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“Equipped with his five senses,
man explores the universe around
him and calls the adventure
science.”’

Edwin Powell Hubble

1 Introduction

1.1 Motivation

Within the universe, over 99% of the visible matter is in the plasma state.
The planets which make less than one percent of the visible matter also ex-
hibit plasmas in nature as e.g. the aurora at the poles on earth or as lightning.
These plasmas are therefore present within the earths atmosphere but de-
spite that they can also develop in a non-gaseous environment such as liquids.

The earths surface is covered by 71% liquid water and has an essential role
for life on earth. In industry, water is used for various applications as for
example for energy production in hydroelectric power plants. Today, the
challenge of energy storage is a major task since renewable energies such as
solar and wind energy are not available 24 hours a day. Hydrogen energy
storage is a process in which a surplus of energy from renewable sources is
used for running electrolysis resulting in water splitting into hydrogen. The
created hydrogen can then be used for many applications as for example for
power generation or cleaning natural gas pipelines. Despite that, water and
especially hydrogen can also be used in plasma technology for various appli-
cations.

The interaction between these two states of matter, plasmas and liquids,
has been studied for many years. Discharges above liquids transport the
produced chemical species from the atmosphere/gas into the liquid. These
plasmas have been used for applications e.g. in the field of plasma medicine
for sterilisation of surgical instruments [1, 2|. In contrast, discharges directly
initiated inside a liquid environment exhibit many phenomena which favour
these plasmas for different applications. Next to the efficient production of
radical species such as HyOs, OH and others, UV radiation as well as shock
wave formation are observed |3]. This combination of processes enhances the
mass transfer of reactive species from the discharge into the liquid. Therefore,
liquid treatment or indirect treatment of solid surfaces inside the liquid show
enhanced reaction rates of the produced species. This offers a wide range of
applications. The most common ones can be devided into three main cate-
gories. The use of in-liquid plasmas for water treatment is versatile. They
are applied in (industrial) wastewater treatment [4-6] and are used for the
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1.1. MOTIVATION

decomposition of molecules and materials |7, 8], sterilisation of microorgan-
isms [3], the purification of drinking water through ozone production [9],
dye decoloration [10], and plasma electrolysis for hydrogen production [11].
The second field in which in-liquid plasmas are applied is plasma medicine.
The discharges can destruct and inactivate bacteria [12, 13|, can be used for
prostate hyperplasia treatment [14] and sterilisation of living tissue [15, 16].
The last main application field is in-liquid nanoparticle production, e.g. for
the synthesis of silver nanoparticles [17] or carbon nanoparticles [18].

The typical geometry of these discharges is realised by a combination of
pin and plane electrodes inside a liquid and a variety of setups has been
developed over the past decades accordingly [19]. The study of discharges
inside liquids started with Stanley Whitehead, who published his first work
on electrical discharges in liquids in 1928 [20]. From then on, especially the
processes leading to discharge breakdown inside liquids have been discussed
intensively. Some of the electrical parameters of the applied voltage pulses
seem to govern the ignition process and the underlying physics. Especially
the pulse length or more specific its rise time are crucial for the discharge
initiation process and are therefore discussed in literature for different setups
and applications.

For relatively long rise times of tens of nanoseconds and longer, the liquid
has time to react to the negative pressure gradient developing from the high
electric field strength resulting in electrostriction [21|. Therefore, cavitation
and bubble formation set in due to the gradient in pressure and also local
heating can occur resulting from the flowing current. The plasma is then
developing inside this previously formed bubble. For shorter rise times, the
hydrodynamic response of the liquid is too slow and no cavitation bubble
is formed before discharge initiation [22|. However, it has been reported by
Jones and Kunhardt [23] that an ignition in a purely liquid phase due to
electron collision ionisation is improbable. The close coupling of electrons
and the phonon modes of the liquid are assumed to efficiently dissipate any
energy the electrons would gain by acceleration in the electric field. There-
fore, any kind of vapour phase or nucleation on a small scale must be present
in order for ignition to occur inside dielectric liquids.

In 2003, T.J. Lewis [24] first proposed the generation of low-density micro-
cavities on electrode surfaces due to a reduction of interfacial tension for
pulsed discharges in dielectric liquids in general. This idea has been further
extended to the creation of a low-density region around the electrode for
nanosecond pulsed plasmas with short rise times. Nanocavities or nanopores
are formed in this region due to a rupture of the liquid |21, 22, 25-28]. The
rupture of the liquid is induced by a negative pressure gradient resulting
from the high electric field strength |29, 30]. Kolb et al. [31] discussed in
detail different field effects induced by the high electric field applied in these
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CHAPTER 1. INTRODUCTION

discharge setups as discharge and streamer initiation mechanisms. Next to
the influence of the applied voltage, the pulse length and the pulse rise time,
other parameters such as the electrode material, the liquid and its conductiv-
ity are important to describe the initiation of the streamers and the ignition
of the discharge [31].

Despite all the intense discussions concerning the ignition of in-liquid dis-
charges, it is challenging to compare the different proposed ignition mecha-
nisms due to varying setups and liquids used by different researcher groups.
In order to get a full view of one of the more recent discussed setups (pin-to-
pin electrode configuration inside distilled water), this thesis is dealing with
the ignition, streamer propagation, production of chemical species and their
interaction with surfaces possibly relevant for CO, reduction. Only with a
full understanding of the setup and the influence of each parameter on the
physical and chemical processes, the industrial application of these plasmas
is possible and reasonable.

1.2 Research focus

As already mentioned, the observation of discharges in liquids are investi-
gated intensively. During the last two decades, these discharges gained more
interest in association with challenges of our modern society. Especially, the
use of these plasmas in the fields of water purification or CO, reduction are
discussed. The pollution of water by antibiotics or other pharmaceuticals [32]
needs to be approached as well as the increasing CO, concentration in the
atmosphere by e.g. global traffic. For the latter, CO, reduction by plasma
electrolysis in combination with catalysis is proposed and could be a promis-
ing candidate to split CO, into useful chemicals such as ethanol.

In order to address these challenges, discharges in liquids need to be fully
understood from its ignition to its final chemical products within the liquid.
Therefore, the following main research questions are addressed in this thesis:

1. Which physcial processes cause ignition of a high voltage, nanosecond
pulsed discharge in a liquid environment?

The ignition process is crucial for the following chemical reactions and the
interaction between discharge and liquid. If the ignition is appearing inside
pre-formed gas bubbles on a nano scale (nanovoids), the chemistry is differ-
ent than for a discharge ignited directly inside the liquid. The latter leads
to aqueaous electrons and higher mass transport of chemical species.
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2. How 1s the discharge propagating inside the liquid medium and how 1is
this correlating with the chemical species created by the plasma?

The evolution of the in-liquid discharge is also influencing the chemistry.
Especially the lifetime of the propagating discharge is affecting the liquid
chemistry, as a longer living plasma is producing more radical species inside
the liquid. The created chemical species can be used for indirect surface
treatment by placing materials inside the liquid. But to do so, the chemical
species need to be identified to discuss possible surface reactions and their
use.



“Everything which is new has to
come out of fundamental research
otherwise it’s not new.”’

Manfred Eigen

2 Fundamentals

Various types of discharges in liquids were established over the last decades
for different purposes. The different setups and their use are described in
section 2.1. Furthermore, the ignition inside the liquid is widely discussed
in literature and various ignition mechanisms are postulated. In addition,
the combination of the discharge physics and the surrounding liquid leads to
various chemical reactions. The liquid environment is as important as the
discharge itself to influence the evolution of the discharge and is therefore
adressed in section 2.2. The observation of the discharge inside the liquid is
mainly performed via optical emission spectroscopy, wherefore spectroscopy
itself is discussed in detail in section 2.3.

2.1 Pulsed discharges in liquids

There are two main concepts for plasma generation inside a liquid medium.
Those concepts were classified by Bruggeman and Leys as (i) direct liquid
phase discharges and (ii) discharges in bubbles in liquids |19]. For both cases,
two electrodes are immersed into a liquid container and either gas is bubbled
into the liquid to act as an ignition medium or the discharge is directly ignited
inside the liquid medium without the presence of gas bubbles. In both cases,
electrode configurations of combinations of pin and plane electrodes for the
powered and grounded side can be used. A variety of pin-to-pin, plane-to-
plane, and pin-to-plane configurations are used in literature, but the latter
is the most used electrode assembly [3, 30, 33-36]. A further distinction of
direct liquid discharges is depending on the discharge expansion, which either
reaches the grounded electrode (spark or arc discharge) or vanishes before
reaching it (corona or streamer-like discharge).

The setup with immersed gas bubbles inside the liquid can be used with
longer voltage pulses in the range of hundrets of nanoseconds as the break-
down inside the gas is faster than directly inside the liquid. Gases are less
dense than liquids and electrons can therefore gain higher energies through
acceleration in the electric field in a gaseous environment, which therefore
can lead to breakdown through electron multiplication. Furthermore, lower
voltage amplitudes are necessary for ignition. In comparison to that, the
discharges generated without gas bubbles inside a static liquid environment
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2.1. PULSED DISCHARGES IN LIQUIDS

require very short voltage pulse rise times in the order of a few nanoseconds
for the discharge to ignite. Additionally, the powered electrode tip needs to
be very sharp to reach high electric field strength in the order of >30 MV /cm
|29] which are necessary for ignition. Kolb et al. [31] even estimated lower
critical electric field strength of 10-20 MV /cm.

In the case of longer voltage rise times, the discharge can ignite inside the
discharge cell. Instead of an ignition directly inside the liquid, gas bubbles
form due to vapourisation induced by Joule heating and the discharge is then
igniting inside these pre-formed bubbles. Therefore, in the following, the di-
rect liquid phase discharges will be denoted as ignited ‘directly inside liquid’.

The short pulses used for discharge ignition directly inside the liquid are usu-
ally created by high voltage (HV) nanosecond pulse generators. In literature,
mostly HV nanosecond pulsers from FID GmbH are used [29, 30, 36-38|, al-
though self-made pulsers based on Blumlein generators are also found [39].
The pulsing system is relevant to compare results from different research
groups because small changes in e.g. the voltage pulse rising time or wave-
form can have a great impact on the observed physics. This will be discussed
in section 4.1.

The process of discharge ignition directly inside liquids is widely discussed
in literature. Different ignition mechanisms are possible and it is often ac-
cepted that the discharge develops inside liquid ruptures - so-called nanovoids
- generated by a negative pressure gradient induced by the high electric field.
Nevertheless, there is no clear experimental evidence for that hypothesis.
Furthermore, this theory only describes the ignition by electron multiplica-
tion but not the source of the initial electrons starting the initiation process.

2.1.1 Discharge breakdown phenomena in liquids

Discharge breakdown in liquids has been discussed intensively since the first
work on discharges in liquids in 1928. There are many processes and mech-
anisms which can describe the ignition of a discharge inside a liquid. The
ignition of nanosecond pulsed plasmas is difficult to monitor due to the short
time scale of picoseconds and therefore no experimental evidence of the ini-
tiation process of these plasmas has been made. However, there are several
theoretical studies discussing different ignition mechanisms and all processes
which could lead to ignition of plasmas in liquids in general are presented in
the following.



CHAPTER 2. FUNDAMENTALS

(i) Ignition through bubbles or nanovoids

The ignition of discharges in liquids with DC or AC excitation leads to Joule
heating and water vapour formation. The resulting bubble acts as ignition
site [19]. For nanosecond pulsed discharges, the time scale is in general too
short to form such a vapour bubble [40].

In liquid media it is assumed that there are small impurities or gas bubbles
on the micro- or nanoscale present unless it is degassed. These small bubbles
are possible ignition sites. In recent literature it is generally accepted that
these so-called nanovoids act as ignition sites for HV nanosecond pulsed plas-
mas. The first report about nanovoids (or microcavities) leading to ignition
of streamer discharges in liquids was made by T.J. Lewis [24|. He argued
that the processes of field electron emission and nanovoid formation are both
necessary for ignition to occur. Furthermore, he discussed the formation of
a double layer at the electrode surfaces. The double layer appearance is also
reported in the field of electrochemistry [41]. The surface tension at anode
and cathode is influenced with increasing applied voltage. Therefore, the lat-
eral cohesion of the liquid at the electrode-liquid interface is influenced and
the resulting non-uniformity in interfacial tension is leading to low-density
regions. In these regions, nanovoids form according to the electrostriction
mechanism [22, 30, 42]. Electrostriction describes the deformation of dielec-
tric materials under the application of an electric field. In the case of water,
positive ions will be displaced in electric field direction.

For electric fields with fast rise time, it was shown that the hydrodynamic
forces of the fluid are too slow to counteract the fast pressure increase [22, 25].
The total pressure in the electrode vicinity is negative according to [30]:

o€
Ptot = Phydr - Pelectr - Phydr — pPé€o (5_p> E2> (21)

with the hydrodynamic pressure P4, the electric field F, the liquid dielec-
tric constant € and the density of the liquid p. For water with an dielectric
constant e=81, a critical negative pressure of -20...-30 MPa leads to a rupture
of the fluid close to the electrode [30].

The strong electric field is elongating these nanovoids parallel to the applied
field [43, 44|. Electrons which are then created by other effects could be
accelerated inside these nanovoids and cause ionisation.

Nanovoid formation requires a minimum critical pressure and a small radius
of the tip electrode which is usually in the range of a few um [42]. This
negative pressure zone is surrounded by a compression layer induced by the
hydrodynamic forces pushing the liquid towards the tip electrode because of
a pressure imbalance.
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(ii) Ignition through field effects

The high electric field implies the occurence of field effects at the different in-
terfaces of solid electrode, liquid medium and gaseous-like nanovoids/bubbles.
There are different field effects which are first brought together into context
of in-liquid discharge ignition by Kolb et al. [31]. In general, the high ap-
plied electric field strength leads to a distortion of the electrical potential.
The following processes can result from that:

Electron field emission: Electron field emission is also known as field emis-
sion and Fowler-Nordheim tunneling. R.H. Fowler and L.W. Nordheim
proposed the theory of field emission from bulk materials in 1928 [45].
This concept describes the tunneling of electrons from bulk metals to
other solid materials. However, in 1972 Robert Gomer first applied
this theory to the tunneling of electrons from a metal into a liquid
[46]. The general idea is that a metal can be described as a potential
well containing free electrons. The highest level filled with electrons
Er ('Fermi level’) lies several electron volts below the vacuum level.
The difference between Fermi-level and vacuum is called work func-
tion ®. This is illustrated in figure 2.1.1(a). Electrons need to be
excited above this energy barrier in order for thermionic emission to
appear. In the presence of a strong electric field due to a negative ap-
plied voltage, this barrier is deformed and electrons can tunnel through
the resulting potential barrier. This is visualised in figure 2.1.1(b).
(a) (b)

Epot thermionic Epot

emission
~ §eE 2 field emission /
J @ f _I @ /’\h"*" e tunneling
I Ed—d—m——— —

N
\\
d)/Ee| \\
S
g
W W N

0 A 0 A

Figure 2.1.1: Potential energy for electrons at a tungsten (W) surface
(a) without and (b) with an applied electric field. Ep is
the Fermi level of the material and ® the work function
(4.55 eV for tungsten). Adapted from [46].

The relation between current and the applied electric field is described
by the Fowler-Nordheim equation which can be simplified to

4 2mN\1/2 _.
I x exp<—§<h—?> 32 El), (2.2)

with the work function ® in eV and the electric field strength E in
V/A. For practical purposes the equation is quantified to:

I exp(—0.68 P32 E—1>. (2.3)
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To reach a current which is large enough, the electric field must be
high. This can be achieved by reducing the electrode tip radius r,
which relates to the electric field strength approximately like [46]:

U
Ey~—. 2.4
! 57} ( )

Gomer reported that emission from a metal tungsten surface with a
work function ®=4.5-5.5eV can only occur when electric fields 0.3-
0.6 V/A are applied [46] . However, for tungsten in hydrogen it was
observed that the work function of the metal changes when a liquid
layer is surrounding the electrode [47, 48]. In the following, tungsten
is always taken as the electrode material to better compare it with the
experiments presented later in chapter 4.

Electron initiated Auger process: Electron initiated Auger processes are men-

tioned to be a possible result from field electron emission by Kolb et al.
[31]. This process describes the quick trapping of emitted electrons by
the molecules close to the emitting surface due to the relatively short
lifetimes of the electrons in liquids. The energy left from the captured
electron can be absorbed by other electrons in excited energy levels.
Therefore, this could lead to the release of two or more electrons from
a molecule. After the release of the electrons, a positive ion in the
electrode tip vicinity is left behind and the electrons move away from
a negatively charged electrode surface.

Field ionisation: Field ionisation works similar as field emission but with

11

a positive applied electric field. But in this case the electrons from
molecules or atoms inside the liquid are tunnelling through the liquid
medium into a positively charged metal electrode. Therefore, the elec-
trons must enter the metal electrode above the Fermy level Ep.

In figure 2.1.2(a) the electric potential of a HyO molecule is illustrated
in the presence of an electric field of 2V/A. A tungsten electrode is
immersed into water influencing the tunnel probability from the water
molecule in figure 2.1.2(b).

The image potential V;, is included in Ey, and describes a correction
term which modifies the potential step at the surface by V;,,, = —e?/(4r)
with the distance r in A. This term corresponds to a decrease in bind-
ing energy of any electron in the observed atom or molecule by this
image potential.
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(a) (b)

E,=2V/A

field ionisation .
i /e tunneling 16 4

;10 24

Epor (€V) Epot(eV)

Figure 2.1.2: Potential energy diagram for H,O in the presence of an
electric field with E,=2V/A (a) without and (b) with
a metal electrode inside the liquid medium. FE; is the
ionisation energy, EF is the Fermi level of the material,
Eyy is the sum of applied and image potential and ® the
work function (4.55eV for tungsten). The dotted lines
describes the undisturbed electrical potential of the HoO
molecule and the solid lines mark the electrical potential
of the HoO molecule by the influence of the electric field
E.;. Adapted from [46].

The threshold for field ionisation of HoO at a tungsten tip was investi-
gated by W. A. Schmidt [49]. He found fields of 0.2V /A and 0.3 V/A,
leading to ionisation probabilities of 1% and 5%, respectively. Later,
the tunneling fields for Hy were given to be typically 0.7V /A [46].
When the threshold is reached, the tunneling of electrons from e.g. a
water molecule to a metal surface is possible. Therefore, a layer of
positive water ions is left close to the metal electrode surface.

Field-assisted molecular dissociation: Field-assisted molecular dissociation is
also known as Zener breakdown in semiconductor physics. This pro-
cess leads to charge transfer between molecules or atoms and metallic
electrodes. In the presence of a high electric field, the electronic wave-
functions and energy eigenvalues of atoms and molecules at the liquid-
electrode interface can shift. This can lead to a shift of a bonding molec-
ular orbital above the anti-bonding molecular orbital of a neighbouring
molecule or atom. Therefore, field-driven electronic transitions from
one molecule into the anti-bonding orbital of a neighbouring molecule
or atom are possible leading to molecular dissociation.

In the vicinity of electrodes at high electric fields, it is likely that all of those
effects appear, depending on the pulse polarity. The dielectric strength of dis-
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tilled H,O is high so that an electric field of 65-70 MV /m (0.0065-0.007 V/A)
at atmospheric pressure is necessary for an electrical breakdown to occur
under pulsed conditions (<us) [50, 51|, but can be as low as 30 MV/m
(0.003V/A) for different pressures and non-distilled water. Longer pulses
result in lower breakdown fields.

2.1.2 Discharge propagation in liquids

The discharge can propagate in different forms through the liquid medium.
There are several descriptions found in literature such as corona, streamer,
spark, and arc discharges in liquids. The exact meaning of these discharge
types can be described as follows.

Corona/corona-like discharge: In general, a corona discharge describes a
conductive area induced by electric breakdown of a fluid through an inhomo-
geneous electric field. Current can flow continuously from the electrode into
the fluid when the threshold of dielectric strength of the fluid is reached. The
opposite electrode is far away so that no conductive channel can form be-
tween the two electrodes. Depending on the polarity of the applied voltage,
positive or negative corona discharges form which are behaving differently.
Positive corona discharges are observed as uniform plasmas around the elec-
trode resulting in low electron densities. Negative corona discharges show a
longer propagation into the fluid next to higher electron densities.

Streamer/streamer-like discharge: Streamer discharges are similarly induced
as corona discharges. A high voltage applied to an electrode results in dis-
charge breakdown inside the surrounding fluid. But in comparison to corona
discharges, streamer discharges have a transient /short lived nature and prop-
agate in long filamentary structures.

Spark discharge: A spark is created when a conductive channel forms at an
electrode (e.g. during corona or streamer discharges) and reaches the counter
electrode. The ionised and conductive channel created by a high electric
field applied to the electrode is usually developing in insulating media such
as gases or liquids. Sparks are short lived discharges.

Arc discharge: In the case of a spark discharge with continuously supplied
current, the discharge forms into an arc discharge.

The most common descriptions for discharges in liquids are corona or streamer
discharges, whereas spark discharges are only mentioned and studied by a
few groups [52, 53]. The pulsing of HV plasmas in liquids makes it difficult
to distinguish between a corona-like and streamer-like behaviour wherefore
both terms are found in literature |37, 54-59]. In the following text, the
term streamer discharge will be used according to the short lifetimes of these

13



2.1. PULSED DISCHARGES IN LIQUIDS

discharges in general. In liquid environments, the discharge propagation is
believed to occur in a similar manner than streamer discharges in gases. In
general, a streamer is induced by electron multiplication inside a gas. A local
electric field is forming at the so-called streamer head which is high enough
to ionise the surrounding gas.

After the ignition inside the liquid, it is assumed that a streamer is propa-
gating through the gaseous-like medium of the nanopores. Simultaneously,
the streamer is ionising the surrounding species at its head (streamer head).
The streamer propagation for in-liquid discharges can be devided into four
phases following the voltage curve, as proposed by Seepersad et al. [30] for
positive applied HV pulses:

Initiation: The discharge is initiated due to the presence of a high electric
field resulting from a sharp electrode tip and an applied high voltage
pulse.

Propagation: In case of a positive applied voltage pulse, the positive ions at
the streamer head lead to a local electric field driving the propagation of
the streamer through the liquid. With further propagation, the positive
charge in the discharge channel increases. This process continues until
the voltage pulse reaches a plateau phase resulting in dV//dt = 0.

Screening and extinguishing: When a voltage plateau is reached and the ion-
isation at the streamer head stops, the positive charge is compensated
by a radial electron current resulting from a reverse radial electric field.
Additionally, the axial electron current inside the discharge channel
decreases. Therefore, the streamer head potential decreases and the
discharge is likely to extinguish.

Restrike: The discharge is able to ignite again after the voltage pulse plateau
during the falling edge of the voltage pulse. The positive space charge
formed during the first ignition leads to an electric field which is strong
enough to ignite the plasma inside the pre-ionised channels from the
first streamers.

In case of negative applied HV pulses it is argued in [30] that the initia-
tion mechanism is induced by secondary electron emission from the powered
electrode and that the discharge propagation behaves similar to a Townsend
breakdown mechanism.

The propagation phase of the discharge is usually characterised by many
streamers evolving simultaneously. Therefore, bush-like or tree-like struc-
tures are observed for discharges in liquids [29, 34, 59, 60]. The velocity of
the streamers varies for the different discharges. The following values for
streamer velocities are reported: 2.5km/s during the initial phase, 35 km/s
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during the restrike (40ns rise time, 18 kV applied voltage) [34], 5000 km/s
(150 ps rise time, 112kV applied voltage) [29], 3km/s during bush-like mode,
10-60 km/s during tree-like mode (5ns rise time, 1.5-9kV applied voltage)
|60, 61] and 200km/s (fast rise time, 70kV applied voltage) [59]. The ve-
locitiy of the streamers seems to be influenced by both, the applied voltage
and the rise time of the voltage pulse. The setups themselves are roughly
comparable as in each of them distilled /de-ionised water is used and sharp
tip electrodes with tip radius curvatures of about 50 um are mounted.

2.1.3 In-liquid chemistry

The direct ignition of a discharge inside a liquid generates many chemical
species inside the expanding streamer channels and the surrounding liquid.
The water molecules can be dissociated or ionised by electron collisions, which
are produced during ignition. The electron energies are high enough so that
the dissociation and ionisation energies of HoO can be exceeded [62, 63].
Therefore, the following primary reactions are expected [64—66]:

e +H,O ——  -OH+ H+e
e + HQO e H20+ +2e
H,O" + H,O — H30" + -OH

From these primary reactions, secondary ones can follow according to the
reaction of the generated radicals (-X) with each other [8, 65]:

‘H+ -H— H,
2OH—>H202
-OH+ -H — H,O
Oy+e —e +2-0
OQ+67+M—>027+M
e  +H,O, — OH™ + -OH

Here, M describes a third collisional partner e.g. O within the liquid [8].
In theory, many reactive species such as OH and Hy;O, are created. These
species can be used e.g. for water purification [8]. Pulsed corona discharges
in liquids are found to produce high removal efficiencies above 90% for pol-
lutants such as methyl orange, phenol and 4-chlorophenol [65]. The en-
ergy yield of HyOs for in-liquid pulsed discharges is found to be between
23.1mmol/(1-kWh) [67] and 34.1 mmol/(1-kWh) [68].

Nevertheless, it is challenging to monitor the generation of short-lived chem-
ical species such as OH but also longer lived species as HyO, for nanosecond
pulsed plasmas. In general, only indirect measurement techniques like optical
absorption spectroscopy can be applied for these short discharges. Therefore,
Mededovic and Locke [69] developed a model to describe the primary chemi-
cal processes induced by spark discharges in water. They distinguish between
a hot core and a recombination region. The latter is the main production
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zone of HoOy whereas the core region enables the majority of molecular hy-
drogen and hydroxyl radical production and about 47% of molecular oxygen
formation. However, this model was developed for spark discharges in liquids
which differ from corona and streamer discharges in liquids. Chauvet et al.
|70] attempted to convert this model to streamer-like discharges in water and
reported a product efficiency of HoOs of 2g/kWh. Nevertheless, a detailed
experimental study of the possible products is necessary to understand the
exact reaction pathways for these in-liquid discharges.

