distribution-1 and 2 are determined from
the FNS recordings presented in figures 4(a) and 5(b),
respectively. The result, presented in figure 6(a), indicate that
the positive streamer velocities for MDs of the two distribu-
tions are approximately the same and their maximum velocity
is 2.25 mm ns−1. This shows that, despite of different incep-
tion voltages, the streamers propagate similarly. The velocity
of the negative streamer in transient sparks, calculated from
the SPS recording of figure 4(b), is shown in figure 6(b). The
maximum velocity of the negative streamer is 1.2 mm ns−1. It
is known in literature that the velocity of the negative strea-
mer is lower than the positive streamer due to lower electric
field in the streamer head [41, 42, 46, 47].

3.3. Electrical measurements and morphology of MDs

In figure 7, averaged current pulses are presented together
with the accumulated ICCD images for (−5, 7), (8, 12) and
(15–47) μs phase-intervals (excluding transitional phase-
intervals). Four examples of single-shot ICCD images, toge-
ther with the corresponding current pulses, are also shown for
each phase-interval. The individual current pulses with black
and red colors belong to distribution-1 and distribution-2
MDs, respectively. Since the signal-to-noise ratio is low, the
pulse duration can be determined from the zero values of the
current pulses. The ICCD images and current pulses for (−5,
7) μs phase-interval are shown in figure 7(a). In the previous

section, it was shown that in this phase-interval only DBD-
like MDs of distribution-1 appear. The averaged current pulse
has a fast increase and slower decay, resulting in a sharp
maximum. The amplitude and duration of the averaged cur-
rent pulse is 123 mA and 65 ns, respectively. The current
pulses are similar to the current pulses of first group MDs in
anodic pin half-cycle, presented in [20]. The accumulated
ICCD and single ICCD images show that the MDs are curved
in the gap, mostly in the direction of the gas flow. In [20, 48]
it is shown that this curving is related to the volume residual
charges, remaining from the previous MDs. It indicates that
there is a considerable volume charge during the breakdown
of the MDs in (−5, 7) phase-interval. The single-shot ICCD
images show that the discharge develops mostly on the upper
side of the dielectric.

ICCD images and current pulses for (8, 12) μs phase-
interval are shown in figure 7(b). As discussed in section 3.2,
most of the MD appearing in this phase-interval are DBD-like
MDs of distribution-2, but some distribution-1 transient
sparks appear and contribute to the averaged current pulse as
well as the accumulated ICCD image. This results in higher
amplitude (180 mA) and longer duration (90 ns) of the aver-
aged current pulse compared to (−5, 7) μs phase-interval. The
individual current pulses of distribution-2 DBD micro-
discharges have a broader maximum compared to the dis-
tribution-1 DBD microdischarges. The accumulated and
single-shot ICCD images in this phase-interval differ sig-
nificantly from the ones for (−5, 7) μs. In most of the MDs a
straight channel is developed in the gap. Most probably this is
an indication of lower density of residual volume charges. In
addition, contrary to (−5, 7) μs phase-interval, the discharge
develops evenly on the upper and lower sides of the dielectric
surface.

In figure 7(c) ICCD images and current pulses for (15,
47) μs phase-interval are presented. It was shown above that
in this phase-interval only transient sparks, belonging to both
distribution-1 and distribution-2, appear. As expected from
the CPAHs of figure 3, the amplitude of the averaged current
pulse (870 mA) is much higher compared to the previous
phase-intervals. The averaged current pulse has a sharp
maximum and its duration is approximately 90 ns. The

