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“ “Difficult” takes a few seconds, “impossible” a few minutes. ”

Rodney McKay





Abstract

Pulsed streamer discharges submerged in water are already employed in several applications,
e.g. synthesis of platform chemicals, water purification, and functionalization of nanoparticle-
surfaces. The underlying mechanisms commonly are related to the chemistry that is induced
by the discharges and can be characterized by the hydrogen peroxide production. Accor-
dingly, the production of hydrogen peroxide has been studied in a variety of experiments
and has been found to depend primarily on the pulse parameters, e.g. pulse duration, pulse
amplitude and pulse steepness, as well as the conductivity of the water. While the relation
between discharge development, pulse parameters and induced chemistry has been extensive-
ly investigated for longer pulse durations, i.e. in the range of microseconds to seconds, there
is still disagreement for pulse durations in the nanosecond range. Therefore, the objective of
this work is to characterize the discharge development for pulse durations in the range of a
few hundred nanoseconds and to correlate it with the generation of hydrogen peroxide.
A system for generating pulsed streamer discharges with positive polarity was constructed.
Pulses with a duration of (100-300) ns, an amplitude of (50-64) kV, and three different rise
and fall times between (19-35) ns and (20-43) ns were applied to a needle-to-plate geome-
try submerged in water. For conductivities in the range of (1-280)µS·cm−1, electro-optical,
i.e. monitoring voltage, current, light intensity and imaging with a fast framing ICCD, and
electrochemical single-discharge diagnostics were used to investigate discharge development
and hydrogen peroxide production.
The discharge onset was statistically studied and found to be closely related to the pulse sha-
pe. Afterwards, for the rest of the pulse duration, the filaments of the discharge propagated
with a constant velocity of 30 km·s−1, which was independent of pulse amplitude and pulse
steepness. During the trailing edge of the voltage pulse, the discharge initially decayed prior
to the onset of reillumination, a phenomenon in which the preexisting discharge channels
are again traversed by an ionization front. For the steepest pulses, reillumination occurred
simultaneously, while, for the longest fall times, the previously formed filaments were ignited
subsequently. This process was used to determine the charge of the streamer heads, based on
which a single streamer model could be developed to describe the propagation of discharge
combining the highly filamentous structure in a single streamer.
The hydrogen peroxide production of the discharges was initially studied accumulated for
several hundred discharges for the different pulse parameters. In the investigated range of
parameter, the production rate increased with higher pulse amplitude, which was attribu-
ted to a larger number of filaments of the discharges. Discharges initiated by shorter pulses
produced hydrogen peroxide with higher rate and efficiency, which was also the highest effi-
ciency observed in this study with 9.2 g·kWh−1. Early stopping of the filaments during the
propagation phase and resistive losses in longer filaments were identified as reasons for the
reduced production rate and lower efficiency for longer pulse durations.
In water with increased conductivity, hydrogen peroxide production could be studied for
individual discharges. With increasing propagation time, the amount of hydrogen peroxide
increased quadratically and was not affected by the conductivity. Hence, for the considered
conductivities, it was concluded that the observed higher energy dissipation was associated
with resistive losses in the liquid and was correlated to the dielectric time constant.
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Abbreviations

·H Hydrogen radical
·O Oxygen radical
·OH Hydroxyl radical
·OOH Hydrogen superoxide radical

FWHM Full width at half maximum

H2 Hydrogen molecule
H2O Water
H2O2 Hydrogen peroxide

O2 Oxygen molecule
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Symbols

α First Townsend ionization coefficient
µ Dobrynin ionization coefficient
φ Angular coordinate describing a position relative to

needle axis and tip location
δ Infinitesimal time step
τ Dielectric time constant
σ Conductivity
∆t Time of discharge propagation
As Cross-sectional area of a streamer
C Capacitance of a discharge
Ci Capacitance of an individual streamer head
E Electric field strength
Eex External electrical field, i.e. field between needle and

plate electrodes without discharge
I Discharge current
IL Emitted light intensities
Ls Streamer length
R Universal gas constant
Rs Streamer radius
T Temperature
Uhead Streamer head potential
Umean Mean pulse amplitude
Uneedle Needle electrode potential
aE Proportionality constant between streamer radius and

external electric field
b Proportionality constant between streamer head

charge and length
d Distance between electrodes
ie Electron current originating at the streamer head
k Production rate of hydrogen peroxide
k1 Rate coefficient of water to hydroxyl radicals by

collisions
k2 Rate coefficient of hydrogen peroxide by the

combination of two hydroxyl radicals
kOH Production rate of hydroxyl radicals
n Particle density
nH2O2 Amount of hydroxyl radicals
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Symbols

nOH Amount of hydroxyl radicals
nhead Space charge density forming the streamer head
q Streamer head charge
qr Charge transferred during reillumination
r Radial coordinate originating at the needle tip
rn Tip curvature radius of the needle electrode
t Time variable
tfall Pulse fall time (90 % to 10 % of the maximum pulse

amplitude)
tmin Time of minimum light emission and current inversion

before reillumination
tpulse Pulse duration
trise Pulse rise time (10 % to 90 % of the maximum pulse

amplitude)
tstart Time of discharge initiation
vs Streamer propagation velocity
z Coordinate along needle axis
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1 Motivation and Background

Pulsed discharges in water have been extensively studied for more than a century and sever-
al applications have been developed during this time. For example, it is possible to create
functionalized nanoparticles from precursors that can be used as photocatalysts or electrode
material in batteries [1–3]. Discharges in water are also applied to the treatment of algae
suspensions, where shock waves destroy the cell wall of microorganisms, releasing valuable
substances [4, 5]. The disruptive properties of discharges in water are also advantageous for
the sustainable production of platform chemicals from organic matter [6, 7]. Finally, the com-
bination of physical and chemical properties of such discharges can be utilized to degrade
toxic pollutants for water treatment technologies [8–12].
Particularly, pulsed streamer discharges were studied extensively for applications in recent
decades. For instance, the degradation of contaminants by such discharges in surface water or
wastewater has made significant progress. It has been shown that streamer discharges effec-
tively dissociate naturally occurring organic compounds such as cylindrospermopsin, which
pose a health hazard in drinking water supplies [13–15]. Also, anthropogenic contaminants
such as pharmaceutical residues or pesticides have been mineralized, potentially eliminating
their environmental threat [12, 16–19].
In addition to an effective degradation, treatment methods based on pulsed streamer dischar-
ges in water have the advantage that no additional and possibly toxic chemicals are required,
which would necessitate additional purification of the treated water, thus making dischar-
ge technologies environmentally friendly. Chemically active species, e.g. ·OH, ·H, ·O, ·OOH,
H2O2, etc., are generated directly in the contaminated solution. In addition, physical effects of
the discharges, such as UV radiation, temperature, electric fields, and shock waves, promote
the degradation of pollutants. Due to the number of possible treatment pathways, extensive
studies have been conducted to characterize the chemical and physical properties of pulsed
streamer discharges in water [18–29]. However, it remains unknown how the pulse characteri-
stics affect the discharge physics and chemistry, and how differences in the discharge physics
alter the induced chemistry.
For this reason, this thesis first describes general properties of discharges in water in Sec-
tions 1.1 to 1.3, from which the thesis scope and structure are motivated in Section 1.4.
Secondly, detailed findings on the development of positive streamer discharges for pulses
with durations in the order of 100 ns are presented in Chapter 2 and, afterwards, associa-
ted with discharge chemistry, which is evaluated by the production of hydrogen peroxide in
Chapter 3. Finally, the results are summarized and a recommendation for further research is
provided in Chapter 4.
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1 Motivation and Background

1.1 Streamer Discharges in Gas and Water

A streamer discharge is an electrically driven plasma formed, i.e. ignited, by a sufficiently
strong primary electron avalanche, i.e. the electrons multiply to such an extent that the re-
sulting space charge generates secondary avalanches. For that, the space charge must alter
its surrounding electric field to locally exceed the breakdown field strength. Newly formed
electrons drift faster than corresponding positive ions, so the charge carriers separate and
maintain the space charge. As a result, an ionization front propagates through the neutral
medium in the wake of its secondary electron avalanches. The tail of the ionized but electri-
cally quasi-neutral plasma is called the filament/streamer channel, and the space charge is
called its streamer head. During propagation, a streamer can branch which results in several
streamer heads and a characteristic filamentous morphology [30–34].
For asymmetric electrode configurations, i.e. configurations with a highly inhomogeneous
electric field such as needles or razor edges, two different types of streamer discharges can
be observed. When the streamer head propagates away from a negatively charged electrode,
it is called a negative or anode-directed streamer. The streamer head is negatively charged
and propagation is mainly based on electron impact ionization in the vicinity of the space
charge. As a result, negative streamers have a lower propagation velocity and wider fila-
ments [34]. If the streamer originates from an electrode of positive polarity, it is called a
positive or cathode-directed streamer. Electrons are mainly generated by photoionization of
atoms and molecules in the direction of propagation. Since the ionization cross section of
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Abbildung 1.1: Streamer dischar-
ges ignited with nanosecond pulses
at the positive electrode in pure ni-
trogen (panel A) and deionized wa-
ter (panel B) at atmospheric pressu-
re. Panel B reprinted from [35].

photons is usually smaller than that of electrons, the
propagation velocities of positive streamers are higher
and the channels are thinner than their negative coun-
terparts [30, 34].
This description applies to both liquid and gaseous media.
In fact, they share a common history, as both phenome-
na were described at about the same time [36] and some
scientific advances in one medium were transferable to the
other. This is evident when comparing exemplary dischar-
ges for both media. Figure 1.1 shows a discharge in water
(panel A) and in pure nitrogen (panel B) at atmospheric
pressure, instigated by a positive nanosecond high-voltage
pulse at a needle electrode [35]. Both discharges show a
filamentous morphology, have several branched channels,
and propagate in the space between the needle and the
counter electrode. Because of this apparent similarity, it is
not surprising that a phenomenological description of the
discharge development with the Raether-Meek criterion
applies in both media (Equation 1.1).

αd ≥ const (1.1)

Originally, the criterion described whether an electron ori-
ginating at the high-voltage electrode causes a breakdown
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1.1 Streamer Discharges in Gas and Water

in the gas between the electrodes by relating the ionization coefficient, α, (ions generated per
unit length) to the distance between the electrodes, d. If αd is greater than unity, an elec-
tron avalanche can be observed, but to obtain a streamer-type discharge, αd ≥ 20 must be
fully filled [31, 32]. The criterion is also valid in liquids, although it must be corrected by an
additional ionization coefficient µ that accounts for density variations in the liquid, so the
modified criterion is (α+ µ)d ≥ 20 [37].
Discharges in liquids are more similar to gas discharges than just in their structural appea-
rance. For example, α depends on the reduced electric field E/n, where E is the electric field
strength and n is the particle density, while α reduces with increasing E/n. Consistently,
the breakdown voltage for gases and liquids decreases with reducing particle density. Also,
α changes for different ionization processes, e.g. electron impact or photoionization, which
can be observed in asymmetric electrode configurations for both liquid and gaseous dischar-
ges. When a positive streamer is ignited, long and narrow channels can be observed (mainly
photoionization), while shorter, more diffuse filaments are formed with increased inception
voltages in negative discharges (mainly electron impact ionization) [21, 30, 33, 34, 36].
However, discharges in gas and liquid also show fundamental differences. Referring again to
Figure 1.1, streamer discharges in liquids appear smaller than gas discharges. While fila-
ments in gases reach several centimeters in length and a few hundred micrometers in dia-
meter, liquid discharges are limited to a few millimeters in length and tens of micrometers
in width [20, 21, 35–51]. This is associated with a smaller propagation velocity, which is of
the order of 10 km·s−1 in liquids and 1000 km·s−1 in gases [38–41, 44, 45, 47, 49]. Due to
the increased particle density in liquids, an increased electron density of up to 1019 cm−1 is
reached in liquid discharge channels compared to densities in the order of 1014 cm−1 electrons
in typical gas discharges [20, 21, 36, 38, 40–46, 51–53].
In addition, liquids have unique characteristics that affect discharges which are not relevant in
gases, namely density fluctuations, high dielectric constants, lower ion mobilities and higher
electrical conductivities. Density fluctuations, e.g. bubbles of dissolved gas, not only change
the electric field in the electrode gap, but also lead to branching of the discharge filaments
and deviation of the propagation direction [54]. Also, the density and dielectric constant of a
dielectric liquid, i.e. liquids with relatively high dielectric constants such as water, are related
to the electric field. Ponderomotive force and Joule heating create regions of low density,
which decrease the dielectric “constant” of a liquid. Strong and inhomogeneous electric fields
have the same effect [11, 54–57, 57–62]. The conductivity of a liquid is another parameter
that changes the electric field, as dissolved ions in the liquid can shield the electrodes and the
propagating streamer. Whether such shielding is significant depends on the concentration and
mobility of the ions, which in itself is relevant for ion propagation within a streamer. Finally,
the particle density, electric field, conductivity and ion mobility lead to unique phenomena
in discharges in liquids, such as reillumination (see Section 1.2) [37, 44, 45, 47–50, 63].
This thesis focuses on streamer discharges generated by positive high-voltage pulses in water
in a needle-to-plate geometry at atmospheric pressure. This choice is motivated, as several
effective water treatment applications were developed using positive streamer discharges and
because the needle-to-plate geometry is best suited for optical investigations. It is known from
the literature that pulse duration has a fundamental influence on discharge characteristics.
Hence, a brief review of the influence of pulse duration on the discharges seems appropriate.
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1 Motivation and Background

1.2 Microsecond versus Nanosecond Pulsed Discharges

The development of positive, pulsed streamer discharges in water can be divided into four
phases: inception, propagation, decay, and post-discharge [48]. As shown schematically in
Figure 1.2, streamer inception summarizes the mechanisms by which a discharge is ignited
at the high-voltage needle electrode and subsequently propagates into the medium between
the electrode gap. During this phase and due to branching, the characteristically filamentous
structure of the discharge is established. When further propagation of the streamer heads is
no longer promoted, the filaments begin to decay and several post-discharge phenomena may
follow after the decay.
This subdivision can be made independently of a specific high-voltage pulse, but the characte-
ristics of each individual phase are sensitive to pulse parameters such as amplitude, duration,
or rise/fall time. For this reason, results that contradict each other were published, even if, for
example, the pulse duration is similar in several experiments [36]. The following paragraphs
summarize phenomena related to the pulse parameter that are generally accepted.
Discharges initiated during pulses of at least microseconds up to seconds duration, are ge-
nerally agreed to be ignited by the so-called bubble mechanism. Due to the high particle
density, which results in a mean free path of a few nanometers for electrons, and isotropic
elastic scattering of electrons in water, which randomizes their propagation direction and
thus reduces the possibility to gain ionization energies, a low density region has to form
prior to the streamer discharge [21, 36, 58]. There are several different mechanisms that can
create such a “bubble” or “crack”. For example, the electric fields of several megavolts per
centimeter drive a current in the liquid, which raises the temperature by Joule heating. It
has been found that a few microseconds are sufficient to evaporate water in a small cavi-
ty at the electrodes under typical experimental conditions. In addition, mechanical stress is
created by strong, inhomogeneous electric fields, e.g. Maxwell stress or ponderomotive force,
which either create or expand pre-existing low-density regions, but especially for short pulse
durations [21, 36, 48, 64].
The generation of usually non-luminous low-density regions is observable by shadowgraphy,
and it was shown in experiments with microsecond pulses that a cluster of bubbles appears
within 300 ns of the applied voltage, grows within 1µs to a size of about 50µm, and forms
protrusions [43, 48]. It was therefore concluded that the bubbles are formed by Joule heating
and a gaseous discharge is generated inside the bubble, leading to the formation of needle-
like protrusions. However, it also seems plausible that these protrusions are formed by the

Abbildung 1.2: Schematic visualization of a developing streamer discharge instigated during a rec-
tangular high-voltage pulse of nanosecond to microsecond duration.
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1.2 Microsecond versus Nanosecond Pulsed Discharges

above-mentioned electromechanical forces, which can elongate small protrusions into needle-
like shapes.
At the tip of a single protrusion a filamentary structure forms, which is usually not lumi-
nous, but is nevertheless called ”primary streamer”. These streamers propagate at about
(2-3) km·s−1, reach lengths of up to 300µm, and are associated with repetitive current pulses
in the order of a few tens of milliamperes [48, 65].
A few tens of nanoseconds later, a bright filamentary structure begins to propagate at the
tip of a primary streamer, called a ”secondary streamer” [21, 36, 43, 48, 65]. This marks
the transition to the propagation phase of a discharge in water (cf. Figure 1.2), where sever-
al filaments extend. These start at the same time and location with a constant velocity of
(25-30) km·s−1. The channel length therefore increases linearly with time, t, while a positive
current is transferred to the discharge [47, 48, 65]. The channel diameter steadily increases
proportional to

√
t [43]. During propagation, the filaments bifurcate several times, which is

thought to result from density fluctuations in the fluid [36, 54]. Alternatively, it has been
suggested that branching is part of a self-regulatory effect that causes the stable propagation
velocity [47].
As the voltage pulse decays, the electrode potential decreases and streamer propagation
stops, marking the transition to the discharge decay. The light emission decreases to a mini-
mum synchronously with the discharge current. However, for discharges in water, this does
not necessarily end the discharge development, as individual channels may reignite if the
electrode potential is still sufficient. This process is called ”reillumination” (fourth phase in
Figure 1.2), which causes positive current spikes associated with light emission, leads to ad-
ditional filament propagation, and occurs only at low water conductivities [47, 48, 65]. No
conclusive explanation for why and how reillumination occurs has been reported, but it has
been suggested that it is a result of expanding channel diameters as well as the decreasing
temperature, which would decrease the pressure within a filament. In addition, the preionized
gas in the filament would lower the voltage threshold for a second discharge along the preexi-
sting channel. However, this explanation still lags, since reignition starts some nanoseconds
into the discharge decay. Thus, the expansion of the channel diameter is negligible, which is
why the condition for reignition does not seem to be achievable by pressure and temperature
alone [43, 66]. Furthermore, within this theroetical framework, it is not possible to explain
why increased water conductivity suppresses reignition.
When pulses of tens of nanoseconds instead of microseconds are used to initiate discharges
in water, the discharge development is significantly different. To date, no conclusive theory
of discharge initiation has been developed. The electric field strength for initiation is at least
one order of magnitude higher than for microsecond pulses, ranging from 15 MV·cm−1 to
40 MV·cm−1 [37, 44, 45, 51–53, 67]. Experimental evidence has been reported for different in-
itiation mechanisms, although it is generally accepted that Joule heating does not contribute
significantly due to the short pulse duration. Instead, a low-density region at the positive
needle electrode was postulated to be formed by ponderomotive forces, for which experimen-
tal evidence was found using shadowgraphy. Several possible shapes of the low-density region
are discussed, i.e. a number of nanometer-sized pores, a single shock front, or non-luminous
tree-like channels [37, 44, 45, 57, 62, 68–75]. Alternatively, either direct ionization of the liquid
or the formation of a micrometer-sized bubble containing supercritical water was observed

5



1 Motivation and Background

and interpreted by a cavitation theory [51–53, 76].
After ignition, experimental results regarding streamer propagation are also inconclusive. On
the one hand, it has been reported that streamers propagate only during the rising edge
of a voltage pulse with velocities up to 5000 km·s−1 and then decay during the pulse pla-
teau [37, 67, 74–77]. On the other hand, a constant propagation with velocities in the range
of (25-46) km·s−1 during the whole pulse duration was observed [44, 45, 52, 53, 76].
There are also inconsistencies in experiments on post-discharge development. Reignition -
also called reillumination- of channels was observed, although it was not coherent whether
all channels reignite or only individual filaments [37, 45, 53, 67]. In contrast to reignition in
microsecond discharges, a negative current is observed during reignition. Controversially, so-
me publications did not report any post-discharge phenomena [74–77]. Thus, the mechanism
of reillumination in nanosecond discharges remains unclear.

1.3 Chemistry Induced by Discharges in Water

Studies of chemical processes in and induced by discharges in water usually focus on hydro-
gen peroxide production. Although simulations have shown that other, short-lived species,
e.g. ·O, ·OH or ·OOH, are formed in the discharges, hydrogen peroxide (H2O2) is used as a
marker because it is the only long-living molecule in the sample when pure water is used.
It decomposes slowly enough to allow accurate measurements and its concentrations can be
related to the other species [21, 26, 78].
It was found that increasing pulse amplitude, duration, and repetition frequency resulted in
higher hydrogen peroxide concentrations, while increasing the electrode gap decreased peroxi-
de production. Changing the pH and electrode geometry had no effect [18, 23, 25, 29, 78–83].
As most applications ignite discharges in water with various additives, water conductivity is
likely the most interesting parameter for the investigation of the discharge chemistry. Howe-
ver, studies have not yet yielded conclusive results. Investigations observing an increasing,
decreasing or non-monotonically changing H2O2 concentrations with increasing conductivi-
ties have been reported [16, 24–26, 84–86]. Interestingly, when comparing the energy efficiency
of nanosecond and microsecond discharges, shorter discharges with 2 g·kWh−1 are twice as
efficient as long discharges with ca. 1 g·kWh−1 [21, 29].
For each pulse parameter, a possible mechanism has been proposed for how hydrogen peroxide
production is affected. For example, an increased amplitude should increase the power density
within a streamer, thereby increasing the local temperature, which would lead to increased
H2O2 production [23, 79]. A longer pulse duration increases the length of the filaments and
the total energy dissipated in the discharge, also increasing the H2O2 production [16]. A
larger gap reduces the electric field, which effectively corresponds to a lower pulse amplitude
and therefore reduces the yield of hydrogen peroxide. However, a major challenge remains
to experimentally correlate individual physical discharge characteristics, such as streamer
length, time delay, or dissipated energy, with chemical species production, because studies
typically measure H2O2 production from multiple discharges and average the production
characteristics of individual discharges. However, each additional discharge affects previously
produced hydrogen peroxide molecules, as emitted UV radiation and metal ions eroded from

6



1.4 Scope of this Work

the electrodes potentially dissociate H2O2 [25, 26]. Finally, in commonly used capacitance-
based pulsed power systems, pulse parameters such as amplitude, duration, and steepness
cannot be varied individually and are affected by load characteristics, i.e. conductivity of the
liquid or interelectrode distance [16, 24, 25]. For example, increasing conductivity lowers the
impedance of such a discharge system and thus shortens the pulse duration while increasing
the steepness of the falling pulse edge. Therefore, it is not possible to disentangle the influence
of conductivity, pulse duration or pulse steepness on hydrogen peroxide production in these
systems.

1.4 Scope of this Work

The primary objective of this thesis is to correlate the characteristics of the development of
pulsed streamer discharges in water with the chemistry they induce in the liquid. In parti-
cular, the study focuses on positive pulsed streamer discharges in water initiated at a needle
electrode by high-voltage pulses in the range of (100-300) ns. Pulses of positive polarity, which
induce streamer discharges and no breakdown, were chosen because they are preferred for the
majority of applications. The discharges could be ignited reproducibly at the same location in
a needle-to-plate electrode geometry, which makes this configuration most suitable for optical
analysis of the discharge development. The range of pulse durations was selected because it is
intermediate between the better understood microsecond discharges and the controversially
discussed nanosecond discharges.
The results are structured as shown in Figure 1.4. First, a pulsed power system was configured
to allow precise adjustment of each pulse parameter and diagnostic of individual discharges

Abbildung 1.3: Structure of this thesis.
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1 Motivation and Background

(cf. Section 2.1). Presented in Sections 2.2-2.4, the discharge inception, propagation, and
reillumination were observed with respect to the open research questions presented in Secti-
on 1.2 to clarify the inception behavior, to specify the propagation velocity, to observe the
discharge morphology, and to detail the discharge decay, i.e. filament stopping and reillumi-
nation. A theoretical model of streamer propagation was derived to explain the observations
of the discharge development (cf. Section 2.5. The results of these sections, in particular the
information on energy dissipation and spatial expansion, were then related to the hydrogen
peroxide production of the discharges.
A novel electrochemical method for analyzing hydrogen peroxide concentrations in the range
of nanomoles per liter was developed, which is described in Section 3.1. Hydrogen peroxide
production for each pulse parameter was determined and associated with the results of Chap-
ter 2, thereby identifying correlations between discharge development and induced chemistry
and explaining effects on H2O2 production rate and efficiency (cf. Section 3.2). Special em-
phasis was placed on the influence of the conductivity of the liquid on hydrogen peroxide
production. Therefore, the amount of H2O2 formed by single discharges was determined for
different conductivities and explained in terms of discharge expansion, energy dissipation and
the theoretical model for streamer propagation (cf. Section 3.3).
Finally, the results of this work were summarized in Chapter 4 and an outlook for further
research was provided.
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2 Temporal Development of Pulsed
Discharges in Water (A1-A2)

In order to integrate 100 ns and 300 ns discharges into the general scheme of micro- and na-
nosecond pulsed discharges, and in particular to identify typical characteristics, an in-depth
study of discharge initiation, propagation and reignition with respect to the main pulse para-
meters, i.e. amplitude, duration and steepness, is necessary. This requires a precisely control-
lable pulsed power system, electrical and optical diagnostics, and automated data analysis
for individual discharges. In the past, the pulsed power system has been a major obstacle,
as most system designs did not allow individual control of the pulse parameters, resulting in
either cross-correlations or a reduced range of possible parameters in previous studies.
Therefore, within the framework of this thesis, a pulse generator based on a Blumlein-line
design was developed, which was capable of generating high-voltage pulses with a low repe-
tition frequency, but with individual control of the pulse parameters. The resulting setup is
described in Section 2.1, but in short, the pulsed power system was coupled with optical and
electrical diagnostics to observe individual discharge events. The discharge development was
then characterized chronologically: First, a statistical study of discharge inception (cf. Sec-
tion 2.2) was performed. Second, the subsequent discharge propagation was observed to
measure the propagation time, to clarify the existence of a dark phase, and to determine
a filament stopping length (cf. Section 2.3). Finally, the decay phase of the discharges was
recorded to characterize reillumination effects (cf. Section 2.4). The observations were then
used to develop a theoretical model to explain reillumination based on streamer propagation
(cf. Section 2.5).

2.1 Experimental Setup

A schematic overview of the experimental setup consisting of discharge chamber, pulse gene-
rator and electrical as well as optical diagnostics is given in Figure 2.1. For all experiments
published in Article 1 to Article 3, an insulated tungsten needle was used as positive electro-
de, which was electrochemically sharpened to a tip radius, rn, of (35-40)µm and resharpened
after no more than 1000 discharges. At a gap distance, d, ranging from 5 mm to 14 mm, the
plane titanium counter-electrode with a diameter of 46 mm was located. Both electrodes we-
re mounted, if not stated otherwise, in a polymethylmethacrylate chamber with a volume of
100 ml and three quartz glass windows. The chamber was completely filled with water, which
was circulated with a flow of 120 ml·min−1. Specifically, experiments described in Article 1
and Article 2 were conducted with deionized water, while sodium chloride was added for ex-
periments reported in Article 3. A 250 Ω resistor in parallel with both electrodes completed
the discharge chamber so that the chamber resistance was adjusted to approximately 245 Ω,
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2 Temporal Development of Pulsed Discharges in Water (A1-A2)

which matched the pulse generator.
A custom-built stacked Blumlein-line generator was used to apply rectangular pulses with
a repitition frequency of 1 Hz, an amplitude, Umean, of (50-64) kV, and a duration, tpulse, of
either 100 ns or 300 ns (FWHM, see Figure 2.1(A)). Due to an adjustable inductance of the
generator’s spark gap switch, the rise time, trise, and fall time, tfall, could be set between
(16-35) ns and (20-43) ns, respectively. Due to the matched resistance of chamber and pulse
generator, no reflections were observed, though amplitudes dropped into the negative, re-
aching about -20 % of the maximum applied amplitude. This was a result of the parasitic
impedances of the waveguide shielding. A trigger signal was derived at the spark gap, and
for 100 ns pulses, a delay line was connected between the generator and the plasma chamber
to increase the trigger time to 177 ns.
Since the output connectors of the pulse generator were not intentionally grounded, both

electrodes were biased with a high electrical potential. Hence, two calibrated passive voltage
probes (P6015A, 70 MHz, Tektronix ) differentially measured the pulse amplitudes applied to
the electrode gap and a Rogowski coil (CT-E2.5, 500 MHz, Magnelab) monitored the current
at the counter electrode. An oscilloscope (WaveSurfer 10, 1 GHz, LeCroy) recorded all syn-
chronized signals.