2.2 Characteristics of liquid medium

In-liquid discharges are mostly ignited inside distilled, de-ionised water with
low electrical conductivity of a few uS/cm. In most reports in literature, the
liquid is not degassed. However, current research by Simek et al. [38] shows
that a pre-degassing of the liquid medium increases the emission intensity
of the H, line. The liquid medium is influencing both, the discharge and
the resulting chemistry. Therefore, water as a liquid medium is discussed in
detail as well as general hydrodynamic processes and cavitation.

2.2.1 Hydrogen

During the discharges in distilled water, atomic hydrogen is produced.The
atom can get excited inside the liquid environment by low-energetic elec-
trons which results in line emission during relaxation of the atom. The first
spectral lines in the visible range of hydrogen are described as the Balmer-
series. This series reflects the optical transitions of electrons from higher
levels to the second lowest energy level n=2. The transitions from different
higher levels to n=2 of the Balmer series are denoted as H, (3—2, 656 nm),
Hs (4—2, 486 nm), H, (5—2, 434 nm) and so forth. The transitions to other
levels such as n=1 (Lyman-series) or n=3 (Paschen-series) are not within the
visible spectrum.

2.2.2 Hydrodynamic phenomena

Two important hydrodynamic phenomena can occur for the discharges in
liquids, namely cavitation and the emission of acoustic or shock waves. Both
are described in more detail here.

Cavitation

Cavitation describes the rapid change of pressure inside a liquid, leading to
the formation of small gaseous cavities or bubbles. The process of cavitation
ususally comprises vaporisation, bubble generation and bubble collapse.
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The initial evaporation of a cavitation inside a liquid can be induced by dif-
ferent methods, such as laser irradiation (optic cavitation) or the application
of an electric field. Figure 2.2.1 illustrates the cavitation process induced by
an electric field.

(i) (ii) (iii) (iv)

< / [\
E-field E-field E-field E-field

Figure 2.2.1: Sketch of cavitation bubble formation inside a liquid under the
influence of an applied electric field.

(i) Evaporation: The applied electric field leads to a re-orientation of the
liquid molecules according to its direction. For liquid H5O, the electric
field leads to a strong polarisation of the water molecule and its natural
dipole is enhanced by the electric field. This deformation of water as
a dielectric medium under the influence of an applied electric field is
called electrostriction. The electrostriction leads to a pressure difference
inside the liquid resulting in evaporation. The evaporated area is called
cavitation nucleus.

(i) Bubble generation: The cavitation nucleus starts to grow, either due to
adiabatic expansion or evaporation.

(iii) Mazimum bubble size: The maximum bubble size is reached when the
initial kinetic energy FEy;, equals the potential energy of the bubble
Epot = DiiquidVoubble, With the liquid pressure pjiguiq and bubble volume
Viubble-

(iv) Bubble collapse: The collapse of the bubble is initiated either by com-
pression due to surface tension or condensation until the bubble reaches
a minimum size. The gas inside the bubble can dissipate now inisde
the surrounding liquid.

Dular and Coutier |71] defined two possible leading processes for the bubble
growth (evaporation and expansion) and the bubble collapse (condensation
and compression). An estimation of the leading processes can be done by
comparing the characteristic time of heat transfer at the bubble interface At,
with the bubble lifetime ¢p,:5.. This leads to two cases:
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toupbie >> At,: There is enough time for heat transfer to proceed until ther-
mal equilibrium is reached. The evaporation and condensation of water
and water vapour are the main driving mechanisms (isothermal condi-
tions).

tyunie << At,: The bubble evolution is mainly driven by expansion and com-
pression (adiabatic conditions).

The characteristic time of heat transfer is deduced from the energy balance
of the gas inside the bubble. Dular and Coutier [71]| assumed therefore that
the intitial bubble is exposed to a pressure drop during the time At which
leads to a bubble growth from R to R+ AR and a temperature change inside
the bubble of AT

4
(§7TR3) PaCog AT = AQ — p(4TR*AR), (2.5)

with the gas density p, and the specific heat ¢,y of a constant gas volume
inside the bubble, the heat A(Q the bubble received from the liquid, and the
pressure p at the bubble-liquid interface. This energy balance neglects the
terms for the kinetic energy and the energy of bubble deformation.

The temperature of the gas inside the bubble changes during the growth
process which leads to the formation of a thermal boundary layer around the
bubble interfacing the liquid. The resulting temperature gradient inside this
boundary layer leads to heat transfer by conduction. Therefore, the heat AQ
is driven to the bubble. The characteristic time for this heat transfer process
can be described as: )

AL, — PoCusl)” (2.6)

INipicp

with the thermal conductivity of the liquid \;, the liquid density p; and
the heat capacity of the liquid ¢, for constant pressure with the assump-
tion that the temperature variation inside the bubble is only driven by heat
exchanges. In the case of water and water vapour with p, =0.0173kg/m?,
Cog =717J/(kg-K), Ay =0.653 W/(m-K), p, =999 kg/m?* and c,; =4182 J/(kg-K)
at 20° C, equation 2.6 is simplifying to:

At, = 6.2665 - 10" °R?. (2.7)

Already in 1917, Rayleigh [72] discussed the temporal evolution of a small
cavity with vacuum inside in an incompressible liquid. The description of
the bubble radius R(¢) by Rayleigh has been extended later for compressible
liquids. This is done with respect to a changing bubble radius R propa-
gating at lower velocities than the speed of sound of the liquid medium C'
and including surface tension which leads to the Rayleigh-Plesset equation
describing the bubble wall [73-77]:

RR(l - g) + gRQ<1 — %) = h(1+ g) + (1 — g)gh, (2.8)
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with the enthalpy h at the bubble wall, describing both the internal energy
of the bubble and the product of pressure and volume. The pressure term
includes the surface tension of the bubble.

It is assumed that the bubble is surrounded by an infinite amount of liquid.
In the calculations according to equation 2.8, the bubble is oscillating and
expansion and collapse are alternating. This oscillation can be surpressed by
including condensation at the bubble wall into the calculations.

Waves

The direct liquid discharge initiation by HV pulses is capable of producing
waves inside the liquid medium. In general, it can be devided into two
different wave types with different velocities:

Acoustic wave: An acoustic wave is a sound wave propagating through a
medium with an acoustic velocity, which is specific for the respective
medium (speed of sound). Energy is transported via adiabatic com-
pression and decompression during the propagation. It is sometimes
referred to as pressure wave.

Shock wave: A shock wave propagates inside a medium faster than its local
speed of sound. The local pressure, temperature and density of the
medium changes at the shock wave front. Furthermore, the energy of
the shock wave is preserved but the entropy is increasing in time.

The speed of sound in water at a temperature of 23°C is 1491.5m/s [78]. In
literature, both shock wave and acoustic wave velocities were observed for
waves generated by discharges directly ignited inside liquids [61, 79, 80]. It is
reported that a shock wave is formed during ignition which is later relaxing
into an acoustic wave [61, 80].

2.3 Emission spectroscopy

The intensity of light emission of short-pulsed discharges in liquids is strong
which makes it suitable for spectroscopy measurements. The fundamental
processes leading to light emission are discussed in section 2.3.1. Spectral
emission lines can be broadened due to different physical mechanisms. The
analysis of spectral lines, especially the full width at half maximum (FWHM)
gives insight into the density of electrons inside the plasma for broadened
lines. The most common broadening mechanisms are described in the fol-
lowing section 2.3.2. Furthermore, continuous radiation can contribute to
emission. The different possible generation mechanism of this continuum
radiation are discussed in section 2.3.3.
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2.3.1 Fundamental processes

Excitation and de-exitation

An atom or molecule can be excited by energetic electrons (electron ezcita-
tion). Those free electrons can collide with the atom or molecule and transfer
energy, which needs to be lower than the ionisation energy in order to ex-
cite the particle. Therefore, a bound electron reaches a higher level and the
atom/molecule is excited. The de-excitation of the atom/molecule to a lower
level occurs under the emission of light with a wavelength according to the
energy difference of the two levels (electron relazation). This light can then
be detected and analysed.

Ionisation and recombination

The collision of a free electron or another particle with an atom or molecule
leads to energy transfer. When this energy is higher than the ionisation
energy of the colliding partner, the atom or molecule gets ionised. The re-
combination of the ion with an electron can occur via different recombination
mechanisms:

Three-body recombination: A positive ion is colliding with two electrons at
the same time. One of the electrons is recombining with the ion during
this process and the released binding energy is transported away with
the second electron.

XT4+e 4+ —X+e

Dissociative recombination: When a molecular ion is colliding with an elec-
tron, two neutral atoms can be produced according to:

XY"+e —sX+Y

Radiative recombination: In case of an ion recombining with an electron
through collision, energy can be set free in form of a photon.

X" +e —s X+hv

This recombination mechanism can be observed with spectroscopic
methods.

2.3.2 Spectral line broadening

When an atom or ion is excited and relaxes, it emits light with the energy
E = hv which is characteristic for each element and each transition. The
distance between the discrete levels is different for each element and there-
fore elements can be correlated to light emission with specific wavelengths
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and hence emission spectra. These discrete emission lines have a natural
broadening due to the uncertainty principle which is negligible in most cases
according to Griem [81].

In general, the emission line reflects the light emitted from one transition
within a particle. But the emission line can be influenced by more than
just the type of emitting particle. By taking into account all other particles
present in the surrounding (perturbers), the broadening of the spectral line
can further be explained by pressure broadening. Pressure broadening com-
prises three different broadening mechanisms, namely resonance broadening,
van der Waals broadening and Stark broadening.

Resonance broadening describes the broadening of a spectral line induced by
a perturber particle which is identical to the emitter particle. Therefore, it
is possible for an energy exchange to occur. The acting van der Waals forces
of the perturber particles on the emitting particle lead to a broadening of
the spectral lines which is called Van der Waals broadening. The interaction
of the emitter particle with the electric field of a charged perturber particle
is described by Stark broadening. Due to the presence of the electric field,
the spectral lines of the emitting particle get shifted and splitted. The Stark
broadening is directly associated with the electron density which therefore
can be used to determine this parameter.

Additional to pressure broadening, there can be different other broadening
mechanisms. The (thermal) Doppler effect resulting from the velocities of
the emitting particles with respect to the observer also leads to a broad-
ening of spectral lines (Doppler broadening). The distribution of velocities
assigns an emitted photon to be either red- or blue-shifted by the Doppler
effect, depending on the velocity relative to the observer. The instrumental
broadening of spectral lines is simply generated by the influence of the ex-
perimental setup with all its components.

Aside from these local broadening mechanisms, there is one non-local process
which needs to be considered. As the name opacity broadening indicates, it
is related to the optical depth or thickness 7 of the plasma with:

7(f) :/0 a(x, fde. (2.9)

The optical depth varies for different frequencies f and is calculated by in-
tegrating the absorption coefficient a over the distance d which needs to
be surpassed by the emitted light. For a homogeneous plasma equation 2.9
simplifies to:

T=n-0-d, (2.10)

with the particle density n along the optical path d and the cross section o.
A plasma is optically thick for 7 >> 1 and optically thin for 7 << 1. The
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optical depth of a plasma describes its transperancy which is influenced by
the number of absorbing species inside the discharge along the optical path.
The higher the number of absorbing particles along the optical path, the
thicker the optical depth.

According to this, emitted photons during one transition within the discharge
may be reabsorbed along the optical path. The absorbing particles may
be the very same species which emitted the photons. The reabsorbtion of
photons leads then to the so-called self- or line reversal of an emission line.
This influences mostly the center of the emission line. The photons at the
center of an emision line have a higher reabsorption probability than the
photons at the wings of the line. This effect can generate a dip in intensity
at the central position of the emission line (line reversal).

2.3.3 Continuum spectra

In comparison to discrete emission lines, also continuum radiation can be
found in emission spectra. These continuum spectra can originate from dif-
ferent mechanisms, which are described below.

(i) Broadened spectral lines

Emission lines can be significantly broadened due to the different mechanisms
described in section 2.3.2. Especially Stark broadening can contribute to the
overall line broadening at very high electron densities. In addition, emission
line profiles can be modified due to self-absorption causing a reversal of the
center of the line [82]. The wings of the broadened emission lines can overlap
with neighbouring broadened lines and therefore a contribution to the overall
continuous spectrum can be made.

(ii) Line emission from molecules

In a similar manner to broadened spectral lines, molecular line series can
also be broadened. In general, they extend over a wide spectral range which
makes it challenging to identify individual broadened lines.

(iii) Continuum emission from molecules

Continuous emission can also originate from radiative dissociation continua
which result from spontaneous radiative dissociation. This describes the
decay of the discrete vibrational level of an excited electronic state (X3) into
the vibrational continuum of electronic state under the emission of a photon
which can be observed for example in the interstellar medium [83]:

i — H+H+hy

22



CHAPTER 2. FUNDAMENTALS

In laboratory plasmas, emission from molecular transitions such as the ra-
diative dissociation continuum of Hj (a®¥} — 0*31) can contribute to the
overall continuum spectrum. This continuum contribution depicts the tran-
sition from an upper bound state to the lower dissociative state. Lavrov
et al. [84] discussed about this continuum for non-equilibrium hydrogen
capillary-arc and Hy:Ar microwave discharges. In addition, Fantz et al. [85]
investigated this radiative dissociation continuum for a low-pressure ECR
plasma and compared experiment with a model. Both groups predicted the
continuum emission by calculations which include several vibrational levels.
This specific continuum is limited to a wavelength range between 180 nm to
400 nm.

(iv) Continuum emission from free-free and free-bound radiation

Free-bound radiative transitions describe the capture of a free electron by
an ion (2-body recombination). The probability of this recombination in-
creases with increasing pressure present in the discharge. High pressures
have been measured for in liquid discharges in the GPa range [60, 86]. In
comparison, free-free radiation is created by the change of momentum of an
electron during e.g. a collision with an ion or a neutral atom or molecule
(Bremsstrahlung). The radiation resulting from these transitions can be de-
scribed by an emission coefficient according to equation 2.11 [87]:

€cont = e?’b + e?f + €5} (2.11)

with the emission due to recombination of an ion with an electron:

€l = Clvne—;:if_e - exp(—%ﬂg;g(x,n), (2.12)

and the emission due to collisions between electron and ions:

el

Nen; he e
€ = Clv—\/Teeafp(—m)fff()\,Te), (213)

and the emission due to collisions between electrons and neutrals:

NeNg

)\2

he
T32Q(T.) exp(— )\kBT)' (2.14)

PPN R
( - )\k;BT) -

The constants are C; = 1.632 - 1073 Jm*K"®/(s-sr) and Cy = 1.026 - 10734
J m2 K%2/(s -sr) [87]. The densities of electrons, ions, and neutrals are
n., n;, and n,, and A\ is the wavelength, 7T, the electron temperature, h
Planck’s constant, ¢ the speed of light, kg the Boltzmann constant, and
fjefb sy are the Biberman factors for free-bound and free-free transitions. The
Biberman factors are a correction term for non-hydrogenic behaviour [88|.
For discharges in water, these factors can be set to unity for simplicity because

en __
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hydrogen is a prominent collision partner. The cross section for electron
neutral collisions Q(7,), can be set to a typical value of 1072 m? [86].

(v) Continuum emission from black-body radiation

At last, the continuum radiation can be described by black-body radiation,
originating from the plasma or the hot metal electrode during the pulse-on
time. A black body emitter can be assumed as an estimation, although a
grey emitter would be more accurate. Black-body radiation can be estimated
by Planck’s law according to:

2hc? 1

AP ea:p(/\,:‘;T) —1

(A, T) = (2.15)
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“We are trying to prove ourselves
wrong as quickly as possible,
because only in that way can we
find progress.”’

Richard Philips Feynman

3 Experiment, diagnostics
and methods

In this chapter, a nanosecond pulsed plasma source for in-liquid discharges
are described. The nanosecond pulser is described in the first section of this
chapter. The following sections comprise different diagnostics. Each diag-
nostic and the underlying physics will be described as well as the correlation
to the research questions from chapter 1.

3.1 Experimental setup

The setup involving the plasma chamber as well as the nanosecond pulser is
described in this chapter. Furthermore, electromagnetic interference gener-
ated by the nanosecond pulsed plasma source is discussed.

3.1.1 Plasma chamber

The plasma chamber used for the nanosecond pulsed plasma sources is made
out of poly(methyl methacrylate) (PMMA). The overall liquid volume in-
side the chamber is approximately 25ml. A sketch of the chamber is shown
in figure 3.1.1. The electrodes are mounted from top and bottom into the
chamber. The chamber has a width of 2 cm and the electrodes are placed in
a central position so that the electrode tip has an approximate distance of
lLem to the front and back walls (figure 3.1.1(b)). The setup is built with
two water inlets and two outlets which can be opened and closed by manual
valves which allow a steady-state mode (no change of liquid) and a flow-mode
(continuous replacement of liquid). For the latter one, a peristaltic pump is
connected to the bottom and the top valve, allowing a continuous flow of lig-
uid. The steady-state mode is used by filling the chamber via the top valve
and the air in the chamber gets expelled by the liquid via the top side valve.
The liquid outlet for later ex-situ analysis of the chemically modified liquid
is at the bottom side valve. Furthermore, three fused silica UV broadband
windows are mounted onto the chamber for camera and spectroscopic mea-
surements, two at the sides for line-of-sight measurements and one at the
front, respectively. The back is covered with a substrate holder made out
of PMMA for surface treatments. The substrate holder is designed with a
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(@) (b) (€)

Copper rod
+—— Glas tube

«— Cannula

! «—— Tungsten wire

Figure 3.1.1: (a) Front view and (b) side view of the plasma chamber and (c)
powered electrode configuration, respectively. The grounded
electrode is built likewise without the tungsten wire.

| ——

stamp mechanism so that the treated surface can be pressed by the top part
of the holder to the bottom holder part. A sketch is presented in figure 3.1.2.

The substrate holder is then mounted directly to the chamber. The elec-
trodes (figure 3.1.1(c)) consist of glas tubes with inserted copper rods. Both
electrodes are connected to the high voltage (HV) cables. The electrode
tip immersed into the liquid is made out of a stainless steel cannula with a
diameter of 0.8 mm with a clamped in tungsten wire (99.95%, Goodfellow
GmbH). This wire has a 50 pm diameter and is used to enhance the electric
field strength at the tip. The grounded electrode is connected to a second
stainless steel cannula but without a wire.

Figure 3.1.2: Substrate holder for in-liquid surface treatment.
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3.1.2 Nanosecond pulsed plasma source

The nanosecond pulsed plasma source is the commercial FPG 30-01NK10
high voltage pulse generator from FID Technology GmbH. This pulser is
capable of producing pulses with 10ns length (pulse duration at 80%) and
rise times of 2-3ns. The amplitude can be varied from 10-30kV, whereas
the frequency variation ranges from 1-100 Hz. The pulser is used only with
internal triggering, although an external triggering is possible. A sketch of

Faraday cage

___________________________________________________________________________________________________________________________________________

Figure 3.1.3: Nanosecond plasma setup inside Faraday cage. The nanosecond
HV pulser is connected via a coaxial cable (length L=a+b)
with a back current shunt (BCS) mounted at a central position
(a=b). The electrodes inside the chamber have a distance of
Aejectrodes- The HV plug is connecting the powered electrode
(red line) and the grounded electrode (blue line) with the inner
and outer conductor of the coaxial cable, respectively. The
cable lengths and other sizes are not true to scale.

the implementation of the pulser into the setup is shown in figure 3.1.3. The
nanosecond pulser is connected to the powered electrode via a RG217 coaxial
cable (black line). The cable length L (L = a+b) is an important parameter,
because a part of the power gets reflected inside the cable and travels back to
the pulser due to mismatching of the plasma load. Therefore, different cable
lengths were used to distinguish between the incoming and reflected pulses.
The used cables are 3.4m, 6m, 8.6m, 10m, and 12m long. According to
that, a self-constructed high voltage cable connector between the coaxial ca-
ble and the electrodes is designed to allow a faster changing of the different
cable lengths. Five connectors for each cable are built, splitting the inner
and outer conductor of the RG217 cables and mounting them to high voltage
connectors. The electrodes can then be plugged into the powered (inner con-
ductor) and grounded (outer conductor) part of the connector. The powered
and the grounded electrode connection is illustrated by the red and the blue
line in figure 3.1.3, respectively.

The propagating pulse through the HV cable does not dissipate completely
into the discharge/liquid due to mismatching impedances. Therefore, a part
of the pulse gets reflected at the electrode and travels back to the pulser where
it is reflected again. This leads to many reflections and the attenuated pulse
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travels inside the cable back and forth. The Fresnel coefficient at the electrode
can be determined from the dielectric constant of water €,qe,=80 (still valid
in GHz frequency range [89]) and the dielectric constant of the shielding
material of the HV cable which is polyethylene (LD-PE) with e, ppp=2.4:

Telectrode = \/€water _ \/GLDPE =0.7. (31)

\/Ewater + \/GLDPE

This gives a reflectivity of Repectrode = Toetroqe = 0-5 which indicates that
part of the pulse is getting reflected at the electrode. This is just a rough
estimation because the electrode components (copper rod, stainless steel can-
nula and tungsten wire) itself influence the reflectivity, which is not included
in this calculation for simplicity. The lengths of the cable influences the
temporal distance between the reflected pulses [55, 56, 59].

3.1.3 Electromagnetic interference (EMI)

The nanosecond pulser produces HV pulses with short rising times of only
a few nanoseconds. Due to this fast increase in voltage, electromagnetic
interference (EMI) is arising. This EMI is shielded to avoid a disturbance of
other equipment. Therefore, the nanosecond power supply and the plasma
chamber with all connecting cables are mounted inside a Faraday cage (figure
3.1.3). The only cable leaving this cage is from AC power which is covered
with three ferrite cores. For voltage measurements with a back current shunt
(BCS, described below) the connecting BNC cables were also covered with
1-2 ferrite cores as well as for the triggering signal for camera measurements,
which is taken from the power supply.

3.2 Diagnostics and methods

3.2.1 Electrical conductivity

The electrical conductivity is a quantity to describe how strong a medium
is conducting an electric current. In general, the conductivity o is linked to
the electrical resistivity:

S (3.2)

with the electrical resistivity p, the magnitude of the current density j, and
E being the electric field.
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The electrical conductivity of the used liquids is measured with a GLF100
conductivity meter by GHM Messtechnik. This apparatus is measuring the
current / and the voltage drop U between two contacts with a distance
of [ and an electrode surface A. This results in the electrical conductivity
according to:

Il
CUA

o

(3.3)

For liquids, and especially electrolytes, the mechanism of conducting the elec-
trical current is different to solids. While the conduction in solids is carried
by electrons and holes, the liquid conduction is carried by the charged species
inside the liquid. The current flowing in the liquid is transported by ions and
with a higher ion concentration in the liquid, the electrical conductivity in-
creases. Additionally, the current flowing through the liquid can lead to a
more enhanced Joule heating and consecutive formation of cavitation bub-
bles in which discharge ignition can take place. Therefore, the breakdown
field decreases for higher electrical conductivity for the same electrode gap
distance [90, 91].

In contrast to that, dielectric liquids such as distilled water (dielectric con-
stant €=80) shield part of the electric field (screening). This mechanism
enhances for increasing dielectric constant of a liquid. For these cases, the
breakdown voltage inside the liquid increases due to the screening effect.
Therefore, liquids with high electric conductivity but also high dielectric con-
stant can have a higher breakdown voltage as a liquid with lower electrical
conductivity. Usually, liquids such as ethanol or sodium chloride solutions
which are also used for plasma in liquid discharges have a high electrical
conductivity but also a low dielectric constant compared to distilled water.
However, M. Kai [80] found that higher applied voltages are necessary for
higher conducting liquids (ethanol 6 uS/cm, 0.9% sodium chloride solution
1.4mS/cm ) for the ignition of a nanosecond pulsed plasma with short ris-
ing times of 2-3ns. Although the higher electrical conductivity enhances the
current flow through the liquid, the time scale for efficient Joule heating and
cavitation void formation is too short for a plasma to ingite. This can be sup-
ported by findings of Marinov et al. |[61], where nanosecond pulsed plasmas
with 30ns pulse duration and 5ns pulse rise time were ignited in distilled
water (¢=80), ethanol (e=27) and n-pentane (e=1.84). The applied voltage
for discharge ignition increased from 3.5kV in distilled water, to 4-5kV in
ethanol and to 10kV in n-pentane. The same trend of increasing breakdown
voltages with decreasing dielectric constants has been found by K.C. Kao
[92]. In conclusion, another ignition process than Joule heating and result-
ing cavitation formation must take place, which shows a different or even no
correlation to the electrical conductivity.
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3.2.2 Electrical measurements

The voltage measurements for the nanosecond pulsed plasma are performed
with a so-called return or back current shunt (BCS) and its signal is mon-
itored by a HD6104A oscilloscope from Teledyne LeCroy GmbH. The BCS
is based on the shunt mechanism but is placed in the return leg (grounded
side) of the coaxial cable to avoid a damage of the resistors of the oscilloscope
by the high voltage potential. The first use of a BCS for nanosecond pulsed
plasmas was performed by Udagawa et al. [93]. This technique deduces the
current through the transmission cable from the measured voltage drop at
the resistors of the BCS. Furthermore, the power can be determined from
the incident and reflected pulses inside the cable. A partial reflection of the
pulse appears due to a mismatch of impedance at the plasma load. A min-
imum length of a few meters is needed so that the two pulse signals can be
distinguished and do not overlap.