Figure 6. (a) Positive streamer velocities in the gap for the DBD-like MDs of distribution-1 and distribution-2, calculated from the FNS
recordings of (−5, 7) and (8–12) μs phase-intervals, respectively, and (b) negative streamer velocities in the gap for the transient sparks,
calculated from the SPS recording of (15, 47) μs phase-interval.
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Figure 7. Averaged current pulses presented together with the accumulated ICCD images in left (large images), and examples of single-shot
ICCD images, together with the corresponding current pulses, shown in right for (a) (−5, 7), (b) (8, 12) and (c) (15–47) μs phase-intervals. In
(c) the area near the pin tip is enlarged and Trichel pulses are indicated by circles. The black and red colors for the individual current pulses
indicate that the MDs belongs to distribution-1 and distribution-2, respectively.
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accumulated ICCD images shows that most of the MDs have
a curved channel in the gap, but the number of MDs with a
straight channel is also considerable. Compared to the pre-
vious phase-intervals, the discharge spreads significantly
more on the surface of the dielectric. This is also seen in the
TC-SPC results of figure 4(b). An important observation from
the single-shot ICCD images is that the MDs belonging to
distribution-1 mostly have a curved channel in the gap,
similar to the MDs in (−5, 7) μs, while the MDs belonging to
distribution-2 have mostly a straight channel in the gap,
similar to the MDs in (8, 12) μs phase-interval. The shapes of
the individual current pulses appear similar. In the accumu-
lated ICCD image of figure 7(c), three spots are observed at
the tip of the pin. Their origin is explained in the following
subsection.

3.4. Subsequent MDs and Trichel pulses

By increasing the amplitude-resolution of the current mea-
surements in the oscilloscope, it is observed that several
weaker current pulses appear some μs after the DBD-like
microdischarges. These current pulses appear only after 11 μs
in the applied voltage half-cycle. A single-shot current–volt-
age oscillogram, showing these current pulses, is presented in
figure 8(a). To have a better resolution and capture the low-
current pulses, the primary MD is not recorded completely
and it is cut at 30 mA. The appearance and amplitude of the

current pulses are erratic. In most of the cases, the first current
pulses have the highest amplitude. The CPAH for the max-
imum amplitude of these current pulses is shown in
figure 8(b). The values of the distribution are between 3 to
60 mA and its maximum is at 10 mA, i.e. at least one order of
magnitude lower than the primary discharge events. There-
fore, these discharge events were not included in the statistical
study of section 3.1. The trigger level in TC-SPC recordings
(i.e. the discriminator threshold and the gain of the Sync-
PMT, see [20] for details) are adjusted in such a way that the
photon recording is not triggered by the low light emission
from these MDs. Hence, these MDs did not contribute to the
TC-SPC recordings as well.

A single-shot ICCD image and the corresponding current
pulse of the first MDs, appearing after the primary DBD-like
MDs, is shown in figure 8(c) (left). These MDs are named as
‘subsequent MDs,’ and they can bridge the gap and spread on
the dielectric surface. The current pulse is different compared
to the DBD-like MDs and transient sparks and has slower
rising and decay phases and also much longer duration,
approximately 1 μs. These properties are observed for all
subsequent MDs. An example of the current pulses appearing
after subsequent MDs is shown in figure 8(c) (right). The
images shows that the MD does not bridge the gap and stays
at the tip of the pin. The amplitude and duration of the current
pulse, 6 mA and 9 ns, are considerably lower than the

Figure 8. (a) A single-shot current–voltage oscillogram showing a subsequent MD and Trichel pulses. In order to have enough resolution to
capture the low-current Trichel pulses, the first MD (a distribution-1 DBD microdischarge) is not recorded completely, (b) CPAH of
maximum current pulse amplitude for subsequent MDs and Trichel pulses, (c) examples of single-shot ICCD images and corresponding
current pulses of a subsequent MD and a Trichel pulse.
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subsequent MDs. By comparing these results to the previous
studies, such as [33, 49], it could be stated that the subsequent
MDs are similar to the first MDs appearing in Trichel pulse
sequences and the MDs appearing after them are similar to the
conventional Trichel pulses, as marked on figure 8(a). As
pointed out above, the Trichel pulses are seen as 3 spots at the
tip of the pin in the accumulated ICCD image of figure 7(c).