Abbildung 2.1: Schematic of the experimental setup, consisting of discharge chamber, pulse genera-
tor and diagnostics. Discharges were ignited in a needle-to-plate electrode configuration (submerged in
water) with an interelectrode distance, d, and instigated by high-voltage pulses provided by a Blum-
lein line generator. Deionized water was circulated through the system by a peristaltic pump. Pulse
amplitude, Umean, pulse duration, tpulse, pulse rise time, trise, and fall time, tfall, were recorded in a
differential measurement with two high-voltage probes (A), a Rogowski coil (B), and a photodetector
(C). Typical signals for voltage (Panel (A)), discharge current (Panel (B)) and emitted light intensity
(Panel (C)) are shown for pulse steepnesses characterized by fall times of 21 ns, 29 ns and 37 ns. Images
of every discharge event were recorded with an ICCD camera. Reprinted from Article 2.
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2.1 Experimental Setup

Light emission was detected by a photodetector (DET 10A, ThorLabs) with a temporal re-
solution of 1 ns, and images were recorded by two different cameras. A fast framing camera
(SIM D8, Specialised Imaging Ltd.) was able to take three images in short succession (mini-
mum delay of 0 ns) with a minimum gate width of 3 ns, so multiple fast-gated images could be
obtained from an individual discharge event, which was mainly used for the experiments des-
cribed Article 1. For the investigations reported in Article 2 and Article 3, an ICCD (4Picos,
Stanford Computer Optics) was used to obtain time-integrated images of single discharges,
hence a gate width of 200 ns and 600 ns was set for 100 ns and 300 ns pulses, respectively.
Typical measurements of discharge currents, I, for 100 ns pulses with fall times of 21 ns,
29 ns, and 37 ns are shown in Figure 2.1(B). Noticeably, the signals were corrected and no
longer contain the displacement currents normally associated with pulsed voltages, which
are about an order of magnitude larger. For the correction, fifty pulses were applied with
reduced amplitude so that no discharge was initiated, the voltage and current signals were
averaged as a reference signal, an amplitude scaling factor was calculated from the discharge
pulse amplitude and the reference, and finally the scaled reference current was subtracted
from each measured current signal to obtain the discharge current. In general, the resulting
current started to increase during the application of high-voltages, but never earlier than
15 ns after the pulse started. The currents increased to about 6 A within 30 ns and, with the
end of the voltage pulse, the currents decreased to a minimum with reversed polarity while
the potential at the needle electrode was still positive. The minima were more pronounced
and narrower for shorter fall times and longer pulse durations, while longer fall times resulted
in shallower minima.
The light intensity signals, IL, are shown in Figure 2.1(C). Similar to the current measu-
rement, the signals were corrected by a reference measurement recorded in parallel to the
current reference with an additional screen to block the optical path between the needle
tip and the photodetector. This correction was necessary because the spark gap switch, the
waveguides, and the discharge chamber emitted considerable electromagnetic noise that was
coupled into the photodetector. Fortunately, this noise was linearly dependent on the pulse
amplitude, thus allowing a the subtraction of a reference signal.
Closely related to the current development, light intensities began to increase as soon as
discharge currents were observed, defining the start time of a luminous discharge, tstart. The
intensities rose to a maximum within 20 ns, after which the intensity gradually decreased,
showing the same oscillations as voltage and current. At the time when the currents reversed
polarity, tmin, the light intensities reached a minimum and then rose rapidly to a maximum
synchronized with the current minima. As the fall time increased, the light intensity maxima
became shallower, wider, and more localized.
By combining signals of current and light intensity, the discharge development was divided
into two phases. The propagation phase included the discharge initiation and development up
to tmin, while the reillumination phase included all subsequent phenomena (cf. Section 2.4).
This denomination is motivated by the voltage pulse, as the discharge was expected to propa-
gate after ignition during the highest applied potentials, while a reillumination usually occurs
during the trailing edge of the pulses. Accordingly, the discharge propagation time, ∆t, was
defined as the time between tstart and tmin.
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2 Temporal Development of Pulsed Discharges in Water (A1-A2)

2.2 Discharge Inception Statistics

The start of discharge propagation is marked by its inception, which was defined as the time
of first light emission and increasing discharge current flow. Figure 2.2 shows a probability
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Abbildung 2.2: Histogram of inception and reillumination time probability (n = 2700 discharges).
Discharge inception time is described by the time of first observable light emission, tstart, while the
beginning of reillumiantion can be associated with the time, tmin, when the discharge current changes
polarity. For comparison, tpulse is subtracted from tmin. Panel A and B show probability distributions
for an electrode distance, d, of 8 mm, pulse amplitude, Umean, of 56 kV and fall times of 21 ns (red),
29 ns (blue) as well as 37 ns (green). Panel C and D show the inception and reillumination time
probability distributions, respectively, for pulses with durations, tpulse, of 100 ns (red) and 300 ns
(green) and a pulse amplitude of 61 kV applied to a 14 mm gap. Adapted from Article 2.

12



2.2 Discharge Inception Statistics

distribution of the inception delay of a discharge, i.e. the start time, tstart, for different pulse
steepnesses, characterized by start and fall times, and two different pulse durations of 100 ns
and 300 ns. Each histogram contains data from 2700 discharges. Notably, the discharge ex-
pansion for 300 ns discharges was expected to exceed 8 mm, so a gap distance, d, of 14 mm
was set and the pulse amplitude was increased so that the electric field at the needle tip was
similar for all experiments. Figure 2.2(A) shows the results for different pulse steepnesses,
and in general the probability distributions resemble the development of the pulse amplitu-
des. For the start of the discharge propagation, a pronounced statistical frequency of 27 %
was observed for the steepest pulses, and the respective start time corresponds to the time of
maximum pulse amplitude. For an inception later in the high-voltage pulse, the probabilities
decreased and did not exceed 5 % after 35 ns. Inceptions were observed throughout the high-
voltage application, even as late as 95 ns, just before the pulse decay began. For shallower
pulse edges, the maximum of the probability distribution decreased and was shifted to later
times. Figure 2.2(B) shows the probability distribution for the start of reillumination, (tmin-
tpulse). Since the reillumination started during the trailing edge of the pulses, which is only
a few nanoseconds long, the maximum of the probability distribution was generally higher
than for the start of propagation. For the steepest pulse, with a fall time of 21 ns, the start of
the reillumination were distributed over 2 ns with a maximum probability of 45 %. For longer
fall times, the probability distribution was delayed and broadened.
The overall inception probabilities are not included in Figure 2.2(A), but can be calculated
by comparing the total number of applied pulses with the number of detected discharges. A
decreasing ignition probability of 58 %, 33 % and 29 % was observed with increasing rise and
fall time. Thus, the time required to ignite a given number of discharges increased with the
fall time.
The mean propagation time, which is reflected in the time between discharge onset and start
of reillumination, ∆t, was not affected by pulse steepness. Since the discharges started later
relative to the start of the voltage pulse, the reillumination was also delayed due to longer
fall times, so the averaged propagation time was determined to be 71 ns, 69 ns, and 69 ns for
increasing fall times.
Figure 2.2(C) shows the probability distributions for pulse durations of 100 ns and 300 ns, and
normalized pulse shapes are given for comparison. In general, the 300 ns pulses show a more
stable plateau, resulting in a wider distribution of inception times. The highest probability
was observed at 71 ns, which corresponds to the time, when the highest amplitudes are app-
lied. The high-voltage pulse had a second local maximum in pulse amplitude around 250 ns,
and the inception probability peaked at the same time. A similar association is observed
for 100 ns pulses, which had a maximum amplitude at 25 ns and a corresponding maximum
inception probability.
Comparing the trailing edge of both pulses, similar fall times of 21 ns and 23 ns were observed
for the short and long pulses, respectively. Accordingly, the inception time distribution of the
reillumination, shown in Figure 2.2(D), was nearly equal for 100 ns and 300 ns pulses and
peaked around 3 ns into the trailing edge.
Two conclusions can be drawn from the presented inception distributions. First, the incepti-
on mechanisms of discharges in water seem to be independent of the pulse rise time within
the investigated range, as a significantly sharper 300 ns pulse resulted in a delayed inception.
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2 Temporal Development of Pulsed Discharges in Water (A1-A2)

Instead, the overall pulse shape determines the inception distribution, resulting in a maxi-
mum inception probability synchronized with the maximum pulse amplitude. Therefore, the
discharges do not seem to be initiated by the same mechanism as the nanosecond discharges
reported in the literature, as they were found to ignite only during the rising pulse edge, while
the inception probability was associated with the change in amplitude dU/dt [37, 67, 71].
Second, the onset of reillumination depends only on the pulse steepness during the falling
edge, i.e. onset was independent of pulse duration and discharge propagation time. For a
more detailed discussion, see Sections 2.4 and 2.5.

Major findings for the investigated pulse parameter

� Timing of discharge inception in water is independent of pulse rise time in the
range of (10-31) ns

� Probability of discharge inception is increased for higher pulse amplitudes; hence
local maxima in the voltage signal correspond to highest inception probabilities

� The overall probability to ignite a discharge by a high-voltage pulse increases for
shorter rise times

2.3 Streamer Propagation

Between the two inception events of initial light emission and reillumination, the streamer
propagates in the liquid medium. Figure 2.3 shows images of typical discharges ignited du-
ring a 100 ns pulse with increasing tfall, i.e. 20 ns (Panel 2.3(A)), 26 ns (Panel 2.3(B)), 43 ns
(Panel 2.3(C)). For these images, the fast framing camera gate was set to the end of the
propagation phase to capture the fully expanded discharge. In general, the intensity of the
discharge light emission peaked at the needle tip, from which the filaments spread radially.
With greater distance from the needle, the filaments became increasingly branched and the
light intensity increased again at the end of the filaments. Comparing discharges for different
pulse steepnesses, the overall structure remained similar. Additionally, this was observed in
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Abbildung 2.3: Discharges in water generated at a 40-µm needle tip by the application of positive
100 ns pulses with different fall times of 20 ns (Panel A), 26 ns (Panel B), 43 ns (Panel C). All images
were recorded with a 3 ns gate width and intensities were normalized with respect to the maximum
possible pixel value (12 bit). Adapted from Article 1.
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2.3 Streamer Propagation

the investigations reported in Article 2 for a different electrode gap, d, and an extended pul-
se duration of 300 ns, where the images also show the same overall discharge morphology.
Therefore, the discharge propagation mechanism seems to be unaffected by the pulse shape,
i.e. rise time, plateau shape and pulse duration, within the investigated parameter range.
In Article 2, a detailed analysis of the filamentary structure was described. Time-integrated
images were taken with the ICCD camera and an algorithm was developed to determine
the outer contour of a discharge from which streamer ends and their position relative to the
needle tip were derived. The results are shown in Figure 2.4.
Typical examples for identified streamer ends, streamer lengths, Ls, and angular positions, φ,
are presented in Figure 2.4(A) for a 100 ns pulse. The angular distribution of streamer lengths
was derived by averaging the enveloping contour of selected discharges with a propagation
time, ∆t, in the ranges from (70-90) ns and (240-260) ns, the latter only for 300 ns pulses. The
results are shown in 2.4(B). For shorter propagation times, the contours are similar for both
pulse durations and resemble approximately a semicircle with a radius of 2.5 mm around the
tip, indicating a spherically symmetric distribution. Only a slight decrease in streamer length
was observed for angles of more than ±50 ◦. However, the uniform distribution changed si-
gnificantly when the discharges propagated for a longer time of (240-260) ns. Only filaments
propagating towards the counterelectrode within a ±20 ◦ range exceeded a filament length
of 7.5 mm. For larger angles, the streamers ended at shorted distances from the needle, and
for angles larger than ±70 ◦, the streamers had a length of only 2.5 mm. Thus, the streamers
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Abbildung 2.4: Automated determination of filament ends in ICCD-images (Panel A) and the re-
sulting angular distribution of streamer lengths, Ls, (Panel B). The spatial structure of an individual
discharge is visualized and the streamer length is defined, which is automatically determined for all
visible filament ends (for visibility, only half of the detected streamers are shown). The angular distri-
bution of streamer lengths relative to the needle axis is shown for propagation times, ∆t, of approx.
(80 and 250) ns. Filaments are homogeneously distributed around the needle tip for the first 90 ns,
but propagation stops for φ > 50 ◦ afterwards. Adapted from Article 2.
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2 Temporal Development of Pulsed Discharges in Water (A1-A2)

seem to have stopped propagating early during the pulse. This effect is plausible when con-
sidering the electric field between the needle and plate. For a constant distance to the needle
tip, the field strength is strongest along the needle axis and weakens for increasing angles,
|φ|. Therefore, filaments propagating perpendicular to the needle axis extend into areas with
a reduced external electric field. Experiments for microsecond discharges have also shown
that streamer stop propagating when the electric field between the electrodes weakens to a
critical value [47, 49]. In this experiment, the first filaments propagated into regions, where
the electrical field strength was below this critical value, after (70-90) ns corresponding to
streamer lengths around 2 mm directed at an angle grater than ±70 ◦. This was, therefore,
not observed for the majority of discharges initiated by 100 ns pulses, as they propagated only
for 70 ns on average, but is important to consider when determining propagation velocities
for longer pulse durations.
Two different methods were used to measure the propagation velocity, vs, of streamer dischar-
ges in water, and the results of both are shown in Figure 2.5. For the first measurement, shown
in Figure 2.5(A) and published in Article 1, the fast framing camera was set to capture three
consecutive images of an individual discharge event. Due to the radial symmetric distribution
of the streamer ends, the light intensities were averaged in semicircles around the needle tip
and plotted against radius. From these profiles, shown in the three smaller plots in Figu-
re 2.5(A), an averaged streamer length, Ls, was determined. The increase in streamer length
for a given delay between two image acquisitions provided the averaged velocity. Since three
images were recorded per discharge, the velocities between the first two and last two recor-
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Abbildung 2.5: Determination of streamer propagation velocity, firstly, with subsequent framing
camera images for individual discharge events (Panel A, gate opening time of 3 ns) and, secondly,
with streamer lengths, Ls, as well as propagation times, ∆t (Panel B). Both, the direct measurement
and the averaged method, result in a propagation velocity of about 31 km·s−1. Adapted from Article 1
and Article 2.

16



2.4 Channel Reillumination

ding times were calculated. For the steepest pulses, the resulting propagation velocity was
constant at (29±2) km·s−1. The procedure was also applied to fall times of 26 ns and 43 ns,
resulting in velocities of (28±1) km·s−1 and (29±1) km·s−1, respectively. These values confirm
experiments from literature and show that the pulse steepness had no effect on the discharge
propagation within the parameter range of this study [45, 47, 48, 65].
A second method to measure the propagation velocities for 100 ns and 300 ns pulses was app-
lied for the experiments reported in Article 2 and the results are shown in Figure 2.5(B). The
streamer lengths determined by the algorithm analyzing the ICCD images (see Figure 2.4(A))
were associated with the corresponding propagation time (shown in Figure 2.2(C)), which
yields the mean propagation velocity of a filaments during its propagation phase. Since a
filament that did not propagate along the axis of the needle might have stopped due to a
locally weaker electric field, the maximum length of the streamer was determined for each
discharge.
The streamer length increased linearly with longer propagation times, reaching a maximum
of about 9 mm. Again, this indicates a constant propagation velocity, which was inferred to
be (31.2±0.6) km·s−1 from the slope of a linear fit. This result is similar to the first method,
validating the indirect approach to investigate propagation velocities. The velocity was the
same for both pulse lengths, implying that the propagation process is independent of propa-
gation time or streamer length as long as the external electric field strength exceeds a critical
value.

Major findings for the investigated pulse parameter

� The discharge structure is independent from pulse steepness

� Filaments that are not directed towards the counter electrode stop propagating
for propagation times longer than 90 ns

� Streamer propagation velocity is about 30 km·s−1 for all considered pulse para-
meters

2.4 Channel Reillumination

Due to the decreasing amplitude at the end of the high-voltage pulse, the discharge propaga-
tion stops. Contrary to intuition, discharges in water do not decay completely, but increase
light emission again during the trailing edge of the pulse, reaching intensities higher than
during propagation (see Figure 2.1(C)). Therefore, this reignition process is commonly called
reillumination [45, 47]. However, reilluminations during nanosecond pulses are different from
those ignited during microsecond pulses because they are accompanied by negative current
polarity instead of positive current spikes (cf. Section 1.2). Therefore, a fundamentally diffe-
rent reillumination mechanism seems to be relevant for short pulses.
In the investigation described in Article 1, the reillumination process was studied for pulse
durations of 100 ns. Consecutive images of the same individual discharges were recorded to
observe the development of reillumination with temporal and spatial resolution. For pulse
durations of 20 ns and 43 ns, the results are presented in Figures 2.6(A) and 2.6(B), respec-
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Abbildung 2.6: Detailed image analysis of the onset of the discharge reillumination for a fall time
of 20 ns (Panel A) and 43 ns (Panel B). For altogether 9 ns, three individual consecutive images were
recorded. Respective measurements for voltage and light intensity are presented together with the
acquired images (a), (b) and (c), according to the timing information (gray bars) shown in the upper
panel. The angular intensity profiles (lower panel) were derived for a semi-circle with a radius of
0.7 mm around the needle tip. For the shorter fall time, the images describe the discharge at the end
of its propagation (a), the reignition of filaments starting from the needle tip (b) and, eventually, the
propagating reillumination (c). Therefore, the angular intensity profile show no significant difference
confirming the instantaneous reillumination of all pre-existing channels. Contrarily, a channel that
was not visible in the first image was reilluminated (b-c) within 6 ns for a longer fall time. Adapted
from Article 1.

tively. The upper panel shows the pulse voltage and light intensity and the gate time of the
fast framing camera. The resulting images for a typical discharge are displayed in the middle
panel, from which angular intensity profiles were derived and plotted in the bottom panel
to illustrate intensity changes individually for the filaments over the period covered by the
images.
For the shortest fall time, the camera gate was set to observe the beginning of the again
increasing light emission. With a gate width of 3 ns, the images recorded a period of 9 ns, as
the gate time of each ICCD was chosen at the end of the gate of a preceding camera. The first
image (a) shows the fully expanded discharge similar to Figure 2.3. As the light intensity pas-
sed through a minimum, the next image (b) was taken. The streamer ends from the previous
image are still faintly visible, but the origin of the increasing light emission was the bright
discharge center at the needle tip. Generally, the channels increased in intensity compared to
image (a). While the original filament heads were no longer visible, the intense reillumina-
tion discharge expanded during the recording of image (c). The structure of the preexisting
discharge is clearly preserved in the new discharge. If the gate times were delayed further, the
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2.4 Channel Reillumination

reillumination continued along the preexisting channels until it reached the original discharge
expansion, which corresponded to the maximum in total light intensity (data not shown). To
emphasize which channels were reignited, the light intensity was plotted along a semicircle
of fixed radius, r, of 0.7 mm around the needle tip. The bottom panel of Figure 2.6 shows
the normalized intensity profiles relative to the angle, φ. The profiles of the decaying and
reilluminating discharges almost overlap, while the three prominent peaks correspond to the
brightest filaments. Therefore, each discharge channel was reilluminated while the reignition
front propagated with a velocity in the order of 102 km·s−1, which is an order of magnitude
faster than the original discharge propagation. Due to this speed and the negative current
flowing during the reignition, the reillumination was most likely an electron-driven ionizati-
on front expanding into the preexisting, preionized and gaseous filaments of the preceding
discharge to balance the charge accumulated at their ends.
A different reillumination process was observed for a fall time of 43 ns, as shown in Figu-
re 2.6(B). Due to the extended fall time, the gate times of the framing camera were delayed
to account for the deferred development of the light intensity maximum. For presentation
purposes, a discharge with a local intensity spike was chosen as an example. The images co-
ver the intensity development of an already reignited discharge starting at a local minimum.
Image (a) shows one bright and two less intense filaments, which are diffuse and peak in
intensity at the needle tip, similar to the reillumination for shorter fall times. In Article 1
it was additionally reported that the reignition develops within the preexisting discharge
channels. However, not every channel is reignited at the same time, as shown in images (b)
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assumed for the highest amplitudes (dashed red line) while for lower amplitudes a stronger variation
of results and a deviation from this proportionality was observed that is likely reflecting the more
erratic initiation of discharges. Adapted from Article 1.
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2 Temporal Development of Pulsed Discharges in Water (A1-A2)

and (c) of Figure 2.6(B). A filament that was not visible in image (a) developed toward the
right corner of the image, while in image (c) it was the brightest filament; the other channels
also reduce their intensity. This phenomenon is more apparent in the intensity profiles in the
bottom panel (see Figure 2.6(B)). For the profiles derived from images (a) and (b), a filament
at an angle of 60 ◦ was dominant, while the filament at 150 ◦ was the most intense in image
(c). The spatially integrated light intensity peaked simultaneously, indicating that the single
reilluminated channel mainly contributed to the intensity maximum. This was also observed
for other discharges investigated in this experiment, and in addition, multiple peaks for a
single discharge suggest that all preexisting channels were subsequently reignited.
So far, the study revealed the general phenomenology of reillumination and how it is affected
by the shape of the pulse. In addition, it was hypothesized in Article 1 that the reillumi-
nation could be valuable as a diagnostic to characterize the charge stored in nanosecond
pulsed discharges. As mentioned earlier, the head charge of the filaments is balanced during
reillumination and, hence, the charge transferred during reillumination, qr, can be used as an
approximation of the head charge. To emphasize the use as a diagnostic tool, the streamer
length, Ls, was associated to the transferred charge, which was obtained by integrating the
current from tmin until no current was observed. The results are shown in Figure 2.7 with
respect to three different ranges of pulse amplitudes, Umean.
In general, qr increased with the streamer length, while for all three groups of amplitudes
Ls covered a reasonable range. For smaller pulse amplitudes, however, the charges were dis-
tributed more erratic, so the recorded discharges were grouped according to the amplitude
lower than 44 kV, between 44 kV and 48 kV, and higher than 48 kV. The charges within the
first group were scattered in a range up to 0.3 C, while the charges for the highest amplitudes
were linearly dependent on Ls. Therefore, a linear fit was performed only for the highest
pulse amplitudes, as shown in Figure 2.7. Interestingly, this linear approximation was inde-
pendent of the fall time, even though the time to transfer qr was nearly doubled and the
channel reillumination was different for shallower pulses, i.e. subsequent channel reignition
as opposed to synchronized reillumination (see Figure 2.6). Therefore, the charge transferred
during reillumination must be associated with the propagating streamers, which were not
affected in velocity or morphology when the pulse shape was changed. In Article 1 a model
has been developed to characterize streamer propagation by the charge transferred during
reillumination, which is summarized in the next section.

Major findings for the investigated pulse parameter

� Reillumination is an reignition of preexisting discharge channels by an ionization
front extending with 200 km·s−1 from the needle tip

� Reillumination occurs simultaneously in all filaments for the shortest fall time
and subsequently in individual filaments for the longest fall times

� The transferred charge during reignition is directly proportional to the streamer
length and independent on fall time
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2.5 Single Streamer Propagation Model

So far, the discharge development has been described on the basis of an experimental ap-
proach, but the interpretation of several findings, i.e. the influence of different fall times on
the reillumination phase, the upper limit of qr proportional to Ls, and the reduced charge
transfer during reillumination for smaller pulse amplitudes, requires a theoretical approach.
Hence, an analytical model relating streamer head charge, electric potential and propagation
length has been developed and described in Article 1. Initially, a simplified approach descri-
bing a single, unbranched streamer was chosen, and subsequently the model was extended to
include multiple branches.
The fundamental correlation used to formulate a model for the description of streamer propa-
gation in water in terms of the accumulated charge of filament heads was recently published
by Qin et al. [87]. The group simulated streamer propagation in gases and liquids and found
(analytically and numerically) that the radius of propagating streamers depend on the exter-
nal electric field generated by the electrodes. This correlation was described analytically by
the following Equation:

Rs ∝
1

Eex
(2.1)

The radius of the filament head, Rs, is inversely proportional to the external electric field,
Eex. Notably, the authors stated that this correlation is valid not only for gaseous media, but
also for dielectric fluids such as deionized water. The resulting model is shown in Figure 2.8,
where all relevant variables are defined.
A streamer with radius Rs, length Ls, and head potential Uhead propagates at a constant
velocity, vs, in an external electric field. Without loss of generality, Eex is generated by a
positively charged electrode of potential Uneedle and is strong enough to sustain the streamer
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Abbildung 2.8: Illustration of the single streamer propagation model. A quasi-neutral channel of
radius, Rs, with a head charge corresponding to a charge density, nhead, extents with a velocity,
vs. The strength of the external applied electric field, Eex, decreases at the streamer head during a
time step, δ. Hence, the streamer radius grows resulting in smaller values for nhead. Reprinted from
Article 1.
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expansion. At the observed time, t, a charge density, nhead, has accumulated due to a backflow
of electrons, ie, and continuous ionization during streamer propagation.
When the streamer propagates for an infinitesimal time step, δ, it is assumed to have extended
by ∆L = vs · δ while the external electric field has been reduced to Eex(t+δ). According to
Equation 2.1, Rs increases, which means that nhead decreases. The head charge, q, of an
ideally conducting streamer is correlated to Rs and Uhead by Equation 2.2 [31].

q = 4πε0UheadRs (2.2)

Thus, q is related to the external electric field due to the relation described in Equation 2.1.
In a needle-to-plate electrode configuration, the external electric field, Eex, along the needle
axis with coordinate z is approximated by the following Equation

Eex =
2Uneedle

z ln
(

4d
rn

) ∝ Uneedle

z
, (2.3)

with the needle radius, rn, and the distance between the electrodes, d [88]. The proportionality
expressed by Equation 2.1 can be quantified by a respective constant, aE, which yields

q = 2πε0 · aE ln

(
4d

rn

)
· Uhead

Uneedle
· z = b · z . (2.4)

As long as the streamer is ideally conductive, the ratio of head and needle potential reduces
to unity. Accordingly, the head charge is linearly dependent on the position, z, of the streamer
head, which is directly related to the streamer length, Ls.
So far, this model does not account for the branching observed in water streamer discharges.
With two reasonable assumptions, it is still possible to interpret the experimental results
with this single streamer model. As mentioned in Section 1.2, all of the filaments observed
in Figure 2.3 actually originate from the same location on the needle tip and can, therefore,
be considered fragments of a single, strongly branched streamer [37, 48, 53]. In addition,
the charge accumulated at a streamer head is assumed to be conserved during branching,
which was confirmed in gas streamer discharges [40]. Hence, the total charge of a discharge
is independent of the number of branches, so it can be described as a single filament.
To combine the filaments, a discharge can be described in an equivalent electrical circuit
model by capacitances, Ci, connected in parallel to the needle electrodes through ideally con-
ductive channels. Thus, the individual capacitances can be combined into a single capacitance.
According to Loeb et al., the capacitance of a streamer head is related to the streamer radius;
therefore, the total capacitance, C, of a discharge can be expressed by Equation 2.5 [31]:

C =
∑
i

Ci = 4πε0Rs. (2.5)

Capacitance and charge of a streamer are closely correlated, and therefore the total charge
of a branched discharge also depends linearly on the streamer length (see Equation 2.4).
While measurement of the spatial extent of the discharge is accessible by fast imaging, direct
measurement of the accumulated charge of a discharge of defined length is more challenging.
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However, the charge that is transferred during reillumination can be used as an approxima-
tion. The ionization front within the preexisting channel transfers negative charges into the
channel as long as there is a space charge at the filament head, and is thus proportional
to the head charge. Of course, this is an approximation, since the head charge can diffuse
and its ions can recombine before and during reillumination. However, diffusion does not
reduce the total charge, and the recombination cross sections should be similar for different
head charges. Thus, qr may be smaller than, but proportional to, the head charge. Evidently,
the relation between head charge and streamer length in Equation 2.4 was experimentally
confirmed with the data shown in Figure 2.7 for the highest needle potentials, as qr grew
proportional to the streamer length. Inherently, this implies that the assumption of ideally
conducting channels is valid for the applied pulse amplitudes.
However, it is noticeable that charges for lower pulse amplitudes deviate from the linear
relation described in Equation 2.4. In particular, discharges initiated during pulses with am-
plitudes below 44 kV accumulated up to 60 % lower head charges. This indicates that the
filaments were not ideally conductive for these pulse amplitudes, resulting in a decrease of
the parameter b, as the ratio between Uhead and Uneedle reduces with increasing channel re-
sistance.
The development of the ionization front of the reillumination can be interpreted in particular
with the single streamer model. For decreasing fall times, the reillumination changes from an
immediate reigniton of each preexisting filament to a sequential process, as shown in Figu-
re 2.6. In Equation 2.5 it is assumed that the head charge is conserved during the branching
of a filament, i.e. the combined head charge of filaments propagating after the branching is
equal to the charge of the predecessor. While this assumption is necessary to translate the
single streamer model to a real discharge, it is not required to define how the charge is divided
during branching. Thus, the tips of each branch may be charged slightly differently. During
the trailing edge of the pulse, the residual head charge generates the electric field within a
channel that drives the ionization front causing the reillumination. This electric field is depen-
dent on the head charge, with a higher charge producing a stronger electric field. Due to the
potentially different head charges resulting from branching, this yields a different threshold
potential at the needle for which the field in the channel is high enough for reignition. For
fast fall times, the different thresholds for reillumination seem insignificant, but for longer
fall times, a lower head charge may be responsible for delayed reillumination, resulting in
successive channel reillumination (see Figure 2.6).