RG 58

RG 217 Oscilloscope

FID ns pulser— ) — Plasma

11x3.30 Jxn

Figure 3.2.1: Schematic of the back current shunt used for the nanosecond
pulsed plasma voltage measurements.

The shunt is constructed by soldering 11 x 3.3 (total shunt resistance
Rspunt = 0.3Q) resistors in parallel into the return leg at a central position of
a RG 217 coaxial transmission line (bedea Berkenhoff & Drebes GmbH). A
schematic of the BCS is given in figure 3.2.1. When the HV pulse passes the
back current shunt, a current flowing through the ground shield of the cable
is created due to induction, creating a voltage drop at the shunt resistor of

|94]:

UBCS = Rshunt 1. (34)

This voltage drop is measured by an oscilloscope connected with an attenua-
tor with attenuation factor v = 31.623 for a 30 dB attenuator (20 dB+10dB
attenuators in series). Therefore, the monitored value of the voltage drop by
the oscilloscope Uscope is:

U
Uscope - Bes . (35)

Y
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The line current I(x,t) in the coaxial cable can be determined from the
measured voltage Uscope as followed:

[(.I', t) = Uscope : (1/Rshunt> Y, (36)

with Useope the measured voltage drop in the shunt, Rspyne = 0.3 €2 the total
resistance impedance of the shunt and an attenuation factor ~. Inserting
Rgpunt and v, equation 3.6 simplifies to:

I(z,t) = 105.41 - Useope- (3.7)

With this relation the actual voltage pulse can be determined according to
Ohm’s law:

U(x,t) = Repar - I(x,t) = 105.41 - Reoas * Uscope, (3.8)

with the cable resistance R.,,, = 502 of the transmission cable.

3.2.3 Phase-resolved ICCD imaging

The discharge during one pulse can be monitored by phase-resolved inten-
sified charge-coupled device (ICCD) imaging. For this technique, an Andor
iStar camera is used with the minimum gate of ¢,4..=2ns. The discharge is
focused onto the CCD chip of the camera with a focusing lense. The delay
between discharge ignition and camera measurement is canceled out by set-
ting the internal delay 4ciq, to this time delay (e.g. t4eiqy =485 ns for the 12m
cable). This value can be roughly calculated from the cable length and then
be finely adjusted by shifting ?4e4, just before the first emission is visible.

The understanding of the plasma dynamic would require a temporal corre-
lation between voltage pulse (BCS) and light emission (camera) from the
discharge. This is, however, difficult on the required temporal scale of ns
or less. A synchronisation between the BCS signal and the camera is not
possible, because on the one hand the BCS signal is too high and would
damage the external trigger of the camera, which is maximum 5V. On the
other hand, the EMI transported from the BCS is influencing the camera
too much. The measured voltage drop at the BCS is in the range of tens of
volts and therefore too high to be used as a trigger signal. Even if it would
be possible to trigger the camera with the BCS (e.g. by using attenuators at
the output of the BCS), it is almost impossible to measure all cable length
without any error to calculate the delay time. Therefore, the first emission
is correlated with the rise of the voltage pulse. The plateau phase of the
voltage pulse is leading to a ‘dark phase’ in emission as discussed in liter-
ature |29, 36|. The correlation of the first emission with the rising front of
the voltage pulse leads to an overlap of an intensity drop during the plateau
phase. Therefore, it is assumed that this cross-correlation is accurate.
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Then, the delay is shifted by ¢4 ;=2 ns after each single shot and therefore
individual spectra following the whole pulse length can be resolved. However,
the imaging of the discharge evolution is not resolved within one pulse. Since
the camera is not fast enough to resolve a single pulse, single shots of the
discharge are taken during different pulses for different times inside the pulse.
Hence, the monitoring of e.g. one streamer is not possible with this setup.
Nevertheless, this phase-resolved imaging is giving information about the
overall intensity, the position of the plasma at the electrode tip and the
behaviour of the discharge during the rising and the falling edge of the voltage
pulse.

3.2.4 Shadowgraphs

Shadowgraphs are a method to monitor non-uniformities in liquids. This
technique is using the fact that disturbances in a medium refract light rays
which lead to shadows. A schematic of the setup is shown in figure 3.2.2.

Xe short Collimating f=60 mm Andor iStar
arc lamp lense ICCD camera

Figure 3.2.2: Schematic of the optical shadowgraph setup. The dashed lines
illustrate the light beam.

The light from a xenon short arc lamp is collimated and illuminates the
plasma chamber from behind. The light beam reaches the electrode tip
through the windows of the chamber. The changes in the refractive index
generated by density gradients depletes the light beam which is focused be-
hind the electrode (f=60 mm) and is then collected by an Andor iStar ICCD
camera (DHT734-18U-03). The camera has a spectral sensitivity in the range
of 180-850 nm and is triggered by the sync-output of the HV pulse generator.
The jitter of the triggering signal is in the low picosecond range and can be
neglected.

The shadowgraphs are taken to monitor the evolution of the plasma and
the resulting density fluctuations inside the liquid. In general, Schlieren

32



CHAPTER 3. EXPERIMENT, DIAGNOSTICS
AND METHODS

measurements could also be performed but exhibit much lower light intensity
compared with shadowgraphs for the same light source due to its optical
setup.

3.2.5 Optical emission spectroscopy

Optical emission spectroscopy (OES) is performed to monitor the spectral
lines of different species which indicate the composition of the plasma in a
time-resolved manner. With that, the composition of excited species inside
the plasma can be analysed. Furthermore, the spectral line shape due to
Stark broadening can be used for determining the electron density as well as
the electron temperature.

The light emitted from the nanosecond pulsed plasma is analysed with a
triple-grating SpectraPro 750 spectrograph from Acton Research with a 50
grooves/mm grating blazed at 600 nm and a slit width of 25 pum. A sketch of
the setup is illustrated in figure 3.2.3.

Two different optical fibre setups were used for different measurements: (i)
The time-resolved discharge emission is measured with a 30 ns gate and 15 ns
steps with a PI-MAX 1K Princeton Instruments camera (Gen II RB Slow
Gate Intensifier) (ICCD 1 in figure 3.2.3) to monitor various pulses due to
pulse reflections at the discharge chamber and the pulser. With that, an
overall time span of about 300 ns could be resolved. (ii) The emission spec-
tra with an even higher time-resolution from the ignition to the end of the
initial pulse is measured with both, gate and step width of 2 ns, with the An-
dor iStar ICCD camera (DH734-18U-03) (ICCD 2 in figure 3.2.3). Therefore,
an overall time span of approx. 30ns can be resolved. These two different
measurements will be distinguished in the following as whole expansion over
several hundrets of nanoseconds resolved (i) and initial pulse resolved (ii)
measurements.

For both measurements, the light emmission is collected by a collimator at-
tached to the first of two UV suitable optical fibre bundles ((d) in figure
3.2.3). This fibre bundle for measurement (i) is a plastic shielded fibre from
Thorlabs GmbH with a core diameter of 600 pm. Measurement (ii) is per-
formed with a custom made optical fibre bundle without shielding, also with a
core diameter of 600 um from CeramOptec GmbH. This first plastic-shielded
or unshielded fibre is necessary to transport the light emission out of the
Faraday cage without EMI. Each of these fibre bundles is then connected via
a fibre connector to the second fibre bundle. This is a special manufactured
metal-shielded double-y-fibre bundle (53x fibres inside the bundle) by Cer-
amOptec GmbH with a core of 100 um (denoted as (c) in figure 3.2.3) for
both measurements (i) and (ii). This bundle has two y-shaped ends, which
allows a reference light source to be displayed next to the discharge emission
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Acton Research
Spectra Pro 750
Spectrograph
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Instruments
Pl max

Figure 3.2.3: Schematic of the complete optical emission spectroscopy setup.
The dashed line represents the Faraday cage around the plasma
chamber and the HV pulser.

on the one side. Additionally, a laser can be coupled into the beam path of
the fibre optic to focus the beam path on the 50 um tungsten wire on the
other side (compare figure 3.2.3).

The two bundle ends on the plasma chamber and on the spectrograph side are
used for alignment. They contain seven fibres from the fibre bundle. There-
fore, the emission from the plasma is captured by the remaining 45 fibres of
the fibre bundle. All fibre bundles have a numerical aperture NA=0.22 and
the distance between the collimator and the tungsten electrode tip is approx.
4 cm. The collected light from the plasma is therefore covering a field of view
of a few millimeters.

The two cameras used for measurement (i) and (ii) have different focal planes
which results in different wavelength coverages. The Andor iStar CCD chip
has a size of 1024x1024 pixels with a pixel size of 13x13 um and a focal
plane of 13.3mm. This results for the 50 grooves/mm in a linear dispersion
of 26.4nm/mm and a resolution of approximately 0.35 nm/px. The PI-MAX
1K has a chip size of 1024x256 pixels with a pixel size of 26x26 um and
therefore a focal plane of 26.6 mm. This results in wavelength coverages of
351.12nm and 707.52nm for the Andor and Princeton Instruments camera,
respectively.

Because of the smaller wavelength coverage of the Andor camera, the spectra
for highly time-resolved measurements are recorded at three different central

wavelengths (CW) (400nm, 550 nm and 850 nm) and are merged together
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Figure 3.2.4: Instrumental profiles for the setup with (a) the PILMAX 1K
camera (FWHMp;=2.3nm) and (b) the Andor iStar camera
(FWHM 4pngor=1.8 nm).

via a Matlab skript which combines the three spectra after background sub-
straction resulting in a complete spectrum for each step in time. A high pass
filter is mounted between collimator and plasma source to supress the second
order for the central wavelengths of 550 nm and 850 nm. The filter cuts off all
wavelengths below 500 nm and, therefore, the spectrum with CW=550nm is
measured both with and without filter.

Furthermore, all measurements are calibrated with a Do-Halogen lamp. The
instrumental profiles for both cameras are measured with a helium neon
laser (HeNe, 633nm), shown in figure 3.2.4. The instrumental profiles have
FWHM of 2.3nm and 1.8 nm for the PI-MAX 1K and the Andor iStar cam-

era, respectively. This is equivalent to the effective resolution of each system.

3.2.6 Optical absorption spectroscopy for liquid chem-
istry analysis

Optical absorption spectroscopy (OAS) is a diagnostic to determine the
wavelength-dependent absorption spectrum of gases, liquids and solids. This
is performed by measuring the irradiation passing through the observed
medium, interacting with it. For discharges in liquids, this diagnostic is
often applied after discharge treatment of the liquid to analyse the chemical
composition. Therefore, the liquid is extracted after the treatment from the
discharge chamber and is then analysed. Hence, this method is most suitable
for longer lived species, such as HyO,. In general, HyO, is difficult to detect
directly, because of its broad UV absorption spectrum [95, 96]. Therefore,
the HyO, absorption signal is enhanced by using the calorimetric method.
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The calorimetric method is applied by using a commercial test kit by Merck
KGaG (Spectroquant® Hydrogen Peroxide Test 1.18789.0001) which is based
on the reaction of HyO4 with Neocuproine-Copper(IT). This method exhibits
a detection range of 0.88-176.39 umol /1 matching the HyO4 concentrations of
in-liquid pulsed discharges. It is based on the reduction of Cu(II) to Cu(I)
in the presence of Neocuproine (NC). This reaction is shown in the following
and leads to an absorption peak at 454 nm:

2Cu*" +4NC + H,0p — 2Cu(NC)y™ + 0y +2HT

After plasma treatment, a liquid sample is extracted from the discharge
chamber and is inserted into a cuvette in the OAS setup, shown in figure
3.2.5. The light source used for optical absoprtion spectroscopy is an EQ-

@ i

(a) (b) (c) (d) (e) (f) (8) (h)

Figure 3.2.5: Setup for optical absorption spectroscopy consisting of a (a)
laser driven light source, (b) collimator with f=60 mm, (c) grey
filter, (d)bandpass filter, (e) shutter, (f) cuvette for liquid sam-
ple, (g) focusing lense, and (h) spectrometer.

99XFC LDLS from Energetiq Technology. This light source has a spectral
range from 190-2100 nm. A grey filter is placed into the beam to attenuate
the intensity of the light source which is afterwards reaching a bandpass fil-
ter only allowing light from 350-650 nm to pass. After passing a shutter, the
light beam travels through the cuvette which is filled with the treated liquid
sample. Then, the beam is focused onto a SILVER-Nova 25 TEC BW16
spectrometer by StellarNet. A calibration has to be performed before each
measurement using untreated liquid. With this and the measurement of the
absorption peak at 454 nm after plasma treatment, the concentration of HyOq
inside the sample can be calculated from the absorbance A according to the
Beer-Lambert law (equation 3.9):

I —1I
A= —lOglo <T—0]0> = ECd, (39)

where [ is the intensity of the beam passing the treated sample at 454 nm,
I,c; is the intensity of the beam passing the untreated sample, Iy is the
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background intensity, € is the molar extinction coefficient with e—1.68-1072
1/(nmol-cm), ¢ is the HyOy concentration and d is the path length through
the sample which is 10mm in case of this cuvette. The molar extinction
coefficient € is determined from a calibration curve, which is measured with
a commercial standard 30% H,O, solution.

3.2.7 Determination of electron density n.

The spectrum of discharges in distilled water usually reveals distinctly the
H, line at 656 nm and an atomic oxygen line at 777 nm (OT). The full width at
half maximum is broadened for both lines. An exemplary spectrum showing
these two lines is presented in figure 3.2.6(a). Figure 3.2.6(b) presents the
two lines together with a fit of both lines according to the following analysis.

(a) (b)
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Figure 3.2.6: (a) Exemplary spectrum at 90 ns after ignition of a 10 ns pulsed
discharge in distilled water at 20 kV. This spectrum is measured
with a PI-MAX 1K camera with a gate of 30 ns and is accumu-
lated over 10000 discharges. The H, emission line at 656 nm
and an atomic oxygen line OI at 777 nm are visible. (b) Exem-
plary spectrum at 90 ns after ignition (open circles), fit of the
data with the described procedure (solid line) and a simulta-
neously fit continuous background (dashed line). The best fit
parameters are n, = 8 10**m™ and 7,=0.5¢eV.

It can be seen from figure 3.2.6 that both emission lines are isolated and
do not overlap each other. Therefore, the impact approximation for isolated
lines can be applied for the atomic oxygen line according to Griem [81]. This
approximation describes the line shape function I(w) of isolated lines by a

!The fitting procedure of the spectra with the resulting electron densities has been
developed by Julian Held.

37



3.2. DIAGNOSTICS AND METHODS

Lorentz profile:
1 W

T w2+ (Aw—d)?’

with w the half width at half maximum (HWHM), Aw the frequency detuning
and d the shift of the line. With the FWHM ~ = 2w, Aw = (2m¢/A3)AN,
wy = (A2/2mc)w, and dy = —(A\3/27mc)d,, the equation transforms to:

L(w) = (3.10)

Nc v
w2 244 (AN+dy)?
With this, the OI emission line in figure 3.2.6 can be fitted according to:

L)) = (3.11)

. 2A ¥
T a0 — A2
similar to equation 3.11 with the area A under the emission line, v the full
width at half maximum (FWHM), A, the central wavelength of the line and

the wavelength .

(3.12)

The fitting of the H,, line is based on the comparison between the experimen-
tally measured profiles and computer simulated profiles of Gigosos et al. [97]
depending on the electron densities:

(i) ne = 10*—10**m~3: The complete line profiles given by [97] for discrete
electron densities are used and compared with the measured spectrum.
For electron densities values in between the discrete values an interpo-
lation is applied.

(i) me < 10 m=3 and n, > 10®m~3: For these ranges, an approximation
formula provided by [97] is used. Nevertheless, these values have to be
taken with caution as the underlying theory has not been experimen-
tally validated above 10%°m™3.

The electron density for the best fit with the H,, line is then compared with
the Lorentz fit of the OI line. The line profile € is described by the convolution
(%) of the instrumental profile P, the Stark profile S and the van der Waals
profile W (if necessary) and is dependent on the gas density ng,, the gas
temperature T}, the electron density n. and the electron temperature 7¢:

€(ng, Tyyne, T,) = P x S(ne, T.) * W(ng, T,). (3.13)

The complete fit function [(Agy,, Aor, ng, Ty, ne, Te) is the sum of both line
profiles ey, and €p; which are weighted with their intensities Ay, and Aoy,
respectively, according to:

](AHM AOIa Ng, Tga Ne, Te) = AH(X s €H, ()\07Ha7 Ng, Tg? ne)
+ Aor - eor(Xoor,ng, Ty, ne, Te), (3.14)
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with the unshifted wavelength positions Ao z, and Ao o7 for the H, and atomic
oxygen line, respectively. The parameters n, and T}, are set to fixed constants
motivated by the results from the cavitation theory model (section 4.4) in the
case of a possible van der Waals contribution. The line intensity, wavelength
positions, and electron densities and temperatures are fitted.

If the agreement between data and fit is decent, an overall model spectrum is
given as shown in figure 3.2.6(b). This fit shows excellent agreement with the
measured data. Additionally, a continuuum background has to be included
in the procedure and substracted for the spectral line fit correlating to the
previously discussed continuum radiation. This is done in a self-consistent
fit algorithm (Levenberg-Marquardt) with the following fitting procedure:

1. Reading the background substracted data.

2. Finding the best match of simulated H, line from [97] with data and
simultaneously fit atomic oxygen line with Lorentz profile including the
electron density given from the respective simulated profile.

3. Substracting the best guess of line profiles from data.

4. Smoothing the resulting continuum background spectrum with rolling
average (over 100 pixel, about 700 nm).

5. Returning sum of smoothed continuum background spectrum and line
emission.

According to this fitting procedure, the data is treated as a combination of
line emission and continuum background. Each spectrum is analysed indi-
vidually to avoid systematic errors.
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““The important thing is not to stop
questioning; curiosity has its own
reason for existing. "’

Albert Einstein

4 Physics of nanosecond pulsed
plasmas in distilled water

The following chapter deals with the physics of the nanosecond pulsed plasma
inside distilled water. The electrical discharge properties will be discussed
in section 4.1. Afterwards in section 4.2, the discharge ignition is analysed,
focusing on possible initiation mechansisms which deal with the first research
question

"Which physical processes cause ignition of a high voltage, nanosecond pulsed
discharge in a liquid environment?".

Section 4.3 discusses the physics of the discharge during the initial voltage
pulse, including the analysis of emission spectra and propagation mechanisms
inside the liquid. Furthermore, re-ignitions of the discharge due to electrical
oscillations inside the cable are monitored over a longer time scale of a few
hundrets of nanoseconds and finally, the electron density for the initial pulse
and the re-ignitions is determined. In this section, the first part of the second
research question

"How is the discharge propagating inside the liquid medium and how is this
correlating with the chemical species created by the plasma?"

is adressed. The second part concerning the chemistry induced by the plasma
is then discussed in the last two sections. After discharge emission, a cavita-
tion bubble is formed, which is outlined in section 4.4. Lastly, the chemistry
of these discharge, in particular the HyOq production, is discussed in section
4.5.

4.1 Electrical discharge properties

The electrical properties, specified by the used pulsed power source, are key
parameters to change the physical behaviour of the discharge inside the lig-
uid. Therefore, it is necessary to gain as much knowledge as possible about
the electrical characteristics of the discharge system.
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4.1.1 Pulse shape characteristics

The electrical properties of the discharge are crucial parameters for the be-
haviour of ignition and propagation inside the liquid. The most important
properties are the rising time (i), the amplitude (ii), the polarity (iii), the
pulse length (iv), and the shape of the pulse (v). These properties can be
monitored by the BCS and influence the discharge as follows:

(i)

(iii)

(iv)

(v)

rising time: The rising time of the pulse is crucial to distinguish differ-
ent ignition mechanisms inside the liquid. In literature it is shown that
pulses with long rising times of a few hundreds of ns to us are leading
to a microbubble formation previous to the discharge in the electrode
tip vicinity [61]. This, however, might not be true for pulses with rising
times below several nanoseconds, because the liquid cannot react fast
enough to the resulting forces exerted by the applied electric field, as
described in chapter 2. Other ignition mechanisms have to be taken
into account, as e.g. field effects which are described in section 4.2.

amplitude: The amplitude of a pulse is a measure for the energy dis-
sipated within the discharge. With higher amplitudes, more energy
is dissipated into the liquid which, therefore, results in an increase in
emission intensity and possibly also in higher electron densities.

polarity: The polarity of the pulse could be an important parameter
for the ignition process. If the ignition is in fact generated by field
effects, the polarity of the pulse would influence the ignition process
significantly. For a positive potential between electrode and liquid,
field ionisation is assumed whereas a negative potential would lead to
field emission. During field ionisation, electrons are tunneling from
the liquid into the electrode tip and ionisation occurs in the tip vicin-
ity. Field emission, however, leads to a tunneling of electrons into the
liquid. If the polarity at the tip electrode would be switched from pos-
itive to negative, the field effects would be reversed. This should be
distinguishable in the emission pattern. Additionally, the electric field
threshold for discharge breakdown for both processes is different and
should therefore be an indicator, if these processes are dominating the
discharge ignition.

pulse length: The pulse length, usually given as the FWHM of the pulse,
determines the lifetime of the discharge. During a longer voltage pulse,
more liquid molecules can be dissociated and ionised which increases
the number of chemical processes during one pulse. Therefore, if a
dissociation of different molecules is desired, a longer pulse length could
be favourable.

pulse form: The pulse form is influencing the discharge behaviour.
It is discussed in literature that a discharge is only present during a
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time-variation of the applied voltage dU/dt. This is true for the rising
and falling edge of the pulse. If a square pulse is applied, a plateau
phase dominates the pulse. During this plateau phase, the so-called
‘dark phase’ appears [29, 36]. If the pulse would be designed into a
triangular shape, such dark phase should not occur and the discharge
would be visible during the whole pulse length.

Figure 4.1.1 shows the voltage calculated from the BCS signal for the 12m
cable at 10kV with distilled water as medium. This pulse has a positive po-
larity, a FWHM of 12 ns, and a rising time of 2 ns. Furthermore, a maximum
amplitude of 10.8 kV is reached but only for a few ns. Then, the pulse reaches
an average of 7kV before the voltage drops at the end of the pulse. The time
from 5-12ns will be described in the following as the plateau, although small
changes in the voltage amplitude are still visible. The high peak in the be-
ginning of the pulse is possibly an artefact of the setup. The pulse shape
given by the producer has a pulse length of 10ns (at 80%) and a squared
shape. Therefore, the distorted pulse shape seems to be generated by this
specific setup.

51 FWHM

voltage (kV)
(o))

24 trise

-4 2 0 2 4 6 8 10 12 14 16 18 20 22 24
time (ns)

Figure 4.1.1: BCS signals from the 12m cable at 10kV for electrodes in dis-
tilled water. The vertical dashed lines mark the times at 0.1 U
and 0.9 U, respectively. The calculated values from this graph
are FWHM=12ns and t,;,.=2ns.

Another parameter which can influence the discharge is the surrounding
medium of the electrodes. To investigate the influence of the used electrode
configuration as well as the surrounding medium (air, water), BCS measure-
ments for the 12m cable at 10kV (below breakdown voltage) with an open
circuit, with electrodes in air, and with electrodes in distilled water are per-
formed and presented in figure 4.1.2. The numbers (1),(3) mark the forward
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travelling pulses whereas (2),(4) describe the backward travelling pulses. The
graphs in figure 4.1.2 show all the same pulse shape of the initial pulse (1).
The comparison of the reflected pulses (2) for an open circuit and in air
shows a change in pulse shape which indicates the impact of the electrode
configuration. The open circuit is measured without the electrodes being
connected to the HV plugs whereas the electrodes are connected to the HV
plugs for the in air case. It is visible that the pulse shape of (2) is changing
from open circuit to in air both in pulse shape and in amplitude.
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Figure 4.1.2: BCS signals from the 12m cable at 10kV for an open circuit
(no electrodes connected to HV plugs) (top), electrodes in air
(middle) and electrodes in distilled water (bottom). The initial
pulse (1), the reflected pulse (2) and the following first forward
(3) and backward (4) travelling pulses are visible.

Furthermore, the ‘plateau’ described before (in (v) pulse form) is not visible
anymore in the reflected pulse (2) in air and electrical interferance is cov-
ering the signal. This electrical interferance is most likely to be generated
due to the experimental setup. Many origins for reflections are given by
the complex assembly of the electrodes. Additionally, the HV plugs of both
electrodes are further connecting sites which could lead to signal reflections.
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The comparison between pulse (2) in air and in distilled water illustrates
the influence of the distilled water as surrounding medium. The pulse shape
of (2) is changing again in shape and amplitude of the peaks when changing
from in air to distilled water conditions.

In addition to that, the reflection at the pulser should be discussed. There-
fore, pulses (2) and (3) are compared for all measurements. In the case
of total reflection (R=1) at the pulser both shape and monitored polarity
should probably stay the same. The actual polarity of the pulse will change
after the reflection at the pulser, but as they travel in different directions,
the monitored pulse polarity stays constant. The top graph in figure 4.1.2
reveals that the pulse shape changes tremendously after the reflection at
the pulser. The amplitude of (3) is less than half of the reflected pulse (2)
and the shape has changed completely. In cases of in air and in distilled
water, the pulses (3) and (4) are mostly covered by noise and can poorly
be distinguished. This leads to the conclusion that the pulse is only partly
reflected at the pulser (R<1). Nevertheless, it can be assumed that each for-
ward travelling pulse (1, 3,...) dissipates part of its energy into the discharge.

The time lag between two forward travelling pulses can be determined by
comparing the BCS signals of the initial and the reflected pulse. This is
done with an open circuit setup because the signals can be clearly distin-
guished from electrical noise. The BCSs are mounted in the center of each
cable (compare figure 3.1.3). Therefore, twice the time lag of the initial and
reflected pulse (1,2) corresponds to the time between the initial and the fol-
lowing forward travelling pulse (1,3). It is more applicable to compare the
pulses (1,2) due to the change of pulse shape of (3) after the reflection at
the pulser. Because of their exact shape, the rising front of both pulse sig-
nals can be compared after changing the polarity of the reflected pulse signal
from negative to positive. The necessary time shift to overlap both signals
equals the time between those pulses ¢; 5. Accordingly, the time between two
forward travelling pulses is ¢ 3 = 21 5.