4. Correlation between MDs of the anodic and
cathodic pin half-cycles

In the previous section the MDs appearing in the cathodic pin
half-cycle of the BC arrangement are categorized based on
two criteria: (1) the CPAHs, namely distribution-1 or dis-
tribution-2, and (2) the spatio-temporal development, namely
DBD-like MDs or transient sparks. The main question,
addressed in this section, is which preconditions cause an MD
to belong to distribution-1 or distribution-2, or to have a
DBD-like or transient spark dynamics.

4.1. Distribution-1 and distribution-2 MDs

By a detailed sampling of the cycles, it is observed that if only
one MD appears in an anodic pin half-cycle, the MD
appearing in the following cathodic pin half-cycle will belong
to distribution-2, and if two MDs appear in an anodic pin half-
cycle, the MD in the following cathodic pin half-cycle will
belong to distribution-1. In [20] the anodic pin half-cycles
with only one MD were neglected, since their number is much
less and the study was focused on the subsequent MDs in the
anodic pin half-cycle. By knowing the preconditions for
distribution-1 and distribution-2, the results of section 3 give
some insights about the effects of residual volume and surface
charges:

(i) It is shown in figure 3 that distribution-1 MDs start to
appear from −5 μs (−1.35 kV applied voltage), i.e.
falling slope of anodic pin half-cycle. It indicates that,
by the appearance of two MDs in an anodic pin half-
cycle, the gap voltage in the following cathodic pin
half-cycle can reach the ignition threshold even before
the change of the applied voltage polarity. This is due to
sufficient memory voltage caused by residual charges
on the dielectric surface. On the other hand, the MDs of
distribution-2 only appear from 8 μs (2.1 kV applied
voltage). Here, the residual surface charge density and
the memory voltage is lower and the applied voltage
needs to be higher to ensure that the gap voltage reaches
the ignition threshold.

(ii) Not only the distribution-2 MDs appear later in the half-
cycle, but also, compared to distribution-1 MDs, they
have much lower current pulse amplitudes at the same
phases of the applied voltage. This can also be
explained as an effect of the deposited surface charges
on the dielectric. When two MDs appear in an anodic
pin half-cycle, more charge is deposited on the surface

of the dielectric. This results in more charge transfer
and higher current pulse amplitude in the following
cathodic pin half-cycle. The CPAHs in figure 3 also
show that in each time-window distribution-1 is much
broader and has a broader maximum compared to
distribution-2 (for example see the CPAH for 16–17 μs
time-window in figure 3(a)). It could be related to the
randomness generated by the residual charges, i.e.
appearance of two MDs in the anodic pin half-cycles
results in more randomness in the MDs of the following
cathodic pin half-cycles.

(iii) The accumulated ICCD images in figure 7 show that the
distribution-1 MDs are mostly curved, while distribu-
tion-2 MDs have generally straight channels in the gap.
This applies for both DBD-like MDs and transient
sparks. In [20, 48] it is shown that the curving of the
MD channel in the gap is due to residual volume
charges. The residual volume charges are moved by the
gas flow. Therefore, if the residual volume charges are
not completely removed till the following MD incep-
tion, it is more probable that the following MDs will be
curved. On the other hand, if the residual volume
charges are removed from the gap by the gas flow, most
probably a straight channel along the shortest distance
between the electrodes will be obtained. In the case of
distribution-1 two MDs appear in the preceding anodic
pin half-cycle. Thus, there are more volume charges
available and also the time between the second MD in
the anodic half-cycle and the following MD in the
cathodic pin half-cycle is relatively short. For this
reason, the probability that the volume charges are still
present in the gap is higher for distribution-1 MDs and
most of them have a curved channel.