Major findings for the investigated pulse parameter

� A single streamer model can describe the experimental results, e.g. streamer head
charge and reillumination, based on the streamer radius and external electric field

� The head charge of a single streamer is directly proportional to the length of a
filament, which was confirmed experimentally

� Filaments that are not ideally conductive have a reduced head potential resulting
in smaller head charges

23





3 Hydrogen Peroxide Production of
Nanosecond Pulsed Discharges (A2-A3)

After the physical characterization of positive pulsed streamer discharges in water, in this
section, the findings are related to the chemistry induced by the discharges, which is crucial
for most applications [11, 13, 15, 18, 19, 36, 42]. A streamer discharge has several pathways to
produce chemically active species, e.g. by ions, electrons, exited neutrals, radicals, radiation,
temperature, and cavitation and a number of different species, e.g. ·O, ·OH or ·OOH, are
produced either directly by the discharge or in secondary reactions. Most of these species
are highly reactive and, therefore, challenging to quantify directly. For discharges in pure
water, however, it was discovered that eventually all short lived species react to H2, O2

and H2O2, while only hydrogen peroxide remains dissolved in the liquid [21, 78]. Hence,
the hydrogen peroxide production of pulsed streamer discharge in water can be utilized
to characterize the induced chemistry. In the past, the H2O2 production was studied and
optimized in terms of pulse parameters, i.e. amplitude, duration, and repetition frequency, and
material properties such as pH, conductivity, and electrode material [16, 18, 23–26, 29, 29, 78–
86]. However, a major difficulty is that the production parameters are interdependent. For
example, in common the Marx-type pulse generators, as conductivity increases, pulse duration
and amplitude decrease, so no study has examined the influence of each pulse parameter
separately on hydrogen peroxide production.
However, the pulsed power system presented in Section 2.1 is able to apply pulses, whose
pulse shape is independent of the properties of the discharge chamber, such as geometry
and conductivity (within reasonable limits), while the pulse parameters can be adjusted
individually.
A typical hydrogen peroxide production rate of a water discharge has been reported to be
1 g·kWh−1 [89], and in this thesis a typical discharge had an energy on the order of tens of
millijoule, resulting in an estimated amount of hydrogen peroxide on the order of hundreds of
picomoles. Due to the limited repetition rate of the pulsed power system, colorimetric methods
for determining hydrogen peroxide concentrations are not sensitive enough for this study.
Accordingly, an electrochemical method was developed, which is described in Section 3.1. A
detection limit of 0.05µmol·l−1 and a recovery of 98.4 % was achieved.
Using the custom-built pulsed power system and the sensitive method for determining H2O2

concentration, it was possible to study hydrogen peroxide production for each pulse parameter
separately. The results were published in Article 2 and are summarized in Section 3.2 of this
thesis. With slight methodological modifications, it was found that the electrochemical system
was even suitable to measure the hydrogen peroxide concentration produced by individual
discharges, which was studied for different conductivities and published in Article 3. The
main outcomes of this article are presented in Section 3.3.
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3.1 Flow Injection Analysis with Chronoamperometry

Hydrogen peroxide concentrations were measured by an electrochemical, chronoamperome-
tric method using a flow injection analysis technique. An overview of the developed method
is given in Figure 3.1. It consists of a scheme of the experimental setup in Figure 3.1(A), a
typical measurement in Figure 3.1(B), and a calibration in Figure 3.1(C). Overall, the setup
consisted of two separate lines for buffer and sample solution connected by a 6-port valve.
Initially, the buffer (13.4 g·l−1 KH2PO4 + 0.27 g·l−1 Na2HPO4 + 7.5 g·l−1 KCl in deionized
water) was pumped at 1.3 ml/min through the valve into the measuring chamber onto a 3-
electrode screen-printed chip (DRP-710, Metrohm) and from there into the waste container.
The 3-electrode system consisted of a Prussian blue functionalized carbon working electrode,

Abbildung 3.1: Schematic of the experimental setup to electrochemically determine hydrogen per-
oxide concentration (Panel A), a representative chronoamperogram with a background fit (Panel B),
and a typical calibration measurement (Panel C) derived from the chronoamperogram. A buffered
sample is loaded with a syringe into a sample loop and, if the 6-port-valve is switched, pumped into a
measurement chamber. The sample flows though the measurement chamber and reacts with the func-
tionalized surface of a 3-electrode chip. The temporal development of the reaction current is recorded
by a potentiostat. For the association of reaction currents and the hydrogen peroxide concentration
of the sample, peak reaction currents are determined and related to concentrations by a calibration.
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a carbon counter electrode, and a silver reference electrode. Samples were manually loaded
into the sample loop, while any excess was discarded. To analyze a sample, the 6-port valve
was turned to allow the pump to flush the sample loop into the measurement chamber. A
potentiostat (PGSTAT101, Metrohm) measured the reaction current at a potential of -0.1 V
with a sampling rate of 20 S·s−1.
A typical measurement for calibration is shown in Figure 3.1(B). Each of the six different
samples of adjusted hydrogen peroxide concentrations were injected twice. Hence, the pre-
sented signal consists of pairs of current peaks proportional to the H2O2 concentration in
the respective samples, which are superimposed by a background current. The background
current was fitted with a spline, subtracted from the signal, all current peaks belonging to a
single sample were averaged, and the peak amplitude of the averaged signal was extracted.
The peak currents were correlated with the known hydrogen peroxide concentration in the
samples. The result is shown as an example in Figure 3.1(C), which also shows a linear fit
that was used as calibration function. As the reference electrode was made of silver, which is
susceptible to oxidation, an additional reference sample with known H2O2 concentration was
injected after each measurement to guarantee the validity of the calibration. A detection limit
of 0.05µmol·l−1 and a recovery of 98.4 % (for a concentration of 1µmol·l−1) was achieved.
An analysis of hydrogen peroxide production from one or more discharges always consisted
of at least measurements of two samples. A reference sample was taken before and a treated
sample was taken after the desired number of discharge events were applied. Both had a
volume of 4.5 ml and were immediately mixed with 0.5 ml of a 10-times concentrated buffer
solution so that the conductivity, pH and ion concentration of the samples matched the run-
ning buffer.
For the lowest hydrogen peroxide concentrations, i.e. for the production of individual dischar-
ges, the method was slightly adjusted. Since the treated volume was reduced to 0.8 ml, a
sample of 0.75 ml was mixed with 0.05 ml concentrated buffer and the reference was collected
separately every ten samples.

3.2 Hydrogen Peroxide Production Rate and Efficiency

Rate and efficiency of hydrogen peroxide production were determined from the total amount
of hydrogen peroxide, which was accumulated for several hundred discharges, and was stu-
died for different pulse amplitudes, durations, and steepnesses, characterized by tfall. While
the results for energy efficiency are presented in Article 2, the production rates are shown
in Figure 3.2. This Figure is divided into three panels: Panel 3.2(A) shows the production
rate, k, as a function of tfall, Panel 3.2(B) illustrates the influence of Umean and Panel 3.2(C)
describes the difference depending on tpulse. The production rate was calculated from the
hydrogen peroxide concentrations and the accumulated propagation time of all individual
discharges, so that a change in inception probabilities is included in the rate coefficients (see
Figure 2.2).
There are no actual differences in production rates for different fall times, as shown in 3.2(A).
Instead, an averaged production rate of (0.145±0.005) mol·l−1·s−1 was derived for fall ti-
mes of 21 ns, 29 ns, and 37 ns. Accordingly, the energy efficiency was also the same with
(5.8±0.1) g·kWh−1. These similar rates and efficiencies seem reasonable since neither the
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Abbildung 3.2: Hydrogen peroxide production rates, k, for each tested pulse steepness represented
with the fall time, tfall, (Panel A), pulse amplitudes, Umean, between (54-64) kV (Panel B), and pul-
se durations, tpulse of 100 ns and 300 ns (Panel C). Different pulse steepnesses did not affect H2O2

production, a linear increasing production rate was observed for higher amplitudes, and a decreasing
pulse duration increased the amount of produced hydrogen peroxide. Adapted from Article 2.

morphology nor the mean expansion of the discharges were affected by tfall (as described in
Sections 2.2 and 2.3). Thus, the same amount of energy was dissipated in a similar discharge
volume, resulting in a similar temperature, radiation, and radical production, leading to a
constant H2O2 production.
However, as already mentioned in Section 2.2, the probability to ignite a discharge during a
pulse depended on the pulse steepness and decreased with increasing tfall. From the point of
view of studies without a single discharge diagnosis, this would result in a lower hydrogen
peroxide production relative to the number of high-voltage pulses applied, again highlighting
the importance of observing individual discharge events. In addition, for any application,
every pulse that does not ignite a discharge reduces process efficiency, which is why steeper
pulses should be preferred for process development.
A more pronounced effect on hydrogen peroxide production was observed for different pulse
amplitudes, as shown in Figure 3.2(B). Rates were determined for pulse amplitudes of (54-
64) kV and a linear increase was observed for higher amplitudes. For this relatively small
range of amplitudes, rates nearly doubled to approximately 0.19 mol·l−1·s−1, resulting in a
slope of 8.7 mmol·l−1·s−1·kV−1. Similarly, the accumulated energy dissipated in all discharges
was doubled to 16 J, resulting in a constant energy efficiency (see Article 2). Earlier discharge
ignition was observed at higher amplitudes, reducing the averaged tstart from 39 ns to 32 ns;
thus, discharges typically expanded for longer times as amplitudes increased.
However, the method of calculating the production rate using the accumulated propagation
time of all discharges already includes different delay times, so it does not explain the incre-
asing hydrogen peroxide production rates. More likely, the increased energy dissipation was
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associated with the formation of more discharge filaments and the energy density within these
filaments was constant [16]. While proof of this interpretation requires a 3D reconstruction of
the entire discharge structure, it is supported by the increased light emission of the dischar-
ges at higher amplitudes, which indicates that more filaments were formed. The additional
filaments led to increased radical formation, resulting in increasing H2O2 concentrations per
discharge. However, since the energy efficiency is stable, it is unlikely that the fundamental
pathways of hydrogen peroxide generation, e.g. discharge temperature, density, or radiation,
changed with increasing pulse amplitude.
Similar to the pulse steepness, an increase in pulse amplitude resulted in a rising probability
to ignite a discharge at any time during a pulse. Ignition probabilities started at 47 % for
an amplitude of 54 kV and increased to 87 % for the highest amplitudes, making pulses with
higher amplitudes more relevant for any later application.
Figure 3.2(C) shows the effect of pulse duration on the hydrogen peroxide production rate. It
is noteworthy that an electrode spacing of 14 mm was used in this experiment, as the dischar-
ges extended up to 10 mm from the needle for a pulse duration of 300 ns, resulting in sparking
for the 8 mm gap otherwise used for the experiments described in this thesis. Accordingly,
the pulse amplitude was increased to 61 kV so that the electric field strength at the needle tip
was similar to the 8 mm-experiments. The production rates are shown for pulse durations of
100 ns and 300 ns. The shorter pulses yielded a nearly doubled rate of (0.14±0.02) mol·l−1·s−1,
while the energy efficiency increased from (6.2±0.6) g·kWh−1 to (9.2±0.9) g·kWh−1.
The increasing production rate and efficiency with shorter pulses is associated with a decrea-
sing active volume of the discharge. As discussed in Section 2.3, filaments stopped propagating
perpendicular to the needle axis about 100 ns after inception, while the discharge continued
to propagate along the axis (see Figure 2.4). However, the stopping filaments were not re-
flected in the dissipated energy, which increased proportionally with the propagation time,
∆t. Energy dissipation and H2O2 production are again related to discharge volume and can
be explained by the single streamer propagation model. When a discharge is interpreted as
a single streamer, each end of a filament is connected by a conductive channel to all other
channel ends. When an individual filament stops expanding, it seems reasonable that the
energy dissipated in that filament is instead distributed to the other active channels. To keep
the total charge of the channel heads constant, branching is most likely induced, as repor-
ted in Article 2, and the current density of the channels with additional heads is increased.
While this results in a constant energy dissipation, the limited conductivity of the filaments
must be taken into account to explain the reduced hydrogen peroxide production [21, 49]. As
shown in Figure 2.7, the channel conductivity is indeed limited, while the resistive losses are
proportional to the filament length and scale quadratically with the current density within a
channel. Therefore, the energy available for propagation is reduced with each stopping fila-
ment, resulting in a lower growth rate of the discharge volume and reduced hydrogen peroxide
production.
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Major findings for the investigated pulse parameter

� Hydrogen peroxide production rates are not affected by pulse steepness, since
discharge morphology and mean propagation time are not influenced

� An increased energy dissipation results in higher production rates due to an
increased number of discharge filaments

� The stopping of filaments that are directed perpendicular to the needle axis
results in the branching of the other filaments, which increases resistive losses in
the discharge and lowers H2O2 production rates as well as efficiencies

3.3 Peroxide Production of Individual Discharges

Studying hydrogen peroxide production by treating a sample with multiple discharges is
common because it is convenient to increase the H2O2 concentration in a sample to obtain
a better signal-to-noise ratio. Inevitably, only the average hydrogen peroxide production of
a discharge can be measured in this way, which leads to systematic errors due to interacti-
ons between discharges. For example, each discharge event leads to erosion of the tungsten
electrode, resulting in an increasing concentration of tungstates in solution, which dissociate
hydrogen peroxide [18, 25, 78]. Also, UV radiation emitted by a discharge cleaves H2O2 and
H2O, potentially changing the hydrogen peroxide concentration [24].
Thus, the method of electrochemical measurement of hydrogen peroxide presented in Secti-
on 3.1 has been optimized to detect concentrations as low as 0.05µmol·l−1, which is sufficient
to investigate individual discharge events. The results are presented in Figure 3.3(A), where
discharges were ignited in water of three different conductivities 1µS·cm−1, 140µS·cm−1,
and 280µS·cm−1, as an parameter of relevance to most applications. In addition, streamer
lengths, energy dissipated during propagation, and reillumination energies are presented in
Figure 3.3(B-D), respectively.
The amount of H2O2, nH2O2, increased non-linearly with time (cf. Figure 3.3(A)). The maxi-
mum amount was (1.0±0.1) nmol, which corresponded to a concentration of 1.25µmol·l−1 for
a single event. Notably, increasing conductivity did not affect hydrogen peroxide production,
which was why the measurements were combined for fitting. As motivated later, a parabola
could be fitted to the combined data and the fit yielded a slope of 99 nmol·µs−2. The streamer
length shown in Figure 3.3(B) grew linearly with propagation time, confirming the results
presented in Section 2.3. Discharge propagation was not affected by conductivity, so the data
sets were combined again to fit a linear function. The result was a propagation velocity of
31.1 km·s−1, which agrees well with the previously measured velocities [49, 50].
Conversely, propagation energies increased with propagation time and conductivity. For
deionized water, energy dissipation increased linearly with propagation time and a maxi-
mum of 24 mJ was dissipated. When discharges were ignited in water with elevated con-
ductivity, the energy dissipation grew superlinearly with propagation time and increased
with conductivity. A maximum of 53 mJ was dissipated at a conductivity of 280µS·cm−1.
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Abbildung 3.3: Amount of H2O2 (Panel A), stre-
amer lengths (Panel B), propagation energies (Pa-
nel C) and reillumination energies (Panel D) for dif-
ferent conductivities. The amount of hydrogen per-
oxide increased with propagation time, which can be
described by a parabola (dashed line), and streamer
lengths grew linearly. Reprinted from Article 3.

In addition, the amount of energy regai-
ned during reillumination, which increased
overall with propagation time, decreased for
higher conductivities. While approximately
4 mJ were recovered for the longest propa-
gation time in deionized water, 0.5 mJ we-
re regained for a similar propagation time
and a conductivity of 280µS·cm−1. Thus,
the total energy dissipated during a dischar-
ge event, which is the combination of pro-
pagation and reillumination energy, incre-
ased. Combined with hydrogen peroxide
production, this resulted in a decrease in
production efficiency from 6.1 g·kWh−1 to
1.4 g·kWh−1.
As mentioned in the introduction of this
chapter, hydrogen peroxide is commonly
used to describe the chemistry induced by
underwater discharges, because it is the on-
ly relatively stable product remaining in
the liquid [21, 78]. However, hydroxyl pro-
duction (·OH) is causative in the forma-
tion of H2O2, which is formed from wa-
ter molecules at a rate of k1 = 5.8 ·
10−9 · exp(−440 kJ/RT ) and then reacts
with itself to form hydrogen peroxide at a
rate of k2 = 1.51 · 10−11 · (T/298 K)−0.37

(both rates in units of cm3·molecule−1·s−1,
R is the universal gas constant, and T is
the temperature). This means that the pro-
duction of hydroxyl radicals and hydrogen
peroxide is only temperature dependent,
i.e. the temperature of the heavy particles
(primarily neutrals) in the streamer. The
production of ·OH increases with tempera-
ture, while the production of H2O2 decrea-
ses. Therefore, it is generally assumed that
·OH is formed during the discharge expan-
sion, while H2O2 is produced as the chan-
nel cool. To understand hydrogen peroxi-
de production of a discharge, it is useful
to focus on ·OH production first. Assuming
a constant production rate, kOH, within a
single radially symmetric streamer with an
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3 Hydrogen Peroxide Production of Nanosecond Pulsed Discharges (A2-A3)

crosssectional area, As, growing at velocity vs (similar to the model in Section 2.5), the
number of hydroxyl radicals, nOH, produced is equal to

nOH =

∫ ∆t

0

∫ Ls

0

∫ As

0
kOHdAdLdt

= kOHAsvs

∫ ∫ ∆t

0
dtdt

= kOHAsvs(∆t)
2.

The amount of hydrogen peroxide produced in such a discharge, nH2O2, is then proportional
to nOH. Assuming that hydrogen peroxide and hydroxyl radicals are linearly correlated, a
proportionality factor cOH→H2O2 can be defined and Equation 3.1 refers to nH2O2:

nH2O2 = cOH→H2O2 · k1 ·As · vs · (∆t)2

= kH2O2 ·As · vs · (∆t)2 (3.1)

This equation was fitted to the data shown in Figure 3.3(A) and gave good agreement. Thus,
the production of hydrogen peroxide can be described solely by the streamer expansion.
It is surprising that the H2O2 production did not increase with conductivity, since an increase
in energy dissipation would be expected to increase the temperature of the discharge, which
would increase the production rate of k1. As this was not observed, the temperature of the
neutrals in the discharge must be similar for the different conductivities, and the additional
energy must be dissipated by some other mechanism. An explanation can be motivated by the
dielectric time constant, τ , which is the ratio between the dielectric constant εε0 and the con-
ductivity, σ. The constant thus represents the characteristic time at which a lossy dielectric
changes between a resistive and a dielectric response. In deionized water, τ is 7080 ns, which
decreases to 50 ns and 25 ns for conductivities of 140µS·cm−1 and 280µS·cm−1, respectively.
Therefore, an aqueous load responds like a capacitance when a 100 ns pulse is applied for
the lowest conductivity, while it shows a resistive behavior at the highest conductivity. In
particular, the value of 280µS·cm−1 has been chosen as τ approximately matches the rise
and fall time of the steepest pulses of 16 ns and 21 ns, respectively.
Due to a more resistive behavior, less energy can be capacitively stored in the discharge, so
the reillumination energy decreases with conductivity. Therefore, no significant reillumination
is observed once τ matches the pulse fall time. This increases the energy dissipation during a
discharge event and shows the importance of the dielectric time constant for discharge deve-
lopment. The conductive liquid surrounding the discharge could therefore be used to explain
the superlinear relation between propagation time and energy dissipation in Figure 3.3(C).
For short propagation times (streamer lengths < 1 mm), the distance between streamer and
counterelectrode was relatively large and the discharge still had a small boundary surface to
the surrounding water. Therefore, the resistive losses were limited and the energy dissipation
was similar for all discharges. With longer propagation, the discharges crossed up to 70 %
of the gap and the boundary between discharge and water increased due to strong bran-
ching. Thus, a substantial part of the increased propagation energy was dissipated into the
surrounding conductive liquid, and since the hydrogen peroxide production of a discharge
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3.3 Peroxide Production of Individual Discharges

was not affected, the temperatures within the discharge filaments could not have increased
significantly.

Major findings

� For individual discharges, the concentration of hydrogen peroxide, which is unaf-
fected by water conductivity, increases quadratically with streamer propagation
time

� Constant hydroxyl radical production and constant streamer propagation velo-
city explain the quadratic increase in hydrogen peroxide concentration

� The decreasing energy efficiency of H2O2 production is a result of increasing
resistive losses in the water surrounding the discharge
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4 Summary and Outlook

Pulsed streamer discharges submerged in water were studied in this thesis in order to correlate
the discharge development and the chemistry induced by them. The objective was to determi-
ne, how the pulse parameters, i.e. pulse duration, pulse amplitude, and pulse steepness, affect
discharge initiation, propagation, streamer morphology, and reillumination. These physical
characteristics were combined with results from an experimental study of hydrogen peroxide
that was produced by the discharges and characterized the induced chemistry. In particular,
the effect of increased water conductivity was investigated for individual discharges. A pul-
sed power system was designed to ignite streamer discharges in a needle-to-plate geometry
by nanosecond pulses with a pulse duration of (100-300) ns, pulse amplitude in the range of
(50-64) kV, and pulse steepness characterized by three different rise and fall times between
(19-35) ns and (20-43) ns, in water having conductivities ranging between (1-280)µS·cm−1.
An electro-optical single discharge diagnostic, i.e. monitoring voltage, current, light intensity
and imaging with a fast framing ICCD, was combined with an electrochemical method for
hydrogen peroxide detection.
The discharge inception was studied statistically and it was found that the start time of
discharge propagation is closely related to the pulse shape, i.e. the timing of maximum pulse
amplitude, rather then the pulses rising slope. The starting of reillumination is delayed, in
contrast, with longer fall time. During the propagation phase of the filaments, the propagation
velocity was about 30 km·s−1 independent on pulse parameter within the range investigated
in this study. The discharge morphology was similar for the different pulse steepnesses and
amplitudes. With increasing pulse duration, preferential propagation in the direction of the
plate electrode was observed, and the shortening of filaments propagating laterally away from
the needle was associated with stopped propagation. Electrical energy was dissipated with a
constant rate during propagation. The phenomenon of reillumination has been controversi-
ally discussed in the past. Hence, the post-discharge was explicitly investigated with the fast
framing system and it was found that an ionization front extended at about 200 km·s−1 into
preexisting discharge channels during the falling slope of the high-voltage pulse. Depending
on the fall time, reillumination occurred simultaneously in all previously formed filaments for
the shortest fall time and subsequently for the shallowest falling edge. Reillumination was
interpreted as the process of compensation of the charge accumulated at the streamer head
during propagation. Therefore, the charge transferred during reillumination could be used as
a measure of the head charge of the fully developed discharge at the end of its propagation
phase, which was linearly dependent on filament length. A single streamer model was deve-
loped, which combines the filaments of the highly branched discharge into a single streamer.
The model explains the proportionality between head charge and streamer length, and links
a smaller head charge to a reduced head potential due to a limited electrical conductivity of
the streamer channel. The subsequent reillumination process for long fall times was explained
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4 Summary and Outlook

by slight differences in the head charges of the different filaments, resulting from differences
in charge distribution during filament branching.
The results on the development of discharges were utilized to understand the induced che-
mistry of discharges in water, which was characterized by the formation of hydrogen peroxide
as an indicator of the production of hydroxyl radicals. An electrochemical diagnostic was op-
timized to be able detect hydrogen peroxide produced cumulatively by multiple discharges.
The H2O2 production was found to be independent of pulse steepness within the range ex-
amined in this study. The production rate increased with higher pulse amplitudes, most likely
due to additional branches formed in the stronger electric field. The additional branches in-
creased the discharge volume, which resulted in higher production rates but a constant H2O2

production efficiency.For longer pulse durations and consequently longer propagation times,
stopping some filaments that were propagating laterally to the needle axis induced branching
of the other filaments due to the constant rate of energy dissipation. Increased resistive losses
in the filaments with additional branches resulted in a reduced hydrogen peroxide produc-
tion rate and energy efficiency. Overall, a best-case hydrogen peroxide production rate of
0.19 mol·l−1·s−1 and production efficiency of 9.2 g·kWh−1 were achieved. The electrochemical
diagnostic was further optimized to observe the chemistry induced by individual discharge
events. The H2O2 production was found to depend quadratically on the propagation time.
Since the streamer length and energy dissipation rate was constant, it was concluded that
the radical production rate within the discharge channels was stable during propagation.
The accumulated amount of hydroxyl radicals, which increased quadratically with propaga-
tion time, then reacted to hydrogen peroxide after the discharge decayed and the filaments
had cooled off. An increased liquid conductivity did not influence the formation of hydrogen
peroxide, even though the energy dissipation during discharge propagation increased three-
fold. Considering the dielectric time constant, the increased energy dissipation for elevated
conductivities was associated with resistive losses in the liquid, which did not influence the
radical production inside the discharge.
The results of this study directly benefit applied sciences that utilize the induced chemistry
of pulsed streamer discharges in water, e.g. for the synthesis of platform chemicals or the
degradation of persistent pollutants. Within the range of pulse parameters that were investi-
gated in this study, optimal hydrogen peroxide and, therefore, hydroxyl radical production,
i.e. highest production rates and efficiencies, is obtained for steepest pulse edges, highest pul-
se amplitudes and pulse durations that were as long as possible to avoid stopping filaments
but that were adapted to the water conductivity to avoid resistive losses. Further investiga-
tions are required to examine limits of these correlations by extending the parameter range
especially towards shorter pulse durations, as the conductivity of common process water is
higher than investigated in this study.
Furthermore, a 3D reconstruction of individual discharge events could make the number of
filaments, branching points and the length of discharge channels accessible, which is ultima-
tely necessary to confirm the correlation between discharge volume and hydrogen peroxide
production. In addition, combining the 3D reconstruction with a study of discharge tempera-
tures could provide more insight into the energy dissipation pathways of discharges in water
with elevated conductivity. This would further elucidate the potential of the dielectric time
constant as a control parameter for induced discharge chemistry.
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J. F. Kolb, and A. Kruth. Applied Surface Science, 514:145926, 2020.
doi:10.1016/j.apsusc.2020.145926.

[3] M. Ignat, P. Samoila, C. Coromelci, L. Sacarescu, I. Asaftei, V. Harabagiu, and C. Miron.
Comptes Rendus Chimie, 21(3-4):310–317, 2018. doi:10.1016/j.crci.2017.05.006.

[4] K. Zocher, R. Banaschik, C. Schulze, T. Schulz, J. Kredl, C. Miron, M. Schmidt,
S. Mundt, W. Frey, and J. F. Kolb. Plasma Medicine, 6(3-4), 2016.
doi:10.1615/PlasmaMed.2017019104.