Figure 4.1.3 shows the shifted reflected voltage pulse (dashed line) by 59 ns,
overlapping with the initial pulse (solid line). The 12m cable with an open
circuit is used. The shape of the two pulses is slightly different, which leads
to the fact that there are some losses at the HV plugs into open air. The
time between the initial and reflected pulse is equal to the measured shift
t12=59ns. This method is used for all cable lengths and the resulting times
between two forward travelling pulses ¢; 3 are listed in table 4.1.
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Figure 4.1.3: BCS data of 12m cable 10kV pulses with an open circuit con-

figuration. The initial pulse (black solid line) and first reflected

pulse (grey dashed line) are overlapped by shifting the first re-
flected pulse by tgnipe = t13/2 = 59ns.

The measured time delays are compared with calculated values according to
equation 4.1:

c
Veaple = ——— = 193650 km /s = 0.19m /ns, (4.1)
Vertr

'I'MT‘

where €, = 2.4 is the relative permittivity of low-density polyethylen (1d-PE,
isolation material of the coaxial cable), u, = 1 is the relative permeability of
water, and ¢ is the speed of light. With that, the delay times t.,. between
the incident and reflected pulses for the different cable lengths are calculated.
The agreement between calculated delay times t.4. and measured delay times
t13 between two discharges is acceptable. The residual derivation originates
presumably from a slightly inaccurate measurement of cable lengths.

Additionally, the oscillation of the HV power can be compared to a ring-down
of the electrical power in the system. The voltage pulse is oscillating inside
the cable between the powered electrode and the pulser, losing power during
each reflection. Therefore, the total power inside the cable is decreasing
with each reflection which can be correlated to a characteristic ‘ring-down’
time constant T,ing—down describing this power loss. This can be calculated
according to
L

Upulse(l - \/RpulserFielectroale)7

with the cable length L, the voltage pulse velocity inside the cable vy,
reflectance at the pulser R,,s.r—1 and at the electrode Rejectroqe=0.5, respec-
tively. It is assumed that the pulser reflects all of the power for simplicity and

(4.2)

Tring—down =

46



CHAPTER 4. PHYSICS OF NANOSECOND PULSED PLASMAS IN
DISTILLED WATER

the reflectance at the electrode Rjcctroqe can be calculated from the Fresnel
coefficient 7ejeetrode = \/7—%7 VZ;l:iz:O.7 with R jectrode =0.5. The
ring-down times are calculated for different cable lengths and are listed in
table 4.1 together with the measured and calculated distance between two
forward travelling pulses, respectively.

_ .2
= Telectrode

Table 4.1: Time delay between two forward travelling pulses ¢; 3 for different
cable lengths L. measured according to figure 4.1.3, the calculated
time f.4. according to equation 4.1 and the ring-down time con-
stant of the electrical power inside the system 7,ng—douwn according
to equation 4.2.

cable length L (m) | t13 (n8) | teae (08) | Tring—down (11S)
3.4 26 35 60
6 60 62 106
8.6 84 &9 153
10 100 103 176
12 118 124 212

The calculated times for the distance between two forward travelling pulses
is in agreement with the measured time delays. The measured data is es-
pecially inaccurate for the short 3.4m cable, due to an overlap of forward
and backward travelling pulses. The calculated ring-down times are higher
than the measured and calculated time delays between two forward travelling
pulses. This discrepancy may origin from the values of the reflectances at
the electrode and at the pulser, which might be even smaller. Comparing
these results with the measured BCS signals in figure 4.1.3, especially the
reflectance at the pulser should be smaller. If the reflectance would be one,
then the pulses (2) and (3) in figure 4.1.3 would have the same shape and
amplitude. A decent fit of the ring-down times with the calculated time de-
lays between the forward travelling pulses can be given by Rejectrode =0.9 and
Rpuiser =0.3 resulting in ring down times of 36 ns, 64ns, 92ns, 107ns, and
129 ns for the increasing cable lengths, respectively. These ring-down times
fit to the calculations of the time delays. Furthermore, the comparison of
the reflectances with the measured BCS signal show more realistic values,
because the reflectance at the pulser must be less than one according to the
BCS signal. The difference in Rejectroqe could result from a slightly different
value of the relative permittivities ¢, of both the isolation material of the
cable and the distilled water.

4.1.2 Reconstructed pulse at the electrode

The BCS is only measuring the voltage drop over the resistances inside the
cable, but does not monitor the voltage pulse directly at the electrode. This
pulse is different to the BCS voltage. Because at the electrode itself, the
voltage reflects and, therefore, the amplitude can increase by a factor of two
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at the reflection point in case of an open end. The pulse at the electrode can
be reconstructed by shifting the rising fronts so that the signals of the initial
and reflected pulse overlap and add up [59, 98]. This leads to a voltage am-
plitude at the electrode which is approximately twice as high as the applied
voltage by the HV pulse generator.

An example for the reconstruction of the electrode voltage is presented in
figure 4.1.4. The BCS measures the initial and reflected pulse for a 20kV

(a) (b)
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Figure 4.1.4: (a) BCS signal showing initial and reflected pulse. (b) Overlap
of initial (black solid line) and inverted reflected (black dotted
line) pulse. (c) Reconstructed pulse at electrode (grey line)
from adding up signals in (b). (d) Comparison of initial pulse
shape (black line) and electrode voltage pulse shape (grey line).

pulse travelling through the 12m cable as shown in figure 4.1.4(a). The po-
larity of the reflected pulse is inverted, because of the reverse direction of
the travelling pulse inside the cable due to the reflection at the electrode.
The real polarity is still positive. Therefore, in figure 4.1.4(b), the signal
of the reflected pulse is reversed in polarity and shifted in time so that the
rising fronts of the initial and the reflected pulse overlap. These two signals
are then added and the electrode voltage is constructed as shown in figure
4.1.4(c). The initial and the reconstructed pulse have a similar shape. Figure
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4.1.4(d) shows the direct comparison of the shape and neglectable changes
are noticed. Furthermore, the amplitude of the electrode voltage is doubled,
as expected.

The appearing differences between the reconstructed pulse and the initial
pulse originate from the difference between initial and reflected pulse. The
reflected pulse shows small oscillations inside the signal, which are generated
from the HV plugs, used to connect the electrodes to the different cables.!
The initial pulse is measured prior to reaching the HV plugs, whereas the
reflected pulse has passed it two times (forward to and return from the elec-
trode). It is also possible that the initial pulse is also slightly deformed by
reflections at the HV plugs, which cannot be measured by the BCS at the
current position. It can be assumed that the initial and reflected pulse at
the electrode exhibit the same shape and, therefore, the reconstruction of the
voltage pulse directly at the electrode can be assumed to be twice the value
of the applied voltage.

4.1.3 Dissipated power

An estimation of the power dissipated in the plasma can be determined from
the BCS signal. Therefore, the power of the incident and reflected pulse is
determined from the voltage U and the current I according to equation 4.3:

P=U-I. (4.3)

By substracting the reflected power from the incident power, the power
dissipated into the plasma assuming no cable losses can be described as:
Piiss = Pinitial — Prefiectea- Losses directly at the BCS can be estimated
according to:

P =1 Rypunt (4.4)

With R = 0.3Q and an approximated line current of I = 450 A from
the BCS measurements, the power determined at the BCS is 54.7kW. For a
20kV voltage pulse (P=9 MW), this would result in 0.6 % losses. Therefore,
losses at the BCS are negligible.

The energy per pulse can be calculated by integration of the power of the
respective pulse. The energy dissipated into the discharge is then deter-
mined by the difference between the energy of the initial and the reflected
pulse AEgiss = Einitial — Erefiectea- This is illustrated in figure 4.1.5 for the
12m long cable with an applied voltage of 20kV. The pulse shape of the
initial and reflected power measured at the BCS is different, resulting from
the dissipated power into the discharge, losses inside the cable and electrical
interference at e.g. the HV plugs. The difference in energy of both pulses

!Previous measurements without HV plugs show an identical shape of initial and re-
flected pulse with only small differences in amplitude.
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Figure 4.1.5: Initial (solid black line) and reflected (dashed black line) power
pulses during a 20kV discharge in water. The difference of the
energy of the initial pulse (solid grey line) and the reflected
pulse (dashed grey line) gives an estimate of the dissipated
energy AFEgs=2.55mJ.

results in a dissipated energy of AFEy,=2.55mJ. Babicky et al. [98] deter-
mined the energy of a comparable discharge setup in water with an electrode
voltage of about 100kV in a similar manner, resulting in AFy;,, ~100mJ.
This value is higher compared to the presented data as they did not use HV
plugs resulting in losses and had an overall higher applied voltage. There-
fore, this comparison shows that the calculated value is in agreement with
literature.

4.2 Ignition of nanosecond discharge in liquid

The ignition of short nanosecond pulsed discharges in liquids is a highly dis-
cussed topic in literature as described in section 2.1.1. A common assump-
tion is that nanovoids are formed in the tip vicinity due to electrostrictive
forces induced by the strong electric field. Nevertheless, no observation of
nanovoids is recorded in literature and a validation is still needed. In the
following section, the ignition in liquid environment induced by field effects
will be discussed.

4.2.1 Field 1onisation

The measurement of the first picoseconds of discharge ignition inside distilled
water is not possible with the presented diagnostics, because of the temporal
resolution of the camera, which is in the nanosecond range. The position of
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discharge emission during the first nanosecods, however, can be identified by
camera imaging. Because the first emission is rather weak, images at 6ns
after ignition are presented in figure 4.2.1. These images illustrate that the
discharge is not igniting at the same position for consecutive pulses but at
different positions. Additionally, more than one position can lead to a dis-
charge ignition. This leads to the assumption that the surface of the tungsten
electrode possess smaller structures than the electrode tip diameter, where
the electric field is most enhanced and allows discharge breakdown. These
small surface structures were observed by Lukes et al. [99], who compared
tungsten and titanium needle tips after operation using scanning electron
micrographs (SEM). In comparison to the smooth titanium tip, the tungsten
tip revealed many surface protrusions in the range of micrometers.

Figure 4.2.1: Single shot camera images at 6 ns after discharge ignition with
20kV applied voltage and a camera gate of 2ns. The grey
contours illustrate the position of the tip, previously identified
by shadowgraphs. The images are presented in false colour due
to contrast.

To evaluate the microstructure of the surface after plasma operation, a tung-
sten tip is compared with a platinum iridium (Pt/Ir) tip applying a voltage
of 20kV at 15Hz. The tungsten tip has been in use for these parameters
for approximately 30 h before the discharge stopped igniting. In comparison
to that the Pt/Ir tip only lasted for approximately 1h in operation before
discharge ignition stopped. SEM results for both tips after use are presented
in figure 4.2.2. The SEM micrographs show a different structure of the elec-
trode surfaces of both tips. The Pt/Ir tip shows a smooth surface, whereas
the W tip reveals small protrusions on the surface in the micrometer range.
This is consistent with the findings of Lukes et al. [99]. Although the radius
of the W tip is larger compared to the Pt/Ir tip and therefore the electric
field should be smaller, the W electrode is igniting discharges continuously
compared to the Pt/Ir tip. For the latter electrode tip, a stable discharge
ignition can only be assured for approximately 1h at a pulse frequency of
15 Hz before no plasma is ignited anymore. This leads to the conclusion that
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Figure 4.2.2: SEM micrographs of a tungsten tip after 30 h operation (left)
and a Pt/Ir tip after 1h operation (right). Measurements done
by P. Grosse at FHI, Berlin.

the microscopic structures (protrusions) at the W electrode are the sites of
ignition. According to this hypothesis, the area of emission is analysed from
camera images. Investigations of the brightest emission at the beginning of
the pulse gives an identification of an approximated ignition site with a di-
mension of max. 8 um. This supports the assumption that the protrusions
are sites of a maximal enhanced field strength and therefore the locations of
ignition.

The electric field strength needs to exceed a threshold for ignition to ap-
pear. Therefore, sharp electrode tips are necessary to enhance the electric
field strength. In literature, the electric field strength for pin-to-pin electrode
configurations is discussed and calculated in different ways. In the following,
these various approximations will be compared.

One approximation of the electric field strength is made according to equation
4.5 from Seepersad et al. [42].

I 20(t)

rin(24)’
U(t) is the voltage across the electrode gap at the time ¢ (calculated from
U(t) =t Unaz/trise)s Umax is the peak voltage of the pulse, ¢, is the rising
time of the pulse, r is the radius of the tip or protrusion and d is the electrode
gap distance. A second rough estimation of the electric field can be made
according to R. Gomer [46| as described in equation 4.6:

(4.5)

E=— (4.6)
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with the applied potential U and the hemispherical tip radius r. An esti-
mation of the electric field is made for different electrode tip radii for both
equations. This is illustrated in figure 4.2.3.

1.2

T T T T T T T T T T T
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Figure 4.2.3: Comparison of electric field strength for various tip radii calcu-
lated according to Seepersad et al. [42] (black) and Gomer [46]
(grey). The dashed grey line illustrates the threshold for field
ionisation of HoO [49, 100].

The threshold for field ionisation in liquid water in contact with a tungsten
surface is 0.2 V /A [49, 100], which is reached for electrode tip radii of 2.0 pm
and 3.5 pm according to the equations of Gomer [46] and Seepersad et al.
[42], respectively. By comparing these values with the protrusions visible on
the SEM micrographs in figure 4.2.2, it can be assumed that the threshold for
field ionisation can be reached with the tungsten electrode. The protrusions
show tip diameters of less than one wm and are therefore, smaller than the
calculated tip radii.

This leads to the conclusion that field ionisation of water generates the first
electrons (described in detail in section 2.1.1). The electrons tunnel through
the distorted potential towards the tungsten electrode and leave a layer of
adjacent ions. These ions attract negative charges from the surrounding
liquid, which leads to further ionisation events. This movement of electrons
is, therefore, starting and maintaining the streamer-like propagation inside
the liquid.
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4.2.2 FElectrostrictive forces

Nevertheless, there is still the discussion, whether nanovoids are generated
previously by electrostrictive forces and if they are contributing to the igni-
tion process or even enhance it. The formation of nanovoids was extensively
studied theoretically [25, 26, 28, 101, 102] and even Rayleigh scattering as
an experimental diagnostic for observing these nanovoids was proposed [21].
Despite that, no experimental validation for the existance of those nanovoids
is done. According to Herbert et al. [103], a threshold pressure exerted on
water of —24 MPa is necessary so that nanovoids can be formed. This was
validated by calculations of Tereshonok et al. who estimated the total pres-
sure depending on the distance from tip radius and rising time [28]. These
calculations were performed for 1kV and a tip radius of 3 um. To estimate
the possibility of cavitation ruptures to occur in our system, the following
calculations are made. There are two conditions for cavitation ruptures in
the liquid to occur.? First, the electric field pressure pg has to exceed the
critical pressure p...;=—24 MPa. Second, the time scale of the pressure prop-
agation ro/cg has to be larger than the rising time of the voltage front, with
cs being the speed of sound in water. This leads to:

PE = €T€0E2/2 > Derit (47)
to <ro/cs (4.8)

The estimation is based on €, = const. rather than €, = €(E) for simplicity.
Nevertheless, this equations are calculated for various tip radii (or protrusion
radii) for an applied voltage E o U/ry = 20kV, t; = 2ns, cg = 1500m/s,
€0 = 8.85- 1072 As/(V-m) and ¢, =1.77, leading to two conditions for the
radii: ponr and tosne. This is illustrated in figure 4.2.4. Figure 4.2.4 shows
that a critical tip radius for reaching the critical pressure is rg¢,, = 10 pm.
The time scale would require a smaller critical tip radius of 7, = 3 um
for the liquid to rupture. Because both conditions have to be fulfilled at the
same time, the smaller value is necessary for cavitation to occur in the tip
vicinity due to electrostrictive forces. Assuming that protrusions with the
size of 1um are the sites of ignition, these conditions would be fulfilled.

Here, liquid ruptures can occur in the described system but an experimental
validation is still needed. In literature, even higher critical pressures for the
creation of these nanopores are given [104]. Tt is an open question whether
nanovoids are created. If they are generated previous to in-liquid discharge
ignition, nanovoids are an important factor for ignition as they can act as
sites of ignition.

In conclusion, it is possible that electrostriction forces create nanovoids and
rupture the liquid. From literature it seems that nanovoids consist of a gas-
like medium in which electrons can be accelerated according to the picture

2Private communication with D.V. Tereshonok
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Figure 4.2.4: (a) Time scale and (b) electric pressure pg according to equa-
tion 4.8 and equation 4.7, respectively, for different tip radii.
The dashed lines indicate (a) the critical time scale and (b)
critical pressure.

presented in [30]. However, nanovoids were not observed or detected. In that
context, a region of different refractive index and therefore lower density was
formed and detected by Schlieren imaging, but the structure of this region
could not be resolved [30]. Even if nanovoids are created, it is still unknown
how the first electros are generated inside these pores. Therefore, the ignition
of nanosecond pulsed plasmas with strong electric fields and short voltage
rising times are possibly ignited due to a combination of both electrostrictive
forces and field effects.

4.3 Discharge physics and propagation
in liquid

The discharge is monitored by optical diagnostics such as phase-resolved
camera imaging and optical emission spectroscopy. In combination with the
findings from the previous chapter concerning the ingition mechanism, a
model for discharge initiation and propagation inside the liquid is presented.
Therefore, the discharge, its re-ignitions and its afterglow are analysed in a
time-resolved manner. This section is devided into the investigation of the
primary discharge created by the initial HV pulse (section 4.3.1) and the
re-ignitions as well as the discharge afterglow (section 4.3.2) following the
timeline of the discharge. Additionally, the electron density is determined
for all pulses, including the intitial and all reflected pulses, for which the
H, line is visible (section 4.3.3).

The primary discharge light emission induced by the initial pulse is moni-
tored with ICCD imaging and is compared with the optical emission spectra
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for the respective times. The spectra show a broadband continuum which
will be discussed. The different possible origins of this continuum radiation
are opposed to each other. Next to this, line emission is observed in the
emission spectra which is discussed, focusing on the line shape and the line
broadening mechansisms. Additionally, the propagation of the discharge is
outlined for the time of the initial pulse and the electron density is deter-
mined.

The re-ignitions of the discharge and its afterglow are observed via optical
emission spectroscopy. The spectra are compared to the electrical BCS mea-
surements. Furthermore, the electron density is determined from H, line
broadening during the re-ignitions of the discharge.

4.3.1 Primary discharge

The primary discharge is generated by the initial HV pulse from the nanosec-
ond pulse generator. After breakdown inside the liquid, the propagating dis-
charge is analysed by camera imaging and optical emission spectroscopy to
resolve the emission during the initial pulse. Phase-resolved imaging is per-
formed for a voltage pulse of 20kV at a frequency of 15Hz at the tungsten
needle tip immersed in distilled water (¢ = 1uS/cm). This is illustrated
in figure 4.3.1. In (a), exemplary single-shot images during the initial pulse

(b)
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Figure 4.3.1: (a) Phase resolved imaging (scaled to maximum of each image)
and (b) voltage pulse measured with BCS (grey line) and inte-
grated light emission from the camera images (black squares).
The open squares in (b) correspond to the time stamp of the
images shown in (a).

are presented in a phase-resolved manner. The top left image shows a shad-
owgraph for determining the electrode position for the camera images. The
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electrode position is illustrated by the grey area in each image. The inte-
grated light emission is shown in (b) together with the applied voltage pulse.
The shape of the voltage pulse form is different from the previously discussed
waveform due to a different electrode connection setup. Here, the electrode
was directly connected to the HV cable without the HV cable connectors
which were incorporated later into the setup. Two intensity peaks can be
identified in light emission. By correlating the light emission with the ap-
plied voltage pulse, three phases can be determined:

I woltage rise (0-10 ns): The voltage rises steeply with a rising time
of 2ns and the ignition starts. The ionisation of water molecules is
enhanced due to the change in voltage dU/dt. The plasma propagates
inside the liquid as a streamer. The leading front of the streamer ionises
the water molecules ahead and leaves a region of recombination behind.
The electric field needs to increase continuously in order to sustain the
discharge propagation.

IT plateau phase (10-15 ns): When the voltage reaches the plateau phase,
the change in voltage over time is zero (dU/dt = 0). The propagating
discharge vanishes and the so-called ‘dark phase’ appears. This is vis-
ible in the integrated light emission. During this phase, electrons are
moving towards the head of the streamer in order to compensate this
positive potential inside the liquid [30]. Therefore, without an increase
in electric field, the discharge becomes weak.

1T woltage drop (15-40 ns): When the voltage drops, the resulting electric
field is strong enough to re-ignite the positive space charges created
during the rising front of the pulse. The created streamer channels
enhance the re-ignition. Furthermore, field emission occurs at the elec-
trode. Due to the distorted potential at the electrode, electrons tunnel
into the liquid and are accelerated by the positive space charge of the
previously created streamer head. When the voltage drops to zero, the
discharge vanishes.

To make a more significant analysis of the initial pulse, time-resolved optical
emission spectroscopy is performed. For this, a camera gate time of 2ns and
a step width of 2ns are used in order to resolve the complete pulse. As dis-
cussed in section 3.2.5, the spectra are merged from four measurements with
different central wavelengths to cover a large wavelength range. This is done
by combining the small wavelength ranges covered by the Andor iStar cam-
era. Each measurement is accumulated over 1000 discharges. The resulting
emission spectra are presented in figure 4.3.2. During the first 10ns (rising
voltage front, phase I), a broad continuum is visible in the emission spec-
tra with an additional specific structure at the wavelength of H,, Hs, and
H,. The intensity and, therefore, the continuum radiation decreases during
the ‘dark phase’ (10-15ns, phase IT). Afterwards (>15ns, phase IIT), broad
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Figure 4.3.2: Time-resolved optical emission spectra. The spectra are scaled
for optimal visibility. The grey dotted lines illustrate the cen-
tral wavelength Ay of the H-Balmer lines H,, at 656 nm, Hg at
486 nm, H, at 434nm, and an atomic oxygen line at 777nm.
Each spectrum is recorded with a gate of 2ns and accumulated
over 1000 discharges.

emission lines are visible in the spectrum and the intensity decreases after
this second intensity peak.

The different structures (continuum and emission lines) can be attributed to
various emitting regions of the discharge. The continuum can be generated
by different mechanisms as described in section 2.3.3. In the following, these
different mechanisms will be analysed to find the most suitable interpretation
for this continuum radiation. The emission lines are most likely generated by
the propagating plasma. They will be analysed concerning different regions of
emission from the propagating plasma (ionisation region and recombination
region).

Continuum radiation

The continuum radiation is most visible during the first 18 ns after first de-
tecting emission. The highest intensity of the emission is present during the
rising front of the voltage pulse. For better analysis, the spectra with the
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Figure 4.3.3: Optical emission spectra at 2-12ns measured for a 20kV dis-

charge at 15 Hz inside distilled water. The spectra are stacked
and scaled for best visibility. The dashed orange arrow indi-
cates the shift over time of the continuum peak to lower wave-
lengths.

most prominent continuum background are plotted in figure 4.3.3. Five fun-
damental processes can be responsible for continuum radiation, which will
be discussed according to their likeliness to contribute to the continuum.

29

(i) Significant broadening of spectral lines due to Stark or van der Waals

broadening

The direct ignition of the plasma inside the liquid leads to the assump-
tion that H and O emission lines as well as molecular lines should be
present. The emission lines of H,, Hg, H, and the atomic oxygen line
at 777nm are visible in figure 4.3.2 and figure 4.3.3. These lines are
highly broadened due to the Stark effect and some are influenced by
self-absorption as discussed in the following section. Nevertheless, the
broadening of the lines does not match the continuum, expecially not
in the UV. As there are no other contributions of line emission which
would be visible at later stages of the pulse where the continuum is
vanished, this process will be neglected for describing the continuum.
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(i)

(iii)

(iv)

Molecular bands

Additionally, molecular bands as, for example, from OH could con-
tribute to the spectrum. These lines could also be broadened due to
different broadening mechanisms. Nevertheless, these bands could not
be determined from the presented spectra which could also result from
the fairly low signal-to-noise ratio at the left and right end of the spec-
tra. Since this molecular line emission is also not found in similar
measurements in literature [38, 56], it will be neglected.

Radiative dissociation continuum of molecules

Another possible process responsible for the continuum is the radiative
dissociation continuum of molecules. Especially the dissociation contin-
uum of Hy(a®X} — b°%}) was discussed in detail for non-equilibrium
capillary-arc and Ho:Ar microwave discharges [84]. Additionally, this
continuum was modeled and compared to experiments by Fantz et al.
|85] for a low-pressure ECR plasma. Simek et al. [59] studied the emis-
sion of a similar pin-to-plane in-liquid discharge which is generated by
7ns pulses (FWHM) at 50kV inside deionised water. They observed
a shift of the UV emission in time. They concluded that first the
continuum is associated with free-bound and free-free radiative tran-
sitions. Further, the shift of the continuum can be best described by
the bound-free Hy(a’S} — b°Xf) transition. They argued that the
UV intensity of this transition increases with discharge time. In their
measurements, the overall intensity increases with time as well as the
UV intensity. This is in contrast to the presented measurements.

The continuum is visible in the time-resolved emission spectra pre-
sented in figure 4.3.3. The overall intensity increases during the rising
front of the voltage pulse until it reaches the voltage plateau at 10 ns.
Then the intensity drops and the continuum gets weaker. Additionally,
a shift of the continuum from the visible to the UV range over time
can be seen, as in the work of [59]. But in contrary to [59], the overall
intensity does not increase in time but follows the phases I-I1T of the
voltage pulse, as previously discussed. This can lead to the assumption
that the mentioned free-bound Hy(a’S} — 0°%}) transition from an
upper bound state to a lower dissociative state is not or less responsible
for the UV emission in our experiment. This is supported by the fact
that this dissociative continuum ranges only from 180-400 nm, but the
continuum spectra presented in this work range from 180-700 nm.