(iv) Referring to the discussion of the single-shot and
accumulated ICCD images in section 3.3, in most of the
cases the distribution-1 MDs tend to develop on the
upper side of the dielectric, while the distribution-2
MDs develop evenly on the center of the dielectric. This
is observed for both DBD-like MDs (figures 7(a) and
(b)) and transient sparks (figure 7(c)). This is in
correlation with the propagation of the MDs of anodic
pin half-cycle on the dielectric surface. In [20] we have
shown that the first group MDs of anodic pin half-cycle
develop on the center of the dielectric, while the second
group MDs mostly develop on the upper side of the
dielectric, in order to evade the area with positive
residual surface charges deposited by the first group
MDs. Hence, MDs of distribution-1 follow the track of
the second group MDs of anodic pin half-cycle to the
upper side of the dielectric, since more charge is
deposited by the first and second MDs in this region.
On the other hand, distribution-2 MDs follow the track
of single MDs appearing in the previous anodic pin
half-cycle, and develop evenly on the center of the
dielectric.
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4.2. DBD-like MDs and transient sparks

It was shown in section 2 that whether an MD is DBD-like or
transient spark depends on its appearance phase. An impor-
tant observation in phase-resolved CPAH measurements (see
figure 3(b)) is that in the phase-intervals, where the MDs are
DBD-like, the amplitudes of the current pulses are not cor-
related with the value of the applied voltage. On the other
hand, in the phase-intervals, where transient sparks appear,
the amplitudes of the MDs are correlated with the appearance
applied voltage value. The question is what determines the
appearance phase of the MDs.

Akishev et al [50] have argued that the jittering in the
appearance phase of the MDs is due the residual surface
charges on the dielectric. They propose that the stochastic
nature of the partial surface breakdowns, which originate
from the residual surface charges, causes the MDs appear at
different phases of the applied voltage. In order to investigate
the preconditions that lead to the breakdown of the MDs in
different phases of the cathodic pin half-cycle, we have
conducted an additional statistical study. This study is done
by applying two different criteria for the appearance of the
MDs in cathodic pin half-cycle, namely (1) MDs appearing
before 7 μs, and (2) MDs having current pulse amplitudes
higher than 1000 mA. The first criterion discriminates the
DBD microdischarges of distribution-1, and the second cri-
terion discriminates high current amplitude transient sparks of
distribution-1, which mostly appear at the maximum applied
voltage. By applying each of these criteria to the triggering of
the oscilloscope, the appearance histograms as well as the
CPAHs for the preceding and following anodic pin half-
cycles are recorded. Hence, it is possible to study the pre-
conditions that result in appearance of DBD-like MDs or
transient sparks.

Figure 9(a) shows the results of the statistical study for
the MDs appearing before 7 μs in the cathodic pin half-cycle.
The appearance (cyan areas) and CPAHs (grays areas),
measured without any discrimination, are the same as the one
in figure 2(c) for the cathodic, and as the ones presented in
[20] for the anodic pin half-cycle. The line curves show the
appearance histograms and CPAHs after applying the criter-
ion. In the preceding anodic pin half-cycles, only the
appearance of the second MDs is shifted to later times in the
half-cycle, and its CPAH is also shifted to higher current
values. In other words, MDs appearing before 7 μs in the
cathodic pin half-cycle usually follow an anodic pin half-
cycle, in which the second MDs were ignited later and fea-
tured a higher current pulse amplitude. A similar correlation
was also found when the appearance of second group MDs
was influenced by a small toluene admixture [21]. In the
following anodic pin half-cycle, the appearance of the first
group MDs is concentrated at the earlier phases, and the
CPAH is shifted to slightly higher current values. The
appearance histogram and CPAH of the second group MDs is
not affected considerably.

The results for the MDs having a current pulse amplitude
higher than 1000 mA is shown in figure 9(b). In the preceding
anodic pin half-cycles, the appearances of the first and second

group MDs have less phasial jitter, and are concentrated in
earlier phases. The CPAH of the first group MDs is shifted to
higher current values, while the CPAH of the second group
MDs is shifted to lower current values. Hence, second group
MDs only appear at earlier phases and the CPAH is shifted to
lower currents. In other words, the high current MDs in the
cathodic pin half-cycle most likely follow an earlier and
weaker second group MDs in the preceding anodic pin half-
cycle. This is opposite of what is observed for the MDs
appearing before 7 μs in figure 9(a). In the following anodic
pin half-cycles, the appearance of the first and second group
MDs is also concentrated in earlier phases. The CPAH of the
first group MDs is not considerably changed, while the CPAH
of second group MDs is shifted to slightly higher values.