[5] K. Zocher, R. Rataj, A. Steuer, K.-D. Weltmann, and J. F. Kolb. Journal of Physics D:
Applied Physics, 53(21):215402, 2020. doi:10.1088/1361-6463/ab768b.
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Science and Technology, 28(2):02LT02, 2019. doi:10.1088/1361-6595/aae91f.

[77] V. Prukner, J. Schmidt, P. Hoffer, and M. Šimek. Plasma, 4(1):183–200, 2021.
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Abstract
Pronounced reilluminations can be observed for discharges that are generated in water by
submicrosecond high-voltage pulses. This phenomenon can appear during the decrease of the
applied voltage, depending on the pulse characteristics, especially fall times. The respective
processes are expected to be crucial for optical investigations of discharge characteristics and
also for applications. Accordingly, the development of individual corona-like discharges in water
was investigated in a needle-to-plate geometry for their ignition by single rectangular high-
voltage pulses with a duration of 100 ns. The pulse amplitudes of about 50 kV and adjusted pulse
fall times of 20, 26, and 43 ns were used. Voltages, currents and light emissions were
synchronized with subsequent images of individual discharge events. Two distinct stages, a
propagation phase and a reillumination phase, were identified. The individual discharges
expanded for all investigated fall times with the same velocity of (29± 2) km s−1. No significant
differences of streamer morphologies and electrical characteristics were observed for the
propagation phase. As the voltage began to decrease, light emissions first went through a
minimum before increasing again. The following maxima were strongly dependent on fall times.
Corresponding images showed that discharge channels were reilluminated within 6 ns. However,
not all of the previously observed filaments reignited at once for longer fall times and instead
single channels reilluminated subsequently. The development of reillumination can be explained
from the external electric field in the electrode gap during the streamer propagation, which
determines the head charge distributions at the discharge channel ends. This space charges
generate an internal electrical field in the filaments resulting in the reillumination during the
falling edge of the applied high-voltage pulse.

Keywords: plasma in water, electrical discharge, prebreakdown, nanosecond discharge, pulsed
power

1. Introduction

Corona-like discharges that are generated directly in water are
currently utilized for the development of a number of appli-
cations, e.g. the synthesis of nanoparticles [1], degradation of
chemical compounds in water [2], and the extraction of heat-
sensitive compounds from algae [3]. These technologies ben-
efit from specific properties of discharges in liquids and most
of them increase their efficiency by applying high-voltage
pulses of a few microseconds or even subnanosecond duration.

Notably, the physics of those discharges is different in
comparison to gas discharges and, yet, not fully understood

[4, 5]. For example, the behavior of corona-like discharges in
water is rather unique during the end of an applied positive
and rectangular high-voltage pulse. In contrast to positive
streamers in a gaseous medium, discharge channels in liquids
can reignite during the voltage decrease [6]. This phenom-
enon is often described as ‘reillumination’. However, this
rekindling of the entire discharge should not be confused with
the reillumination of only single channels as it is observed
during the propagation of microsecond pulsed corona-like
discharges in liquids. The light emitted for the reillumination
phase is generally comparable to the overall emission that can
be collected during the propagation and development of the
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preceding discharge, i.e. while high-voltage amplitudes are
still sustained [6].

The reillumination of discharges in water has not been
investigated in much detail or taken into account in discharge-
studies although spectroscopic investigations are eminently
affected. Often reported are especially time-integrated mea-
surements and, therefore, the emissions of propagating fila-
ments and reillumination are generally superimposed [6, 7].
Interestingly, reillumination does not occur in all experiments
[7, 8] or was at least not observed for all channels [9], even
for applied voltage pulses with comparable duration.

When reillumination was explained, it was from tem-
poral- and spatial-resolved images that were, however,
accumulated for several discharge events [8, 9]. Accordingly,
the associated backstroke results from the space charge
forming at the head of discharge channels [8–11]. When the
voltage decreases rather rapidly, i.e. for short fall times, ions
are not able to readily recombine or diffuse back into the
discharge channel [12]. Consequently, the electric field in the
preionized channel increases and electrons are accelerated
towards the space charge. Conversely, electrons are then able
to gain sufficient energy to ignite a channel again.

As a consequence, the main factors that are responsible
for the emergence of reillumination are pulse fall times,
electrode potential, formation processes of streamer head
charges, as they are associated with ion generation and
recombination processes, and the conductivity of the aqueous
electrolyte. However, to understand details of dynamics and
mechanisms, the temporal development of reillumination has
to be visualized for individual discharges depending on these
parameters. Information on transferred charge, dissipated
energy and their relation with different voltage shapes could
then be compared with the spatial development of the
discharge.

Accordingly, reillumination was investigated in this
study with respect to different fall times for single 100 ns
positive high-voltage pulses that were applied to a needle-
to-plate electrode configuration. The results suggest that the
pulse duration is in fact not crucial for the reillumination
phenomenon, as long as it is in a comparable, i.e. sub-
microsecond, range. A pulse generator was developed that
allowed to control fall times between 20 and 43 ns at constant
pulse width. Discharge current, transferred charge, dissipated
energy, and emitted light intensity were obtained for indivi-
dual discharges and associated with consecutive images of the
reillumination phase. A hypothesis is presented, how reillu-
mination depends especially on the pulse fall times.

2. Experimental setup

A plasma chamber for a needle-to-plate electrode geometry
was developed for detailed simultaneous optical and electrical
diagnostic. The main components of the setup are shown by a
block diagram in figure 1.

2.1. Discharge chamber and high-voltage pulse generation

A needle electrode was made from a tungsten rod of 2 mm in
diameter (99.95% purity, Metall Maier), which was electro-
chemically sharpened to a tip with a curvature radius of
40 μm. The tip was conditioned with 250 corona discharges
to obtain a reproducible and stable surface structure before the
actual experiments were conducted. For insulation, a PTFE
(Polytetrafuoroethylene) hollow cylinder with a wall thick-
ness of 1 mm was press-fitted on the needle, ending 5 mm
from the needle tip.

A titanium plate (99.5%, Selfan Fine+Metal GmbH)
with a diameter of 46 mm, a thickness of 5 mm and a rounded
edge was the counter electrode. Both electrodes were mounted
in a PMMA (Polymethylmethacrylat) chamber, containing a
total volume of 100 ml. The distance between needle and plate
was adjusted by a manipulator and set to (10±0.2)mm.

During the experiments, deionized water was flowing
continuously with 120 ml min−1 through the chamber from
the bottom to an outlet at the top. The resistance of the dis-
charge chamber was matched to the impedance of the pulse
generator with a high-voltage 250Ω-resistor connected in
parallel to the electrode gap.

An custom-build, stacked Blumlein-line pulse generator
with two individual lines was used to apply rectangular high-
voltage pulses with a duration of 100 ns (FWHM) and an
amplitude of 50 kV. After the RG217-cables had been
charged, a pressurized spark gap switch shortened the circuit.
The amplitude of the resulting high-voltage pulses varied
slightly, since the breakdown voltage of the switch was
slightly varying within 7% of the set voltage. These statistical
variations were taken into account and, actually, utilized in
the evaluation of measurements and observations. Since
impedances of discharge chamber and pulse generator were
matched, only a single pulse was applied and no reflections
were observed. Hence, only a single discharge was initiated
with a frequency of 1 Hz. The continuous water flow guar-
anteed that the medium in the gap was refreshed between
discharges.

The fall time of the pulses could be adjusted by con-
necting an additional inductance in series between the spark
gap switch and pulse forming line. Thus, it was possible to
increase the fall time from 20 ns up to 60 ns, as defined by the
time for the applied voltage to drop from 90% to 10% of the
mean pulse amplitude. Using four straight wires, coils with an
inductance of 100 or 267 nH, fall times of 20, 26 and 43 ns
were achieved. Pulse rise times were also changing together
with fall times and were 19 ns, 24 ns and 35 ns, respectively.

The spark gap switch could not be triggered. Therefore, a
delay line of 127 ns, connecting the pulse generator with the
electrodes, was necessary to synchronize optical and electrical
diagnostics. A trigger signal could be derived from the
breakdown of the spark gap switch that was sufficiently ahead
of the pulse applied to the electrodes to ready the measure-
ment system.
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2.2. Electrical and optical diagnostics

According to the design of the Blumlein-line pulse generator,
both needle and plate electrode were biased with a transient
potential, different from ground potential, during the appli-
cation of a pulse. The pulse was defined by the potential
difference between both electrodes. Two similar passive high-
voltage probes (P6015A, Tektronix) were used for a differ-
ential measurement of the voltage across the gap. The current
was monitored with a Rogowski coil (CT-F2.5, Magnelab)
around the connection to the plate electrode (reference
ground). Voltage and current were recorded with an oscillo-
scope (WaveSurfer 10, LeCroy). A photodetector (DET 10A,
ThorLabs) with a temporal resolution of 1 ns was selected to
record the development of spatially integrated intensities for
the light emitted from discharges and the light was focused
on the sensor by two lenses. The different individual signals
were all corrected for optical and cable-delays.

Images of the discharge development were taken with a
framing camera (SIM D8, Specialised Imaging Ltd.). Beam
splitters separate and guide the optical information to three
independent ICCD’s, which can be triggered individually.
Accordingly, the progression of a single discharge could be
recorded in three consecutive images depending on the delay
between trigger signals. The minimum gate width of 3 ns was
set for every ICCD and all recordings in each experiment. The
delay between the recorded images was adjusted according to
the development of voltage, current and light signals. The
optical paths, the beam splitters, and the different ICCD’s were
not comparable, i.e. every image was recorded for different

incoming light intensities and sensor sensitivities. Hence, the
intensity of structures in the images were not the same, even if
the pictures were taken at the same moment. Accordingly, an
intensity correction factor for each channel was determined
from 25 discharges that were recorded with all ICCD’s trig-
gered simultaneously to record the same moment. The derived
respective average intensity-offsets for the different channels
were then consistently applied toward image analysis.

2.3. Analysis of light emissions and discharge currents

The spark gap switch, the pulse generator and the discharge
itself were sources of considerable electromagnetic noise,
which interfered with the measurements. Especially, the pho-
todetector recorded radiated electromagnetic fields. This back-
ground signal was linearly dependent on the breakdown
voltage across the spark gap switch and, therefore, depending
on the amplitude of the applied voltage pulse. Measurements of
this background signal with a screen blocking the optical path
between needle and detector allowed for a correction. An
average of 50 measurements was collected to improve the
signal-to-noise-ratio and the respective averaged baseline signal
was subtracted for measurements of investigated discharges.

A similar method was applied for measurements of dis-
charge currents. In general, a displacement current is always
superimposed to the actual discharge current. The displace-
ment current was one order of magnitude larger than the
discharge current. However, the displacement current is pro-
portional to the first derivative in time of the voltage across
the electrode gap and determined by the dielectric medium.

Figure 1.Block diagram of the setup for the investigation of discharges in water. Pulsed corona-like discharges were generated in a needle-to-
plate electrode configuration with a Blumlein-line pulse generator. Measurements of electric parameters were made with two high-voltage
probes and a current monitor. The light emission of single discharges was observed with a photodetector and a framing camera. The camera
recorded consecutive images of the discharge development that were synchronized with the electrical measurements.
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Therefore, the amplitude of this current for a specific pulse
amplitude can be determined independently from a discharge
event. 50 pulses with an amplitude for which no discharge
were observed to obtain an average signal for the displace-
ment current. This reference was then scaled with respect to
pulse amplitudes and subtracted from the currents measured
for a discharge event to derive the actual discharge current.
Another error would be introduced by this correction, if the
reference displacement current and the currents of investi-
gated discharges were not precisely synchronized. Therefore,
an iterative correction was performed based on the respective
voltages associated with the currents. Reference displacement
current and measured current were hereby shifted against each
other in time, until their difference was minimized.

3. Results

The reillumination of discharges, which were generated in
water by 100 ns high-voltage pulses, was investigated for
different fall times of 20, 26 and 43 ns. Images of discharges
were obtained and propagation velocities were calculated to
investigate the development of the filamentary structure
(section 3.1). Reillumination events were characterized by
temporal resolved measurements for voltages, discharge cur-
rents and emitted light intensities (section 3.2). Derived dis-
charge energies and the charge that was transferred during
reignition were derived from the measurements (sections 3.3
and 3.4, respectively). Finally, the spatial development of
reillumination was studied in detail from subsequent and
consecutive images of individual events (section 3.5).

3.1. Streamer channel structure and propagation for single
discharge events

Typical images that were obtained for the different fall times
at the end of the applied pulses are shown in figure 2. The
light intensity was highest close to the needle tip from where
filaments originated and spread out radially. There seemed to
be only a slight preference for the propagation towards the far
away ground electrode with some filaments appearing a little
brighter.

Channels were branching during the propagation with an
increasing number of branching points for greater distance
from the tip and especially towards the very end of the pro-
pagation. However, the overall morphology of the discharges
initially was independent from a particular pulse shape.

The spatial development of individual discharges was
observed by taking three consecutive images and typical
recordings are shown in figure 3. The images were recorded
with a gate opening time of 3 ns for each picture and with a
delay of 20 ns between the first and second image and a delay
of 15 ns between the second and third image, respectively.
Additionally, associated radial intensity profiles are presented,
which were derived to measure the spherical expansion of the
discharge, i.e. the intensity was averaged along a semi-circle
for a given distance from the needle tip. In general, local

intensities decreased with increasing distance from the tip. At
the end of the channel, i.e. at the streamer heads, the inten-
sities intermediately peaked again and then rapidly dropped.
The respective bend in the slopes of the intensity profiles

Figure 2. Corona-like discharges in water generated around a 40 μm
needle tip by the application of a positive 100 ns high-voltage pulse
with different fall times: (a) 20 ns (image taken 98 ns after pulse
onset), (b) 26 ns (image taken 105 ns after pulse onset), (c) 43 ns
(image taken 107 ns after pulse onset). All images were recorded
with a 3 ns gate width and intensities were normalized with respect
to the maximum possible pixel value (4095).

Figure 3. (a) Subsequent framing camera images for an individual
discharge (gate opening time of 3 ns, 20 ns delay between first and
second image and 15 ns delay between second and third image)
together with profiles for the accumulated intensity, Int., at a given
distance, R, from the needle tip. (b) Radial streamer propagation
velocity determined from these images. The velocity was calculated
from the respective delay and the mean channel lengths for two
subsequent images.
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determined a mean channel length. From the lengths, which
were obtained from each of the three images, a first and
second propagation velocity for the streamer heads could be
determined with respect to the delay between the pictures,
which are shown in the lower diagram of figure 3.

Within the accuracy of the method, a constant propaga-
tion velocity was determined for the expansion. No significant
differences were observed that could be related to different
fall times. Accordingly, the mean propagation velocity, vs,
was approximately (29±2) km s−1 for a fall time of 20 ns
and (28±1) km s−1 and (29±1) km s−1 for fall times of
26 ns and 43 ns, respectively. These values represent a lower
limit for the propagation velocity due to the projection of the
three-dimensional discharge into the image plane.

3.2. Time-resolved electrical characteristics and associated
light emission

Voltage, current and development of light intensity were
recorded for every individual discharge. Examples for mea-
surements for the different fall times of 20, 26 and 43 ns are
shown in figure 4 for an applied high-voltage pulse with a
mean amplitude of 47 kV. Due to the parasitic impedance of
the overall electrical setup, voltage amplitudes were not
entirely constant and dropped during the pulse. Therefore, an
average mean voltage, Umean, was calculated as reference
value. The trailing edge of the pulse had an approximately
linear slope, with voltages eventually decreasing to zero. The
corresponding fall time, tfall, was defined as the time needed
for the voltage to decrease from 90% to 10% of the mean
amplitude. The deliberately included inductances that were
used to control fall times also affected pulse rise times.
However, the corresponding rise times of 19, 24 and 35 ns did
not have an appreciable effect on the discharge development
as observed either by the acquired images (see section 3.1),
the discharge currents or the recorded light intensities. Typi-
cal applied high-voltage pulses with a similar pulse amplitude
but different rise and fall times are shown in figure 4(a)
together with an illustration of definitions for timing infor-
mation and other relevant parameters.

The discharge currents, I, that are associated with these
voltages are presented in figure 4(b). The displacement cur-
rents, which were approximately one order of magnitude
higher, were already subtracted as described in section 2.
Currents started to increase during the application of high-
voltages. However, afflicted by a statistical time lag, the time
for the onset of a discharge, tstart, not necessarily corre-
sponded to the start of a pulse or the maximum of the pulse
amplitudes. At first, currents followed the voltage with the
same polarity and gradually increased, which reflects the
discharge propagation. As the voltage dropped, also the dis-
charge currents declined, reversed polarity and decreased to
minimum values before increasing again. The oscillations that
appear in the current signals were apparently a characteristic
of the overall setup and can at a closer look also be identified
with the same frequency in the voltage recordings. The period
of these small oscillations can be explained by an LC-circuit,
which is formed by impedance of the discharge chamber and

the electrical connections from the pulse forming lines. The
oscillation period can be calculated with approximately 29 ns,
which represents the experimental findings of 24 ns
rather well.

Shorter fall times resulted in more pronounced and dee-
per current minima. Conversely, the minima were shallower,

Figure 4. Voltages (a), discharge currents (b) and light intensities (c)
for individual discharges and different pulse fall times of 20 ns
(black lines), 26 ns (blue lines) and 43 ns (green lines). Characteristic
times, besides fall times, tfall, are time points for the initiation of a
discharge event, tstart, and the time for the observation of a minimum
in the light emission, tmin. The charge, qr, flowing back into the
discharge channels after it had tentatively been extinguished could
be derived from the current measurements.
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with currents returning back to zero more gradually and over
a longer time, for longer fall times.

A typical measurement for the light intensity, IL, is
shown in figure 4(c). The development of intensities is
strongly associated with the development of respective vol-
tages and currents. Light was observed as soon as currents
were increasing, indicating the initiation of a discharge event
at tstart. An increase in intensity continued for about 20 ns and
proceeded only gradually slower for the longest rise time.
After the voltage had reached the designated mean amplitude,
light intensities at first followed the development of voltage
and current, i.e. with a slow average decrease and with similar
oscillations, which were both rather independent from specific
rise times. Starting at tfall, the light emission became weaker
and intensities fell to a minimum at tmin. At the same time,
discharge currents were transitioning through zero, i.e. there
was momentarily no current flowing. Logically, tmin was
found significantly later during the discharge development for
longer fall times. Passing the intensity minimum, discharges
became much brighter again with intensities twice as strong
as during the preceding discharge stage for a fall time of 20 ns
and still much stronger signals were also observed for fall
times of 26 and 43 ns.

Intensity maxima and their relative magnitudes were
directly correlated with those recorded for the currents. The
strong increase in light emission is the actual phenomenon
described as ’reillumination’. The respective overall highest
values for emission intensities are achieved later after tmin for
longer fall times. Associated with the higher maxima for
shorter fall times was also a shorter time until the discharges
were eventually completely extinguished.

3.3. Energy dissipated in discharge development

The energy that was dissipated during a discharge was cal-
culated from voltage and current measurements. Contribu-
tions for propagation energies, Eprop, and reillumination
energies, Erel, were derived separately for the propagation
phase and the reillumination phase, respectively. The start of
the propagation phase was defined by tstart (see figure 4(b))
and the beginning of the reillumination phase by tmin (see
figure 4(c)). At this time the polarity of the current reversed,
indicating a backflow of charges.

There was no explicit relation between different fall
times and individual propagation and reillumination energies.
However, a linear dependency between the energy dissipated
during the reillumination and propagation was observed,
while Eprop was always higher than Erel; decreasing fall times
caused the proportionality constant to increase as shown in
figure 5.

Accordingly, reillumination energies increased linearly
with higher propagation energies, with slopes of (0.21±
0.01), (0.15±0.01) and (0.10±0.01) for fall times of 20 ns,
26 ns and 43 ns, respectively. Notably, no distinct depen-
dency between the energies and voltage amplitudes were
observed.

3.4. Charge transfer

The reillumination of discharges was directly related to a
transfer of charge, qr, as already described in previous
sections. The respective value can be calculated from the
integration of discharge currents, I(t), between tmin and tend,
the latter defining the time when the currents had expired, i.e.
I(tend)=0, as indicated in figure 4(b).

The calculated charge, qr, could be associated with the
streamer length, Ls, i.e. the maximum radial expansion of a
discharge. The relation is shown for the shortest investigated
fall time of 20 ns in figure 6. The streamer length, Ls, was
calculated from the propagation time, Δt=tmin−tstart, and
the constant propagation velocity of 29 km s−1 (see
section 3.1). Discharges starting later during the application
of an high-voltage pulse had obviously less time to develop
and are smaller. The starting point, tstart, was generally later
and more erratic for lower pulse amplitudes. As a con-
sequence, values for streamer lengths were more scattered
especially for lower pulse amplitudes. Therefore, all 300
experiments, which are displayed in figure 6, were sorted with
respect to the applied voltage, Umean, for a more meaningful
analysis. Particular groups were defined for Umean<44 kV,
44 kV<Umean<48 kV and Umean>48 kV. Especially,
charges that were calculated for the last group were clearly
linearly dependent on streamer length, Ls, while values of a
single experiment of the first group could be up to 60% lower
than the highest determined charge for the same streamer

Figure 5. Reillumination energies, Erel, with respect to propagation
energies, Eprop, i.e. for the preceding expansion of a discharge, for
different fall times of 20 ns (black symbols), 26 ns (blue symbols)
and 43 ns (green symbols). The size of each symbol represents the
respective mean voltage amplitude, Umean, i.e. higher amplitudes
correspond to larger symbols, which range between 38 and 49 kV.
The ratio Eprop/Erel increases with increasing fall time, as illustrated
by linear fits (dashed lines).
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length. Accordingly, the linear dependency was indicated in
figure 6 only for the group representing the highest pulse
amplitudes.

As shown in figure 5, more energy was dissipated during
the reillumination phase for shorter fall times with corresp-
onding more pronounced light intensities. Interestingly, the
associated backflow of charge, qr, did not depend on different
fall times and was instead linearly depended on the streamer
length, Ls, as shown in figure 7. Concurrent with results on
dissipated energies, the findings indicate that for the given
pulse duration of 100 ns, the energy dissipated in the propa-
gation phase determined the energy in the reillumination
phase (see figure 5). Conversely, the fall time defined how
fast the charge backflow occurred.

3.5. Morphology of discharge reillumination

No significant differences were observed for the propagation
phase of the discharges with respect to different rise and fall
times, especially also for the electrical characteristics and
streamer length as presented in sections 3.2 and 3.4, respec-
tively. On the contrary, the measurements for voltages, cur-
rents and light intensities suggested considerable fall-time-
dependent differences for the development of discharges
during the reillumination phase. Three typical individual
discharges are presented in figure 8 for different fall times,
tfall, together with the corresponding voltages and associated
recorded light intensities. The pulse amplitude, Umean, was in
all cases 47 kV. The ICCD gate width was set to 3 ns and time

points for the images were chosen to cover the respective
trailing edges and, hence, the entire development of the reil-
lumination phase.

The first column in figure 8 shows the results for a fall
time of 20 ns, the middle column for 26 ns and the last col-
umn for 43 ns. The first image was always taken when the
voltage began to decline, at or close to the intensity minimum
at tmin (row b). The emitted light intensities reached minima at
106, 110 and 120 ns, according to the strong dependence on
an increasing fall time. The second image was taken with
respect to the maximum in light intensity and the last image
shortly before tfall, i.e. before the discharge expired and the
voltage ceased.

In figure 8 (row c), the images of the discharges exhibited
similar branched structures and pronounced filaments towards
the end of the propagation phase, i.e. when the voltage
amplitude started to decrease, independent of a specific fall
time. However, the filaments had faded to a different extend,
which is in agreement with the spatial-integrated measure-
ments of the emitted light.

Images, acquired during the falling edge of the voltage
that were taken after the transition through the respective
minima in light intensity, generally showed much higher
intensities close to the needle tip (see figure 8 (row d)). Their
values were similar to intensities that were found for the
ignition of the plasma only in the immediate vicinity of the
tip, but for this stage light was spread across a much larger
volume. Notably, filaments that were alight are found at the
same location as channels created during the propagation
phase but were now much brighter. How many of the chan-
nels that were originating from the tip and remaining from the

Figure 6. Charge backflow, qr, into the filaments during the trailing
edge of applied voltage pulses depending on the spatial expansion,
Ls, of discharges with respect to pulse amplitudes, as described by
Umean. Each data point represents a single discharge event. A linear
dependency can be assumed for the highest amplitudes (dashed red
line) while for lower amplitudes a stronger variation of results and a
deviation from this proportionality was observed that is likely
reflecting the more erratic initiation of discharges.

Figure 7. Charge transfer, qr, during the reillumination phase for fall
times of 20 ns (black symbols), 26 ns (blue symbols) and 43 ns
(green symbols) depending on the spatial expansion, Ls, of
discharges. The measured charges were nearly direct proportional to
the streamer length but independent from fall times.
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propagation phase were illuminated again depend on fall
time. For a fall times of 20 ns all filaments were brightly
reignited. Conversely, for a fall time of 43 ns only two pro-
minent filaments could still be determined. Only the reillu-
mination of pre-existing channels was found and no newly
generated filaments were observed.

Images that were taken close to the end of tfall showed
that reignited channels had reached the spatial extend of the
filaments that remained from the propagation phase (see
figure 8 (row e)).

For a closer look, the development of the reillumination
phase was recorded between tmin, just at the end of the pro-
pagation phase, and the time of maximal light emission of the
spatial integrated intensity. For comparison, another sequence
of images was acquired for the shortest and longest fall times,
i.e. tfall=20 and 43 ns. Recording times of the framing
camera were chosen in a way, so that the next ICCD gate
started, when the preceding camera had finished acquiring an
image. With a gate width of 3 ns, this way the entire obser-
vation period extended over 9 ns. Timing information, rela-
tive to the voltage pulse and the development of light
intensity are shown in the upper panel of figure 9 for a fall
time of 20 ns and examples of associated images are

presented in the row in the middle of this figure. The lower
panel shows the angular intensity profiles that were derived
from the images along a semi-circle for a fixed radial distance
from the needle tip.

The first image (a) of the sequence was taken just before
tmin and shows the filamentary structure as well as the largest
extend of the discharge that was reached during the preceding
propagation phase. After passing the light intensity minimum,
the next image (b) reveals an increased intensity at the center
of the discharge, with light spreading out into the previous
formed channels that had become almost unnoticeable
beyond. This confirms that the reillumination phase started
propagating from the needle tip at time tmin.

The last image in the sequence describes the ongoing
further expansion of the reillumination. Eventually, all of the
channels that were laid out during the propagation phase are
reignited to their previous expansion. This was associated
with the maximum that was observed for the spatial integrated
light intensity. Accordingly, all channels remaining from the
propagation phase were reilluminated within 6 ns after tmin

corresponding to a mean propagation velocity of approxi-
mately 200 km s−1.

The reillumination of all pre-existing channels is expli-
citly proven by the angular intensity profiles that were derived

Figure 8. Typical framing camera images of discharges induced by
voltage pulses with different fall times. Voltages (row a) and light
intensities (row b) were synchronized with the images (row c–e) that
were taken at three different time points (indicated by gray bars).

Figure 9. Detailed image analysis of the onset of the discharge
reillumination for a fall time of 20 ns. For altogether 9 ns, three
individual consecutive images were recorded. Respective measure-
ment for voltage and light intensity are presented together with the
acquired images (a)–(c), according to the timing information (gray
bars) shown in the upper panel. The images describe the discharge at
the end of its propagation (a), the reignition of filaments starting
from the needle tip (b) and, eventually, the propagating reillumina-
tion (c). The angular intensity profiles (lower panel) were derived for
a semi-circle with a radius of 0.7 mm around the needle tip and
confirmed the reillumination of all pre-existing channels by the
similarity of all measurements.
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for a fixed radius of r= 0.7 mm from the needle tip (figure 9,
lower panel). For the different time points, the normalized
profiles nearly overlapped and showed light emitted from the
same location along the semi-circle. In particular, three peaks
that corresponded to the brightest filaments are visible.