Free-bound and free-free radiative transitions

As mentioned before, free-free and free-bound radiative transitions are
discussed to be the origin of the continuum [59]. They may describe
various reactions inside the liquid that could lead to free-bound transi-
tions as for example HQO(élBI — fllBl) or the previously mentioned
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Hy(a®S} — b°X}) transition. Furthermore, free-free Bremsstrahlung
is discussed. These processes might be suitible candidates for the con-
tinuum and their contribution will be discussed.
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Figure 4.3.4: Calculation of the emission coefficient €.,,; (solid lines) of
the continuum radiation composed of the emission coef-
ficients of free-free radiative transitions of electrons with
ions €7 (dotted lines) and electrons with neutrals €7}
(dashed lines) and the free-bound transitions of electrons
with ions €%, (dotted dashed lines). These contributions
were calculated for electron densities of 10%m=3 (black
lines) and 10*m™ (grey lines). Adapted from [105].

According to the equations in section 2.3.3, the contributions of free-
bound and free-free transitions to the continuum are calculated for
two different electron densities and are presented in figure 4.3.4. It
can be seen that for lower electron densities, the emission due to free-
free radiative transitions of electrons with neutrals dominates. The
free-bound emission of electrons and ions begins to gain significance
at higher electron densities, especially in the lower wavelength range.
With this, the shift of continuum radiation to the UV as presented
in figure 4.3.3 could be explained by an increasing electron density in
time. As discussed later, the electron density follows the voltage curve
which would support this theory. Therefore, the emission due to the
free-bound and free-free radiative transitions will be compared to the
following possible source of continuum radiation.
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(v) Black-body radiation

The continuum could also originate from black body emission either
from the plasma itself or the heated tungsten electrode. As the plasma
can exhibit high temperatures, the temperature range for tungsten is
rather limited. Tungsten has a melting temperature of 3695 K and a
boiling temperature of 5828 K. The emission due to black-body radia-
tion can be described by Planck’s law:

2hc? 1
ANT) = . 4.9
be( ’ ) A5 exp()\]?];T) o 1 ( )

It is possible that the temperature of the tungsten surface increases
tremendously due to the power input and the forces acting on the
tungsten tip. Therefore, this process will also be analysed for being a
possible source of the continuum radiation.

Here, free-free and free-bound radiative transitions as well as black-body ra-
diation will be taken into account. Therefore, the emission spectra will be
compared to the calculate emission spectra of those processes.
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Figure 4.3.5: Emission spectrum at 4 ns after plasma ignition (thin black line)

with a camera gate of 2ns, averaged over 1000 discharges. The
line positions for H,, Hg, H,, and H; are indicated. The solid
lines denote either black-body radiation ¢, assuming a temper-
ature of 7000 K (grey line, A™> dependence) or Bremsstrahlung
€74 (thick black line, A\=* dependence) due to electron neutral
collisions for an electron temperature of 9500 K. Adapted from

[105].

In terms of wavelength dependence, black-body radiation is proportional to
A7% at long wavelengths whereas free-free and free-bound radiative transition
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emission scales with A2 as can be seen in equations 2.12-2.14. The spec-
tra in figure 4.3.3 seem to follow more A\~ than A2 which can be seen in
more detail in figure 4.3.5. This graph shows a better fit of the continuum
with black-body radiation rather than with the exemplary A\=2 dependent
radiation from electron neutral collisions. This is discussed in detail in the
following paragraphs.

The boiling temperature of a substance is pressure dependent. For the
present high pressures during the discharge, these values may vary. The
boiling temperature at various pressures can be calculated by the Clausius-
Clapeyron equation:

(1 RIn(P/P)\ "

with the boiling temperature Ty, the ideal gas constant R = 8.31J /(K mol),
the vapour pressure of the material P, the known atmospheric pressure Py =
10° Pa for Ty = 5828 K and the heat of vaporisation of tungsten AHy,, =
774%kJ/mol. The boiling temperature depending on the external pressure is
shown in figure 4.3.6.
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Figure 4.3.6: Boiling temperature T depending on the pressure P working
on the material according to equation 4.10.

It can be read from this graph that with rising pressure acting on the tung-
sten, its boiling pressure increases. It will be shown in section 4.4.1 that the
liquid at the electrode exhibits pressures in the range of GPa in the very
beginning of the discharge [86]. Boiling temperatures of 14000 K or higher
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can be reached when the same pressure acts on tungsten. Afterwards, the
pressure is released in form of a pressure wave travelling through the liquid.
Then, the surrounding pressure is relaxing to normal atmospheric pressure
and the boiling temperature reaches Ty again. This possible increase in boil-
ing temperature in the beginning of the pulse has to be taken into account
while fitting black-body radiation to the continuum. The temperatures used
for the fitting can exceed Tj. However, the tungsten tip will not necessarily
rise above boiling temperature if the pressure is increased at the same time.

A decrease in tungsten wire length is observed over time. A rate of approxi-
mately 1 mm per hour is estimated which leads to the conclusion that part of
the tungsten tip is getting above melting/boiling temperature and material
gets sputtered over time or melts away. Therefore, even for a short time very
high temperatures must be present.

T
s
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Figure 4.3.7: Fit of continuum radiation to spectrum at 14 ns (a) with black
body plus radiative transitions (dashed-dotted grey line) and
(b) black body plus hot spot emission (dashed-dotted grey line).

The analysis of the continuum concerning the contributions of black-body
radiation with either a hot spot or radiative transition contribution is done
in the following. Therefore, both cases are fitted individually to the contin-
uum. This is shown in figure 4.3.7. Two different fits are performed: figure
4.3.7(a) illustrates the sum (dashed-dotted grey line) of black-body radia-
tion at 6800 K (solid grey line) and radiative transitions with an electron
density of n, = 4.5 - 10%m~3 (dashed grey line). Figure 4.3.7(b) shows the
sum (dashed-dotted grey line) of black-body radiation at 6800 K (solid grey
line) and hot spot emission at 20000 K (dashed grey line). The two cases are
discussed in the following.

The spectra of the first 24 ns are illustrated in figure 4.3.8 together with the
fits of the different contributions. The graph shows that the continuum can
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be described by simple black-body radiation of the tungsten surface during
the first 6ns (a)-(c) with temperatures ranging from 6600 K-8100 K. These
temperatures are consistent with findings in literature [60] for a similar dis-
charge and setup. They exceed the typical boiling temperature of tungsten
of 5828 K, but as the partial pressure is changing simultaneously, this boiling
temperature is varying as presented in figure 4.3.6. The changing pressure
is adressed later in section 4.4. As discussed before, the main part of the
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Figure 4.3.8: Emission spectra (black lines) at (a) 2ns, (b) 4ns, (¢) 6ns, (d)
8ns, (e) 10ns, (f) 12ns, (g) 14ns, (h) 16ns, (i) 18ns, (j) 20 ns,
(k) 22ns, and (1) 24ns. The fits according to only black body
contribution of the hot tungsten wire (dashed-dotted grey line),
black-body radiation plus hot spot on surface (solid grey line)
and black-body radiation plus radiative transitions (dashed
grey line) are shown.

continuum seems to be shifted more to the UV range over time. Therefore, a
simple fit with black-body radiation cannot describe the continuum at later
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times. There are two possible mechanisms which could be linked to the in-
crease in UV radiation, namely the building of a hot spot or the radiative
transitions. Both processes are described with respect to their likeliness of
appearance.

A so-called hot spot (HS) could form on the already hot tungsten surface and
add to the continuum especially in the UV. This hot spot with an arbitrarily
set temperature of 20000 K would expand over a very small area of the hot
tungsten surface. The creation of these hot spots is known from arc dis-
charges [106]. This very localised region of contracted plasma is created by
the interaction of thermionic emission and local heating of the surface, which
has a non-linear behaviour. The temperature of the hot tungsten surface of
the electrode tip is slightly reduced in contrast to the high temperatures at
the hot spot [106]. The location of this hot spot could be a protrusion found
on the tungsten surface as shown in figure 4.2.2. A comparison of the hot
electrode tip area of Agectroge = m(25um)? = 1963um? to the assumed area
of the tip of a protrusion being Apotrusion = 7(21m)? = 13um? leads to a
percentage of the protrusion/hot spot of 0.6% to the whole hot tungsten sur-
face. This rough estimation matches the percentages of hot spot contribution
of the fits as presented in figure 4.3.9 (solid circles). The limited wavelength
coverage of the camera in the UV makes it impossible to exactly determine
the temperature of such a hot spot. An UV sensitive setup would increase
the wavelength range but nevertheless water as a medium is only little trans-
parent. However, the rough estimations of the area and temperature of this
hot spot explains the measured continuum in a decent manner together with
an overall surface temperature in a range between roughly 6000-8000 K.

The increase of the continuum in the UV could also be described by adding
the emission from free-bound (two-body recombination) and free-free (Brems-
strahlung) radiative transitions to the black body emission. For Brems-
strahlung, the interaction between electrons and ions as well as with neutrals
needs to be distinguished. The weight of each contribution depends sensi-
tively on the ionisation degree a = nino For higher ionisation degrees, ejff
and €%, dominate, whereas for lower ionisation degrees €7} dominates. This
can be examined by figure 4.3.4. In this graph the electron density is var-
ied for the same neutral density ng = 3 - 10®*m~3. Therefore, the ionisation
degree increases with increasing electron density when quasineutrality is as-
sumed (n; = n.). Especially the emissivity of the recombination radiation e]eﬁb
is increasing and starts to significantly contribute to the complete continuum
radiation €.gnt.

The electron densities, necessary for the emissivities, are taken from the line
broadening described later as a rough estimate. Although it leads to a small
ionisation degree of 0.1%, both €%} and e%, are relevant for the calculated
spectrum. With a small percentage of contribution to the continuum radia-
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Figure 4.3.9: Hot tungsten surface temperature (black squares), percentage
of hot spot at 20000 K (black solid circles) and percentage of
radiative transitions (black open circles) at different points in
time. The voltage pulse is given in grey as a reference.

tion staying below 5% during the pulse, the continuum can be described in
a similar manner to the hot spot attempt. The percentage of this radiation
over time is shown in figure 4.3.9 (open circles). At the latest point in time
at 24 ns, the percentage of the emission of radiative transitions increases to
15 %. This would indicate that the 2-body recombination increases after the
initial pulse. This matches with the picture of a propagating plasma inside
the liquid leaving a recombination region behind.

It can be concluded that both physical processes can describe the measured
continuum especially at lower wavelength. However, it would be necessary to
use a highly UV sensitive setup to distinguish between black-body radiation
from a hot spot and the radiative transitions described above. They have
different dependencies of A=® and A~2, respectively. The trend of the spectra
at lower wavelength would reveal the process which is most likely do describe
the continuum correctly. The evolution of the emissivity of the hot tungsten
surface and hot spot are presented in figure 4.3.10.

This graph shows that the setup would need to be sensitive in the low 100 nm
range to distinguish between black-body radiation or radiative emission. The
latter would further increase, whereas the black-body radiation would de-
crease at low wavelength as visible in figure 4.3.10. It would be still chal-
lenging to analyse the spectra correctly for a more UV sensitive setup due to
the absorption of water at lower wavelengths. Furthermore, the camera used
for these measurements is not sensitive below 250 nm. It has to be noted
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that the quantum efficiency cuts off below 180 nm for all applicable cameras.
Due to these reasons, it will not be possible to distinguish between those
processes and their contribution to the continuum with this setup.
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Figure 4.3.10: Emission curve for high temperatures between 10000-20000 K
according to Planck’s law (equation 2.15).

Nevertheless, a prediction of the likeliness of each process contributing to the
continuum is realised. The comparison of the spectra of the first 6 ns make it
visible that all three spectra can be described simply by black-body radiation
of the hot tungsten surface. For later times, this simple description is not
applicable and a higher contribution at lower wavelengths is necessary. Two
scenarios are possible after 6 ns.

First, the temperature would increase up to the point where a hot spot is
forming and the temperature of the hot tungsten surface begins to decrease
back to boiling temperature. Although the appearance of a hot spot at the
electrode tip for these plasmas is not discussed previously in literature, it
might be a possible process and should be investigated further. It is re-
markable that two different mechanisms like radiative emission and hot spot
formation with different A dependencies create such a smooth fit. Addition-
ally, the loss of electrode material over time with a rate of about 1 mm/h
could indicate a local heating above the melting point, leading to sputtering
of the material.

Second, the temperature is evolving similar to the first case. The evolution
follows the voltage curve and is equivalent to the dissipated power in the

68



CHAPTER 4. PHYSICS OF NANOSECOND PULSED PLASMAS IN
DISTILLED WATER

system. The continuum at times > 8ns could also be described by radia-
tive transitions from the propagating plasma in addition to the black body
raditation from the hot tungsten surface. This scenario is likely, because re-
combination between electrons and ions should appear. However, it exhibits
only a small percentage in the overall contribution due to the small ionisation
degree. The percentage of emission from radiative transitions is <5% during
the pulse and therefore matches this condition.

Line emission

Besides the continuum radiation, line emission is visible in the time-resolved
spectra as can be seen in figure 4.3.2. The H,, Hp, and H, Balmer lines

T T T T T T T T T T T

6 data at 18ns .

1 Ho Hpo —+ = continuum (HS)| 1
51 —— residuum 1
4_- Ha,O OIO -

intensity (x10° counts/s)
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Figure 4.3.11: Time-resolved spectrum at 18ns after ignition (grey line),
continuum resulting from a hot spot (dashed-dotted black
line) and the residuum of the continuum substracted spectrum
(black line). The unshifted wavelength positions of H,, Hg,
H, and OI are indicated by Hao, Hgo, H,o, and Oly (dashed
black lines), respectively.

and an atomic oxygen line at 777ns are visible in the spectrum. This line
emission is generated by so-called bound-bound transitions. In contrast to
free-bound and free-free transitions, the energy of an electron within an atom
or molecule changes. This leads to a release of photons. As this plasma is
ignited directly inside water, line emission from H and O atoms as well as
from molecules such as H,O and OH are expected. Unfortunately, the emis-
sion from molecular components could not be identified due to the the limited
spectral resolution and low signal-to-noise ratio especially at wavelengths be-
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low 400 nm.

The H-Balmer lines as well as the atomic oxygen line are analysed. As it
can be seen in figure 4.3.11, the visible spectral lines are highly broadened.
The full width at half maximum (FWHM) exceeds several tens of nanome-
ter which is most pronounced for the H, line. The previously calculated
continua are subtracted from the spectrum to gain a clearer line emission
spectrum. This residuum is then analysed and broadened emission lines can
be identified.

It can be seen in figure 4.3.11 that the intensity increases at larger wave-
lengths. This is an artefact from the intensity calibration due to the reduced
sensitivity above 800 nm. As this is influencing the residuum of the atomic
oxygen line, the focus of the analysis is put on the H-Balmer lines. Addition-
ally, a red shift from the unperturbed emission line wavelengths (indicated by
Heo, Hgo, Hyo and Olp) is visible which results also from broadening mecha-
nisms. The role of different spectral broadening mechanisms is discussed in
the following for these spectral lines. The different spectral line broadening
mechanisms are described in the chapter 2 in detail. Here, the contribution
of each process will be discussed:

Instrumental broadening: The broadening contribution according to the setup
was determined using a helium-neon laser which is known to produce a
narrow emission line (compare section 3.2.5). The instrumental profile
has a mostly Gaussian shape with a width of maximum 2.5nm and is
taken into account for the broadening of the H, and OI emission lines
in the measured spectra.

Doppler broadening: The FWHM resulting from Doppler broadening for a
Maxwellian distribution at temperature 7" can be derived from [107],
p.157:

8kpTin(2)

m c? ’

A/\Doppler = )\0 (411)

with the unperturbed wavelength )\g, the Boltzmann constant kg, the
temperature T, the mass m, and the speed of light c¢. This leads to
very small values for Doppler broadening in the order of fm. This is
illustrated in figure 4.3.12.

The FHWM of e.g. the H, line is about 80 nm at 18ns. This width is
much larger than the Doppler broadening even at very high tempera-
tures. Therefore, this mechanism will be neglected.
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Figure 4.3.12: FWHM induced by Doppler broadening for hydrogen at
varying temperatures.

Van der Waals broadening: Collisions of hydrogen with surrounding collision

71

partners is leading to van der Waals broadening. This is a process
which is likely to happen for discharges in liquids due to their high
electron and species density. According to Konjevic et al. [108], the
FWHM of emission lines broadened by van der Waals broadening can
be calculated as follows:

Adpaw = 8.18 - 1072 )\% (@ < R? >)¥°(T/u)* O n, (4.12)

with the wavelength in emission A in c¢m, the polarisability of collision
partners @ in cm?®, the difference between the squares of expectation
values of the coordinate vector of the radiating electron in upper and
lower state of the transition < R? >, the temperature of the gas T in
K, the reduced mass describing the collision of hydrogen and collision
partners 4 in amu and the density of particles n in m™3. The polaris-
ability of collision partners can be calculated as follows [109, 110]:

9 3Ep \?
a:§a3(4E ), (4.13)

where ay = 5.29 - 107" m is the Bohr radius, By = 109737.32cm ™! is
the ionisation potential of hydrogen and E.,. is the energy of the first
excited level of the perturber. Possible perturbers are water molecules
(@m,0=1.45-10""® m?), oxygen (ap=0.8-10"'¥m?), and hydrogen (ag=
0.66:107*®* m®) and in the following, water molecules are assumed as
perturbers.
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The factor of < R? > can be calculated from the quantum numbers of
the transition from an upper to a lower state by < R? >= R?> — R?
with

R2=05n2[5n+1—31, (1, +1)], (4.14)

R?=05n7[5n; +1 -3 (L, +1)], (4.15)

where n,,; describes the square of the effective quantum number of the
upper and lower state and [,; the angular or azimuthal momentum
quantum numbers of the upper and lower states. The square of the
effective quantum number itself can be calculated with:

Nt = En/(Erp — Euyy), (4.16)

where Fpy is the ionisation potential of hydrogen, E;p=13.6 eV =
2.18 - 107! J is the ionisation potential of the studied element (here
hydrogen), and E,,; is the energy of the upper or lower level of the tran-
sition. In case of hydrogen being the studied element, it is Eg—=F;p.

According to equation 4.12, the van der Waals line broadening is calcu-
lated seperately for each component. The sum of all components with
their relative intensities according to their Einstein coefficients A;;, and
their statistical weight g gives then the FWHM of the van der Waals
broadened lines. The values for particle density and gas temperature
are taken from the caviation theory model, which is described in section
4.4.2. The gas density of liquid water n = 3 - 10*®*m™ and tempera-
tures of a few thousand Kelvin during the initital state of the discharge
were calculated. This density would correspond to a complete chemical
dissociation of water, which is unrealistic. More suitable values would
result from assuming hydrogen as the emitter inside the liquid with a
reduced density of n = 1-10*"'m~3 and a temperature equal to the hot
tungsten surface of around 7000 K. The reduced density can be esti-
mated from the assumption, that a local region of reduced pressure is
present during ignition. The FWHM for both cases are presented in
table 4.2 with calculated values of < R? >, Ny, according to E,, 1,
and gy A;, from NIST database (tables A.1-A.3 for H,, Hp, and H,,
respectively in appendix A).

Table 4.2: FWHMs of van der Waals broadened line profiles for H,,
Hg, and H,, according to different neutral gas densities and
temperatures with water as a perturber.

n(m=?) | T(K) | FWHMy, (nm) | FWHMp, (nm) | FWHMp (nm)
3-10%® | 15000 238.0 82.6 46.1
1-10%7 | 15000 7.9 2.8 15
3-10% | 7000 189.4 65.7 36.7
1-10% | 7000 6.3 2.2 1.2
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The calculated values of van der Waals broadening with a reduced
density of n = 1-10>"m=2 is more realistic, because the FWHM of H,
calculated with n = 3 - 10®m~3 is larger than the overall spectral line
width of the measured H, line of 80 nm.

Furthermore, van der Waals broadened lines are red-shifted by 30 %
FWHM of the broadened line [111]. The measured data, however, only
shows a red shift of about 5 % of the FWHM. Therefore, van der Waals

broadening cannot be the dominating broadening mechanism.

Stark broadening: In the case of Stark broadening being the dominant broad-
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ening mechanism, the power radiated per unit frequency from the emit-
ting particle can be described with the Dirac function ¢ as:

dP_ wt

dv 3meycd

L(w), (4.17)

with power P, frequency w, electric constant €, speed of light ¢, and
the normalised line shape according to [112]:

Z §(w — wWon)| < nlexiim > o, (4.18)

nmz

with p,, population probability, stationary states m and n. The §
function ensures energy conservation and the sum is called ‘shape’ or
‘profile’ of the line L(w).

The FWHM induced by Stark broadening A\g;,,+ depends on the elec-
tron density n. and the electron temperature 7,. This dependence
varies for different lines: A temperature variation of a few 10000K
leads to a variation of the FWHM of the H, line of about 5%, whereas
the FWHMSs of the Hz line and the H, line vary by 15-20%. Stark
broadening for the H-Balmer lines is simulated by Gigosos et al. [97]
as described in chapter 2. According to the calculated tables, an elec-
tron density of 10**m™2 and a temperature of 20000 K would result
in FWHM of 5nm, 23nm and 27.8nm for the H,, Hg, and H, lines,
respectively. Therefore, Hg is often used to determine n. and 7, [108].
The spectrum in figure 4.3.11 shows a highly broadened H, line, but
Hg and H, are not as visible and their line intensities are one or two
magnitudes smaller. This can be explained by the lower population
of the upper states of hydrogen and also lower transition probabili-
ties. Those can be identified by their Einstein coefficients which are
Ap, =4.41-107s71, Apg, = 8.419 - 10°s~" and Ay, = 2.53- 10851,

Therefore, in case of a visible H, line with a FWHM of about 80 nm,
the FWHM of Hg and H, are much larger. However, the lines are not
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as visible as H,, due to their lower line intensity and the high continuum
radiation covering the lines. Additionally, a red-shift of about 5% of
the FWHM of the broadened line is observed. This value is much lower
than necessary for van der Waals broadening and can therefore only
result from Stark broadening. To conclude, Stark broadening seems to
have a significant impact on the spectral lines, broadens them by many
tens of nm and shifts the spectral lines by ~ 5% of their FWHMs.

Opacity broadening/Self-absorption: A lower state transition of the emit-
ting species needs to be significantly populated for significant self-
absorption. This state corresponds to the n = 2 state for hydrogen.
This results in a modified emission line I(\) with a line profile P(\)
and amplitude [y under the assumption that the photons pass a layer
of absorbing atoms of the same identity as the emitter particles [82]:

P(A)

I(\) = Iy P(\) exp( pP()\O)). (4.19)
The value p describes a function of the total amount of absorbing parti-
cles which therefore increases with particle density. The self-absorption
effect is possibly appearing because the in-liquid discharge is a highly
localised and dense plasma. The emitting hydrogen is affected by a
dissociated cloud of surrounding hydrogen atoms. Therefore, the par-
ticle density along the optical path is rather high and self-absorption
is likely to appear.

Considering only Stark and van der Waals broadening, the emission lines
should follow a Lorentzian line profile P(\) according to:

! 5
pE e vy w ey (4.20)

P(X)

This line profile changes its shape when self-reversal due to self-absorption
is taken into account. The measured spectra are therefore analysed accord-
ing to all three broadening mechanisms. The fitted spectra are presented in
figure 4.3.13.

It can be seen that two different fits are combined for the complete modelled
fit (orange). These fits correspond to different levels of self-abosrption and,
hence, to different regions within the discharge: the ionisation region and
the recombination region. Excitation of hydrogen atoms can still occur in
both of these regions. It is assumed that the discharge behaves similar to
streamer propagation in gases. The streamer head is corresponding to an
ionisation zone at the front of the discharge, ionising water molecules from
the surrounding liquid. This tonisation front is propagation through the
liquid and leaves a recombination region behind. This process is illustrated
in figure 4.3.14. These two regions are both areas of light emission but the
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contribution of self-absorption is different as the optical path is different for
those two areas.
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Figure 4.3.13: Continuum substracted residua (grey lines) corresponding to

6

(a) 4ns, (b) 6ns, (c) 12ns, (d) 16ns and (e) 24 ns. The signal
intensity scale is adjusted for best visibility. The emission from
the recombination region (blue lines) and the ionisation region
(green lines) is modelled and both combine to the overall fit of
the residua (orange lines). (f) The corresponding black body
temperatures (open circles) and hot spot contribution (solid
black squares) percentages. Adapted from [113].
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Figure 4.3.14: Sketch of propagating discharge in liquid with an ionisation
front (streamer head) and a recombination region behind the
streamer head (in analogy to streamers in gases).

At later times, the contribution of light emission from the recombination re-
gion decreases until it completely vanishes for 24 ns after the ignition (com-
pare figure 4.3.13(e)). This coincides with the time where the pulse is over
and no voltage is applied to the electrode. Furthermore, the light intensity
drops drastically (compare figure 4.3.1(b)). It is therefore assumed that the
plasma stops propagating at the end of the voltage pulse and the recombi-
nation process (as well as ionisation) is not happening. Afterwards, only the
Stark broadened H, line is visible, which is generated by the excited species
at the streamer head. The effective lifetimes of the H-Balmer lines are 12.5 ns,
34ns and 78ns for H,, Hg, and H,, respectively [114]. These relatively long
effective lifetimes can explain the visibility of the H, emission line after the
end of the voltage pulse. Therefore, it is necessary to use this two-region
approach to model the line spectra precisely, especially during the voltage
pulse. The processes over the whole voltage pulse and the corresponding
propagation are illustrated in figure 4.3.15.