As discussed above, the jittering in the appearance of
MDs in the applied voltage cycle is due to stochastic process
related to the residual surface charges on the dielectric. The
statistical study above suggests that later appearance and
higher charge dissipation by the second group MDs of the
anodic pin half-cycle causes a higher electric field, induced by
the residual surface charges. Thus, the following MD is, by
trend, ignited at lower values of the applied voltage. Since the
applied voltage is low, the electric field in the tip of the pin
electrode is not sufficient to ignite the streamer near the pin
(cathode) and the discharge activity starts with the Townsend
phase at the dielectric anode, followed by a positive streamer
(see figures 4(a) and 5(b)), resulting in a discharge dynamics
similar to the classical DBD microdischarges. On the other
hand, when the second group MDs in the anodic pin half-
cycle appear in earlier phases of the applied voltage and have
lower current pulse amplitudes, the electric field induced by
the surface charges will be lower. Therefore, in the following
cathodic pin half-cycle the applied voltage has to be higher to
reach the ignition threshold [51]. Consequently, it is more
probable that the MD inception will take place at higher
applied voltages. In this case, due to high electric filed
strength, the discharge activity starts near the tip of the pin,
followed by a double-streamer breakdown towards the cath-
ode and the anode, similar to the transient sparks in negative
corona discharges.

5. Conclusion and outlook

Different types of MDs, appearing in the cathodic pin half-
cycle of a sinusoidally-driven BC discharge, are identified.
Although the appearance and current pulse amplitudes of the
MDs are erratic, statistical studies and phasially-resolved
recordings of the discharge development provide a descrip-
tion for the discharge dynamics and behavior. It is shown that
the phase-resolved CPAHs could be correlated to the spatio-
temporal development of the MDs.

The results of the study indicate that the appearance
phase and development of the MDs in cathodic-pin half-cycle
are connected to the appearance phase and properties of the
MDs in preceding anodic pin half-cycle, and vice versa.
Depending on whether one or two MDs appear in the anodic
pin half-cycle, the MDs of cathodic pin half-cycle appear in
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Figure 9. (a) Statistical study of pre- and after conditions for the MDs appearing before 7 μs in the cathodic pin half-cycle. The cyan areas
show the appearance of MDs without applying any criterion, and the lines show the appearance of the MDs when the criterion is applied. The
CPAHs for the first and second group MDs in the anodic pin half-cycles are shown in the bottom. In this diagram, the gray areas show the
CPAHs without applying any criterion, and the line plots show the CPAHs when the criterion is applied, (b) statistical study with the criterion
that the current pulse amplitudes of the MDs in cathodic pin half-cycle are higher than 1000 mA.
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two different distributions, named as distribution-2 and dis-
tribution-1, respectively. Since more charge is deposited on
the dielectric surface by appearance of two MDs in anodic pin
half-cycle, the gap voltage is higher and the MDs of dis-
tribution-1 can appear earlier in the applied voltage half-
cycle. In addition, they can reach considerably higher current
pulse amplitudes compared to distribution-2 MDs.