A slightly different behavior was also observed for the
longest fall time of 43 ns and is presented in figure 10. In this
case an image-sequence was recorded for longer times after
tmin, taking into account the extended development towards
the intensity maximum. Some channels were already reignited
in the first image (a), since the image was acquired 30 ns after
tmin and the spatially integrated light intensity had already
increased. However, the second image (b) shows the emer-
gence of a new channel that became much more pronounced
and much brighter than the other filaments, which almost
vanished in the third image (c). This development is even
more convincingly revealed by the respective normalized
angular intensity profiles. At 60°, a prominent channel is
observed for images taken at 147 and 153 ns. During the
following 3 ns, the intensity of this filament decreased while
simultaneously another strong channel emerged in a direction
between 140° and 170°. The associated spatial integrated
emission intensity peaked at about the same time at 160 ns,

indicating that at this time the discharge was in fact domi-
nated by this particular filament and, hence, was probably
carrying most of the associated discharge current. This
characteristic was also observed for other discharges that
were investigated for a fall time of 43 ns. Additionally, the
appearance of several intensity peaks indicated again that all
previously channels were reignited eventually. The collapse
of the discharge consecutively into single filaments therefore
seems to be a general feature for the application of high-
voltage pulses with longer fall times.

4. Discussion

The development and propagation of filamentary discharges,
i.e. streamers, in gases and in liquids at atmospheric pressure
show besides some similarities distinctively different char-
acteristics. Individual filaments propagate with velocities in
the order of 1000 km s−1 for gaseous corona discharges. In
laboratory experiments, individual channels often reach lengths
of about 10 cm, diameters of 100 μm and electron densities of
1014 cm−3 [13, 14]. Usually, several filaments originate from
the high-voltage electrode, although not necessarily simulta-
neously, and branch out. In comparison, corona-like discharges
in water grow slower (with about 30 km s−1) due to the three
orders of magnitude higher density of the medium, are shorter
(on the order of 1 cm) and generally thinner (about 10 μm in
diameter) for applied voltages that are comparable to the
instigation-voltages of discharges in gases [11, 15, 16]. The
electron density can exceed 1019 cm−3 and all channels ignite
simultaneously from the same point [8, 17]. In addition, unique
features, such as reillumination, have only been observed for
corona-like discharges in water but not for gaseous discharges,
at least not at atmospheric pressure. Regardless, the propaga-
tion mechanism is assumed to be similar for liquids and gases
[15]. Therefore, respective models can be used for an expla-
nation of reillumination and other characteristics by taking into
account the particular properties of the liquid medium.

Accordingly, a simplified single streamer model of
underwater discharge propagation was derived (section 4.1)
and applied towards an account on the measurements of
transferred charge (section 4.2) as well as the development of
light emission during the reillumination phase (section 4.3).

4.1. Propagation of discharge filaments with respect to an
external electric field

Recently, it was shown by Qin et al that the propagation of
streamers in gases and liquids is not only depending on the
localized electric field enhancement at the streamer head, but
on the external electric field, Eex, itself [18]. Accordingly,
they derived an analytic expression for the relation between
streamer head radius, Rs, and external electric field, Eex, based
on energy conservation and the description of a streamer as
thin spherical charge layer. In conclusion, the head radius is
inversely proportional to the external electric field according

Figure 10. Detailed image analysis of the onset of the discharge
reillumination during the trailing edge of a voltage pulse with a fall
time of 43 ns. For altogether 9 ns, three individual consecutive
images were recorded, each with a 3 ns gate width. Respective
measurements for voltage and light intensities are presented together
with the acquired images (a)–(c), according to the timing information
(gray bars) shown in the upper panel. The images describe the
previously reignited channels (a). Within 6 ns a channel that was not
visible in the first image was reilluminated (b), (c). This is also
confirmed by the angular intensity profiles, which are shown for a
radius of 0.7 mm in the lower panel. The profiles are similar for the
first two images whereas the profile for the last image points out the
emerging channel.

9

Plasma Sources Sci. Technol. 28 (2019) 125002 R Rataj et al



to the following equation:
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For a gaseous media, the authors demonstrated the validity of
this equation by a plasma fluid model, but pointed out that the
relation is also valid for dielectric liquids, such as deionized
water, for discharges developing on submicrosecond time
scales. With a dielectric time constant ε/σ (for permittivity, ε,
and conductivity, σ, of the respective medium) of 7 μs for
deionized water, is the development of discharges for a high-
voltage pulse of 100 ns well within the range of the con-
straints of the analysis.

No further assumptions on specific ionization processes,
densities of the medium or plasma chemistries are made. The
development of corona-like discharges (in gases or liquids) is
illustrated together with all relevant quantities in figure 11. A
streamer channel propagates with head radius, Rs, and a
constant velocity, vs, away from the electrode, i.e. the needle
tip, which is biased with a positive voltage, Uneedle. Once
initiated, the external electric field, Eex, sustains the propa-
gation. The potential at the head of the streamer, Uhead, is
assumed to be equal to the voltage applied to the needle,
Uneedle due to the highly conductive discharge-channel of
length Ls. The head propagates further, according to the
classic description, by ionizing the medium in front. The
consequence is a positive head charge density, nhead, since
electrons are transferred much faster than ions back through
the channel, constituting a current ie [12].

An infinitesimal time step, δ, later, the external electric
field has changed. Without loss of generality, Eex is assumed
to decrease (in this example) while the streamer has propa-
gated by ΔL=vsδ. As a result of equation (1), the streamer
radius is increasing and the head charge density is dimin-
ishing. The head charge, q, accumulating at the end of an
ideally conducting filament can be expressed according to
Loeb by equation (2) for the associated potential at the head,
Uhead=Uneedle, and the streamer radius, Rs [19].

( )pe=q U R4 . 20 head s

The electric field, Eex, in direction of the needle can be
approximated for the needle-to-plate geometry on the axis of
direct connection between both electrodes by equation (3),
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with the tip curvature radius, rn, the distance, d, between the
electrodes, and the potential, Uneedle, applied to the needle.

By introducing a proportionality constant, aE, the strea-
mer raduis Rs, can hence be derived according to equation (4):

( )
· ( )=R

a z

U

ln

2
. 4

d

r
s

E
4

needle

n

This way, the streamer head charge, q, can then be related to
the actual position of the streamer head, z, as described by
equation (5). All parameters accounting for the electrode
geometry, the ratio of applied voltage, Uneedle, to head
potential, Uhead, and other quantities can be summarized in a
proportionality factor, b, to explicitly express the correlation
with the streamer head position.

⎛
⎝⎜

⎞
⎠⎟· · · · ( )pe= =q a

d

r

U

U
z b z2 ln

4
, 50 E

n

head

needle

Corollary, the charge accumulated in the streamer heads at
the end of a streamer propagation is linear dependent on the
total streamer length, Ls and independent on the applied
needle potential, as long as the streamer channel is ideally
conductive.

The analytical model, in particular equation (5), does not
describe the branching of filaments. A simple and general
assessment of the overall branching characteristics and dis-
charge structure can be obtained assuming the total charge of
a branching streamer to be conserved during the branching
process [13]. In agreement with the observation, it is further
assumed that the discharge originates from a single point
[8, 17, 20]. Based on these reasonable assumptions, the fila-
mentary structure of corona-like discharges can be described
by a network of impedances, Zi, representing individual
channels, and capacities, Ci, for each streamer head. Since,

Figure 11. Illustration of streamer propagation. A quasi-neutral channel of radius, Rs, with a head charge corresponding to a charge density,
nhead, extents with a velocity, vs. The strength of the external applied electric field, Eex, decreases at the streamer head during a time step, δ.
As a result, the streamer radius grows, resulting in smaller values for nhead.
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the channels are assumed to be ideal conductors, the channel
impedances equal zero for every branch. Hence, the electric
network defaults to a circuit of parallel capacitors with an
equivalent total capacitance, C, described by

( )å=C C . 6
i

i

The capacitance, Ci, of a single streamer head can be calcu-
lated, again according to Loeb, from the particular head
radius, Rs,i, from equation (7) [19]

( )pe=C R4 . 7i i0 s,

Accordingly, the total capacitance, C, can be expressed by

( )åpe pe= =C R R4 4 . 8
i

i0 s, 0 s

As a result, the entire discharge structure can in fact be
interpreted as only a single filament with radius = åR R is s,

and head charge = åQ qi. The respective values offer an
upper limit for the total charge along the discharge perimeter
depending on the extent of the discharge, i.e. the streamer
length Ls (see equation (5)).

4.2. Relation between streamer length and transferred charge

The charge that is transferred into the channels after the
voltage decreases and, in a first approximation, the positive
space charges that had formed at the streamer heads until the
end of the propagation phase are essentially the same. The
total head charge, Q, according to the model presented in the
preceding section, is therefore directly correlated with the
charge, qr, that was determined from current measurements
(as described in section 3.4). According to equation (5), qr
should in particular be proportional to the streamer length, Ls,
which determines the distance that filaments had on average
extended. The respective measurements, shown in figure 6,
indeed confirm the linear dependency between Ls and qr, as
predicted by the model. Conversely, the proportionality fac-
tor, b, which describes the relation according to equation (5),
can be determined as (0.278±0.007) μCmm−1.

Implicitly included in b is the ratio of voltage at the
channel head to the voltage at the needle, Uhead/Uneedle,
which defaults to unity for ideally conductive discharge
channels. Accordingly, measured charges, qr, should be
independent from these parameters and, hence, especially the
applied voltage, Umean (as long as this one is sufficient to
instigate a discharge at all). That this assumption is valid for
the investigated discharges is demonstrated by the strict lin-
earity of most data points in figure 6.

The straight line, approximating the transferred charge,
does, however, not include the origin as predicted by
equation (5), i.e. does not describe the absence of charges
while no streamer has yet emerged correctly. The reason for
the slight discrepancy is most likely due to the ions that
constitute the head space charge, which could already have
partially recombined before and during the reillumination.
This would correspond to lower values for the transferred
charge. Furthermore, the uncertainty inherent to the mea-
surement of transferred charges and streamer lengths could

increase the discrepancy. Both parameters depend on time
points, tstart and tmin, which can only be determined within
certain limits of 3–5 ns from the light intensities, especially
for small values.

However, measured charges are also slightly lower than
predicted by the linear relationship described by equation (5)
for lower applied voltages. Charges are especially 60%
smaller than expected for the lowest applied voltage. This
might indicate that filaments had actually not become highly
conductive for these conditions. Fully developed and highly
conductive channels develop more likely when initiated early
during the application of a voltage pulse with higher ampl-
itude. This is exactly what the respective measurements seem
to describe. Conversely, the analysis offers a possibility to
study channel conductivities by backtracking the derivation of
equation (5).

4.3. Mechanism of channel reillumination for different fall times

Qin and Pasko suggested that a streamer propagates as long as
the external electric field is high enough to support ionization
processes at the streamer head [18]. As the external field
strength declines, the head radius starts to increase and,
eventually, the streamer stops propagating. This corresponds
to a minimum in the light intensity at the time tmin. However,
the actual expiration of the discharge happens not as abrupt as
it might be suggested by such a parameter and develops more
gradually as demonstrated by the measurements shown in
figure 4. When the voltage starts to fall, the discharge current
decreases together with the light intensity. At tmin there is no
longer any discharge current. This process takes longer and is
associated with later times, tmin, for longer fall times, tfall,
since even the diminishing external electric field is able to still
sustain some ionization processes.

After passing through the minimum at tmin, the space
charge remaining at the end of each channel is then able to
accelerate electrons along the channel towards the streamer
head. Hence, the current reverses polarity (see figure 4). As
illustrated by the images that are shown in figures 8–10, the
electrons gain enough energy to reignite the channels laid out
during the propagation phase.

Reillumination starts accordingly from the needle tip and
electron impact ionization processes enhance the electron
density again. As a result, a reillumination front propagates
with the electron avalanche towards the end of the filaments
with a velocity that is actually higher than that observed for
the propagation phase (see section 4.1). Of crucial importance
for this process is apparently the particle density in the resi-
dual filaments and the residual head charge density. When it
takes longer for reignition to start, as defined by tmin and tfall,
the latter is most likely diminished, resulting in a lower
electric field in the channel and, therefore, in a weaker elec-
tron avalanche. This could explain the lower energy dissipa-
tion during the reillumination phase as it is presented in
figure 5.

With the drop of the applied voltage to zero, recorded
spatially integrated light intensities reach peak values with
maximum values that are depending on fall time. Eventually,
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the electric field that has built up in the channels decreases
due to the charge influx at the streamer heads. Hence, the light
intensities faint together with the current. The respective
development is shown in figure 4.

The charge transferred during the reillumination is not
depending on the fall times. This suggests that initial space
charges at the streamer heads are similar after the propagation
phase for all investigated fall times, tfall. The respective dis-
charge characteristics are up to this time only determined by
pulse length and applied voltage, which were in all cases
similar. This is demonstrated in particular by the images
presented in figure 2 and expressed especially by comparable
streamer lengths, Ls. As it was found from the measurements
of the charge transferred to discharge filaments during the
reillumination phase (see figure 7) and confirmed by the
presented model (see equation (5)), a similar amount of
charge has to be transferred into the channels to neutralize the
head space charges independent on the fall time; although on
different time scales.

The description does, so far, not take into accont the
branching of streamers and is instead based on the propaga-
tion of a single filament from start to end, which is motivated
in particular by the model and equation (6) ff. However, the
description of the propagation by only a single streamer
seems at a close look only applicable for the reilluminated
structures that are observed for the shortest fall time, i.e. with
every channel reignited (see figure 8). There is no consistent
theory of branching processes for discharges in water. A
possibility suggested by Joshi et al is the splitting of filaments
when they hit on density fluctuations in the medium, e.g. on
bubbles of dissolved gas that could have a size of only a few
nanometers [21]. Regardless of actual branching criteria or
mechanisms, a reasonable assumption for the discharge
development is still the conservation of the total charge dur-
ing the channel branching. The assessment is based on similar
characteristics that were established for corona discharges in
gases, even for a non-uniform distribution of charges into
each channel head [13, 14]. Therefore, during branching the
overall conserved charge, Q, can also for discharges in water
be assumed to be distributed into smaller and different indi-
vidual charges, qi, which form the new channel heads.

Conversely, highly localized conditions at the streamer
head seem to determine if and when a particular channel is
reignited, depending on different fall times, tfall, and respec-
tive head charges, qi. The head charges are proportional to
individual channel radii, Rs,i, and the applied potential,
Uneedle, during the propagation phase (see section 4.1). An
increase of qi results in an amplification of the local electric
field at the streamer head. For the reillumination phase, the
fall time determines the time when the electric field in a
channel becomes strong enough to reignite a filament.
Therefore, reaching this threshold for the electric field
determines the sequence of channel reillumination and tfall
specifies how fast the sequence reignites. It is most likely that
the distribution of head charges is independent from fall
times, since discharge morphologies in general appear unaf-
fected by them (see figure 2). The distribution of head charges
is also not affecting the reillumination pathways at all for the

shortest investigated fall time and all channels reignite
approximately at the same time. Longer fall times result in
measurable time differences for the reillumination of single
channels. Eventually, this leads to the reillumination of only a
single main channel at a time as it is observed for the longest
investigated fall time of 43 ns (see figure 10).

5. Conclusions

The electrical characterization of individual discharges in
water, together with consecutive images of the discharge
development, revealed characteristics for the reignition of
discharge channels that are strongly dependent on the fall
time of the applied voltage pulse.

All filaments that had formed during the application of
the voltage pulse were reilluminated at the same time for short
fall times, while channels reignited rather sequentially with
increasing fall times. Only a single filament at a time fre-
quently dominated the reillumination eventually for the
longest fall time. Associated with an increase in fall time was
an extended emission of light and longer lasting currents.
However, the charge, transferred during this reillumination,
which was derived from the current, was found to be inde-
pendent from fall times. Hence, this charge seems to be
determined by the propagation phase, which ended with
similar distributions of filaments and especially also the same
semi-spherical expansion.

Reignition mechanisms can be explained with respect to
the decline of the external electric field, which vice versa
determines channel radius and associated charge distributions
at the head. This derivation is independent from the number
of individual filaments and their distribution, i.e. the specific
distribution of the charge accumulated by the end of the
propagation phase. Therefore, a model for single, unbranched,
ideally conductive streamer can also describe reignition.

Filaments did not suffer much decay and maintained
adequate conditions for reignition for a shorter fall time.
Differences of head charge densities could apparently resulted
in a noticeable delay in reignition of individual discharge
channels for longer fall times.

The similar structure and propagation of corona-like
discharges in water and in gases and the possibility to
describe both by similar approaches suggests that there are
actual no significant differences for their development in both
media once the discharge is established. Therefore, both can
be described regardless of the medium as actual corona dis-
charges. However, liquid specific properties, such as a high
particle density and conductivity, are likely to affect the dis-
charge behavior. For instance, the particle density in the
channels is dependent on the energy dissipated during the
propagation, which is associated with the liquid conductivity.
Hence, the dependency of channel reignition on water con-
ductivity combined with an investigation of the particle
densities inside the channels would be an interesting topic of
further study.

The reillumination of individual channels was more
sequential for long fall times, so current measurements could
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reveal the distribution of charges between different channels
and clarify conditions for branching depending on the prop-
erties of individual filaments. Changing in addition to fall
times also pulse durations and applied voltages would hereby
allow to introduce different final charges. Ideally these studies
can be complemented by 3D-imaging methods and spectro-
scopic investigations, providing a better picture of channel
and charge distributions as well as temporal and spatial
resolved electron densities.

In conclusion, the possibility to study discharge phe-
nomena with respect to fall times offers a new way to
investigate discharge structures and channel distributions.
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Abstract
Pulsed streamer discharges submerged in water have demonstrated potential in a number of
applications. Especially the generation of discharges by short high-voltage pulses in the
nanosecond range has been found to offer advantages with respect to efficacies and
efficiencies. The exploited plasma chemistry generally relies on the initial production of
short-lived species, e.g. hydroxyl radicals. Since the diagnostic of these transient species is not
readily possible, a quantification of hydrogen peroxide provides an adequate assessment of
underlying reactions. These conceivably depend on the characteristics of the high-voltage
pulses, such as pulse duration, pulse amplitude, as well as pulse steepness.
A novel electrochemical flow-injection system was used to relate these parameters to hydrogen
peroxide concentrations. Accordingly, the accumulated hydrogen peroxide production for
streamer discharges ignited in deionized water was investigated for pulse durations of 100 ns
and 300 ns, pulse amplitudes between 54 kV and 64 kV, and pulse rise times from 16 ns to
31 ns. An independent control of the individual pulse parameters was enabled by providing the
high-voltage pulses with a Blumlein line. Applied voltage, discharge current, optical light
emission and time-integrated images were recorded for each individual discharge to determine
dissipated energy, inception statistic, discharge expansion and the lifetime of a discharge.
Pulse steepness did not affect the hydrogen peroxide production rate, but an increase in
amplitude of 10 kV for 100 ns pulses nearly doubled the rate to (0.19 ± 0.01) mol l−1 s−1,
which was overall the highest determined rate. The energy efficiency did not change with pulse
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amplitude, but was sensitive to pulse duration. Notably, production rate and efficiency doubled
when the pulse duration decreased from 300 ns to 100 ns, resulting in the best peroxide
production efficiency of (9.2 ± 0.9) g kWh−1. The detailed analysis revealed that the hydrogen
peroxide production rate could be described by the energy dissipation in a representative single
streamer. The production efficiency was affected by the corresponding discharge volume,
which was comprised by the collective volume of all filaments. Hence, dissipating more
energy in a filament resulted in an increased production rate, while increasing the relative
volume of the discharge compared to its propagation time increased the energy efficiency.

Keywords: hydrogen peroxide, nanosecond-pulsed streamer, pulsed power, plasma in liquids,
plasma chemistry

S Supplementary material for this article is available online

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

1. Introduction

Sub-microsecond pulsed streamer discharges in liquid water,
which are generated from the application of high-voltage
pulses, have been found an environmentally friendly tech-
nology to degrade hazardous pollutants [1–4]. In general,
this water purification method exploits the generation of
UV-radiation and oxidative chemical species, e.g. ·O, ·OH
or ·OOH. Especially, hydroxyl radicals are known for their
high reactivity and, hence, their essential role in the plasma-
assisted degradation of recalcitrant organic compounds. How-
ever, hydroxyl radicals are short-lived with a lifetime in
the order of milliseconds at most [5]. Unless they react
with other compounds, i.e. pollutants, the radicals eventually
recombine to hydrogen peroxide. Therefore, in particular in
pure water, the more stable hydrogen peroxide concentra-
tion is an appropriate measure for initially created hydroxyl
radicals [6, 7].

Recent publications reported hydrogen peroxide production
efficiencies for sub-microsecond pulsed streamer discharges in
liquid water of (1–2) g kWh−1, which is low when accounting
for the limitations on treatment costs in common sewage water
treatment plants [6–9]. An optimization of electrical operat-
ing parameters is an obvious way to improve the efficiency
of pulsed power systems. However, this requires a detailed
understanding of the influence of pertinent electrical charac-
teristics [8, 10].

Sub-microsecond pulsed streamer discharges in liquid
water are typically instigated by rectangular high-voltage
pulses, which can be described by direct and derived param-
eters. Direct parameters, such as amplitude, pulse steepness
and pulse duration, define the shape of an individual pulse,
while derived parameters, like energy and repetition rate,
characterize the pulses in relation to the specific experimen-
tal conditions, e.g. implicitly consider pulse reflections due
to impedance mismatching or inherently include discharge
or residual post-discharge characteristics. Derived parame-
ters, especially energy, have generally been investigated with
respect to specifically pursued applications [6–9, 11]. Only

few fundamental studies have considered the effect of selected
direct parameters on hydrogen peroxide production [9–23].

For example, increasing pulse amplitudes have been
observed to accelerate the production. The finding is com-
monly explained with an increased power density in a
streamer, resulting in higher channel temperatures [9, 11–16].
Concurrent simulations showed that the thermal dissociation
of H2O in the discharge filaments was the dominant pathway
for creating hydroxyl radicals [9, 17]. Accordingly, higher
temperatures should correspond to higher amounts of hydro-
gen peroxide. However, a higher pulse amplitude also resulted
in an earlier discharge-onset [18–21]. Accordingly, streamer
lengths were increasing with an earlier ignition, yielding
higher amounts of chemical species even if the channel tem-
perature was not rising [10, 22]. Therefore, species concentra-
tions cannot be understood solely from the direct parameters.
In addition, the discharge characteristics (with respect to the
properties of the propagation medium, like conductivity), e.g.
streamer length, morphology, temperature, time lags, etc, have
to be taken into account.

A pertinent example is the effect of pulse duration, which
dominantly affects the streamer length and statistical time
lag for a given electrode configuration [10, 22]. Associ-
ated is an enlarged active discharge volume, which encour-
aged the production of higher amounts of hydrogen peroxide
[10, 11, 16].

Pulse rise times have also been reported crucial for the
discharge initiation [23], while fall times have been found to
affect post-discharge behavior, i.e. the reillumination of dis-
charge channels [20, 24]. Related effects can consequently be
expected on radical reaction chemistry and hydrogen peroxide
production.

Although the impact of direct pulse parameters cannot be
doubted, comprehensive studies on their individual contribu-
tion to the promoted plasma chemistry are so far insufficient.
Previous reports have either focused on a specific characteris-
tic, mostly neglecting the relation to other aspects, in particular

2



Plasma Sources Sci. Technol. 31 (2022) 105005 R Rataj et al

of the treated medium, e.g. conductivity, or have fallen short
to consider the impact of a specific parameter also on other
possibly affected discharge characteristics, e.g. time lags, or
lacked the necessary single discharge diagnostic, i.e. electrical
and optical methods, to resolve individual effects [9–21].

Necessary experiments are admittedly challenging and
often not possible with the pulsed power systems that were
utilized. Exemplary, an increase in amplitude is also associated
with longer pulse durations and fall times for high-voltage
pulses that are obtained from the discharge of a bulk capacitor
[25]. Another example is a mismatch of the load, which results
in pulse reflections especially for the application of rectangular
high-voltage pulses, which can considerably affect radical
chemistry [9].

These challenges were resolved for the presented study by a
Blumlein line pulse generator. If correctly matched to the load,
the system can provide single, rectangular high-voltage pulses,
i.e. without reflections (within limits). A careful consideration
of the entire electrical circuit further provided the possibility to
include elements, e.g. impedance elements, which allowed for
an independent adjustment of pulse duration, pulse amplitudes
as well as rise and fall times [24]. The applied and investigated
high-voltage pulses were characterized by rise and fall times
in a range from (16–31) ns and (21–37) ns, respectively.
Pulse amplitudes were adjusted from (54–64) kV and pulse
durations set to 100 ns or 300 ns.

Accordingly, individual effects of each direct pulse param-
eter on the hydrogen peroxide production could be dis-
entangled and related to the underlying development of
discharges. Individual discharge events were electrically and
optically analyzed to determine dissipated energy, propagation
time and streamer length. Hydrogen peroxide concentrations
were measured with an electrochemical flow injection analysis
(FIA), from which the production efficiencies were summarily
calculated.

2. Experimental setup

A schematic of the experimental setup is shown in figure 1,
indicating discharge chamber, pulse generator, electrical and
optical diagnostics, and typical signals for voltage figure 1(A),
current figure 1(B), and light intensity figure 1(C).

2.1. Discharge generation

As previously reported in detail [24], discharges were ignited
at a tip with a curvature radius of 35 μm of an otherwise
insulated tungsten needle electrode (Metall Maier, 99.95%
purity) of 2 mm in diameter. The counter electrode was a
titanium plate (Selfan Fine + Metal GmbH, 99.5%) with a
diameter of 46 mm, which was set at a distance, d, of either
8 mm or 14 mm beneath the needle tip. Both electrodes were
placed in the middle of a cylindrical chamber with a diameter
of 20 mm made from polymethylmethacrylat. The volume was
filled with deionized water, which was moved at a flow rate of
120 ml min−1 from bottom to top. A total volume of 75 ml of
water was circulated.

Rectangular high-voltage pulses were applied with pulse
durations, tpulse, of 100 ns and 300 ns by two different, custom-
built Blumlein line generators with pressurized spark gaps
as closing switches. For the application of 100 ns pulses,
pulse amplitudes, Umean, could be adjusted between 54 kV and
64 kV (calculated as the average of voltages, which exceeded
90% of the highest applied voltage during a pulse). The edge
steepness of the applied pulse could be modified by means of
an adjustable inductance in parallel to the spark gap switch
yielding rise times, trise, of 16 ns, 22 ns and 31 ns and con-
current fall times, tfall, of 21 ns, 29 ns and 37 ns (both defined
as the time that amplitudes changed from 10% to 90% of the
highest applied voltage). For the application of 300 ns pulses,
the amplitude was set at 61 kV and rise time and fall time to
10 ns and 23 ns, respectively. The voltage that was provided
by both pulse generators was applied so that the needle was on
a positive and the plate electrode on a negative potential with
respect to the ground reference. A matching resistor of 250 Ω,
connected in parallel to the electrodes, was chosen to prevent
pulse reflections and deliver only single, well-defined pulses
with a repetition rate of 1 Hz.

2.2. Electrical and optical diagnostics

The electrical and most of the optical diagnostics were similar
to the setup described before [24]. High-voltage pulses were
recorded according to the potential difference that was derived
from the measurements of two passive high-voltage probes
(Tektronix, P6015A) at either electrode. Typical recorded volt-
age signals for single pulses with a pulse duration of 100 ns and
fall times of 21 ns, 29 ns or 37 ns are presented in figure 1(A)
where also definitions for pulse amplitude, rise time, fall time
and duration are indicated.

Corresponding current signals are shown in figure 1(B),
which were measured with a Rogowski coil (Magnelab,
CT-E2.5). The currents were corrected for displacement cur-
rents and Ohmic losses, which were derived from applied
pulses that did not result in a visible discharge, as confirmed
by the simultaneously recorded light emission. Accordingly,
signals presented in figure 1(B) only show values for the
actual discharge currents. Discharge current and correspond-
ing voltage signal were multiplied and time-integrated to cal-
culate the momentary electrical power and dissipated energy,
respectively.

Emitted visual light intensity, IL, was observed with a pho-
todetector (ThorLabs, DET 10A). Typical results are shown
in figure 1(C) for different fall times. In addition, characteris-
tic times for discharge ignition, tstart, for discharge propaga-
tion, Δt, and the onset of discharge channel reillumination,
tmin, are indicated. The reillumination is a typical observed
phenomenon, which marked the end of the propagation of
discharge filaments and corresponded to a change in polarity
of the discharge current. A more detailed discussion of the
electrical and optical signals was provided previously [24].