During phase I, field ionisation starts the discharge and the ionisation front
is propagating into the liquid. Hydrogen atoms are created from electron
dissociation of HyO as for example from the following reactions:

e +H,O—H-+OH+e
e +H,O—2H+0O+e”

The hydrogen atoms can either be ionised or excited by collisions with elec-
trons. For electron energies above 13.6eV, the hydrogen atom are ionised
whereas electron energies of 10.2-13.6eV lead to excitation of the hydrogen
H-Balmer lines.

Phase II is characterised by the highest applied voltage of 20kV and the
plateau phase. The voltage is not rising anymore and there is no potential
difference between electrode tip and ionisation front. The overall intensity of
the emission drops due to the lack of new electrons exciting or ionising atoms
and molecules. The already excited species relax and also the corresponding
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continuum emission is getting weaker for the plateau phase of the voltage
pulse. This drop in intensity is the so-called ‘dark phase’ |29, 36].
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Figure 4.3.15: Sketch of propagation during different phases: voltage rise (I),
voltage plateau (II), voltage drop (III), and after-pulse (IV).
The voltage pulse (grey) and integrated light emission (black)
are shown as a reference with the specific point in time marked
by the dashed line.

Phase III describes the drop of the voltage where field emission sets in. Elec-
trons are accelerated out of the electrode into the conductive channel and
excite already recombined species along the way. The emission intensity rises
again and after reaching a second maximum it drops again to zero. During
the drop of the voltage pulse, the energies of the electrons decrease due to the
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decrease of the electric field at the electrode tip. At one time in the falling
slope of the voltage pulse, the electric field is too small for field emission to
occur.

In phase IV, no voltage is applied to the electrode tip and only the streamer
head has a positive potential of approximately 20kV. Because of the lack
of electrons to effectively maintain the discharge, the species recombine and
the last excited species relax. The primary streamers end. These streamers
are faint structures in comparison to the bright emission area in front of the
electrode tip as shown in figure 4.3.1(a). This area is blackened out to show
the streamer structures in figure 4.3.16.

12.00ns

Figure 4.3.16: Single-shot ICCD images presented in false colour with a gate
width of 2ns at (a) 4ns and (b) 12 ns after ignition with black-
ened out area of highest intensity. At 12 ns faint structures are
visible, which correspond to propagated streamers in the lig-
uid medium.

However, as discussed before, the initial voltage pulse is partly reflected and
reaches the electrode again. This results in a re-ignition of the plasma which
can be visualised by time-resolved optical emission spectroscopy over a longer
period of time.

4.3.2 Re-ignitions and discharge afterglow

To obtain an overview of the spectral line evolution for longer times, includ-
ing new power input into the discharge by reflected pulses, optical emission
spectroscopy is performed with the PI MAX camera. The gate time is 30 ns
and time steps of 15 ns are used. Furthermore, the influence of the reflected
pulses on the discharge is investigated for different cable lengths which allow
longer distances between the reflected pulses (compare section 4.1.1). Figure
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4.3.17 illustrates the emission spectrum evolution over a time period of about
300 ns for the 3.4m (a) and 12m (b) cable as well as the intensity evolution
at 656 nm for all cable lengths (c). The time-resolved spectra for the 6 m,
8.65m, and 10m cable are given in appendix B.
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Figure 4.3.17: Temporal evolution of optical emission spectra for the (a)
3.4m cable and (b) the 12m cable. The intensity at 656 nm

corresponding to the H, line is shown for all cable length in

(c)-

The emission spectra for each cable length show a strong continuum at the
beginning of the voltage pulse. This continuum was previously analysed with
a higher temporal resolution over the time of one voltage pulse. In addition
to the continuum radiation, line emission is visible within the time-resolved
spectra. The 3.4m cable exhibits many intensity peaks at 656 nm, corre-
sponding to the H, line. These emission lines occur with a constant time
delay matching the reflections of the voltage pulse inside the cable, leading
to re-ignitions of the discharge.

These intensity peaks are also visible for the other cable lengths. However,
their appearance is less pronounced compared to the continuum and the dis-
tance between these intensity peaks increases with increasing cable length.
This is expected due to the longer travelling time within the cable. The
H, emission line is clearly visible at the end of the initial pulse for all mea-
surements indicated by an increase in intensity at around 656 nm on top of
the continuum at approximately 30 ns.
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The evolution of both the H, and the OI line can be better analysed by
plotting the intensity at the wavelengths 656 nm and 777 nm, respectively
for both cable lengths. Figure 4.3.18 shows the temporal evolution of the
intensity at 656 nm (a) and 777nm (b) for the 3.4m and 8.65 m cables as an
example. Both emission line intensities seem to oscillate.
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Figure 4.3.18: Temporal evolution of the line intensity of (a) H, and (b)
Ol for for the 3.4m cable (black solid squares) and the 8.65m
cable (black open circles). The grey area marks the beginning
of the pulse and the dominating continuum radiation.

The approximated times between the peaks in intensity are 45ns and 120 ns
for emission lines measured with the 3.4 m cable and the 8.65 m cable, respec-
tively. These oscillation times fit to the calculated periods of the oscillating
HV pulses induced by the reflections inside the cable (compare section 4.1.1).

The delay between the intensity peaks for all cables are presented in table
4.3.

Table 4.3: Comparison of measured time delay between intensity peaks with

calculated delay times according to the different cable lengths L
from section 4.1.1.

cable length (m) | delay int. peaks (ns) | calc. delay times (ns)
3.4 45 35
6 100 62
8.65 120 89
10 135 103
12 165 124

The difference between the calculated time delays and the estimated times
between the peaks in intensity in figure 4.3.18 are an artefact from the longer

80



CHAPTER 4. PHYSICS OF NANOSECOND PULSED PLASMAS IN
DISTILLED WATER

camera gate of 30 ns. Additionally, the step width of 15 ns leads to an overlap
of emission intensities which is not reflecting the real emission at that point
in time, but rather a broader time span of 30ns. The accumulated light is
therefore not reflecting the exact time development and serves only as an
estimation. The measurements with the BCS provide more reliable measure-
ments of these time delays between intensity peaks as presented in table 4.1.
Summarising, the reflections of the voltage pulse inside the cable, as dis-
cussed in section 4.1.1, are also visible in the optical emission spectroscopy
measurements. Due to the increase in intensity resulting from the arriving
reflected pulses at the electrode, it can be postulated that energy is dissi-
pated into the discharge with every reflected pulse arriving at the electrode.
To verify this hypothesis, the electron density derived from the spectral line
broadening is investigated in the following.

4.3.3 Electron densities

The electron density of the in-liquid discharge ignited at 20kV and 15 Hz is
determined from the spectral line broadening as discussed in section 3.2.7.
The values for the electron density are taken from measurements with high
temporal resolution (2ns gate width) for the 12m long cable as well as low
temporal resolution (30ns gate width) for the 3.4 m and 8.65m cables.

1 E23 N T T T T T T T T T T T T T T T T T T T T T T
0 25 50 75 100 1256 150 1756 200 225 250 275 300

time (ns)

Figure 4.3.19: Time-dependent electron density derived from Stark broaden-
ing of H, for the 12m cable with ¢,,,.=2ns and the 8.65m and
3.4m cable with ¢,,,—30ns . The grey area marks the rising
voltage front. A voltage of 20kV and a frequeny of 15 Hz was
applied for all measurements.
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As discussed before, the measurements with the PI-MAX camera were col-
lected with a 30ns gate. Therefore, the H, line emission is averaged and
the broadening of the H, line is estimated for this gate width. The mea-
surements taken with the Andor camera show that the FWHM changes also
on the short time scale of 2ns. Therefore, it is assumed that the 2ns time-
resolved measurements are more accurate.

The time-dependent electron densities for the selected cables are presented in
figure 4.3.19. Electron densities above 10?> m~2 are determined for all cable
lengths. As discussed in section 2.3.1, electron densities above 10% m~2 and
below 10*2m~3 have to be taken with caution. Nevertheless, these values
seem reasonable and agree with measurements from literature [56]. A com-
parison of the OES measurements used for electron density determination
found in literature for similar setups can be found in table 4.4. The order of
magnitude of the electron densities agrees with the presented measurements,
except for [36], where the broadened H, and OI lines are fitted with the sum
of two Lorentzian profiles. Each of these Lorentzian profiles should represent
van der Waals and Stark broadening, respectively. However, the interaction
of these line broadening mechanisms requires a convolution of both line pro-
files and not their sum [107, 115, 116].

Table 4.4: Comparison of maximum electron densities in literature deter-
mined from spectral line broadening of H,,.

group setup U (KV) | trise (08) | tpuise (nS) | ne (m™3)
Pongrac et al. 56| | pin-plane | 80 2.5 6 10% — 10%
Marinov et al.[60] | pin-plane | 15 3.7 30 1.3-10%
Dobrynin et al. [36] | pin-plane 30 0.3 10 1.5-10%
Grosse et al. [86] pin-pin 20 2 10 4.5-10%

Marinov et al. [60] also fitted a time-averaged spectrum over 40 ns with two
Lorentzian profiles, but attributed these contributions to two different times
within the discharge, which is a reasonable explanation. During their anal-
ysis it is stated that the observed red shift is exclusively generated by van
der Waals broadening. They argue that Stark broadening can be neglected
as an origin for this red shift. However, at very high electron densities this
assumption is not valid and the red shift of the H, line caused by electron
impact needs to be taken into account [115, 116].

For a seperation of van der Waals from Stark broadening, both line widths
and shifts have to be analysed. Here, many works only used Stark broadening
|34, 56]. Comparing the results of Pongrac et al. |56] to the here presented
data the order of magnitude of the electron density and the pulse shape
chracteristics are quite similar, but the amplitude of the voltage at the elec-
trode tip is much higher. Pongrac et al. fitted the H,, line with a Voigt peak
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function, which convolves both Gaussian and Lorentzian profiles including
the Doppler broadening as well as pressure broadening, respectively, neglect-
ing van der Waals broadening. With the assumption that Stark broadening
is dominating at later times, the Lorentzian profile is used to determine the
electron density with a simplified formula [56]. Their measurements showed
a decrease of electron density in time, with a decay time of 74ecqy = 150 ns.

It can be concluded that additional information about gas density and pres-
sure during the discharge and afterglow phase are necessary in order to in-
terpret the measured optical emission spectra clearly. An estimation of the
pressure and temperature can be found in section 4.4.2 based on cavita-
tion theory. Besides that, the comparison of measured line profiles with the
simulated line profiles from Gigosos et al. [97] seem to be a valid and a com-
prehensive method as it includes all relevant mechanisms. Nevertheless, the
emission spectra are accumulated over many discharges and a field of view of
approximately 1 mm?. The difference in electron densities compared to liter-
ature (table 4.4) can result from varying setup geometry and liquid properties
which can influence the discharge dynamics and therefore also the electron
densities. The drop of the electron density appears with a time constant of
about 70ns and 90ns for the 3.4m and 8.65m cable, respectively. These
decay times correspond to the decay of the line intensities in figure 4.3.18.
The re-occuring voltage pulses at the electrode tip re-ignite the plasma and
therefore the emission intensity and the electron density increase shortly due
to this new power input. Pongrac et al. [56] also observed a decay of electron
density with a time constant of 130ns (6ns pulse, 100kV electrode voltage,
8 m cable, deionised water, pin-to-plane configuration) and linked that to
electron recombination. This electron density decrease should, however, only
correspond to the decay of oscillating power inside the cable.

The evolution of the electron density can also be compared to the initial
applied voltage pulse, which is presented in figure 4.3.20. The start of the
voltage pulse is shifted to the rising edge of the electron density. Due to
the high density of species inside the liquid compared to gases, the build-up
of charges is expected to be faster than the change in voltage. Nanosecond
streamer propagation in gases usually show a delay between the rising volt-
age front and the current because of a delayed build-up of electron density
within an ionisation avalanche. This is not assumed for the in-liquid streamer
discharge and explaines the correlation between the electron density and the
voltage pulse. Furthermore, the recombination times of the electrons inside
the streamer should occur in the order of picoseconds at such high electron
densities. This decay fits to the voltage fall time, which can be expressed
through an exponential decay with Tgeeqy = 8ns. The electrons would there-
fore balance between their generation in the high electric field and their loss
in recombination.
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Figure 4.3.20: Voltage pulse (grey) and electron densities (black squares) de-
rived from the FWHM of the H, line during the first 46 ns. An
exponential decay (black line) is modelled using a decay con-
stant of 8ns. The voltage curve is shifted in time so that its
rising front coincides with the rise of electron density. Adapted
from [113].

The discussed electron densities mirror the accumulated electron density over
the whole discharge area. Certainly, the electron density will distribute dif-
ferently within the streamer propagation through the liquid. This spatial
resolution of one propagating streamer cannot be achieved with OES, which
makes modelling necessary. A streamer propagation model can be applied
to identify both the movement through the liquid and the electron density
within the streamer.

4.4 Cavitation

In general, cavitation describes the formation of gaseous voids inside lig-
uids. As described in section 4.2, during ignition the liquid can rupture
and nanovoids are likely to be formed for the described discharge. These
nanovoids can grow into streamer channels and further combine to a cav-
itation bubble. The formation of this cavitation bubble is discussed now.
The findings from the experiment are then compared with cavitation theory
and are taken in context with the modelling of plasma ignition. Finally, a
comprehensive picture of the discharge and cavitation bubble development
inside the liquid is derived by combining all experiments and models.
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4.4.1 Formation of a cavitation bubble

The nanosecond discharge initiates the creation of a bubble inside the liquid.
Furthermore, the propagation of a radial acoustic wave due to the high initial
pressure is observed. The temporal evolution of the bubble and the acoustic
wave is monitored by shadowgraphs according to the setup in figure 3.2.2.
The post-discharge cavitation bubble formation is observed for four different
voltages and thus power input into the discharge. The temporal evolution of
these discharges is presented in figure 4.4.1.

&

Figure 4.4.1: Shadowgraphs taken for different applied voltages (rows) at
different times during the discharge and post-discharge phase
(columns). The gate time of the camera varies between a 2ns
gate (at 6ns), 50ns gate (at 188 ns, 538 ns and 1.538 us) and
100ns (at 10.5 ps, 31.038 us and 351 ps). The black line from
the top is the shadow of the tungsten wire.

The shadowgraphs are taken as single shots with different camera gate times
of 2ns (at 6ns), 50ns (at 188ns-1.538 us) and 100 ns (at 10.538-351.038 ps).
The shorter gate times in the beginning are necessary to avoid the ICCD
chip from saturating due to the plasma emission and afterglow. The tung-
sten wire is visible in the top of each shadowgraph as a thin black line. After
the discharge vanishes, the cavitation bubble is visible as black areas on the
shadowgraphs due to the difference in refractive index compared to the lig-
uid background. The bubble contains gas atoms and molecules left over from
plasma dissociation recombination.

85



4.4. CAVITATION

At 188 ns, the gas channels from the streamer expansion inside the liquid be-
come visible adjacent to the electrode tip. Furthermore, the radial acoustic
wave can be observed. For the maximum voltage of 26 kV, the streamer gas
channels have traveled as far as the wave front. Additionally, a secondary
gas channel area can be found at the top of the shadowgraphs directly at the
tungsten wire. This leads to the assumption that the surface of the tungsten
wire was roughened at that position so that a second discharge could ignite
at this protrusion. At 538 ns the acoustic wave propagated further through
the liquid but is still visible inside the shadowgraph.

From 10.538 us onwards, the gas channels start to form a cavitation bubble,
which increases in size until it suddenly shrinks and separates from the elec-
trode tip. The whole temporal evolution can be divided into three phases:
(I) acoustic wave propagation, (II) cavitation bubble formation and (III)
cavitation bubble collapse. These different phases are described in detail:

(I) Acoustic wave propagation

The shadowgraphs at 188 ns and 538 us show an acoustic wave propagating
radially from the point of ignition through the liquid. The acoustic waves
are visible for all applied voltages.

Figure 4.4.2: Shockwave propagating from point of ignition through the
medium in circular shape. Plasma generated with 14kV and
1 Hz. Shadowgraphs are taken for different pulses.

The detailed propagation of the acoustic wave for a 14kV voltage pulse is
shown in figure 4.4.2. Each time stamp of the shadowgraphs is relative to the
time of ignition (t=0ns). The camera gate and the time steps between the
shadowgraphs are set to 50 ns. The radial acoustic wave is propagating from
the point of ignition outwards through the distilled water. The radius of the
acoustic wave for each point in time is used to determine its velocity [80].
The radii for different times at 20kV and 1Hz and the resulting velocities
for voltages of 16-26 kV are given in figure 4.4.3.
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Figure 4.4.3: (a) Radii determined for different points in time and (b) veloci-
ties calculated from radii for different applied voltages. Graphs
adapted from M. Kai [80].

The average acoustic wave propagation velocity is 1463478 m/s which is
consistent with the speed of sound in water of 1491.50+2.87m/s at water
temperature of 23°C [78|. The acoustic wave can only be determined for
times longer than 44 ns due to the light emission of the discharge and the
expansion of gas channels around the electrode tip, covering the acoustic
wave front in the shadowgraphs (compare first image of figure 4.4.2 at 39 ns).
However, the origin of the acoustic wave is expected at the electrode tip. As
discussed in the section 2.1.1, a region of negative pressure is surrounding the
electrode in the beginning and its formation is faster than the hydrodynamic
forces. When the hydrodynamic forces start to react on the negative pressure,
a compression layer is formed. The negative pressure layer disappears when
the voltage pulse is zero and, therefore, the electric field vanishes which leads
to a relaxation of the compression layer which travels away. The dependence
of the negative pressure on the electric field is the same as the dependence
of the force F acting on polar fluids to the electric field [42]

Fa ?6}327 (4.21)

with the characteristic constant for the liquid o ~1 |22] and the permittiv-
ity of the liquid e. When the radius of the acoustic wave in figure 4.4.3 is
extrapolated to the time t=0ns, the radius is not zero as expected.

This leads to the assumption that the velocity must be higher in the first
441ns and relaxes then to the speed of sound velocity in water at ambient
pressure. Therefore, higher pressures must be present before 44 ns and this
initial acoustic wave velocity v;,;; is estimated with the assumption that it
has a linear behaviour according to:

v o T'44ns
nit —
Atinit’

(4.22)

87



4.4. CAVITATION

with the radius of the acoustic wave ru,s at 44ns and the time between
ignition (fp=0ns) and the 44ns. The uncertainty of the time of ignition ¢,
is expected to be equal the camera gate time of 2ns. Acoustic wave veloci-
ties in the initial stage of the plasma therefore range between 5600 m/s and
8900 m/s for applied voltages of 16 kV to 26 kV, respectively.

The increase in initial acoustic wave velocity with applied voltage correlates
with a higher electric field at the electrode tip for higher applied voltages.
According to equation 4.21, this leads to higher negative pressure in the ig-
nition phase. Therefore, the compression layer is pushed outwards with a
stronger force acting on it. Furthermore, this acoustic wave has not only to
pass a liquid environment in this initial phase but also a gas or gaseous-like
environment due to the streamer channels which built up during the dis-
charge. This change of media could lead to a higher expansion velocity of
the shock front.

Acoustic wave expansion in liquids are recorded by different groups. Vogel
et al. [79] generated a plasma by Nd:YAG laser pulses inside distilled water.
They showed that with increasing laser power and pulse length, the initial
shock wave velocity increases in the beginning, but always reaches the speed
of sound after a few tens of nanoseconds. Despite the different generation
of the plasma, the shock wave velocity is much comparable to the presented
data. Therefore it is assumed that the initial acoustic wave velocity increases
not linearly but rather follows an exponential approximation to the speed of
sound in water and might even be a shock wave in its initial stage. Therefore,
the previously estimated initial acoustic wave velocities show only a mean
velocity during the first 44 ns and are probably higher in the very beginning
of the discharge.

The observation of an increased initial shock wave velocity in water decreas-
ing to speed of sound of water have been made by Marinov et al. [61] who
used a very similar setup but operated at lower voltages of max. 9kV. Fur-
thermore, the pulse shape is with 30 ns duration and 5 ns rise time longer than
in the presented case and a nickel pin electrode is used instead of a tungsten
electrode. Nevertheless, they also report a shock/acoustic wave propaga-
tion, bubble formation and the collapse of the bubble. It is also reported
that shock waves are created at the propagating streamers inside the liquid
[29, 34, 60] which can degenerate into an acoustic wave [60]. The supersonic
streamer development is believed to be closely related to the formation of the
shock wave which is detected at later times [34]. This phenomenon could not
be resolved with the presented setup. However, the shock wave velocities can
be used to determine the pressure acting on the shock wave front in the very
beginning of the discharge. During that time it might be rather a shock wave
than an acoustic wave. Therefore, the shock wave veocity ug, the velocity
of the particles behind the shock up and the ambient hydrostatic density po
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have to be taken into account to calculate the pressure from the Rankine-
Hugoniot equations [79, 117]|. Rice and Walsh [118] calculated the pressure
ps in the region compressed by the shock according to the conservation of
momentum of the shock front:

Ds = PolUsUp + Do, (4.23)

with the particle velocity

us—cq

u, =c1- (1072 —1). (4.24)

The density in water at 22°C is pp=998kg/m? [119], the atmospheric pres-
sure is pg =101325 Pa, the speed of sound of water is ¢y and the parameters
c; and ¢y can be derived from the Hugoniot curve as ¢; = 5190m/s and
co = 25306 m/s. Rice and Walsh used these calculations for studying shock
waves in the range of 2.5-25 GPa but can also be used for values up to 45 GPa.
The resulting pressures for the different initial shockwave velocities are pre-
sented in figure 4.4.4.
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Figure 4.4.4: Pressure in compressed region of shock wave according to equa-
tion 4.23 (solid and dotted line) for initial shock wave velocities
(squares). The solid line represents the pressure region which
was used in the study of Rice and Walsh [118]. (Graph adapted
from M. Kai [80]).

The pressure during the initial stage of the discharge can be estimated to be
several GPa. This pressure would be high enough to allow the formation of
nanovoids discussed before (critical negative pressure < —24 MPa [103]). It
needs to be mentioned that this pressure is a mean value over the first 44 ns
(same for the velocities). Therefore, a time-resolved pressure estimation is
not possible. Additionally, as the velocity is here assumed to be linear, an
acceleration of the shock wave is not included in the pressure calculations.
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As discussed before, it is most likely that the velocities and therefore the
pressures are even higher during the time of ignition and the early beginning
of the discharge.

(II) Cavitation bubble formation and (III) cavitation bubble col-
lapse

When the internal pressure inside the gas channels is higher after the dis-
charge than the outer pressure of the liquid, these gas channels are forming a
bubble structure. This bubble is growing until it reaches its maximum. The
quick expansion of the bubble causes a drop of pressure and temperature
inside due to the adiabatic expansion. When the input energy and the po-
tential energy of the bubble balance, the maximum size of the bubble radius
is reached. Condensation inside the bubble reverses the movement which
leads to a collapse of the gas bubble until it reaches its minimum size. This
process can be visualised by showing the time-resolved radii of the bubble
for different voltages as presented in figure 4.4.5.
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Figure 4.4.5: Temporal evolution of bubble radii for different applied volt-
ages. The solid lines represent modelling results from cavitation
theory. Adapted from [86].

The graph shows the temporal evolution of bubble radii for discharges ignited
at different applied voltages derived from the shadowgraphs shown in figure
4.4.1. Tt can be noted that the maximum bubble radius is reached slightly
later for higher applied voltages. This can be correlated to the higher electric
field strength at the tip which directly influences the total pressure at the
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bubble-liquid interface according to:

Ro\ ™ 20 R
pliquid(R) = PE—field +p07ga5 (%) — E — 4n§ , (425)
electrical pressure — \—a— ~~ N~

initial pressure surface tension viscosity

with the adiabatic coefficient for water v = 1.33, 0 =0.072N/m? 1 =0.001 Pas
and with the electrical pressure according to:

1 1 k
DE—field = ~eoEfy (1 - - ), (4.26)

2 €water €water

where Egy is the electric field at the tungsten tip, €, = 80 the dielectric
constant of water and k = 1.5 the coefficient for electrostriction [27].

For higher electric field strengths, the total pressure increases and the bubble
can expand more until the energies balance and the bubble collapses. The
maximum bubble radius for an applied voltage of 14kV is 0.6 mm whereas
an applied voltage of 26 kV leads to maximum bubble radii of 1 mm. When
the bubble collapses, it remains in the vicinity of the electrode tip until it
rises due to buoyancy.

4.4.2 Model I: Cavitation theory

The experimental findings from the previous subsection can be benchmarked
with theory. For that, cavitation theory based on continuum equations is ap-
plied to describe the slow processes during bubble expansion [86]. The high
initial pressure derived from the extrapolation of acoustic wave velocities can
lead to the rupture of the liquid and nanovoids can be created. A high pres-
sure difference between this nanovoid and the surrounding liquid is created.
The nanovoid might be the initial environment for the discharge to ignite,
but this is still an open question. As discussed in section 4.2.1, field effects
are most likely to play a dominant role in ignition and cannot be neglected.
Nevertheless, gas channels are left in the liquid after the discharge and this
gas environment can rearrange into a bubble shape due to surface tension.