When a second group MD in the anodic pin half-cycle
appears at later phases and has a higher current pulse ampl-
itude, it is more probable that the MD in the following
cathodic pin half-cycle will appear in earlier phases and
hence, the discharge development will be similar to single
filament DBDs, i.e. a positive streamer starting in front of the
anode, a bulk plasma formation after the streamer reaches the
cathode (pin) surface, and its decays due to charge deposition
on the dielectric surface. On the other hand, when a second
group MD appears at earlier phases and has a lower current
pulse amplitude, most probably the following MD in the
cathodic pin half-cycle will appear at later phases. In this case
the discharge development is characterized as a transient
spark, i.e. a double streamer breakdown near the pin (cathode)
tip, an intense bulk plasma after the arrival of the negative
streamer on the dielectric (anode) surface, and decay due to
the charge deposition on the dielectric surface. In this case the
current pulse amplitude is correlated with the inception
applied voltage and can reach up to 1600 mA, while the
maximum current pulse amplitude for the DBD-like MDs in
cathodic pin half-cycle is 400 mA.

The results of this study could be employed in numerical
simulations of BCs, considering the effect of the inception
voltage on the dynamics of the MDs. In addition, finding
operational conditions, where the dynamics of the MDs (or
their appearance phases) could be controlled, would be of
interest for the applicational purposes. In order to have a more
complete understanding about the discharge, the effects of
different operational conditions, such as over-voltage (applied
voltage amplitude higher than the breakdown voltage),
applied voltage frequency and various gas compositions and
flowrates, on the discharge characteristics can be investigated.
Applicational discharge arrangement usually consist of large
scale plasma reactors, resulting in many simultaneous MDs.
The discharge behavior, which is reported for the single MDs
in the current contribution, can be proved and employed in
such plasma reactors. We plan to conduct such a study in an
arrangement, consisting of a metal knife and a rotating di-
electric-covered electrode [52].
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B. Rotational DBD (RotDBD) reactor
design and construction

As discussed in the current dissertation, residual surface charges have a considerable e�ect on
the behavior and dynamics of DBDs. The study of the DBDs, in which the residual surface
charges are not present, can bring new insights about the discharge operation and can possibly
result in the improvement of the applicational plasma reactors. As described in section 2.3,
the charge deposition on the dielectric surface results in the termination of the discharge in
DBDs. Therefore, DBDs are driven by sinusoidal or pulsed applied voltages. If the surface
charges are removed from the dielectric surface, the discharge can be operated with DC applied
voltage. The surface charge removal can be realized in an arrangement of a metal electrode
and a rotating dielectric-covered electrode. By rotating the dielectric, the surface charges
can be neutralized using an electrostatic discharging device [95, 96]. In fact, the discharge is
self-pulsing, since the rotation speed of the dielectric electrode is lower than the development
time of the discharge. Therefore, the discharge is terminated till the dielectric electrode is
rotated enough, that the electric �eld of surface charges are ine�ective and new �laments
can be ignited [95]. The discharge behavior in a metal pin to rotating dielectric-covered disc
electrode arrangement is studied [96]. Similar to the results of the current dissertation, in the
anodic pin polarity a positive breakdown was obtained, while in the cathodic pin polarity a
double-streamer breakdown near the pin was observed.
During this dissertation, a novel DBD reactor, based on the concept described above, is designed
and constructed. A technical drawing of the reactor is shown in �gure B.1. The discharge

Figure B.1.: Technical drawing of the RotDBD reactor.
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arrangement consist of a stainless-steel knife electrode and rotating glass tube, which is coated
by a metal layer from inside. This metal layer is grounded. The knife electrode is isolated from
other parts of the reactor, and is connected to a DC power supply. The glass tube is rotated
using a �Embpapst VDC-3-43.10 B00� DC motor. A electrostatic discharging brush is placed
at the bottom of the glass tube. The reactor frame and walls are made of polyethylene and it
is made gas tight by placing te�on gaskets between the walls and the frame. Although they are
not shown in the technical drawing of �gure B.1, connectors for the applied voltage and DC
motor cable and and a feedthrough for gas supply are placed on the walls. Two quartz window
are placed on the walls to investigate light emission from the discharge.
The constructed RotDBD reactor is shown in �gure B.2. Some initial test are done on the
reactor, but a complete running of the reactor and initiation of the discharge has not conducted
yet. This remain for the future studies.

Figure B.2.: Picture of the constructed RotDBD reactor.
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