Together with the photodetector signals, temporal inte-
grated images of the discharge development and especially
the expansion were recorded with an ICCD camera (Stan-
ford Computer Optics, 4Picos). Gate times of 200 ns and
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Figure 1. Schematic of the experimental setup, consisting of discharge chamber, pulse generator and diagnostics. Discharges were ignited in
a needle-to-plate electrode configuration (submerged in water) with an interelectrode distance, d, and instigated by high-voltage pulses
provided by a Blumlein line generator. Deionized water was circulated through the system by a peristaltic pump. Pulse amplitude, Umean,
pulse duration, tpulse, pulse rise time, trise, and fall time, tfall, were recorded in a differential measurement with two high-voltage probes (A),
a Rogowski coil (B), and a photodetector (C). Typical signals for voltage (panel (A)), discharge current (panel (B)) and emitted light
intensity (panel (C)) are shown for pulse steepnesses characterized by fall times of 21 ns, 29 ns and 37 ns. Images of every discharge event
were recorded with an ICCD camera.

600 ns were chosen for pulses of 100 ns and 300 ns duration,
respectively. Consequently, image acquisition times covered
the entire propagation and reillumination phase for a dis-
charge. Because discharges had stopped expanding when the
reillumination began, the images show in particular the largest
extend of the discharge. The previously used image analysis
algorithm was improved and now detected end points and the
length, Ls,i, of each discharge filament by tracing the brightest
path connecting the needle electrode with individual end points
(cf figure S1) [24].

2.3. Electrochemical determination of hydrogen peroxide

Concentrations of hydrogen peroxide that were generated by
the discharges were quantified electrochemically with a FIA
method, which was combined with a chronoamperometric
detection [26, 27]. Experiments were performed with
screen-printed three-electrode-systems (Metrohm, DRP-710)
consisting of a working electrode functionalized with
Prussian blue, a carbon counter electrode, and a silver
reference electrode. A working potential of −0.1 V was
applied to the system and reaction currents were measured
with a sampling rate of 20 s−1 by a potentiostat (Metrohm,
PGSTAT101).

Water was pumped through the discharge chamber for each
experiment for 5 min without the instigation of any discharges
before a reference sample of 4.5 ml was taken. After the dis-
charges were applied, another sample was collected and both
aliquots were separately mixed with 0.5 ml concentrated buffer
solution (134.04 g l−1 KH2PO4 + 2.67 g l−1 Na2HPO4 +
74.52 g l−1 KCl dissolved in deionized water) containing

phosphate to stabilize the H2O2-concentration. Both samples
were then stored in a refrigerator until the electrochemical
measurements were conducted at the end of each day for all
sample-pairs that were collected for different operating param-
eters. The earliest obtained samples were stored for 6 h at
most. A control experiment showed no effects, i.e. increase or
decrease in hydrogen peroxide concentrations, for continuous
pumping for 1 h without discharge or storage of the solution
for 10 h.

After all samples for an experimental series were gathered,
a chip electrode was installed in the FIA-setup, moistened
with running buffer and activated with several consecutive
cyclic-voltammetric measurements until a stable voltammo-
gram was obtained. A dilution of the concentrated buffer of
10% was used as running buffer. A calibration curve was
then obtained by injecting hydrogen peroxide standard solu-
tions of increasing concentration, i.e. (1, 2, 4, 6, 8, 10 and
15) μmol l−1 H2O2 in running buffer, with three repetitions
for each concentration. If a linear fit with a Pearson coeffi-
cient, R, of at least 0.999 was achieved, 500 μl of reference
and treated samples were injected into the FIA-system with
five repetitions for each sample. This was followed by two
injections of a higher concentrated standard solution (either
(8, 10 or 15) μmol l−1) to perform a single peak calibra-
tion after the analysis of each sample to ensure electrode
stability.

A detection limit of 0.2 μmol l−1 and a recovery rate of
98.4% was achieved for a H2O2 concentration of 1 μmol
l−1. However, no sample with a concentration of less than
2 μmol l−1 was obtained in the experiments.
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Hydrogen peroxide production rate and efficiency was
derived for each experiment separately using H2O2 concen-
tration and electrical as well as optical data. Discharge energy
and propagation time of the individual discharge events were
accumulated and related to the concentrations.

3. Results

Hydrogen peroxide production rate, k, and production effi-
ciency, G, were characterized with respect to pertinent param-
eters of the high-voltage pulses that were applied to generate
sub-microsecond pulsed streamer discharges in liquid water.
An obvious influence was expected especially for pulse dura-
tion, tpulse, and pulse amplitude, Umean. Both determine to
a large extend the discharge development, i.e. propagation
time, Δt, and streamer length, Ls. The extend and duration
of discharges are assumed to be predominantly responsible
for the production of reactive species that are preceding the
formation of hydrogen peroxide. However, both direct param-
eters together also affect time lags before discharge initiation,
which is described by the inception time, tstart. Resulting char-
acteristics of discharge propagation and associated inception
probabilities consequently need to be taken into account for
a comprehensive description. Concurrently, pulse steepness,
expressed by rise and fall time, trise and tfall, are parameters,
which determine in particular reillumination processes and
their contribution to the generation of species. The influence of
the different factors on hydrogen peroxide production in rela-
tion to the responsible discharge characteristics are described
in the subsequent sections.

3.1. Hydrogen peroxide production efficiency increases with
shorter pulse duration

Two pulse generators with different pulse durations of 100 ns
and 300 ns were utilized to observe differences in discharge
inception, discharge propagation, as well as the reillumination
of discharge filaments after pulse application. The respective
processes were related to the accumulated hydrogen peroxide
production.

Due to the extended pulse duration, discharge filaments that
were developing for 300 ns pulses were expected to by three
times longer than for 100 ns pulses. To prevent arcing, the
distance between needle and counter electrode was increased
to 14 mm for the experiments with both pulse generators.
Accordingly, pulse amplitudes were increased to 61 kV so that
the electric field at the tip of the needle, which determines
the onset of ionization mechanisms, was for the larger elec-
trode gap the same as for the previously investigated shorter
gap [24].

Reillumination is a characteristic phenomenon of sub-
microsecond pulsed streamer discharges in liquid water, which
is predominantly determined by fall times (cf figure 1). How-
ever, the reilluminated channels were already established dur-
ing the application of the high-voltage pulses, depending on
their respective parameters, i.e. pulse duration and amplitude.
Therefore, the contribution of reillumination to hydrogen per-
oxide production was, in general, inherently included in the

comparison of pulse durations. However, for 100 ns pulses it
was further investigated in more detail (and described in sub-
section 3.3). The results for the comparison of pulse durations
are summarized in figure 2.

Typical images of single discharge events are presented in
figure 2(A) for the application of pulses of both durations. All
discharges showed filamentary structures, regardless of pulse
duration, contained several channels and propagated into the
medium away from the needle. Filaments ignited during a
300 ns pulse were, as expected, noticeably longer with more
pronounced elotrophy toward the counter electrode when com-
pared with the application of 100 ns pulses. Filaments prop-
agating toward the counter electrode appeared more intense
and branched more often with increasing distance to the needle
electrode.

The individual streamer length, Ls, that was derived from
the images of single discharge events (altogether 200 images
for a duration of 100 ns and 400 images for a duration of
300 ns), depending on individual propagation times, Δt, are
presented in figure 2(B). An algorithm analyzed all images
and determined the distance, Ls,i, between the end of each
filament and the needle tip (cf figure S1). For the application
of 100 ns high-voltage pulses, streamer lengths fluctuated
strongly between different discharge events. This was also a
consequence of two-dimensional mapping of the discharge,
which resulted in a loss of spatial information. A seemingly
short filament could either actually be shorter or have propa-
gated out of the imaging plane. Commonly, streamer lengths
were determined as the maximal distance of the needle elec-
trode to the end of a single filament [28, 29] or, on average,
to the end of every filament end [24, 30]. Both methods
neglect the structure of filaments, e.g. changing propagation
directions due to branching. For a more precise measurement,
the algorithm traced the luminous filaments from end to needle
tip and determined the maximum streamer length, Ls, to suffi-
ciently describe the discharge expansion. The streamer length,
generally, grew linearly with propagation time for both pulse
durations with similar growth rate, which could be described
by the fitted averaged, constant propagation velocity, vs, of
(31.2 ± 0.6) km s−1.

The probability distribution for the inception of discharges,
i.e. start time, tstart, during the application of a pulse, is shown
in figure 2(C). A representative pulse for each pulse duration
is indicated in arbitrary units. Whereas the amplitude stayed
close to the same value for a pulse duration of 300 ns (plateau),
was the amplitude for the 100 ns pulse gradually decreasing
by 9%. More than 30% of the discharges were ignited at the
beginning of the 100 ns pulse, i.e. 32 ns into the pulse, where
the pulse voltages reached the highest values. The probability
for a discharge inception decreased for later times. Notably,
the inception of discharges started later into the pulse for a
duration of 300 ns with a maximum probability of 11% at
71 ns. This was observed despite the faster rise time of 10 ns
in comparison to 16 ns for the 100 ns pulse. The distribution
for the longer pulse was also broader and a second, local
probability maximum can be observed around 250 ns into the
pulse. The observed statistics suggest that, besides rise times,
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Figure 2. Images of discharge developments (panel (A), for the presentation, only half of the detected streamers are shown), from the
images derived maximum streamer length, Ls, depending on propagation time, Δt, (panel (B)), inception time statistic, and reillumination
time probability, p, (panel (C) and (D), respectively) for pulse durations of 100 ns (red symbols, lines and bars) and 300 ns (green symbols,
lines and bars). The analysis included 200 discharges for the shorter and 400 discharges for the longer pulse duration. Streamer lengths
increased linearly with propagation time and a fit yielded a mean propagation velocity, vs, of (31.2 ± 0.6) km s−1. The probability
distribution of inception times corresponded to the pulse shapes, while the distribution for the onset of reillumination was not correlated with
the pulse durations.

even small variations of pulse amplitudes could affect incep-
tion probability. A longer sustained and invariable amplitude
seemed to encourage a broader distribution. With even slightly
increasing voltages, there was also an increasing possibility to
initiate discharges even late into the pulse.

The pulses had similar fall times of 21 ns and 23 ns for
durations of 100 ns and 300 ns, respectively. Since reillumina-
tion is primarily determined by fall times, the statistic for the
start of the reillumination of discharge filaments after pulse
application, as expressed by the difference between tmin and
tpulse (cf figure 1), was similar for both pulse durations. The
probability distribution peaked between 3 ns and 4 ns.

As shown in figure 2(A), filaments were approximately
spherically distributed for 100 ns pulses. Spatial distribu-
tions were similar for the application of 300 ns pulses for
equivalent propagation times. The continuing propagation
showed a strong directionality toward the counter electrode for

longer propagation times. Only streamers propagating within a
±20◦-angle relative to the needle axis reached a length
of 7.5 mm (assuming a constant propagation velocity, cf
figure 2(B)). For larger angles, especially >|±70|◦, streamer
lengths of 2.5 mm were on the same order as for the propaga-
tion for 100 ns pulses. Accordingly, these streamers stopped
their propagation early during the pulse. Details on the direc-
tionality and related spatial distributions of filaments are
described in the supplemental information (cf figure S2).

The expanse of the discharge and the number of filaments
that were generated conceivably determined the possible abun-
dance of chemical reactions and the associated absolute pro-
duction of reactive species. The parameters for spatial extend
and distribution of discharge channels can be summarized by
the discharge volume, VD, which is described in figure 3 with
respect to propagation time, Δt, for both pulse durations. For
a comparison, the area of light emission in a particular image
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Figure 3. Discharge volume, VD, associated with propagation time,
Δt, for pulse durations of 100 ns and 300 ns. The derivation of the
idealized equivalent half-sphere volume, VHS, with radius Ls
assumed a continuous expansion with a velocity vs. The correlation
of Ls with Δt was extracted from the measurements summarized in
figure 2(B). Accordingly, discharge volumes grew proportional to
Ls

3, i.e. cubical, but the growth rate declined after the first 100 ns of
propagation.

(cf figure 2(A)) was determined by defining an arbitrary
intensity limit (independent of absolute intensity values).

Discharges were generally expanding into a half-sphere
away from the needle tip within an ideal volume, VHS. The
increasing volume could be calculated from the correlation of
streamer lengths, Ls, to the propagation time of discharges, Δt
(defined in figure 2(B)). Accordingly, discharge volumes were
increasing with distance in a similar cubic fashion for 100 ns
and 300 ns pulses for propagation times up to 100 ns. The sub-
sequent later development for the longer pulses approximately
retained the spherical propagation but with a slower growth
rate (reflecting the described directionality). The resulting dis-
charge volume was, therefore, much smaller than expected
from the early propagation. Comparing the discharge volume,
VD with VHS, discharges propagating for 300 ns filled a 80%
smaller volume than expected from an expansion of a half
sphere with constant velocity.

The rate of energy dissipation into discharge processes
differed for both pulse durations regardless of comparable
pulse amplitudes. Energy dissipation rates of 0.16 mJ ns−1 and
0.12 mJ ns−1 were measured for pulses of 100 ns and 300 ns,
respectively. Notably, energy dissipation rates were smaller for
longer pulses and altogether smaller than those described for
an electrode distance of 8 mm.

Discharge volume and energy dissipation affected the
observed hydrogen peroxide production and especially explain
production rates and efficiencies that are shown in figure 4.
Production rates and efficiencies were calculated with respect
to the accumulated propagation time and energy dissipation of
the discharges that were resulting in the determined hydrogen
peroxide concentrations (for the application of either 200 or
400 pulses of the same operating parameters for pulse dura-
tions of 100 ns and 300 ns, respectively). The production
rate, presented in figure 4(A), was approximately two times
higher at (0.14 ± 0.02) mol l−1 s−1 for the three times shorter
pulse. The energy efficiency, shown in figure 4(B), was less

Figure 4. Rate (panel (A)) and efficiency (panel (B)) of hydrogen
peroxide production for pulse durations of 100 ns and 300 ns. Both,
rate and energy efficiency, increased for a shorter pulse duration.

affected. The production efficiency of hydrogen peroxide was
(9.2 ± 0.9) g kWh−1 and (6.2 ± 0.6 g kWh−1) for a dura-
tion of 100 ns and 300 ns, respectively. Hence, even the
reduced energy dissipation for longer propagation times did
not counterbalance the reduced hydrogen peroxide production.

3.2. Hydrogen peroxide production rates increase linearly
with pulse amplitude

The energy, provided to a discharge during a pulse is, for a
given pulse duration, foremost determined by the pulse ampli-
tude. Corollary, higher amplitudes promote earlier discharge
inceptions and a higher probability for the generation of a dis-
charge in general. However, in many respective investigations
was the actual applied amplitude of a pulse strongly affected
by the load, i.e. in the case of sub-microsecond pulsed streamer
discharges in liquid water especially by water conductivity.
Accordingly, pulse amplitudes are not necessarily correspond-
ing to the output-settings of many pulse generators, which
are usually designed for specific loads. Therefore, instead
of a single pulse, reflections often disturb an unambiguous
analysis of the influence of pulse amplitudes. A comprehensive
understanding on how amplitudes affect hydrogen peroxide
production is, hence, difficult. Consequently, a dedicated setup
was established, which does not suffer from these limitations
by controlling the impedance match between pulse genera-
tor and load together with differential measurements of the
applied voltage.

Figure 5 shows the dependency of dissipated energy, E,
mean start time, tstart, and H2O2 production rate, k, on pulse
amplitude, Umean, in a range from 54 kV to 64 kV for single,
well-defined pulses with a duration of 100 ns. Respective
results were determined for 500 discharges for each value
of the amplitude. For an unambiguous comparison, pulses
with the steepest possible rise and fall time of 16 ns and
21 ns, respectively, were applied for an electrode distance of
8 mm. Accordingly, discharge inception was only affected
by the variation of pulse amplitudes. Dissipated energies for
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Figure 5. Total energy, E, dissipated for 500 accumulated
discharges that were generated with 100 ns high-voltage pulses and
their average starting time, tstart , (panel (A)) are shown together with
hydrogen peroxide production rate, k, (panel (B)) for pulse
amplitudes, Umean, between 54 kV and 64 kV. Accumulated
discharge energy and production rate increased linearly with pulse
amplitude, while the mean starting time decreased.

each individual discharge were accumulated throughout the
experiment and correlated with production rates, which were
calculated from the sum of discharge propagation times of each
set of the 500 investigated discharges and the amounts of H2O2

that were formed accordingly.
The accumulated dissipated energy during discharge prop-

agation increased linearly in a range from 8–16 J within
the observed range of pulse amplitudes, as displayed in
figure 5(A). The rate of energy dissipation, which is also lin-
early dependent on the pulse propagation time [24], increased
by 100% from (0.21 ± 0.04) mJ ns−1 to (0.39 ± 0.08) mJ ns−1.
Simultaneously, the averaged starting time shortened from
39 ns to 32 ns, which corresponds to an average propagation
time extended by 10%.

Hence, the difference in discharge inception could not be
exclusively responsible for the observed increase in energy
dissipation. Concurrently, the ignition probability of a dis-
charge during a high-voltage pulse also increased with voltage.
Starting at 47% for 54 kV, discharges occurred in 87% of
all applied pulses with amplitudes of 64 kV. The significance
of pulse amplitudes was already implicitly addressed by the
statistics that were observed for different pulse durations as
presented in figure 2(C). Concurrently, the lowest voltages that
were applied with a 100 ns pulse were just sufficient to initiate
a discharge. Associated with the low voltages were broadened
inception time probability distributions.

As expected, hydrogen production rates were increasing
with voltage and the associated higher energy dissipation, as
shown in figure 5(B). Notably, the rates nearly doubled from
100 mmol l−1 s−1 to 190 mmol l−1 s−1 although the increase in
pulse amplitude by about 19% was rather moderate. Applied
amplitudes were prone to variations of approximately 4%, but
a linear dependency was clearly identified and a fit yielded a
growth rate of (8.7 ± 0.4) mmol l−1 s−1 kV−1. The depen-
dency of voltage with energy dissipation explains a stable, i.e.
constant, production efficiency of H2O2. This suggests that the
pulse amplitude was directly correlated to peroxide formation
without affecting the formation pathway, i.e. by increasing the
discharge temperature.

3.3. Hydrogen peroxide production is independent from
pulse steepness

Pulse steepness was also expected to affect the production of
hydrogen peroxide. Fast rise times presumably result in an
earlier initiation of discharges during pulse application and
eventually larger discharge volumes while fast fall times are
conducive for a more pronounced reillumination [24]. Accord-
ingly, inception and reillumination statistics were investigated
with respect to hydrogen peroxide production for rise times,
trise, of 16 ns, 22 ns and 31 ns, and corresponding fall times,
tfall, of 21 ns, 29 ns and 37 ns. The pulse amplitude was set at
56 kV for an electrode distance, d, of 8 mm. Histograms for
both statistics are presented in figure 6.

Each histogram includes measurements for 2700 discharge
events. Probabilities, p, were expressed for the time of incep-
tion for different rise times with respect to the discharge begin-
ning, tstart, or for the onset of reillumination, tmin, according to
different fall times. Discharge inception for the shortest rise
time, i.e. the steepest pulses, peaked (highest probability) at
25 ns, while the probability for a discharge inception later then
35 ns did not exceed 5%.

An increasing rise time resulted in a prolonged incep-
tion time from 30 ns and 32 ns, which was associated with
a broadening of the probability distribution. Comparing the
probability distributions for each rise time, it was reasonable
to assume that the different maximum probabilities of 27%
at 25 ns, 14% at 30 ns or 10% at 32 ns were a result of the
different pulse shapes. In this respect, it should be mentioned
again that the gradual decrease of voltage amplitudes during
100 ns pulses was more pronounced for shorter rise times,
which was already described for figure 2(C). Correspondingly,
probability distributions for inception shifted to later times and
broadened.

Fall times mainly influenced the reillumination start. A
narrow probability distribution for tmin with a width of 1 ns
and a maximum of 45% at 4 ns was observed for the shortest
rise and fall time. Similar to the inception probabilities, the
maxima of the probability distributions were delayed from 5 ns
and 7 ns and broadened for the longest rise and fall times.

Although pulse steepness did affect details of the discharge
development, interestingly the overall propagation times, from
discharge inception until onset of reillumination, were rather
similar, i.e. between 69 ns and 71 ns, for all investigated
conditions. The comparison of the comprehensive discharge
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Figure 6. Probability distributions for inception times (panel (A)) and reillumination times (panel (B)) for an electrode distance, d, of 8 mm,
a pulse amplitude, Umean, of 56 kV and fall times, tfall, of 21 ns (red bars), 29 ns (blue bars) as well as 37 ns (green bars). Altogether 2700
discharges were included in the analysis for each rise and fall time. Discharge inception was described by the time of first observable light
emission, tstart, while the beginning of reillumination was associated with the time, tmin, when the discharge current changed polarity. For the
shortest rise time, 27% of the discharges were incepted 25 ns into the applied high-voltage pulse and 45% of the discharges were
reilluminating at 108 ns. Both probability distributions were broadened and delayed for increasing rise- and fall times.

development of 900 discharge events, i.e. summing up their
individual propagation times, yielded also only marginally
different total discharge propagation times between 62 μs
and 64 μs. Accordingly, the corresponding times for rad-
ical production and discharge volumes were similar. This
explains why no significant difference between the hydrogen
peroxide production rates, k, of (147 ± 5) mmol l−1 s−1,
(143 ± 3) mmol l−1 s−1, and (145 ± 7) mmol l−1 s−1 were
observed for decreasing pulse steepness (figure S3). Mean
discharge energies were likewise constant, consolidating pre-
vious results [24]. Summarily, an overall constant discharge
propagation time resulted in a comparable hydrogen peroxide
chemistry regardless of pulse steepness. Accordingly, a con-
stant H2O2 production efficiency of (5.8 ± 0.1) g kWh−1 was
typical for the application of 100 ns pulses with an amplitude
of 56 kV.

Notably, this assessment only includes the application of
high-voltage pulses, which resulted in a discharge event. Con-
sidering the probability of ignition by comparing the total
number of applied pulses with the number of actual discharge
events (2700 per pulse steepness) yielded a decreasing igni-
tion probability of 58%, 33%, and 29% with increasing rise
time (and associated increasing fall time). Taking the applied
pulses with ‘failed’ ignition into account, hydrogen peroxide
production rates would falsely be assumed to decrease to
85 mmol l−1 s−1, 47 mmol l−1 s−1, and 42 mmol l−1 s−1

when calculated with the number of pulses instead of discharge
events. Overall, the ignition probability clearly needs to be
considered and reported for the description of respective exper-
iments to prevent wrongful conclusions on the production of
reactive species for repetitively applied high-voltage pulses.

4. Discussion

Reaction chemistry for sub-microsecond pulsed streamer dis-
charges in liquid water was investigated by quantifying the
indicative hydrogen peroxide production depending on direct
pulse parameters, i.e. pulse duration, pulse amplitude and
pulse steepness. The highest peroxide production rate found
was 9.2 g kWh−1, which is higher than previously reported
by comparable studies, e.g. ca. 2 g kWh−1 [9], 4.6 g kWh−1

[11], 0.8 g kWh−1 [1] or (0.46–3.64) g kWh−1 [6]. The dif-
ference to our results could conceivably be explained by the
fact, that previous studies did not necessarily exclude applied
high voltage pulses, which did not result in a discharge event
and only contributed Ohmic losses. In addition, the compari-
son confirms the significance of a dedicated control of pulse
parameters to improve the performance of the method. The
best peroxide production rate found was 9.2 g kWh−1, which
is on the same order of magnitude but higher as in comparable
studies [1, 6, 9, 11].

Dominant influence on H2O2 production could be attributed
to pulse duration and pulse amplitude. An extended pulse
duration eventually led to the stopping of discharge filaments,
which was accompanied by decreased hydrogen peroxide pro-
duction rates and efficiencies. A rather small increase in pulse
amplitude of approximately 20% nearly doubled the energy
dissipation and the production rate. Although pulse steepness
did affect discharge developments, i.e. statistics of inception
times and the contribution of the reillumination processes, and
probably influenced the discharge inception, i.e. direct or indi-
rect breakdown, as proposed in the literature, the respective
effect on H2O2 production was marginal or negligible in com-
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parison to pulse duration and amplitude [31, 32]. Altogether,
production rates and achieved concentrations of species were
primarily determined by differences in dissipated energies in
relation to pulse parameters. However, the energy could not be
arbitrarily increased for a given discharge structure but instead
was eventually distributed in longer or more discharge chan-
nels. Accordingly, the overall discharge volume was crucial
for an effective generation of species. This could explain the
observed higher rates and efficiencies for hydrogen peroxide
production for the application of higher pulse amplitudes and
shorter pulse durations.

4.1. Discharge development depends on pulse parameters

For needle-to-plate geometries, plasma parameters, such as
electron density and temperature have already been inves-
tigated. Although these studies rather investigated specific
conditions but not a dedicated variation of pulse parame-
ters, such as pulse durations, pulse amplitude or pulse steep-
ness, selected settings were investigated for a range of sev-
eral orders of magnitude, e.g. rise times of (0.1–100) ns,
pulse amplitudes from (10–100) kV and pulse durations from
6 ns–10 μs. Nonetheless, electron densities were reported to
be relatively stable between (1018–1019) cm−3 (with some
outliers of (1017 and 1020) cm−3). Rotational temperatures of
(2000–4000) K, black body radiation for temperatures
of (7000–15 000) K, and electron energies of (1–3) eV
were also reported [6, 30, 33–40]. These results present
a good overview of pertinent plasma characteristics for
sub-microsecond pulsed streamer discharges in liquid water
and this study adds a detailed investigation on the depen-
dency of electrical and optical plasma properties on pulse
parameters.

Propagation time and streamer length of individual dis-
charge channels were increasing with extended pulse duration
(figure 2(B)). However, the start of a discharge was, on aver-
age, delayed by about 40 ns for longer pulses (figure 2(C)).
Conversely, the onset of the reillumination occurred for rather
similar delays for both pulse durations (figure 2(D)). Conse-
quently, the propagation time was 2.8 times longer for the
application of 300 ns pulses in comparison to 100 ns pulses.

According to literature, sub-microsecond pulsed streamer
discharges in liquid water that were instigated with pulses with
durations in the order of 100 ns propagate with a constant
velocity of about 30 km s−1 [20, 22, 24]. This could be
confirmed (figure 2(B)).

The typical propagation time of 62 ns for the application
of 100 ns pulses corresponded to streamer lengths of 1.9 mm,
while the filaments extend up to a typical length of 5.6 mm for
a pulse duration of 300 ns (figure 2(B)). Individual channels
could be much longer (but also shorter) since a typical incep-
tion time for the application of 300 ns pulses is prone to larger
deviations from the mean (figure 2(C)).

Propagation times and resulting streamer length were to a
lesser extend also depending on pulse amplitudes (figure 5(B)).
Discharges were starting earlier during the application of a
100 ns pulse by 7 ns when pulse amplitudes were increased

from 54 kV to 64 kV, which resulted in an increase in streamer
length by 10%.

Pulse steepness, i.e. rise and fall times, had actually no
significant effect on propagation times and streamer length.
This finding was especially surprising, as previous studies
showed a significant impact of the pulse rise time on discharge
inception and an effect of pulse fall time on discharge reillumi-
nation [24, 31, 32]. A decreasing edge steepness impacted the
discharge by a broadening of inception and reillumination time
statistics. On average, discharge inception and the beginning of
the reillumination phase were both delayed in a similar fashion
(figure 6). Consequently, averaged propagation times turned
out independent from rise or fall time.

Since the discharge channels are the origin for the genera-
tion of reactive species, the correlation of discharge expanse
with H2O2 production is eminent. However, the actual dis-
charge volume is also determined by the number of dis-
charge channels and their distribution in addition to average
(or maximal) streamer length. Unfortunately, these char-
acteristics escape a statistical evaluation from 2D images.
The respective assessment should be the dedicated topic
of future studies, i.e. how streamer distribution and their
individual properties depend on pulse parameters. However,
some conclusions and conjectures were already possible with-
out detailed information on the three dimensional discharge
behavior. For pulses of about 100 ns duration, not only the
extend of filaments that were originating along a thin wire at
the center of a coaxial electrode system but also their number
decreased when pulse amplitudes were lowered [10]. For the
here investigated needle-to-plate geometry, this observation
conceivably corresponded to the decrease in ignition probabil-
ity for lower voltages. Concurrently, the number of filaments
was possibly reduced and, accordingly, the overall discharge
volume.