Radius and velocity of the bubble-liquid interface

Rayleigh gave the first description of the expansion or collapse of a spherical
bubble (containing vacuum) in an incompressible liquid in 1917 [72]. The
extension to compressible liquids with the bubble propagation at maximum
speed of sound in the liquid was established later and is described by the
Rayleigh-Plesset equation [73-77]:

. R\ 3., RY R R\ Roh
wr(i-B) s S By (1 By (VRO
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R is the radius of the interface between bubble and surrounding liquid, R and
R the velocity and acceleration of this interface, respectively, C' the speed of

sound at the interface and h is the enthalpy. The last term proportional to
% can be neglected because the velocity of the acoustic wave is significantly

larger than the expansion velocity of the bubble. This simplifies to:

. R\ 3. R R
RR(1—= | +-R*1-—)=h{1+—=]. 4.28
(1-2)+3#(1-5) = (1+2) 4:29)
The enthalpy can be described as
p(R) q
h :/ &L (4.29)
Poo P

with the pressure dependent density of water p(p). The calculation of the
enthalpy is made using the equation state of water:

no1 pliqmd<R)+B)’T )
h= (B +py || | Hawd " T2 ~1), 4.30
n—lpo( b )(( B+poo ( )

with py = 1000 kg/m?, the coefficient B = 3000 - 10° Pa and n = 7.

The sound velocity C' at the interface between bubble and liquid at location
R depends on the pressure at this location pjquiq(R) and the sound velocity
at ambient pressure co, = 1435m/s:

n—1
B\ =
C=c. (pp ++ B) . (4.31)

With these assumptions, the Rayleigh-Pleeset equation can be calculated
which yield the temporal developing radius of the bubble-liquid interface
and its velocity. The boundary conditions to solve equation 4.28 numerically

are R(t = 0) = Ry, R(t = 0) = 0, pogas(R = Rp) and the total pressure
Diiquia(R) is given in the following paragraph.

Pressure

The total pressure at the liquid acting on the bubble pygua(R) is described
in equation 4.25. The electric field pressure at the tungsten tip is calculated
with a tip radius of Ry=25um and the electric field at the electrode is ap-
proximated with Epy = Ugppiica/ Ro. This yields a total pressure according
to:

1 1 k R\ 20 R
iquid(R) = S0 By ( 1— — wl| =) =S A= . (432

b ! d( ) 260 HV( €water Ewater) +p079 ( R ) R nR ( )
The initial pressure inside the bubble pg 445 is a free parameter but can be set
to 0.5 GPa as an estimation from the modeled R(¢). This is in agreement with
the range of the determined pressures from shadowgraphic measurements in
figure 4.4.4.
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Temperature

The temperature of the adiabatically expanding gas inside the bubble T'(¢)
can be converted from the numerical solution of the simplified equation 4.27
describing the bubble radius R(t):

W) =Ty (%)S(H). (4.33)

The temporal evolution of all four variables R, R, p and T are shown in figure
4.4.6. It can be seen that the velocity of the bubble increases quite fast
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Figure 4.4.6: Temporal evolution of an expanding bubble with a (a) radius
R(t), (b) velocity R(t), (c) temperature T(K), and (d) pres-
sure at bubble-liquid interface pjquia(R) based on the numeri-
cal solution of equation 4.28. The initial values of radius, ve-
locity, pressure and temperature are Ry = 25um, RO = 0,
po="5-108Pa and Ty = 1200 K. Adapted from [86].

during the 10 ns pulse, whereas the radius is remaining almost constant. The
maximum velocity is reached at approximately 50 ns with 400 m/s. The max-
imum bubble radius of 600 um is reached after 50 pus. Afterwards, the bubble
collapses and reaches its minimum size at 100 us. From the expansion to the
collapse of the bubble, the pressure inside drops to almost 103 Pa and the
temperature reaches its minimum at 60 K due to the adiabatic expansion.
This temperature is way below the freezing point of water of 273.15 K.

If it is assumed that the plasma is igniting inside water, it is reasonable that
the bubble is filled with water vapour. Under this assumption, the water
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vapour would undergo phase transitions from gas to liquid to solid phase.
This is illustrated in figure 4.4.7.
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Figure 4.4.7: Change of pressure p and temperature 7" of the gas inside the
bubble during the time of bubble expansion. The orange line
indicates the phase boundaries of water. The supercritical state
is marked by the grey area. Adapted from [86].

According to the temperature dependent pressure p(T'), two phase transitions
should occur: (i) from supercritical water vapour to liquid and (ii) from liquid
to solid. Such a phase transition describes an equilibrium which might not
be applicable. A more realistic description of the gas phase in the bubble
should regard the adsorption of gas species at the inner walls of the expanding
bubble. The time constant 7 before species are lost can be estimated, which
can be described by the balance of the surface collision fluence with the total
number of gas phase species inside the bubble with radius R [28]:
ingasvthermalﬁ T AT R? = ngas%TR?’, (4.34)
with the density of gas phase species ngq,, the sticking coefficient of water
molecules 5 and the thermal velocity of water molecules vinerma = \/3ksT/m
with mass m and temperature T inside a bubble volume with radius R. The
condensation occurs at the inner walls of the bubble by adsorbing gas species.

The bubble radius R changes during time of bubble expansion and also the
temperature 7" and the sticking coefficient inside the bubble might change. In
the following, values of =1 and T' = 300 K are set as a rough estimation.
The temperature inside the bubble and the sticking coefficient depend on each

94



CHAPTER 4. PHYSICS OF NANOSECOND PULSED PLASMAS IN
DISTILLED WATER

other as a higher temperature leads to an easier desorption of water molecules

at the inside of the bubble walls. The time constant for condensation is:
4R
T=— (4.35)

3Uthermal

Condensation can, therefore, be included in the Rayleigh-Plesset equation by
changing the initial pressure inside the bubble pg g4s t0 Do gas - €xp(—t/T). A
comparison between the model with and without condensation is presented
in figure 4.4.8.
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Figure 4.4.8: Temporal evolution of pressure during bubble expansion mod-
elled according to Reyleigh-Plesset with (open circles) and
without (solid circles) condensation. The initial pressure is
Pogas = 0.5GPa and the ambient pressure p,, = 10°Pa.
The dashed grey line marks the water saturation pressure at
2.34kPa. Adapted from [86].

In the early stage of the discharge, up to 1 us after ignition, the two modelled
pressures agree well. However, after 1 us, the pressure of the condensation
model drops by several orders of magnitude lower than the model without
condensation. The limit of this drop in pressure is assumed to be the wa-
ter saturation pressure at 2.34 kPa where adsorption and desorption balance
each other.

The inclusion of condensation into the model is consistent with the experi-
mental observations. First, the development of a spherical cavitation bubble
is visible from approximately 10 us after plasma ignition. The pressure in-
side is presumably much lower than the surrounding due to condensation.
A clear contrast is visible in the shadowgraphs. Second, a change in con-
trast is present in the early phase of the bubble expansion as shown in figure

95



4.4. CAVITATION

4.4.9. This change in contrast correlates to a change in density within the dis-
charge environment. Therefore, it is assumed that condensation sets in and a
stronger contrast between gas channels and the surrounding liquid develops.
The different shadowgraphs can be associated to different pressure stages. At
44 ns, the discharge environment corresponds to supercritical water vapour.
Later, at 94 ns condensation starts and afterwards condensation is completed
and the contrast between the gas environment and the surrounding liquid is
stronger, represented by the shadowgraphs at 144 ns and 194 ns. Therefore,
condensation is most likely to appear.

Figure 4.4.9: Shadowgraphs taken with a gate time of 70ns for 20kV ap-
plied voltage. Condensation of the water vapour inside the gas
channels could be indicated by the change of contrast. Shad-
owgraphs from [80].

A comparison between cavitation theory and experimental observations can
also be made concerning the initial pressure during ignition. The extrapola-
tion of acoustic wave velocities from shadowgraphs can be used as an estimate
for the initial pressure < p;nitia > as presented in figure 4.4.4. This pressure
times an initial volume Vj,;s;, corresponds to an initial energy Fj,itia, Which
is deposited into the liquid environment during discharge ignition. This ini-
tial energy divided by the pulse length of At= 15ns can be compared to
the electrical power P; = U?/R which is dissipated in the discharge, with a
constant electrical resistance R which is estimated with the dissipated power
taken from BCS data according to section 4.1.3. The dissipated energy for
this measurement (Egss = 2.4mJ, U=20kV) during the whole pulse results
in an electrical resistance of R—= U?- At /Eaiss = 2.5k Q. Therefore, the initial
pressure can be scaled with the applied voltage according to:
U At

< Pinitial >= —5 .
R Vvinitial

(4.36)

The fitting pressure of pg 445 for cavitation theory is set in such a way that the
expansion of the cavitation bubble can be described for an initial cavitation
bubble radius Ry of 25 um. Those pressures are plotted in figure 4.4.10.
Here, < pinitia > and po gqs are in the same range, but show differences in
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Figure 4.4.10: Averaged initial pressures < pjiriar > 0f the discharge extrap-
olated from shock wave velocities within the first 44 ns (black
squares) and fitting pressures pggqs derived from cavitation
theory for an initial bubble radius of 25 um (open squares) for
different applied voltages U. The solid line demonstrates the
scaling of < piniriar >oc U? (solid black line). Adapted from
[86].

absolute numbers. However, pg 4., describes the pressure inside the cavitation
bubble at 10-20ns after ignition, whereas < pj,iria > denotes the average
pressure during the first 44 ns after ignition. Due to an expected continuously
decreasing pressure, it is comprehensible that pg .5 is systematically lower
than < pinitia >. In addition to that, the fitting of the initial pressure pg gq4s
and the initial volume Vj from cavitation theory can be used to determine
the potential energy FEj that is dissipated by plasma generation:

47
EO = p07gas% = Po,gas TRS (437)

This energy drives the expansion of the cavitation bubble after plasma igni-
tion. The maximum cavitation bubble radius R,,,, and the time of bubble
collapse tcoiqpse depending on the initial potential energy Ej are presented in
figure 4.4.11. The bubble radius R and the time of collapse t.qpse derived
from cavitation theory both scale with /Ej.

Finally, with the fitting parameter for the initial pressure pg 4., in a bubble
with an initial radius of 25 um and an ambient pressure p.., the bubble radius
evolution shown in figure 4.4.5 can be described with the parameters given
in table 4.5.
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Figure 4.4.11: Maximal radius R,,q; and time of collapse tcoapse depending
on the initial potential energy Ey. Adapted from [86].

It can be seen that the fitting with these parameters is in excellent agreement
with the measured bubble radii shown in figure 4.4.5. Tt has to be noted that
usually the ambient pressure should be 10° Pa (1 bar). However, small devia-
tions within the fitting procedure have to be taken for the ambient pressure,
ranging from 3-4.2-10° Pa in order to get a good fit. These deviations from
atmospheric pressure can arise from the shock wave travelling from the point
of ignition outwards relaxing into a sound wave. However, its movement is
restricted by the outer walls of the plasma chamber, where the acoustic wave
can be reflected which would lead to a propagation towards the expanding
cavitation bubble. This reflection is possible for multiple times which would
lead to an increase in ambient pressure and might lead to a slightly faster
collapse of the cavitation bubble.

Table 4.5: Fitting parameters pg 445 and po, for different applied voltages.

U (kV) | pogas (Pa) | poo (Pa)
14 1-10° 3-10°
18 5-10° 4.10°
22 13-10° 4.2.10°
26 20-10° 4.2.10°

Summarising, the model depends sensitively on the initial pressure for the
small initial gas bubble. This radius is assumed to be 25 um estimated from
the electrode tip dimension. However, the initial dissipated energy po gqsVo
is the crucial parameter as a higher pressure and smaller bubble volume
leads to the same modelling results. The modification of the model with a
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higher initial pressure and a lower initial volume are theoretically possible
and could be used as a boundary condition for the model. By applying this,
the simulation faces numerical difficulties, because the initial velocities are
then closer to the speed of sound. Hence, the initial radius of 25 um is used
and an extrapolation to smaller radii is applied.

4.4.3 Model II: Plasma ignition

Model I can be applied to make assumptions about the ignition of the plasma
inside the liquid. It is assumed that the cavitation bubble expands from an
initital bubble with a radius of 25 um. However, the bubble expansion can
only start after the plasma, because the initial discharge is dominated by fast
energy transport compared to mass transport in this phase.

Therefore, a bubble with 25 um radius describes only the system after the
discharge and an even smaller region must be present at the beginning of the
discharge. Nanopores formed previously to the discharge occur at negative
pressure differences between electrode and liquid of 2.4 - 10" Pa [103]. This
value can only be reached for tip curvatures of less than 5 um for an applied
voltage of 20 kV. This is consistent with the observations of small protrusions
on the tungsten surface from Lukes et al. [99, 120] and the previous section
4.2.1. Therefore, the formation of nanopores due to a local field pressure
of 2.4 - 107 Pa is assumed [42] for a irregularity on the surface with a 5um
radius. The inertia of the liquid prohibits the liquid to move on the time
scale of 10ns. This is consistent with model I where R(¢) changes less than
1 um (see also the calculations of Tereshonok et al. [28]).

Whith the start of the ignition, the water is brought into the plasma state.
It is assumed that the initial energy FEj is constant over the whole pulse
length of 10ns and only spreads by heat conduction. The initial energy
Ey=3.2-107°J (equivalent to a power of P = 3.3kW during a 10 ns pulse)
can be converted into a temperature if a species density of 3-10® m~2 water
molecules is assumed. With these conditions two cases can be discussed
seperately, ignition and the beginning of bubble expansion:

i) ignition: The energy Ey = 3.2 - 107°J is dissipated into the initial vol-
ume with a radius of 5um during ignition, which corresponds to a
particle energy of around 12.7¢V for a species density of 3 - 102 m™3,
This is above the ionisation energy of water molecules of 12.62 eV and,
therefore, an ionisation degree of 100% can be expected. This rough as-
sumption can only be proceeded, because the energy of particles varies
strongly with small changes in the number density of species.

This initial energy can be expressed as a temperature 7j to estimate the
initial pressure according to the ideal gas law py = nkg Ty ~ 60 GPa
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with the species density n. This pressure is in agreement with the es-
timated initial pressure from the acoustic wave propagation avaraged
over the first 44ns. Due to the averaging over 44 ns, an even higher
pressure during the ignition is expected. Additionally, the heat conduc-
tion velocity equals to the speed of sound in water of 1435m/s after
plasma ignition. By assuming this, an initial bubble volume during
ignition would expand to a volume with radius of 25 um within 14 ns.
This is in good agreement with the pulse length from the HV pulser.

ii) beginning of bubble expansion: The bubble expansion is marked by a cav-
itation bubble radius of 25 um. According to model I, temperature and
pressure at that time are 1200 K and 0.5 GPa for U=14kV, respectively.
This upper limit for the radius of the cavitation bubble is restricted by
an upper limit for the volume V};,,;; to which the initial energy spreads.
This leads to the evaporation of water vapour. The cavitation bub-
ble should be limited by an average temperature which is below the
boiling temperature of 1};,,;;=373 K. Therefore, the critical volume is
Viimit = Eo/(nkgTimit) = 2.07 - 107¥m~3 leading to an upper limit of
the radius for the cavitation bubble of ry,: = /3/4 - Vo/m = 37 pm.
This is very consistent with the starting condition of model T with
Ry = 25 um showing a good agreement of model T and model TI.

4.4.4 Combination of model and experiment

It can be stated that model T describing bubble expansion is dominated by
mass transport over energy transport. The bubble is driven by the adia-
batic expansion of the hot trapped gas inside the cavitation bubble in first
order. Hence, the energy transfer at the bubble-liquid interface occurs on a
longer time scale. In contrast to that, model II specifying plasma ignition
is characterised by faster energy transport than mass transport. Therefore,
water is converted into plasma or hot gas during the pulse of approximately
10ns. Nevertheless, a model on the molecular level is needed to include the
possible formation of nanopores and the transport of energy and radiation
after discharge ignition in more detail.

These two models concerning ignition and bubble expansion give a decent
estimation of the processes in the early phase of the discharge. Also later
times long after the discharge itself are consistent with experimental findings.
This is illustrated in figure 4.4.12.

The temporal evolution of the discharge and post-discharge cavitation bubble
development is presented for specific points in time. The powered electrode
is shown by the grey bar coming from the top. The different time steps are
marked by a)-g):
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Figure 4.4.12: Temporal evolution of the discharge and the resulting pro-

cesses such as shockwave propagation and cavitation bubble
formation based on experimental findings and modelling.

Figure 4.4.12 a) The high voltage applied to the tip electrode leads to field

ionisation of water molecules or field emission at protrusions on the
tungsten surface, depending on the voltage pulse polarity. The gen-
erated electrons are presumably accelerated inside previously formed
nanopores, created through a high negative pressure difference of 24 MPa
between electrode and surrounding water. From the energy balance an
ionisation of 100% of liquid water can be deduced at 3-10*® m~3. These
initial electrons are the start of the discharge. The estimation of the
electron density during the initial pulse, however, is determined to be
in the order of 10% m~2 for the 12m long cable measurements. This
results in a small ionisation degrees in the order of 1072. Therefore,
it can be assumed that the species density is smaller. The electrical
energy from the HV nanosecond source is dissipated in a small region
with a radius of 5 um and the liquid is converted into the plasma state.
The energy transport is much faster than the mass transport during
this stage due to the inertia of the liquid.

Figure 4.4.12 b) After the end of the pulse, the mass transfer dominates over
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the energy transport and the high initial pressure causes cavitation.
The hot gas from the discharge drives the cavitation bubble expan-
sion. The best fit is achieved for an initial bubble volume with a radius
of 25um and initial pressures of the hot gas of pg s = 1-20 - 10° Pa.
This boundary condition leads to an energy dissipated into the bub-
ble by the discharge which can be estimated from the initial pressure
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Pogas = 0.5 - 10°Pa to Ey = pogasVo = 3.2-107°J at U=14kV. Due
to the particle energies resulting from this initial energy, full ionisation
within the initial volume with a radius of 5um can be assumed. The
temperature of the heated water/hot gas reaches 1200 K inside the cav-
itation bubble due to strong thermalisation. This stage corresponds to
supercritical water vapour, because a phase transition from the initial
liquid at 300 K to a hot water vapour at 1200 K at liquid water molecule
density occures. The expansion has not yet begun.

Figure 4.4.12 ¢) The adiabatic expansion of the cavitation bubble starts.
Therefore, pressure and temperature inside the bubble decrease with
increasing bubble radius. Furthermore, a sound wave is starting to
propagate from the electrode tip into the liquid. The high initial pres-
sure leads to a formation of an acoustic wave with fast velocities which
relaxes to the speed of sound in water at ambient pressure. Compared
to bubble expansion, the sound wave travels faster. Simultaneously,
electron densities between ~ 10%3-102* m~—3 are observed which decay
with a time constant of approximately 70 ns for measurements with the
3.4m cable. This time constant agrees well with the ring-down time of
the re-occuring HV pulses at the electrode of 60ns. Each re-occuring
HYV pulse leads to a partial energy dissipation into the liquid and there-
fore an increase in electron density. This is observed experimentally.

Figure 4.4.12 d) During the expansion of the cavitation bubble, condensa-
tion at the inner walls of the bubble occurs. This causes the pressure
to drop significantly during the time between 100 ns and 1 us.

Figure 4.4.12 e) The bubble expands further due to its inertia. During the
expansion, the temperature decays by two orders of magnitude whereas
the pressure drop is decreasing to 100 Pa when the maximum bubble
size is reached (f).

Figure 4.4.12 f) The cavitation bubble has expanded to its maximum size
with a radius of 1.2 um reached at 100 us for an applied voltage of
26 kV. At this point in time, energy dissipated into the bubble equals
its potential energy.

Figure 4.4.12 g) The pressure of the surrounding liquid dominates over the
inner pressure in the cavitation bubble. Condensation inside the bubble
reverses its movement and a fast collapse occurs. The outer liquid
pressure is slightly above 1bar due to the reflected sound waves at
the plasma chamber walls. The condensation of the hot gas inside the
bubble leads to a small size after the bubble collapse. Without gas
condensation, the collapsing bubble would compress the confined gas
and an oscillation of the bubble size would appear over time. This is
not observed in the measurements and, therefore, condensation seems
to be a valid explanation.
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The combination of model and experimental results show the efficiency of the
in-liquid nanosecond plasma. With ignition, an area around the HV electrode
tip is instantly converted into the plasma state and a supercritical state is
reached. This supercritical fluid is characterised by a coupling of generated
reactive species in the plasma and the surrounding liquid species. When the
cavitation bubble is expanding, these reactive species condense at the bubble
walls and diffuse into the liquid which leads to very efficient reactions inside
the liquid. In comparison to that, plasmas ignited above liquids are less
efficient due to the small Henry constants restricting the transfer of reactive
species from the gas phase into the liquid. Furthermore, plasmas ignited
inside liquids with HV pulses with long rise times would also result in a less
efficient reactive species transfer because a cavitation bubble is then formed

before ignition takes place and supercritical water may not occur inside the
bubble.

4.5 Chemistry generated by nanosecond plasma
in liquid

The analysis of the liquid chemistry induced by the plasma is challanging
on these short timescales. After plasma ignition most of the species quickly
recombine. Therefore, only longer lived species as HyO5 can be detected via
optical absorption spectroscopy with a calorimetric method. The knowledge
of the in-liquid chemistry is crucial for treatment of surfaces induced in the
vicinity of the discharge inside the liquid.?

4.5.1 H>0, production

The production of HyOs after plasma treatment with the nanosecond pulsed
discharge inside distilled water has been measured by Nenbankaeo [121] and
Chauvet et al. [70]. The generation efficiency of HoO5 has been determined
depending on the treatment time, frequency, electrode distance, and applied
voltage. The concentration of HyOs inside the treated liquid is analysed
ex situ by optical absorption spectroscopy based on a calorimetric method
as discussed in section 3.2.6. The continuous spectra generated by HyO,
between 215 nm and 375 nm can be measured directly with this experimental
method [95]. However, the intensity of the HoOy signal has been enhanced
by analysing the liquid with a Spectroquant (R) (Merck KGaA) test kit.
This test kit is based on the neocuproine copper(IT) method described by
Tiitem et al. [122] as explained in section 3.2.6. The different variations of
parameters are shown in table 4.6:

3The measurements presented in this chapter are performed by C. Nenbankaeo during
his Bachelor thesis [121] and are further published in [70].
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Table 4.6: Parameters applied for measurements of HyOs production inside
distilled water. One parameter is varied (rows) whereas the other
parameters are kept constant (columns).

varied constant tireatment (Min) | f (Hz) | Ugpp (KV)
tireatment (IIN) 3,5.10,20 15 20
[ (Hz) 5 1-100 20
Uappt (KV) 10 15 15-30

The measurements showed a linear increase of HoOy concentration with in-
creasing treatment time and frequency. In addition, the variation of the
applied voltage also showed an increase in HyOy concentration as seen in
figure 4.5.1. However, the data exhibits two different slopes. The first is
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Figure 4.5.1: H,Oy concentration as a function of applied voltage with
constant frequency of 15Hz and 10 minutes treatment time.
Adapted from [70].

more steep from 15kV to 21 kV and a second one is more flat from 22-30kV.
Hy04 concentrations from 11 umol/L to 69 pmol /I could be measured for
the minimum and maximum applied voltages, respectively. During the whole
measurement time of 160 min, it is observed that the length of the tungsten
wire is decreasing due to small erosions of 2.5 mm. This leads to an erosion
rate of 0.94mm /h. This erosion could influence the energy dissipation into
the discharge because an increasing distance between powered and grounded
electrode should change the electric field strength.
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Therefore, an additional variation of the electrode distance was performed to
investigate the influence of the decreasing tungsten tip length on the HyO,
concentration. For a discharge ignited at 20kV at 15 Hz with a liquid treat-
ment time of 10 min, the distance between the electrodes was varied from
4.1mm to 14.3mm. The HyO, concentrations are 37.5 pmol/L and 8 pmol/L
for the minimum and maximum electrode distance, respectively. This can be
linked to the variation of the electric field with changing electrode distance
d: E = —U/d. The resistance R = pd/A increases while d increases at con-
stant applied voltage U. Therefore, the current I through the liquid must
decrease according to Ohm’s law R = U/I. For short electrode distances,
the electric field and the current are higher compared to larger d. Hence, the
dissipated power into the discharge should increase which can be quantified
by the increasing HoOy concentration at smaller distances. The larger dis-
sipated energy also leads to a rise in temperature in the discharge which is
correlated to an improved HsOs production.

However, a small erosion of the electrode of 0.94 mm /h will not significantly
influence the measurement of the HyO, concentration because an intentional
variation of the discharge by approximately 10 mm is leading to a change in
concentration of about 30 wumol /L. If this change is assumed to be linear, the
erosion of about 1 mm is changing the concentration only by 3 umol/L which
lies within the error estimations.

In summary, the HyO4 concentration inside distilled water after plasma treat-
ment increases with rising voltage and with smaller electrode distances. The
small erosion rate of 0.94 mm /h has no significant influence on the production
of HyO4 for one measurement of about 160 min.

4.5.2 Global chemistry model

It is not possible to measure the chemistry within the liquid during the dis-
charge. Therefore, optical absorption spectroscopy is used to measure the
H505 concentration inside distilled water after the discharge. The other cre-
ated species are, however, not measured with this method. Furthermore,
the discharge chemistry is left unidentified. Hence, a global chemistry model
is applied to monitor the chemistry during the discharge and the following
bubble expansion.

This model is adapted from the global chemistry model of Mededovic and
Locke [69] describing a spark plasma with defined temperature zones of a hot
plasma core and a cold recombination region [69, 123|. In comparison to the
spark discharge, however, hot and cold regions are not seperated in space but
rather in time in the presented experiments. At high initial temperatures,
the water gets dissociated into OH and H. The temperature drops and OH
recombination to HyOs starts during bubble expansion.
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The set of reaction rates is listed in table C.2 in appendix C. These reaction
rates can also be applied for the nanosecond plasma in liquid. The temper-
atures in the nanosecond plasma are assumed to be much higher than the
temperature ranges within the set of reactions presented in table C. However,
they can be used as an approximation, as the reaction rates at these high
temperatures are dominated by the prefactor in the Arrhenius law. This is
because the rate constant k is changing only slightly for high temperatures.
Additionally, the temperature range given in table C.2 shows only the obser-
vation limit for experiments .