Images of the discharge development further show that dis-
charge volumes and streamer lengths were not directly related
for different pulse parameters (figure 2(A)). Discharge propa-
gation and associated distribution of filaments were not gener-
ally isotropic or homogeneous. Instead, discharges exhibited a
directionality toward the counter electrode for longer propaga-
tion times, which was, hence, more prominent for longer pulse
durations of 300 ns. This resulted in an eventually decreasing
growth rate of discharge volumes (figure 3).

For an isotropic propagation throughout the discharge
development, a minimal electric field strength would have
to be maintained in all directions to sustain ionization at all
channel heads [24]. However, the electric field between a nee-
dle and plate is inherently inhomogeneous, decreasing away
from the needle and more strongly for directions away from
the needle axis [41]. Therefore, streamers heading directly
toward the counter electrode were able to expand longer than
streamers propagating in an askew direction, resulting in a
decreased growth rate of the discharge volume. If the electric
field fell below the critical field strength, continuous prop-
agation stopped and instead a stepwise expansion ensued,
provided that energy input into the channels is sustained [22].
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4.2. Energy dissipation depends on discharge development

Discharges developed from the tip of the high-voltage elec-
trode—originating from a distinct root point—as a single
streamer, which could branch several times during its prop-
agation with a constant velocity. The result was a complex
morphology with distinct filaments, i.e. plasma channels con-
necting electrode and one of the streamer heads that either
reached their full expansion (determined by propagation veloc-
ity and pulse duration) or already stopped earlier instead.

The production of reactive species and, therefore, the
indicative amount of hydrogen peroxide was primarily
depending on overall achieved discharge volumes. This vol-
ume was determined by the energy that could be provided
into the discharge regardless of the underlying structure.
The energy that was dissipated in a sub-microsecond pulsed
streamer discharges in liquid water was found to depend lin-
early on the propagation time for a fixed set of operating
parameters [24, 42]. Accordingly, the continuing extension of
a filament by ionization, radiation, recombination processes,
etc, needed a constant amount of energy for the same incre-
mental growth. This assumption is supported by investigations
on plasma parameters, e.g. electron density, temperatures and
energies, which are relatively stable for different experimental
settings [6, 30, 33–40]. The intrinsic discharge morphology
can be described by an instructive ‘single streamer’ model,
which summarizes the filamentous structure, including fila-
ment radii and number of heads, i.e. head-charges, by an
unbranched ‘single streamer’ with a distinct discharge vol-
ume [24]. The constant rate of energy dissipation in a single
streamer and the associated discharge volume, VD, implies
a limited number of filaments that can be included in this
streamer because the expansion of each additional filament
would have to dissipate additional energy that is not nec-
essarily available. Conversely, an energy dissipation, which
was increasing with pulse amplitude (figure 5(A)), combined
with an insignificant change of streamer length, hence, had to
be associated with an increasing number of filaments. Since
energy dissipation rate and pulse amplitude were proportional,
the correlation between the number of filaments and energy
dissipation also had to be linear. Previous observations on
the number of streamers in a coaxial discharge configuration
that were increasing with applied pulse amplitudes support
assumption and approach [10].

Consequently, hydrogen peroxide production should also
depend in a similar fashion, i.e. linearly, on pulse durations,
since propagation velocity and energy dissipation rate were
constant (figure 4(B)). However, the H2O2-production rates
and -efficiencies that were observed, were much lower than
expected from the indeed lower energy that was dissipated
for the longer pulses. The pronounced directionality of the
streamers for 300 ns pulses toward the plate electrode offers
an explanation in agreement with the ‘single streamer’ model.

The increasing inhomogeneity of the electric field across
larger distances from the needle tip resulted in early stopping
of filaments that went askew. This corresponded to a lower
energy dissipation rate of about 25% for the 300 ns high-
voltage pulses. This reduction is not sufficient to explain the

actually much stronger decreasing hydrogen peroxide pro-
duction rate by 50% or the production efficiency, which was
smaller by 33% (figure 4). Instead, the results implicate a
significantly reduced growth rate of discharge volume for dis-
charges that were generated with 300 ns high-voltage pulses,
in addition to the lower energy dissipation rate, in comparison
with 100 ns high-voltage pulses. (Although overall discharge
volumes were still larger for longer pulses.) On the one hand,
filaments that stopped their propagation during the longer
pulses could continue dissipating their share on the provided
energy due to a step-wise propagation [22]. On the other
hand, the filaments that continued propagation could branch
whenever another filament stopped and, therefore, dissipated
the still available energy, as this was required for a continued
constant propagation according to the ‘single streamer’ model,
but at the cost of a higher rate of energy dissipation for this
‘forced’ branching.

Filaments propagating sideways appeared rather dark,
which seems contradictory to the hypothesized step-wise prop-
agation. Filaments on a more direct trajectory to the counter
electrode, which expanded for longer than 100 ns, showed
instead additional branching as demanded by the ‘single
streamer’ model. Accordingly, at a distance of 3–4 mm away
from the needle tip, most of the filaments that came that
far branched and branching became more likely for even
larger distances. These filaments appeared brighter due to their
extended propagation, i.e. light was emitted for longer times,
and due to an increased current flowing through the existing
channels to sustain ionization for the additional channel heads.

This was associated with a limited but higher conductivity
of each remaining filament [7, 24]. Corresponding were a
higher resistance and related greater resistive losses. The asso-
ciated Joule heating scaled with filament length and quadrat-
ically with the current density within a discharge channel.
Hence, if a filament of the streamer that propagated sideways
stopped due to an insufficient electric field and simultaneously
a filament directed toward the counter electrode branched, the
energy for the continuing propagation of the latter became
smaller. Accordingly, the energy available for expansion of
the streamer decreased with every filament that stopped. Con-
sequently, some filaments that were stopping did not induce
further branching, i.e. fewer new filaments could be formed,
corresponding to a reduced volume growth rate.

4.3. Hydrogen peroxide production depends on energy
dissipation and discharge volume

The investigations revealed that the formation of reac-
tive species and consequently hydrogen peroxide production
depended on the discharge volumes, VD, which could be estab-
lished during the application of high-voltage pulses. A higher
energy dissipation, which could be provided by either longer
pulse durations or higher pulse amplitudes, was expended in
an expanse of discharge volumes. This included, on the one
hand, a larger extension away from the origin of streamers, i.e.
the needle tip, and, on the other hand, encouraged branching
of filaments.

The growth of individual discharge filaments was asso-
ciated with a constant dissipation of energy per increase in
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length. This resulted, for a fixed set of parameters, in a
stable energy density within filaments and a corresponding
steady radical production (per unit length). For increasing
pulse amplitudes, the energy density still had to be stable
but the energy dissipation rate grew. Accordingly, the number
of filaments increased resulting in higher hydrogen peroxide
production rates for 100 ns pulses (figure 5(B)).

A rigorous assessment of the filamentary discharge struc-
tures, depending on pulse duration and pulse amplitude, that
were filling and determining the actual discharge volume, is
currently difficult. However, maximum streamer lengths, Ls,
and associated propagation times, Δt, provided a reasonable
comparison (figure 3). Notably, the rate of increase in dis-
charge volume slowed down for propagations times of more
than 100 ns. This emphasizes the electric field at the streamer
head as driving force of the streamer propagation. In the
inhomogeneous needle-to-plate geometry, it became increas-
ingly difficult to sustain ionization processes, especially away
from the extended needle axis. In fact, filaments that were
initially propagating at larger angles away from the needle tip
eventually stopped (cf figure S2). Concurrently, the volume
growth rate of the still propagating channels was reduced
due to energy losses in the discharge. Notably, the increased
channel temperature due to Joule heating, which is supposed
to induce increased radical formation [6, 7, 9, 17], did not
counteract the smaller volume growth rate and, consequently,
hydrogen peroxide production rates decreased (figure 4).

As a consequence, the growth of discharge volume could
be related to the amounts of hydrogen peroxide with typical
production rates of (0.14 ± 0.02) mol l−1 s−1 for 100 ns pulses
and (0.068 ± 0.004) mol l−1 s−1 for pulse durations of 300 ns
(figure 4(A)). The two times lower rate for the longer pulse
was explained by the reduced discharge volume growth rate
due to an increasing directionality and associated fewer fila-
ments. For an extended propagation period, the ratio between
volume growth and energy dissipation rate of a discharge
decreased. Therefore, not only the rate of hydrogen peroxide
production was reduced but also the energy efficiency of the
production. However, since the generation of sub-microsecond
pulsed streamer discharges in liquid water depends on inhomo-
geneous electrode configurations, this instructs shorter pulse
durations as more efficient (figure 4(B)).

5. Conclusions

The individual influence of three direct pulse parameter,
i.e. pulse steepness, amplitude and duration, on the pro-
duction of hydrogen peroxide in a sub-microsecond pulsed
streamer discharges in liquid water could be investigated. The
implementation of an optical and electrical diagnostic that
could resolve the temporal development of individual dis-
charges, e.g. automated determination of discharge currents
and streamer length, facilitated an association between pulse
parameter and hydrogen peroxide production. The energy dis-
sipation rate in relation to the discharge volume were identi-
fied to primarily affect peroxide production rate and energy
efficiency.

Increasing the energy dissipation rate, i.e. increasing the
pulse amplitude, led to an increased hydrogen peroxide pro-
duction rate with a constant production efficiency, as increas-
ing numbers of filaments were formed. The stopping of
channels due to an inhomogeneous electric field reduced the
ratio between volume expansion and energy dissipation rate,
which yielded lower hydrogen peroxide production rate and
efficiency.

The relation between discharge volume and hydrogen per-
oxide was based on the statistical analysis of two-dimensional
images, which revealed valuable structural characteristics of
the discharge. However, a full 3D-reconstruction of the fila-
mentary structure may enable an exact analysis of streamer
quantity as well as quantification of occupied volume and
may support the presented correlation. Our image analysis
algorithm, which traces the discharge filaments, may provide
the basis of such a reconstruction.

As the energy dissipation directly corresponds to increas-
ing hydrogen peroxide production rates for increasing pulse
amplitudes, the question arises for any application if there
is a limit for this correlation and how much energy could
be dissipated in a single discharge. Additionally, the method
of increasing energy dissipation, e.g. via pulse amplitude,
repetition frequency or water conductivity, may benefit the
coupling between discharge energy and chemistry and should
be investigated in more detail.

With respect to frequency,hydrogen peroxide was produced
in the scope of this study by several hundred consecutive dis-
charges. Hence the interaction between discharges and already
existing hydrogen peroxide in solution could have reduced
production rates. Therefore, an analysis of hydrogen peroxide
production in single discharge events may be considered in the
future.
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Hydrogen Peroxide Production of Individual Nanosecond
Pulsed Discharges Submerged in Water of Elevated
Conductivity
Raphael Rataj,*[a, b] Matthias Werneburg,[c] Harald Below,[d] and Juergen F. Kolb*[a, b]

The production of hydrogen peroxide (H2O2) is a key parameter
for the performance of pulsed discharges submerged in water
utilized as advanced oxidation process. So far, any related
assessment of the underlying mechanism was conducted for
the application of several hundred discharges, which did not
allow for a correlation with physical processes. Moreover, the
production was rarely investigated depending on water con-
ductivity as one of the most important parameters for the
development of submerged discharges. Accordingly, hydrogen
peroxide generation was investigated here for individual single
discharge events instigated with 100ns high-voltage pulses in
water with three different conductivities and was associated
with the discharge development, i. e. spatial expansion and

dissipated electrical energy. The approach necessitated the
improvement of an electrochemical flow injection analysis
based on the reaction of Prussian blue with H2O2. Hydrogen
peroxide concentrations were quadratically increasing with
propagation time and stable for different water conductivities.
H2O2 production per unit volume of a discharge was constant
over time with an estimated rate constant of 3.2mol ·m� 1 s� 1,
averaged over the crosssectional area of all discharge filaments.
However, the individually dissipated energy increased with
conductivity, hence, the production efficiency decreased from
6.1g · kWh� 1 to 1.4g · kWh� 1, which was explained by increased
resistive losses within the bulk liquid.

Introduction

Pulsed streamer discharges, instigated directly in an aqueous
solution, were shown to effectively degrade various toxic
pollutants.[1–7] As a treatment method, streamer discharges do
not rely on any additional chemicals or catalysts, while residual
reactive species eventually recombine to water, oxygen and
hydrogen. Hence, the treatment is considered to provide a
sustainable water purification process, which will be essential
for drinking water and waste water treatment to overcome
global environmental challenges induced by anthropogenic

pollutants like per- and polyfluoroalkyl substances (PFAS),
pharmaceuticals and agricultural plant protection products in
the future.

Applications of pulsed streamer discharges are contextual-
ized as advanced oxidation process as they exploit the
production of oxidative radicals, e.g. ·O, ·OH, ·HO2. While all of
the radicals possibly contribute to degradation, hydroxyl
radicals are considered especially important for the oxidation of
stable bonds, including ring cleavage of organic compounds.[5]

However, hydroxyl radicals are short-lived with a life time of
less than 3μs[8] and, without other reaction partners, readily
recombine to more stable hydrogen peroxide (H2O2). Respective
concentrations are, therefore, an accepted measure for the
reliable characterization of hydroxyl production rates.[5,9,10]

Accordingly, investigations to improve operating parame-
ters for submerged discharges, in particular for water decon-
tamination, have relied on the assessment of hydrogen
peroxide production rates. Increasing pulse amplitude,[11–17]

duration,[15,17,18] and repetition frequency[16,17] resulted in a high-
er concentration. Water pH-value and electrode material did
not have any effect, despite catalytic H2O2-cleavage due to
metal impurities as a result of electrode erosion.[4,19,20] Water
conductivities are obviously an important parameter for oper-
ation and applications. For surface waters they span a range
from (0.3–60)mS · cm� 1, i. e. three orders of magnitude, which
cannot be easily accommodated by electrical systems. Con-
currently, the effect on hydrogen peroxide production was so
far not conclusive. Both decreasing and increasing concentra-
tions of H2O2, as well as no changes, have been reported for
increasing conductivities.[9,18,20–24] A possible explanation is the
change of applied high-voltage pulses, i. e. amplitude and pulse

[a] R. Rataj, Prof. Dr. J. F. Kolb
Leibniz Institute for Plasma Science and Technology (INP),
Felix-Hausdorff-Str. 2, 17489 Greifswald, Germany
E-mail: raphael.rataj@inp-greifswald.de

juergen.kolb@inpgreifswald.de
Homepage: https://www.inp-greifswald.de/

[b] R. Rataj, Prof. Dr. J. F. Kolb
University of Rostock, Institute of Physics,
Albert-Einstein-Str. 23–24, 18059 Rostock, Germany

[c] M. Werneburg
University of Greifswald, Institute of Physics,
Felix-Hausdorff-Str. 6, 17489 Greifswald, Germany

[d] Dr. H. Below
Department of Restorative Dentistry, Periodontology, Endodontology,
Preventive and Pediatric Dentistry, Dental School of University,
Medicine Greifswald,
Walter-Rathenau-Str. 42, 17489, Greifswald, Germany

© 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH. This is
an open access article under the terms of the Creative Commons Attribution
Non-Commercial NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-
commercial and no modifications or adaptations are made.

Wiley VCH Donnerstag, 10.08.2023

2399 / 313729 [S. 1/9] 1

ChemPhysChem 2023, e202300143 (1 of 8) © 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH

ChemPhysChem

www.chemphyschem.org

Research Article
doi.org/10.1002/cphc.202300143



duration, with increasing water conductivity, especially for often
studied Marx-type pulse generators.[18] In this case are pulse
amplitudes and durations decreasing (for the same charing
voltage), which corresponds to shorter discharge filaments and
reduced times for the production of reactive species. Unfortu-
nately, reports on the influence of liquid conductivity on the
plasma chemistry separately from the pulsed power system are,
so far, missing.

Moreover, previous studies suffer from a common method-
ology to apply several discharges to form rather high amounts
of hydrogen peroxide.[16,17,25] Multiple discharges aid the
averaged quantification but also introduce possible interactions
between discharge events. For example, hydrogen peroxide
that is formed in a discharge, is susceptible to cleavage by UV-
light from the next discharge, which eventually leads to
saturation.[21] Also, each discharge generates micro-bubbles in
the vicinity of the needle electrode, which alter the streamer
development during subsequent pulses.[26] Therefore, only a
diagnostic sensitive enough to measure hydrogen peroxide
concentrations from a single discharge event may reveal
representative quantities.

In addition, chemical simulations of streamer discharges in
water showed a decreasing H2O2-production with reduced
discharge temperature and expansion (corresponding to a
lower voltage and shorter pulse duration),[16,27] hence, support-
ing that the observed decreasing amount of peroxide amount
is affected by pulse characteristics. Accordingly, a consequent
correlation of the spatial expansion as well as the dissipated
energy of a discharge with the hydrogen peroxide production is
necessary for different water conductivities to unambiguously
describe the generation of reactive species. In this work, the
specific production of hydrogen peroxide of individual single
discharges was determined for conductivities of 1μS · cm� 1,
140μS · cm� 1 and 280μS · cm� 1. The experiments were specifi-
cally conducted for pulses with a duration of 100ns, as previous
investigations have shown for this case an optimal relation
between H2O2 concentration, discharge expansion and sample
volume. Discharges instigated by longer pulses had reduced
production rates and needed an increased sample volume to
account for longer discharge filaments, which reduced the
hydrogen peroxide concentration below an analyzable limit.[10]

For a thorough determination of hydrogen peroxide produc-
tion, electrical as well as optical characteristics of individual
discharges were observed to derive pertinent discharge proper-
ties, e.g. streamer length and dissipated energy. Any influence
of the conductivity or the pulse shape on the expanse of the
discharge was considered separately. Additionally, the produc-
tion efficiency was calculated. The comprehensive character-
ization also enabled a differentiation of propagation and
reillumination energy, which gave an insight into energy
transfer processes. Thus, a comparison with simulations was
possible and the findings could be related to electrical models
of the discharge development.

Experimental Section

Discharge generation and characterization

The setup for this study was already described in detail
previously.[28] In short, a tungsten needle (99.95% purity, Metall
Maier), sharpened to a tip radius of (35 �1)μm, was placed at a
distance of (5.0 �0.2)mm above a titanium plate with a diameter
of 46mm (99.5% purity, Selfan Fine+Metal GmbH), which was
integrated in the bottom of a polymethylmethacrylat chamber. The
chamber had a volume of 1mm3 and was filled with 800μl of
conductive water. For this, KCl (96%, Carl Roth) was dissolved into
deionized water to adjust the conductivity, σ, from 1μS · cm� 1 to
either 140μS · cm� 1 or 280μS · cm� 1. The conductivities were
selected with respect to a comparison of the dielectric time
constant with time characteristics pertinent to the applied high-
voltage pulses, i. e. pulse duration and fall time (see Discussion for
details).

High-voltage pulses of positive polarity and a duration of
(100 �2)ns (FWHM), a rise time of (19 �2)ns (defined by the
change of voltage from 10% to 90% of the amplitude) and an
amplitude of (55 �2)kV were generated with a custom build,
stacked Blumlein line generator. A matching resistance of 250Ω
reduced pulse reflections and the influence of water conductivity
on the applied pulses, i. e. amplitude and duration.

Voltage and current signals were monitored with two passive high-
voltage probes (P6015A, Tektronix) and a Rogowski coil (CT-E2.5,
Magnelab). Additionally, a photodetector (DET 10 A, ThorLabs)
recorded the spatially-integrated emitted light intensity. All signals
were recorded with an oscilloscope (WaveSurfer 10, LeCroy). An
ICCD camera (4Picos, Stanford Computer Optics) took time-inte-
grated images of the discharge development with a gate width of
200ns.

Hydrogen peroxide quantification

Hydrogen peroxide was quantified electrochemically. After an
individual single discharge event, 720μl of the treated solution
were withdrawn, mixed with 80μl concentrated buffer solution
(134.04g · l� 1 of KH2PO4, 2.67g · l

� 1 of Na2HPO4 and 74.52g · l� 1 of KCl
dissolved in deionized water, Carl Roth) and stored in a refrigerator
to suppress any reaction degrading H2O2. Afterwards, the hydrogen
peroxide content of each sample was quantified with a potentiostat
for flow injection analysis (FIA) (PGSTAT101, Metrohm) and a screen-
printed electrode (DRP-710, Metrohm). The measurement potential
was set to � 0.1V and the sampling rate to 0.05s. Each electrode
was calibrated with a serial dilution of a standard H2O2 solution
with concentrations of (0.25, 0.5, 0.75, 1, 2 and 4)μmol · l� 1. To
decrease the hydrogen peroxide detection limit, reference samples
of untreated liquid, which were injected into the plasma chamber
and removed after two minutes without applying a pulse, were
analyzed in combination with the actual samples. Prior to and after
the measurement of a sample, a 1μmol · l� 1 hydrogen peroxide
standard was recorded to ensure electrode stability. Accordingly, a
detection limit of 0.05μmol · l� 1 (three-times the noise amplitude)
and a recovery rate of 98.4% (for a concentration of 1μmol · l� 1)
were achieved.
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Results

Discharge development depending on water conductivity

Typical temporal resolved measurements of voltage, current
and light intensity are shown in Figure 1 for single discharges
for all three investigated conductivities.

Voltage characteristics, as shown in Figure 1(A), did not
change with water conductivities. This was enforced with a
matching resistor and by adjusting the charging voltage of the
Blumlein line. The peak pulse amplitude was achieved in 36ns
and dropped off at about 100ns into the pulse. The times for

voltage increase and decrease from 10% to 90% of the peak
voltage were 19ns and 20ns, respectively.

Currents were strongly dependent on water conductivity, as
illustrated in Figure 1(B). All current signals were corrected for
events that did not result in a discharge for an applied pulse by
subtracting respective reference measurements. Accordingly,
no displacement or resistive current due to reactor capacitance
or resistance is shown. After a statistical time lag, varying
between 15ns and 85ns, currents began to rise linearly,
perturbed by small fluctuations that were also present in the
voltages. For the lowest conductivity of 1μS · cm� 1, the increase
in current was almost imperceptible, reaching about 6A before
the voltage dropped off. For higher conductivities, highest
currents of 19A and 24A were observed, respectively. Currents
reversed polarities, while decreasing voltages were still positive,
and passed through a minimum before rising to zero again.
This current minimum was associated with the reillumination of
discharge filaments, which was described in detail previously.[28]

Accordingly, propagation energy, Eprop, and reillumination
energy, Erel, were defined as the energy dissipated before and
after the current signal changed polarity, respectively.

Light emissions closely followed the development of
currents, as shown in Figure 1(C). Again, a background signal
(without a discharge and an non-transparent screen blocking
the photodetector) was subtracted from signals obtained for
actual discharges. Light intensity increased slightly until the end
of the voltage pulse. While the voltage decayed, a distinct
maximum in light intensity – the reillumination – was correlated
with the minimum in current before both signals ceded. Higher
peak values for light emissions towards the end of discharge
propagation were observed for higher conductivities, corre-
sponding to higher currents, before the voltage dropped. The
distinct reillumination peak that was observed for the lowest
conductivity flattened out and shifted to times shortly after the
reversal of voltage polarity. Additionally, as the time of current
polarity inversion was unaffected by conductivity, the light
intensity minimum seemed no longer to correspond to a
ceasing propagation of discharge filaments. As unique feature
of the development of individual discharges, the propagation
time, Δt, of a discharge was, therefore, defined as the time
between first light emission and the change in current polarity.

The spatial expansion and structure of a discharge were
obtained from images exemplarily shown in Figure 2. The
needle is located at the top while the counter electrode is set
below, outside of the imaged area. Discharges appeared bright-
est near the tip of the high-voltage needle electrode. From
there, filaments spread outwards in a half sphere beneath the
needle with a tendency of longer filaments in the direction
towards the counter electrode. With an increasing distance
from the needle tip, channels branched into multiple paths.
Despite an increasing emission intensity, no differences were
observed in spatial structure for different conductivities.

End points for each filament were identified automatically
by an image processing algorithm.[10] Based on those ends, the
path of strongest light emission was traced back to the needle
electrode and their individual length, Ls,i, was calculated, from

Figure 1. Voltages (A), discharge currents (B) and light intensities (C) for
individual discharges ignited in water with different conductivities of
1μS · cm� 1 (black lines), 140μS · cm� 1 (blue lines) and 280μS · cm� 1 (green
lines). Discharge propagation time, Δt, was defined as the time between first
detectable light emission and current zero-crossing during the falling edge
of the voltage pulse. Total electric energy dissipated in the discharge was
divided into propagation energy, Eprop, and reillumination energy, Erel.

Wiley VCH Donnerstag, 10.08.2023

2399 / 313729 [S. 3/9] 1

ChemPhysChem 2023, e202300143 (3 of 8) © 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH

ChemPhysChem
Research Article
doi.org/10.1002/cphc.202300143

 14397641, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cphc.202300143 by Inst fuer N
iedertem

peraturplas, W
iley O

nline L
ibrary on [29/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



which a mean streamer length, Ls, for each discharge was
derived.

Hydrogen peroxide production depending on water
conductivity

Parameters for a comprehensive characterization of hydrogen
peroxide production in single discharges are shown in Figure 3.
Streamer length, Ls, propagation energy, Eprop, and reillumina-
tion energy, Erel, are, therefore, displayed conjointly with the
amount of produced H2O2, nH2O2

, in relation to the individual
propagation time, Δt, for all investigated water conductivities.
Different propagation times were a result of the statistical time
lag before discharge inception, while each discharge ended at a
similar time (see Figure 1). Panel A of Figure 3 shows the
amount of H2O2, nH2O2

, produced in individual discharges. For
deionized water with a conductivity of 1μS · cm� 1, production of
H2O2 increased nonlinearly with longer propagation times. The
eventually achieved highest amount of H2O2 was
(1.0 �0.1)nmol corresponding to a concentration of
(43 �4)μg · l� 1. Overall, a higher conductivity did not have a
significant influence on the amount of H2O2 that was produced.
Only slightly lower hydrogen peroxide contents of
(0.8 �0.1)nmol and (0.6 �0.1)nmol were observed for water
conductivities of 140μS · cm� 1 and 280μS · cm� 1, respectively. If
the mean amount of H2O2 was calculated only for discharges
that propagated more than 75ns, quantities of (0.7 �0.1)nmol,
(0.7 �0.1)nmol, and (0.5 �0.1)nmol were obtained. Hence, the
influence of different water conductivities seemed even less
pronounced. Due to these rather small differences, all measured
values of nH2O2

were used to Δt an empirical function, describing
the H2O2-production with respect to propagation time. A linear,

Figure 2. Time integrated image of a streamer discharge in deionized water
(1μS · cm� 1), which was recorded with a 200ns-gate width. Intensities were
normalized to the maximum possible pixel value (14bit). An algorithm
identified all discharge path endings in the right half of the image (red dots)
and traced the filaments, originating at the needle electrode, to measure the
individual filament length, Ls,i.

Figure 3. Amount of H2O2 (A), streamer lengths (B), propagation energies (C)
and reillumination energies (D) for different water conductivities of
1μS · cm� 1 (black squares), 140μS · cm� 1 (blue triangles) and 280μS · cm� 1

(green circles). The amount of hydrogen peroxide increased with propaga-
tion time, which can be described by a quadratic function (dashed line),
while streamer lengths increased linearly.
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a quadratic and an exponential model were fitted. The
quadratic model yielded the best approximation with an R-
value of 0.85 (A motivation of this model is given in the
Discussion). The corresponding function for the molar amount
of generated hydrogen peroxide was:

nH2O2
¼ ð99nmol � ms� 2Þ � ðDtÞ2: (1)

Panel B of Figure 3 shows the dependency between mean
streamer length, Ls, and propagation time, Δt. Regardless of
different conductivities, streamer lengths increased with longer
propagation time, reaching lengths up to 3.4mm. This was best
described with a linear function. Accordingly, streamers
propagated with a constant average velocity, vs, of 31.1km· s� 1.

Dissipated energies were split into propagation energy,
Eprop, and reillumination energy, Erel, as presented in panels C
and D of Figure 3, respectively. This separation was encouraged,
since Eprop was dissipated during the expansion of the discharge,
which draws power from the generator. Conversely, Erel was
associated with a self-driven ionization wave propagating
though the already established discharge filaments to electri-
cally neutralize their heads. Thus, energy that was stored at the
heads of the filaments during the propagation process was
utilized for reillumination which is why negative values have
been assigned to Erel.

[28]

In general, propagation energies increased with propaga-
tion time. For the lowest conductivity, a maximum energy of
24mJ was derived, which rose with conductivity to 43mJ or
53mJ. The reillumination energy also increased in absolute
values with increasing propagation times with a maximum of
4mJ for a water conductivity of 1μS · cm� 1. However, the
regained energy decreased to at most 2.1mJ and 0.5mJ for
higher conductivities. The total dissipated energy was calcu-
lated from the sum of Eprop and Erel. As the reillumintaion energy
was recuperated once the discharge seized to expand any
further, the entire, in the discharge dissipated energy was in
fact smaller than indicated by Eprop alone. (Hence, the negative
values associated with Erel.) The actually dissipated energy
during the development of a discharge increased with prop-
agation time, as implicitly also did Eprop and Erel in absolute
values. For a given propagation time, the overall dissipated
energy was smallest for the lowest liquid conductivity, as Eprop
was minimal and the energy regained from reillumination was
highest. With increasing liquid conductivity, propagation ener-
gies increased while reillumination energies were reduced, thus
more electrical energy was dissipated in total.

Relating total energy dissipation, i. e. the sum of Eprop and
Erel, with the highest amount of produced hydrogen peroxide,
production efficiencies of 6.1g ·kWh� 1, 2.4g · kWh� 1 and
1.4g · kWh� 1 were determined for conductivities of 1μS · cm� 1,
140μS · cm� 1 and 280μS · cm� 1. Accordingly, production efficien-
cies dropped with rising conductivity due to a higher energy
demand during propagation and a less pronounced reillumina-
tion, while the general production rate was the same.

Discussion

The results revealed that water conductivity does not have a
substantial effect on the production of hydrogen peroxide for
discharges submerged in water (Figure 3). This has been
validated for the application of 100ns high-voltage pulses but
conceivably also applies for other pulse durations. This
important finding indicates that any improvement in H2O2-
production, and on plasma-chemical reactions in general,
requires an optimization of underlying discharge processes
itself. This refers directly to respective operating parameters
and discharge mechanisms. However, the generation of sub-
merged discharges by high-voltage pulses has to take into
account the electrical characteristics of the load, including in
particular water conductivity. Therefore, considerable effort was
put in the presented study on the compensation of the effect of
water conductivities on the applied high-voltage pulses, i. e.
possible changes in pulse durations and amplitudes. We assume
that these might explain previous reports for a decreasing
hydrogen peroxide production for an increase of
conductivity.[18,20–22] Therefore, in the subsequent sections, first
the necessary control of electrical operating parameters for
discharges in liquids are described in more detail. On this basis,
an unambiguous evaluation of hydrogen peroxide production
for defined pulse parameters and corresponding discharge
development is discussed, which could guide future studies on
the actual effect of different plasma parameters.

Control of electrical operating parameters with respect to
liquid conductivity

Many systems for the instigation of discharges in liquid are
based on the discharge of a capacitance, including Marxtype
generators and pulse forming networks. In these (and other)
cases is the applied pulse crucially dependent on the matching
of the output impedance of the generator to the load. An
increase in water conductivity reduces the load resistance,
resulting in shorter pulse durations with lower amplitudes (for
the same charging parameters of the system). While changes in
amplitudes could be addressed by higher output settings (or
charging voltages) are shorter pulse lengths an inherent feature
of the experimental setup, which cannot be easily corrected at
the pulse generator. In addition, a load-mismatch will give rise
to reflections with various effects on instigated discharges, e.g.
the possible reignition of discharges.[29,30] Lower pulse ampli-
tudes could lead to lower temperatures inside a discharge
filament or reduce the total number of channels resulting in a
lower production rate of hydroxyl radicals.[10,16,27,31] Accordingly,
the pulse duration indirectly influences the plasma chemistry,
as the mean spatial expansion of a discharge and the associated
period for plasma-chemical reactions to proceed. Thus, it
defines the chemical active volume of a discharge as long as
the discharge stopping length is not reached.[32] Consequently,
the study of pulsed discharges in liquid has to consider pulse
generation and discharge configuration together to define
comparable conditions for the investigation of specific parame-
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ters. For the system investigated in this study, this allowed an
unambiguous correlation of reaction chemistry with discharge
characteristics, for instance to determine the actual influence of
water conductivity.

Advantage of a single discharge diagnostic for assesing
hydrogen peroxide production

Commonly, experiments to determine H2O2-concentrations for
discharges in water with respect to different water conductiv-
ities relied on an application of several thousand
discharges.[4,9,16,20,21,25,31] This method has, however, the obvious
disadvantage that the water conductivity has several indirect
effects on the observed and averaged bulk H2O2-concentrations
even if a dependency on operating pulse parameters was not
the objective of these studies. For instance, higher conductivity
leads to stronger emission of UV-radiation and increases the
electrode erosion, resulting in higher concentrations of metal
ions dissolved in the liquid. If multiple discharges are generated
in a sample, both, ions and radiation, are able to dissociate H2O2

that was previously formed.[4,9,19–21] On the contrary, a single
discharge releases a negligible amount of metal ions, which
could be quenched by adding a buffer solution to the sample
after treatment.[20] Furthermore, the UV-emission of a single
discharge cannot degrade any hydrogen peroxide, as simula-
tions suggest that the peroxide is formed in the discharge
mainly after the temperature of the plasma has sufficiently
dropped. Therefore, the simultaneously strongly reduced UV-
emission will have at most a marginal effect.[27] However, the
main motivation for applying single discharges was the
separation of effects of inherent liquid conductivity on the
production of H2O2, i. e. plasma chemistry, from those resulting
from the discharges itself and their development depending on
parameters for applied high-voltage pulses, i. e. discharge
physics. For example, the relation between streamer length and
propagation time was not affected by conductivity (cf. Fig-
ure 3(B)). This corresponded to a hydrogen peroxide production
of individual discharges, which was also independent from
conductivity (cf. Figure 3(A)). This suggests that as long as the
discharge volume was the same for similar propagations times,
hydrogen peroxide concentrations were the same and liquid
conductivity had no influence on the production. On average
however, the streamer length is decreasing due to generally
shorter propagation times, which is primarily an effect of an
increasing statistical time lag as a consequence of higher
conductivity. This effect of averaging seems to explain previous
reported results on reduced H2O2-production for increasing
conductivity.[21,27]

Hydrogen peroxide production in a single discharge

Simulations and experimental studies of discharges in water
indicate that H2O2-concentration is closely dependent on the
generation of hydroxyl radicals (·OH) according to the following
reactions by the aid of an additional reaction partner (M).[9,27,31]

H2OþM!
k1 Hþ OHþM (2)

OHþ OH!
k2 H2O2 (3)

Rate constants for reaction 2 and 3 are k1=

5.8 ·10� 9 · exp(� 440kJ/RT) and k2=1.51 ·10� 11 · (T/298K)� 0.37, re-
spectively (both in units of cm3 ·molecule� 1 · s� 1). The generation
of ·OH is only dependent on temperature and overall volume of
the plasma channel. As described, these parameters are
determined by the spatial expansion of a discharge, i. e.
streamer length, Ls, and the energy dissipated during the
propagation, Eprop, which is conceivably depending on water
conductivity.[27] Hydrogen peroxide is then produced from ·OH
after discharge channels have cooled down.[16,27]

In simulations, ·OH production in streamer discharges is
commonly calculated in one dimension along the filament
radius assuming a homogeneous production in the direction of
filament propagation.[16,27] For simplification, a single substitute
streamer can summarily describe the entire discharge.[10,28] The
production of hydroxyl radicals can then be calculated by the
integration of local ·OH concentrations over the streamer
volume. It can be assumed that the overall ·OH-production rate,
k1, in a streamer is constant as long as the temperature along
the filaments of a streamer remains the same. Thus, the amount
of hydroxyl radicals, nOH, that is produced equals:

nOH ¼

Z
Dt

0

Z Ls

0

Z As

0
k1dAdLdt

¼ k1Asvs

Z Z
Dt

0
dtdt

¼ k1AsvsðDtÞ2;

(4)

where Ls indicates the streamer length, As the streamer cross-
sectional area, vs the propagation velocity and Δt the
propagation time. Streamer length was directly proportional to
the propagation time (cf. Figure 3(B)). Hence, the propagation
time could be substituted by the constant propagation velocity
as shown in Figure 3(B). In addition, changes in streamer cross
section, As, were assumed to be insignificant.[27] Defining an
empirical proportionality factor cOH!H2O2

, which describes the
conversion of ·OH to H2O2, Eq. (5) then relates to the produced
amount of hydrogen peroxide:

nH2O2
¼ cOH!H2O2

� k1 � As � vs � ðDtÞ2

¼ kH2O2
� As � vs � ðDtÞ2

(5)

Eq. (5) was fitted to the obtained H2O2 data with good
agreement (cf. Figure 3(A)). Accordingly, an average production
rate, kH2O2

, of (3:2 � A� 1s )mol ·m� 1 · s� 1 could be derived for a
propagation velocity, vs, of 31.1km· s� 1 as well as the fitting
parameter of 99nmol ·μs� 2 (Eq. (1)). The rather basic model for
the relevant discharge chemistry with respect to spatial and
temporal expansion of a discharge seems sufficient to explain
the results.
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Hydrogen peroxide production for an increasing energy
dissipation due to water conductivity

According to literature, a higher water conductivity results in a
higher power density in a discharge channel.[20,25,31,33] This
should elevate the channel temperature and, hence, effect the
hydroxyl and hydrogen peroxide production rates, k1 and
k2.

[31,33] Therefore, a higher energy dissipation in a discharge for
a higher conductivity was expected to correspond to a higher
H2O2-production. An actual increasing propagation energy, Eprop,
was indeed observed at elevated conductivities (Figure 3(B))
while streamer lengths did not change (Figure 3(C)). If this
energy would be completely transformed into heat, the channel
temperature would be by a factor of 2.2 higher for a water
conductivity of 280μS · cm� 1 in comparison to deionized water.
Obviously, the entire electrical energy is not exclusively trans-
formed into heat in a discharge.[31] A substantial share was
stored in the streamer head, as described by the reillumination
energy, Erel. Some of the electrical energy was dissipated in the
electrode gap outside the plasma channel as well, e.g. due to
Joule heating of the liquid. In fact, investigations on nano-
second pulsed discharges in gas bubbles submerged in water
have shown that the increasing energy dissipation was related
only to an increased current flowing in the bulk liquid.[34] Plasma
properties, i. e. electron density, gas temperature and plasma
volume, were not significantly changed. Therefore, energy
dissipation has to be discussed in terms of water conductivity
and hydrogen peroxide production separately for the discharge
itself and the surrounding liquid.

An expedient parameter to describe the electrical response
of a liquid for the application of a high-voltage pulse is the
dielectric time constant t ¼ ee0 � s

� 1, which is primarily deter-
mined by changes of the conductivity, σ, while the permittivity
of water, ee0, can practically not change. The response of the
medium to an electrical event is dominantly resistive if the
duration of the event is much longer than t and, conversely,
better described by capacitive, i. e. charging, phenomena, when
much shorter than the dielectric time constant. Hence, the
constant is a parameter describing, if a lossy dielectric, i. e. a
water load, acts as a resistance or a capacitance for the duration
of an applied high-voltage pulse. Both have significantly differ-
ent implications for the development of a discharge channel.

For a conductivity of 1μS · cm� 1, t equals 7080ns, which
means that the electrical response of water was determined by
its capacitive characteristic. In this case, resistive losses were
negligible for the application of high-voltage pulses that were
much shorter than t, e.g. a pulse duration of 100ns. With
increasing conductivities, i. e. 140μS · cm� 1 and 280μS · cm� 1, t

decreased significantly to 50ns and 25ns, respectively. Accord-
ingly, the water resembled a resistor for the short duration of
the discharge events. Less of the provided energy could be
stored in the streamer for the propagation in the conductive
medium and a higher share was transferred through the
channel envelope into the surrounding water.

The reillumination energy, Erel, is a measure for the electrical
energy that is stored in the streamer and corresponds to the
charge accumulated at the streamer head.[28,35] In deionized

water, up to 4mJ were stored this way, i. e. about 17% of Eprop
(cf. Figure 3(C) and (D)). On the contrary, for water acting
predominantly as resistive medium, i. e. for the highest con-
ductivity and the smallest dielectric time constant, only about
1% (0.5mJ) of the energy was retrieved during reillumination.

Corresponding to greater losses in the liquid surrounding,
the discharge had a higher propagation energy, Eprop, for higher
conductivities (Figure 3(C)). The losses themselves were not
only dependent on liquid conductivity but on the surface of the
boundary between streamer and water and on the distance
between streamer and the counter electrode. Both determined
the actual conductive pathway and both were related to
streamer length, Ls. No significant effect of conductivity on Eprop
was observed for short propagation times. In this case were
streamer lengths small (<1mm) and the ground electrode was
far away. Accordingly, losses were small. For an extended
propagation, some filaments crossed up to 70% of the
interelectrode gap and strong branching increased the boun-
dary between plasma and liquid. Consequently, losses became
more substantial.

The higher propagation energy that was observed for
higher water conductivities (cf. Figure 3(C)) was apparently
primarily dissipated by corresponding losses in the surrounding
medium. Reillumination energies, as a measure for energy
stored in the streamer heads, decreased with higher conductiv-
ity, which also indicated higher losses in the liquid surrounding
of the discharge (cf. Figure 3(D)). Neither discharge structures
(cf. Figure 2), nor discharge development and in particular
streamer lengths (cf. Figure 3(B)) were depending on conductiv-
ity, i. e. changing for higher propagation energies. In addition,
hydrogen peroxide concentrations (cf. Figure 3(A)) were not
affected by different conductivities. Accordingly, also temper-
atures in the streamer could not sufficiently have increased to
result in a higher rate constant, k1 for the production of
hydroxyl radicals and hydrogen peroxide (cf. Eqs. (2) and (3)). As
a result, H2O2-production only depended on the spatial
expansion of the discharge and was not affected by an
increasing conductivity although production efficiencies de-
creased.

Conclusions

The production of hydrogen peroxide was investigated for
single discharges that were instigated directly in water of
different conductivities with high-voltage pulses of 100ns and
55kV in amplitude. The amount of hydrogen peroxide was
quadratically dependent on the discharge propagation time but
independent from liquid conductivity. As a result, an independ-
ent rate of (3:2 � A� 1s )mol ·m� 1 · s� 1 was found for the hydrogen
peroxide production. The result can be explained by an
increasingly resistive behavior of the water surrounding the
discharges for higher liquid conductivities, which could be
described by the dielectric time constant. This quantitative
description for the hydrogen peroxide and hydroxyl production
was presented based on readily observable parameters of the
discharge development. With respect to the likely underlying
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mechanisms, the findings contribute to a better understanding
of discharges chemistry for submerged discharges, e.g. the
production of other species like ·O, ·HO2, and respectively
developed simulations may be compared with the presented
data.

With respect to application of discharges in water as an
advanced oxidation process and an optimization of the
production of chemical species, and in particular hydrogen
peroxide, the results suggest that the energy efficiency should
be improved for conductive liquids primarily by discharges that
are operated on shorter time scales than determined by the
dielectric time constant. This approach might benefit the
competitiveness of the method against other advanced
oxidation processes.
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Rataj, R.*, Höft, H., and Kolb, J. F.: Inception Voltage for Corona-like Discharges Ge-
nerated with 100-ns High Voltage Pulses in Water Depending on Pulse Shape and Water
Conductivity, oral presentation, 2019 IEEE Pulsed Power and Plasma Science Conference
in Orlando, USA, 2019
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Kolb, J. F.*, Brüser, V., Mousazadeh Borghei, S., Hahn, V., Schneider, M., Rataj, R.
and Weltmann, K.-D.: Chemical Transformation by Atmospheric Pressure Discharges in
Air with the Addition of Water, oral presentation, 23. International Conference on Gas
Discharges and their Applications (GD 2023) in Greifswald, Germany, 2023

*presenter

89





Appendix

A1 Precision sharpening of tungsten needles

In a needle-to-plate arrangement for igniting discharges in water, the radius of curvature
of the needle determines the electric field in the immediate vicinity of the tip and thus the
ignition conditions of the discharge. Therefore, in order to ensure the most reproducible
conditions possible for the generation of the discharges, a method was developed for shar-
pening the needle tip and for checking the sharpening result.
Brady et al.1 published a procedure for the electrochemical sharpening of tungsten wires for
the dissection of animal specimens. Here, this process was automated and the repeatability
was improved by a mechanical apparatus. The apparatus is shown schematically in Figu-
re A1.1.
The needle is placed above a graphite plate in a container filled with a 10 % NaOH solution.
The needle and plate are connected to a DC power supply that generates a current of ap-
prox.2 A, which is responsible for the electrochemical removal of the material at the tip of
the needle. The needle is clamped in an eccentric shaft via which a motor is used to gene-
rate a lifting motion of the needle tip. The filling level of the NaOH solution is adjusted so

1J. Brady. Bulletin of the World Health Organization, 32(1):143–144, 1965.

Abbildung A1.1: Scheme of the apparatus to sharpen tungsten needles.
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Abbildung A1.2: Typical ellipse that was fitted to the needle radii. The width, a, on the semi-major
axis (blue) and the height, b, on the semi-minor axis (green) are indicated.

that the needle is immersed 5 mm in the liquid at the lowest point of the stroke movement.
The immersion frequency can be set via the power supply of the motor, and the frequency
determines the shape of the needle.
After sharpening the needle, the radius of curvature was determined microscopically. Since
the tip of the needle was not necessarily radially symmetric, it was imaged as a shadow
image from six angles. For that, the needle was rotated by 30 ◦ along the needle axis bet-
ween exposures, thus imaging the needle in a range of 180 ◦. In each image, the contour of
the needle shadow was determined and corrected for tilt with respect to the needle axis so
that the tip of the needle was the lowest point of the contour. The points of the contour were
fitted with a 14th degree axisymmetric polynomial and the curvature of the polynomial was
determined at the minimum, i.e. the tip of the needle. The curvature radius was determined
from the curvature of the polynomial. Since the radii of curvature of the different angles of
view covered a range of 180 ◦ and an axis symmetry could be assumed due to the shadow
image, an ellipse was fitted to the radii of curvature. A typical fitting result can be seen in
Figure A1.2. The width, a, and the height, b, of the ellipse as well as its eccentricity were
determined. The average of the height and width was defined as the radius of curvature of
the needle tip, which was further characterized by the eccentricity.
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A2 Determine streamer lengths from ICCD images and 2D
mapping error

The description of the algorithm to determine the length of all filaments that were generated
by a single discharge is reprinted from the supplemental information of Article 2. It consists
of a frame, where parameters as well as file-locations are initialized and images are loaded
for the analysis one after the other. In this loop, a sub-routine is called for the actual analysis
of each image. Frame and sub-routine are illustrated in the flow chart shown in Figure A2.3.
The entire algorithm is shown for presentation in four columns with the continuous flow
described by the interconnections A©, B©, C©, and D©. A© describes, in particular, the loop for
the analysis of individual images in the frame.
In detail, a reference image was loaded (first column), which was a record of the bright-
ly illuminated discharge chamber showing the needle and counter electrode (but without
discharge). The location of the needle tip, the direction of the needle axis and, optionally,
an area of interest for the presumed propagation of the discharge were manually determi-
ned. The dimension of an image-pixel was characterized by the distance between reference
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Abbildung A2.3: Flowchart of the algorithm to determine the streamer length Ls,i. Reprinted from
the supplemental information of Article 2.
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points. As the ICCD camera was triggered for every applied high-voltage pulse, regardless
of a discharge ignition, a list containing light emission data for each pulse was loaded, from
which an index array was generated. This index array contained an identifier that specified
which pulses initiated a discharge. In the following main analysis-loop (interconnection A©
in Figure A2.3), images that were showing a discharge were loaded according to the index
array. The intensity of each image was logarithmized to increase the contrast.
Next (second column), every pixel with an intensity of more than 110 was set to a value of
one, while every other pixel value was set to zero. Within this binary image, contours were
identified, the largest selected, and the center of this contour detected. The distance between
each point on the contour and the center of the contour was calculated.
The distance information was then used for an automatic peak-search (third column), by
which the points on the contour with the locally maximal distance to the center of the con-
tour were determined. The identified peaks, hence, corresponded to the position of filament
endings. The position of each filament ending was used to trace a path for the discharge
channel within the original image, which connected the individual filament ending with
the needle tip. This was done incrementally. Starting at the filament ending, the intensities
of the surrounding pixel were evaluated. The pixel with the highest intensity was added to
the path of the filament and used as the central pixel for the next iteration. If two or more
surrounding pixel had the same intensity, the one closer to the needle electrode was selec-
ted. After the filament was traced entirely, the length, Ls,i, was calculated and stored in a list.
After every filament of a discharge was traced, the average length and the maximum length
were calculated, associated with the electrical and optical data, i.e. propagation time, pulse
amplitude, light emission intensity and dissipated energy, and stored in a second list. For
quality control, an image was plotted to show the discharge with all determined filament
endings and paths and, optionally, stored.
Finally (fourth column), the main analysis-loop ended after all images were analyzed. Fila-
ment lengths in both lists where converted from pixel to millimeter. Those lists containing
lengths and optical as well as electrical data for every discharge were stored. Then, the pro-
gram was terminated.
The streamer lengths determined by the algorithm are inherently subject to error because

Abbildung A2.4: Sketch of the geome-
try used to estimate the aberration when
determining the filament length.

the filaments spread out spatially and depth informa-
tion relative to the focal plane of the camera is lost
during imaging. This error can be estimated by as-
suming that the filaments are all of equal length and
that their ends are uniformly distributed on a hemis-
phere of radius, R, whose origin is at the tip of the
needle. Both assumptions are plausible since the fila-
ments propagate at a constant velocity and their ends
describe a semicircle in images (cf. Figure 2.3) with
no apparent directional preference at least for 100 ns
pulses (cf. Figure 2.4). Such a hemisphere can be seen
in Figure A2.4.
To estimate the mapping error in determining the fi-
lament length, all points on the hemisphere surface
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are mapped to a plane which contains the location of
the needle tip and is perpendicular to the top surface of the hemisphere. The average di-
stance, R′, between the needle tip and the projection points then corresponds to the average
length for filaments observed in the images, which actually have a length of R.
Without limiting generality, the center of the hemisphere is placed at the coordinate origin
so that its flat surface is in the x-y-plane of the coordinate system. The surface points of the
hemisphere are projected onto the y-z-plane. The projection length, R′, i.e. the distance bet-
ween the origin and the projection of any point of the hemisphere surface, is given by the
following equation:

R′ =
√
y2 + z2. (A2.1)

Using the coordinates ϑ ∈ [0, π/2] and φ ∈ [0, 2π], y and z can be specified in spherical
coordinates

y = R sinϑ sinφ (A2.2)

z = R cosϑ. (A2.3)

The projection length can be expressed by Equation A2.4.

R′ = R
√

sinϑ2 sinφ2 + cosϑ2 = R
√

1− sinϑ2 cosφ2. (A2.4)

The average distance between the needle tip and the projection points can be derived as the
average projection length according to Equation A2.5.

R
′
=

∫ π/2
0

∫ 2π
0 R′dφdϑ∫ π/2

0

∫ 2π
0 dφdϑ

=
R

π2

∫ π/2

0

∫ 2π

0

√
1− sinϑ2 cosφ2dφdϑ. (A2.5)

The integral is a complete elliptic integral of the second kind, which cannot be expressed in
terms of elementary functions. Therefore, the solution of the integral must be approximated
numerically (see, for example, the following Python script).

import numpy as np

from scipy.integrate import dblquad

def integrand(phi, theta):

return np.sqrt(1 - np.sin(theta)**2 * np.cos(phi)**2)

result, _ = dblquad(integrand, 0, 2*np.pi, lambda x: 0, lambda x:

np.pi/2)

approximation = 1 / (np.pi**2) * result

As a numerical solution, an average projection length of 0.84R was determined.
Thus, on average, the actual length of the filaments appears to be shorter by 26 % in the
images due to the projection onto the focal plane of the camera.
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A3 Calibration method of the electrochemical
hydrogenperoxide measurement

The electrochemical measurement system used in Chapter A3 for the determination of hy-
drogen peroxide had to be calibrated when the chip electrode was changed due to the design
of the measurement electrodes (in particular the reference electrode made of silver).
First, a H2O2 stock solution with a concentration of about 10 mmol·l−1 was prepared by

dilution of a commercialized, stabilized hydrogen peroxide solution (30 %, Carl Roth). The
exact concentration of the stock solution was determined by titration with potassium per-
manganate (0.02 mol·l−1, Carl Roth), which was repeated three times. For this purpose, 10 ml
of the H2O2 stock solution was mixed with 4 ml deionized water and 16 ml sulfuric acid
(25 %, Carl Roth). Potassium permanganate was added until the solution became irreversib-
ly colored. The concentration of hydrogen peroxide, cH2O2, was calculated according to the
Equation A3.6.

cH2O2 =
a · cKMnO4 · VKMnO4

VH2O2
(A3.6)

cKMnO4 and VKMnO4 are the concentration and volume of the potassium permanganate so-
lution, respectively, a = 5/2 is the conversion ratio of hydrogen peroxide and potassium
permanganate, and VH2O2 is the volume of the hydrogen peroxide solution. The concentra-
tion of the stock solution was checked weekly.
To prepare calibration standards, the stock solution was first diluted to a concentration of
100µmol·l−1 by adding running buffer (cf. Section 3.1), and then the standards with con-
centrations of (1,2,4,6,8,10)µmol·l−1 were prepared. The calibration standards were freshly
prepared from the stock solution at the beginning of each day of an experiment.
At the beginning of an experiment, a new chip electrode was inserted into the flow chamber
of the electrochemical measurement system and the system was rinsed with running buffer
to remove air bubbles from the system. Cyclic voltamograms were repeatedly recorded until
a stable signal was obtained. The functionality of the chip electrode was checked by measu-
ring whether the characteristic oxidation and reduction current peaks of Prussian blue were
present and well defined at a potential of 0.2 V and 0.1 V against a silver reference, respec-
tively2.
If the functionality was verified, the calibration of the system was continued. Typical re-
sults of a calibration cycle are shown in Figure A3.5. In sequence, each calibration standard
was injected at least twice and the reaction current was recorded over time. Such a signal
is shown in Figure A3.5(A). Two peaks can be seen in pairs for the two injections for each
of the standards. The measurement signal is superimposed by a background current that
was approximated with a spline and subtracted from the signal. The result is shown in figu-
re A3.5(B).
Each peak was separated, the pairs averaged, and the result smoothed with a Savitzky-
Golay filter. Typical reaction currents are shown in Figure A3.5(C) for all calibration stan-
dards. The repeatability of the signals is clearly visible. The peak reaction currents were
determined and plotted against the concentrations of the calibration standards (cf. Figu-

2F. Ricci, and G. Palleschi. Biosensors and Bioelectronics, 21(3): 389-407, 2005.
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Abbildung A3.5: Results of a typical cycle to calibrate a new chip electrode of the electrochemical
measurement system. Panel A shows the reaction current obtained after subsequent injection of ca-
libration standards with concentrations of (1,2,4,6,8,10)µmol·l−1 (each standard was injected twice).
The superimposed background current was fitted and subtracted, resulting in the signal shown in
panel B. Peak reaction currents were determined for each standard solution as shown in Panel C. The
peak currents were related to the respective standard concentration and fitted with a linear function,
as displayed in Panel D.
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re A3.5(D)). A linear function was fitted to the result and used as a calibration curve for
subsequent measurements.
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senschaftler geworden, der ich heute bin.

Der Arbeitsgruppe am Leibniz Institut für Plasmaforschung und Technologie in Greifswald
sei an dieser Stelle ebenfalls gedankt. Vor allem Katja Zocher, Marcel Schneider und Tilo-
Schulz wurden unserer Zusammenarbeit niemals müde. Ihr habt mich nach allen Kräften
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