From the beginning of the discharge until the start of the cavitation bubble
expansion, the pressures and temperatures are high which leads to efficient
water dissociation. During the further expansion of the cavitation bubble the
temperature drops until it reaches such small temperatures and pressures so
that the chemistry is freezing inside the bubble. The total number of H5O,
species should stay constant after that. However, the decreasing rate of both,
pressure and temperature, needs to be moderate in order to keep the three-
body reaction rate of OH recombination for HyOs production high enough.

For the global chemistry model, the starting conditions are taken from the
cavitation model (section 4.4.2) and from the ideal gas law. The starting
conditions of initial pressure pg 445, intitial number of water molecules N
and initial temperature 7 are:

(i) po,gas=10GPa for a discharge ignited at an applied voltage of 20kV.

(i) Ny estimated from the liquid water density (Nyater = 3-10*°m™?) inside
a spherical bubble with an initial radius of Ry=25 um:

4
Ny = Nater - (gﬂRg) = 2-10% Hy0O molecules. (4.38)

(iii) 7p ~20000 K estimated from the ideal gas law: pg gqsVo = NokpTp.

In addition to these starting conditions it is assumed that the total number
of all species does not change. The products OH, HyO,, H, Hy, O, Oy and
HO; are formed purely out of chemical reactions of HyO.

Above this, a scaling factor nseqe = p(t) To/(T'(t) po.gas) is introduced to com-
pensate the density decrease during bubble expansion, which affects the over-
all rate of two-body and three-body recombination. This coefficient scales
with n?,,, and n?,, for two-body and three-body recombinations, respec-

tively. With all these conditions, the global chemical model can be applied
which is illustrated in figure 4.5.2.
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Figure 4.5.2: The solution of the global chemistry model with starting tem-
perature Tp=20000 K and initial pressure pg gq,—10 GPa. The
grey area marks the time of the plasma pulse. Adapted from
[70].

The global chemistry model shows a shift of the chemical equilibrium from
water to H, OH, Hy and O, during the 10ns plasma pulse marked by the
grey area. During this time, the water gets dissociated due to the dissipated
energy and the resulting high temperature. After the plasma pulse, the cav-
itation bubble expands and the temperature drops rapidly. Simultaneously,
the factor n,.e decreases due to the temperature and pressure drop. This
process can be correlated to recombination during this phase: The number of
OH species is dropping, whereas the number of HyO5 is increasing which indi-
cates a recombination of two OH species to one HyO, molecule. In addition,
all other number of species decreases and the number of HoO molecules is
increasing again. The number of species does not change anymore at around
1 ps indicatig a freezing of the chemistry inside the cavitation bubble. At
this point, Hy, OH, and HyO, are the most dominant species.

The relation between different number of species can be expressed as molar
ratios. These molar ratios are summarised in table 4.7.

Table 4.7: Molar ratios from global chemical model [70] after 10 pus compared
to global kinetic model for spark discharge after one pulse from
[69], table 7 of corrigendum.

author H2 . H202 02 . HQOQ OH : HQOQ H02 . HQOQ
Chauvet et al. [70] 2:1 1:1000 1:1 1:10
Mededovic et al. [69] 2:1 1:1.5 1:3 1:3.5

The molar ratios of the nanosecond plasma and the spark discharge are differ-
ent which can be explained by the temperature differences. The nanosecond
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plasma starts with a much higher temperature and cools down quite fast dur-
ing bubble expansion. The high starting temperature of 20000 K is leading
to an efficient water dissociation compared to the hot core temperature of
5000 K of the spark plasma.

According to the nanosecond plasma global chemical model, water dissocia-
tion is most efficient above 10000 K with only little Hy and Os generation.
Additionally, the fast cooling of the chemistry inside the cavitation bubble
limits the efficiency of back reactions and second-order reactions. These re-
actions, such as OH dissocitation to O and H to form O, in a second step,
are appearing on another time scale and are too slow for the fast freezing of
the chemistry during bubble expansion.

This freezing of the chemistry inside the bubble is appearing at around 1 us
according to the model. This leads to the question, if the chemical species
inside the cavitation bubble diffuse into the liquid and influence the liquid
chemistry or not. Therefore, the Henry constant of each species should give
insight into this question which are presented in table 4.8.

Table 4.8: Henry constants H for the different species in the global chemical
model.
species H,O5 | HO, OH H H, O OF
H (Pa/(mol- m3)) | 9-10* [ 3-10' | 3-107' | 107% | 107 | 107° | 1074

The Henry constant of HyO, is high compared to those of the other species.
This indicates a complete solvation of the generated HyO5 from the cavitation
bubble into the liquid during the whole process of expansion and bubble
collapse at 100 us. The measured data from the previous section is compared
to the global chemical model. Figure 4.5.3 shows the concentration of HyO,
depending on the initial temperature for the measured data and the global
chemical model.

For the latter, the concentration is calculated from the number of Hy0O5
species Np,0, in a constant initial volume V. The initial temperature 7} in-
side the bubble is changed in the experiment by varying the applied voltage
leading to different energy dissipation in the system. The voltage Ugyppiiea 15
then converted to a temperature via the ideal gas law with the dissipated
power Egiss = Do gasVo- This yields temperatures from 4000 K to 70000 K for
applied voltages from 15kV to 30kV.

The comparison between model and data (solid line in figure 4.5.3(a)) shows
good agreement except for the lowest and highest temperatures. There, the
predicition from the global chemical model is underestimated. This discrep-
ancy can be explained by the following points.
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Figure 4.5.3: HyO5 concentration measured after plasma treatment depend-

ing on the initial temperature 7y according to cavitation model
compared with (a) HyOy production from trapped gas inside
bubble (dashed-dotted line), from the shock wave (dotted line)
and the sum of both (solid line) and (b) HyOy concentration
compared with simple Arrhenius law (reaction enthalpy for
Hy0, generation: 120.42kJ/mol) (solid line). Adapted from
[70].

Inaccuracies in rate coefficients: The main reaction for HyOy creation is the

recombination of OH (OH + OH — H,0,). By setting this equation
in the global chemistry model to zero, the concentration of HoO5 be-
comes negligable. At lower temperatures, the OH production could be
underestimated due to an inefficient dissociation of HyO disabling OH
recombination to HyOs.

Inaccuracies in determination of Ty: The estimation of the initial temper-
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ature is deduced from the dissipated energy into the discharge Ey, =
Po,gas Vo With a constant initial spherical volume with a radius of 25 pm.
However, the volume could also depend on the applied power. A smaller
ignition volume at lower applied voltages would require a higher inital
pressure and therefore the same dissipated energy. Simultaneously, the
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number of water molecules in this volume decreases which results in a
higher initial temperature 7. This would lead to a shift of the concen-
trations on the temperature scale leading to a better fit of the global
chemical model. However, this is a rough assumption and an indepen-
dent method for T determination is required in order to validate this
hypothesis.

The gas temperature is difficult to determine from the emission spec-
tra. In general, the gas temperature could be estimated from Doppler
broadening. This broadening might be present but Stark broadening is
dominant and covers possible contributions from Doppler broadening.
Only the temperature of the hot tungsten surface could be determined
from the continuum radiation to =~ 7000 K.

Neglecting e~ induced reactions: The electrons generated during this nanosec-
ond discharge have a lifetime in the picosecond range [86]. Therefore,
directly during ignition, dissociative attachement of electrons can con-
tribute to water dissociation. This could balance the underestimation
of HyO4 concentration below initial temperatures of 18000 K.

Neglecting Hy Oy production by sonochemistry: Another source of HyOy pro-
duction which is not taken into account for the global chemistry model
is sonochemistry. The shock wave generated during plama ignition de-
posits energy into the liquid during its propagation. This can then lead
to HyO4 formation directly in the liquid. The energy of the shock wave
is proportional to pg, gas Which corresponds to a quadratic scaling of the
shock wave energy with the initial temperature 7y. If the additional
H50, production is proportional to the deposited energy by sonochem-
istry, a scaling according to the dotted line in figure 4.5.3(a) is given.
The contribution of this HyO, production path is scaled arbitrarily so
that the sum of the global chemical model and the sonochemistry (solid
line in figure 4.5.3(a)) fits well with the data for temperatures above
50000 K.

Despite all these approaches, the data seems to follow a simple Arrhenius
reaction rate model (solid line in figure 4.5.3(b)). This model is based on
a chemical equilibrium between forward and backward reactions inside the
liquid. This is discussed in the following.

Global equilibrium model

The Arrhenius law describes the dependence on chemical reactions on the
temperature for which a specific activation energy F, is needed to be over-
come for monomolecular reactions. The rate constant k£ in dependence on
the temperature can be described as:

k=A- e ¥ (4.39)
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with the pre-factor A, the activation energy FE,, the gas constant R =
8.314 J /(K mol) and the absolute temperature T'. For the production of HyO,
the following reverse reaction is discussed:

HyOy — HyO + 0.5 Oy

The activation energy of this reaction corresponds to its free enthalpy of
120.42 kJ /mol. This energy can be converted into a temperature by dividing
it by the gas constant R which results in a temperature of 14483 K. The
concentration of HyOq after a reaction time ¢ can be described simply by:

Cir,0, = k. (4.40)

This can be combined with equation 4.39 resulting in:

—14483

CHy09 = tA-e” T . (441)

This equation is applied for comparison with the measured HyO5 concentra-
tion in figure 4.5.3(b). The best fit for A=0.13 is in good agreement with
the data. This simple Arrhenius law might be correct at high temperatures
because then, reaction barriers loose their importance.

The generation of HyO, by the nanosecond plasma in distilled water seems
to result in high concentrations. The concentration can be converted into
a production efficiency per energy in units of g/kWh to make a qualitative
statement about the HoOy production. Therefore, the dissipated energy of a
discharge with an applied voltage of 20kV is estimated by the BCS measure-
ments discussed in section 4.1.3. The energy is about 4.5 mJ which yields a
product efficiency of 2g/kWh. This is in good agreement with the typical
range discussed in literature for these in-liquid plasmas. Grymonpre et al. re-
ported a yield of 3.64g/kWh for a pulsed corona discharge at 60 Hz inside
a potassium chloride solution with a low electrical conductivity of 7uS/cm
[124].

Therefore, the nanosecond plasmas ignited inside liquid can be assumed to
provide a very good HyO, production efficency but at the same time no
O, formation. The highly dynamic character of the discharge with the broad
range of temperatures reached over a short time of a few tens of microseconds
leads to these high HyOs concentration inside the distilled water. This HyO4
inside the liquid could for example be used in plasma-driven biocatalysis.
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“‘One never notices what has been
done; one can only see what
remains to be done.”’

Marie Curie

5 Summary and conclusion

In this work, the complex and highly dynamic nature of nanosecond pulsed
plasmas inside distilled water is monitored and investigated. Especially the
short rising times of only a few nanoseconds give the plasma its unique be-
haviour. These short time scales make it challenging to observe the exact
time resolved behaviour of the discharge as well as measuring the generation
of species inside the discharge and the liquid. This work is a first attempt
to get an overall picture of the different processes on the discharge and post-
discharge time scale.

The measurement of the voltage pulse inside the cable revealed multiple re-
flections due to a mismatched impedance at the plasma and the HV plugs
before the discharge cell. Furthermore, the BCS measurements showed that
only a small fraction of power is dissipated into the discharge in the order
of a few mJ. The reflected pulses, however, provide reoccuring power in-
put with each reflected pulse. The measured signal is only monitoring the
voltage pulse at the position of the BCS. The real voltage applied at the elec-
trode can be reconstructed from the intitial and reflected pulses. This gives
peak voltages approximately double the size of the measured BCS signal.
Therefore, an even higher electric field is present at the electrode tip than
the electric field assumed simply from the voltage pulse measured at the BCS.

The ignition of the nanosecond discharge inside distilled water was investi-
gated. This is a highly discussed topic, because the ignition appears on such
short time scales and in such small dimensions that it cannot be observed
directly. Therefore, modelling is a helpful tool to analyse this process. With
that, the assumption of nanopore formation due to a negative pressure gradi-
ent in tip vicinity during the rising edge of the voltage pulse was investigated
in literature. In addition to that, this work also proposes that the generation
of the first electrons leading to ignition is initiated by field effects, either as
field emission or field ionisation depending on pulse polarity. Future exper-
iments could analyse this by using a negative pulsed power supply with the
exact same electrical characteristics (except pulse polarity). The field effects
are assumed to appear for this discharges due to the high electric field at
the electrode tip, or more precisely, at the protrusions on the electrode tip
surface. The electric field strength exceeds the threshold for field emission
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and field ionisation and therefore this should lead to electron tunneling into
the liquid and towards the electrode, respectively. The choice of electrode
material is also crucial. The structure of fine protrusions on the electrode tip
is visible for tungsten, but is not present for all materials. This needs to be
investigated further to correlate possible field effects with different electrode
materials.

Optical diagnostics, such as ICCD imaging and optical emission spectroscopy,
were applied to monitor the behaviour of the discharge and the spectroscopic
line composition of its emission in a time-resolved manner. The accumulated
light intensity of the ICCD images for each time step revealed a close cor-
relation between voltage pulse and light emission. Two intensity peaks were
observed during the rising and the falling edge of the voltage pulse. The ‘dark
phase’ correlated to the plateau of the pulse could also be resolved showing
a strong decrease in intensity. These findings are consistent with literature.

OES measurements were applied to gain time-resolved information of the
spectral composition of the discharge from the ignition to the afterglow.
Two cameras with different gate times were used for resolving the short time
scales of ignition and discharge (2ns gate time) and the longer time scales of
afterglow and re-ignition due to reflected pulses inside the cable (30ns gate
time). The monitoring of the ignition revealed a broadband continuum which
shifts to lower wavelengths with increasing time. This continuum radiation is
associated with black body emission of the hot tungsten wire. Additionally, a
hot spot can form on the tungsten surface contributing to the high energetic
part of the continuum. As an alternative, radiation from radiative transi-
tions can also result in very similar continuum contributions. Supposingly,
both processes take place. However, the most dominant process needs to be
revealed by increasing the UV sensitivity of the setup. Therefore, it can be
distinguished whether the high energetic radiation is decreasing at smaller
wavelengths again (black-body radiation) or if it keeps increasing towards
smaller wavelengths (radiative transitions).

Strong broadening of emission lines was observed during the discharge phase
as well as self-absorption for the early times of the discharge. The spectra
could be well fitted by a two-region model consisting of an ionisation front
(streamer head) and a recombination region (streamer channel). The general
discharge propagation is assumed to be similar to discharges in gases. The
large broadening of the emission lines of the H-Balmer series is induced by
Stark broadening resulting from high electron densities. A maximum of elec-
tron density at the maximum voltage amplitude of 4.5:10%° m~ is reached.
The magnitude of the electron density is in good agreement with similar ex-
periments in literature.
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On longer time scales, the emission of the discharge and its afterglow is re-
occuring for each reflected pulse inside the cable, but with lower amplitudes
until the electric field is too weak for a discharge to ignite again. Hence, the
dissipated power is less for the re-ignited discharge which results in decreased
emission intensity and lower electron densities. It is assumed that the igni-
tion physics also changes for the re-occuring pulses, because the first pulse is
leaving a gaseous environment in the vicinity of the electrode tip instead of
the pure liquid environment for the first pulse.

After the discharge disappeared, a cavitation bubble forms right after ignition
which is monitored by shadowgraphs. An acoustic wave propagates through
the medium away from the cavitation bubble. This wave is generated due to
the high pressures in the range of tens of GPa at the time of ignition. The
conclusions on this initial pressure can be drawn from analysing the wave
velocity. Through extrapolation, initial acoustic wave velocities of 6-10 km /s
were found for different applied voltages resulting in initial pressures of 15-
45 GPa.

An agreement between model and measurement of the evolution of the cavi-
tation bubble radius is found for an initial cavitation bubble radius of 25 um
and an initial temperature of 1200 K. Furthermore, the model shows that
condensation should take place which leads to a fast drop in pressure inside
the cavitation bubble. This process can be observed in shadowgraphs indi-
cated by the change of contrast between 44-144 ns after the discharge. The
initial pressure inside the bubble depends on the applied voltage and, there-
fore, on the dissipated power. Together with an ignition model indicating
that the 25 um radius cavitation bubble is formed in the first 14 ns, an overall
picture of the discharge evolution from ignition to the collapse of the cav-
itation bubble was developed, combining experimental results and modelling.

The production of HyOy was measured with optical absorption spectroscopy
based on a calorimetric method. The HyO5 concentration for applied volt-
ages between 15-30kV ranges from 11-69 umol/L for a fixed frequency and
treatment time of 15Hz and 10 min, respectively. The measurements were
then benchmarked with a global chemistry model describing the temporal
evolution of different products created by the nanosecond discharge. The
dependence of the HyOy concentration of the initial temperature used in the
model is similar to an Arrhenius law. Concluding, a product efficiency of
Hy04 of 2g/kWh can be achieved for a dissipated power of 4.5mJ corre-
sponding to an applied voltage of 20kV. The use of the HyOy produced by
the nanosecond discharge for example in biocatalysis needs to be examined
further.

In summary, the nanosecond discharge inside distilled water was investigated
in depth showing the complex nature of this unique plasma igniting on very
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short time scales in a liquid environment. The physics of this plasma is rather
complex due to the different media of solid electrode tips, liquid propagation
media and gasous streamer channels as well as cavitation bubbles formed
during and after the discharge. Therefore, not only the plasma physics of
the discharge was adressed by determining the electron density from spectro-
scopic measurements and correlating the emission to the electrical properties,
but also solid state physics and quantum physics such as electron tunneling
from the solid electrode tip into the discharge through distorted potential
barriers was depicted. This even enhances the complexity of these plasmas
and makes them a fascinating object of research.
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““The future interests me - I'm going
to spend the rest of my life there.””

Mark Twain

6 Outlook

In future, plasmas inside liquids can be used for a variety of applications.
Next to their promising use in medicine, they can be combined with the
fields of biology for biocatalysis and chemistry for COs reduction via plasma
electrolysis at catalytic surfaces.

In general, biocatalysis can be used to create valuable compounds by con-
verting a precursor reacting with an enzyme to a valuable product, such as
ibuprofene. For the reaction between enzyme and precursor, HyO5 is needed.
However, the use of plasma treatment for HyOy production usually inacti-
vates the enzyme which disables the catalytic reaction [125]. Therefore, an
immobilisation of enzymes through binding them to a carrier is investigated
and this so-called beads show many positive effects. The beads can be used
and re-used many times and through their higher mass, the enzyme-carrier
combination are dragged down by gravity. For a plasma in liquid setup, the
latter would be beneficial as the short-living agressive species could not inac-
tivate the carrier-bound enzyme. Then the more stable HyO, created during
the discharge could be used for the catalytic reactions leading to valuable
products.

Additionally, discharges in liquids could be a useful application for environ-
mental purposes. With their high production rate of radicals, these dis-
charges can be used for plasma electrolysis combined with in-liquid CO,
reduction reaction (CO2RR) at catalytic surfaces to efficiently reduce COs
to more valuable compounds as for example ethanol. The principle of com-
bining plasma electrolysis and surface catalysis may allow for a long lifetime
of the catalytic surfaces, which usually get deactivated during longer use.

First measurements have been performed for investigating the influence of
plasmas in liquids on catalytic surfaces, used for electrochemistry. Nanosec-
ond discharge treatment of electropolished Cu foils in distilled water (o0 =
5uS/cm) ignited at 16 kV with a frequency of 15 Hz showed a surface modi-
fication as shown in figure 6.0.1. The Cu foils were 99.9999% pure Cu from
Sigma Aldrich cut into a 3x0.5mm size and then electropolished in 85%
ortho-phosphoric acid for 5 minutes at 3V with subsequent rinsing in Milli-Q
water (18 MQ). Cubic structures have developed during the in-liquid plasma
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Capton tape

Figure 6.0.1: SEM images of electropolished Cu foil (a) before plasma treat-
ment and (c),(d) after plasma treatment. An image of the
treated electropolished Cu foil is shown in (b) with the ‘X’ in-
dicating the position of the plasma in front of the Cu foil and
the grey cross dividing the Cu foil in four quarters for orienta-
tion. The SEM image in (c) is taken in the upper left quarter
and (d) is taken in the lower left quarter. SEM images taken
by P. Grosse, FHI Berlin.

treatment of the electropolished Cu foil. These structures look very simi-
lar to CuO, nanocubes, reported in literature [126]. Unfortunately, these
measurements could not be reproduced until now. Therefore, it could be
assumed that the discharge chamber could be contaminated from previous
measurements with NaCl solutions, which could enhance the growth of CuQO,
structures on the surface. However, the cubic structure of the particles is a
strong indicator that these are CuO, nanocubes as they preferably form
in such a cubic form. Nevertheless, these treatments have been performed
in order to monitor a general influence of the discharge on the Cu foil surface.

The aim is to use discharges in electrolytes to combine plasma and electro-
chemistry. Therefore, the 16 kV discharge at 15Hz has also been tested in
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CHAPTER 6. OUTLOOK

0.1 M KHCOj solution. However, it was not possible to ignite the discharge
in this solution which could result from the admixture of 0.1 M KHCOsg;,
which increases the electrical conductivity. The resulting electric field might
be too weak for a discharge to ignite. Only a lower concentration of KHCOj3
in the solution of 0.0035 M KHCO3 made it possible to ignite the nanosecond
discharge.

The liquid solution of 0.0035 M KHCOj3; without plasma treatment showed
a modification of the exposed electropolished Cu foil. With increasing ex-
posure time, a thicker nanoparticle layer formed on the surface but not in
cubic structures. With plasma treatment, the surface roughness decreases
with less pronounced areas of nanoparticle formation. But in conclusion, no
clear trend and nanoparticle formation parameters could be determined.

Therefore, the treatment with nanosecond discharges in liquids is compared
to us pulsed discharges in liquid. The latter is characterised by longer pulses
increasing the treatment time of the exposed surfaces. Also the chemistry
could be different, because ps pulsed discharges tend to develop in cavitation
bubbles generated before ignition due to their long pulse rise times. The
pulse is approximately 5 us long with a rising time of several hundrets of ns.
It is possible to ignite a plasma at 37.5kV in 0.1 M KHCO3; solution with
these pulses. First measurements with electrocolpished Cu foils are shown in
figure 6.0.2.

no plasma plasmas@:37.5kV
0.1 M KHCO, , 0.1 KHCO,

no plasma plasma @ 37.5 kV
0.1 M KHCO, : v
CO, saturated

Figure 6.0.2: SEM images of electropolished Cu foil (a),(c) before and after
(b),(d) a ps plasma treatment in 0.1 M KHCOj3 solution. The
solution has been (a),(b) degassed and (c),(d) CO4 saturated.
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The surface structure seems to show only small changes. However, this mea-
surement has not been performed with electrode distance variation, frequency
variation and surface-plasma distance variation which all have an impact on
surface modifications as shown in [127]. Furthermore, only unused, elec-
tropolished foils have been treated. The main goal is to increase the activity
of CuQ, catalytic surfaces which have been used for CO;RR in electrochem-
ical cells. If the treatment of discharges in liquids increases the activity of
used catalytic surfaces, an implementation of such a discharge into an elec-
trochemical cell would be the next step. A prototype cell is in preparation.
In conclusion, these in-liquid plasmas are a promising candidate among the
applications for reducing excess CO, in the atmosphere by saturating the
COs into the treated liquid/electrolyte.
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A

Line broadening calculations

Table A.1: Wavelength )\, statistical weight g, times the Einstein coefficients
A, energies of lower level E; and upper level Ej of transitions
of H, according to NIST data base [128].

A(nm) g Aa(s™h) Ei(em™) Ej(em™1)
656.270970 | 2.1551e+-08 82 258.9191133 97 492.319433
656.272483 | 8.9792e+07 | 82 258.9543992821 | 97 492.319611
656.275181 | 4.2092e+-06 82 258.9191133 97 492.221701
656.277153 | 4.4898e+07 | 82 258.9543992821 | 97 492.211200

656.2819 | 7.9382e+08 82 259.158 97 492.304
656.285177 | 3.8791e+08 82 259.2850014 97 492.355566
656.286734 | 4.3100e+07 82 259.2850014 97 492.319433
656.290944 | 8.4194e+-06 82 259.2850014 97 492.221701

Table A.2: Wavelength A, statistical weight g, times the Einstein coefficients
A, energies of lower level E; and upper level E, of transitions
of Hg according to NIST data base [128].

137

A(nm) grAi(s7h) E;(cm™) Ej(em™)
486.1278624 | 6.8752e+07 82 258.9191133 102 823.894250
486.1286949 | 3.8672e+07 | 82 258.9543992821 | 102 823.8943175
486.1288370 | 1.7188e-+06 82 258.9191133 102 823.8530211
486.1297761 | 1.9337e+07 | 82 258.9543992821 | 102 823.8485825

486.1333 2.6942e-+08 82 259.158 102 823.904
486.1361516 | 1.2375e+08 82 259.2850014 102 823.9094871
486.1365118 | 1.3750e+07 82 259.2850014 102 823.894250
486.1374864 | 3.4380e-+06 82 259.2850014 102 823.8530211




Table A.3: Wavelength A, statistical weight g times the Einstein coefficients
A, energies of lower level E; and upper level Ej. of transitions

of H, according to NIST data base [128].

A(nm) grAa(s7h) E;j(em™) Ei(em™)
434.0426937 | 3.1419e-+07 82 258.9191133 105 291.651993
434.0430904 | 8.5910e+05 82 258.9191133 105 291.63094
434.0433568 | 1.9793e+07 | 82 258.9543992821 | 105 291.65209
434.0437982 | 9.8968e+06 | 82 258.9543992821 | 105 291.62867

434.0471 1.2652¢+08 82 259.158 105 291.657
434.0494419 | 5.6552e-+07 82 259.2850014 105 291.659796
434.0495889 | 6.2836e-+06 82 259.2850014 105 291.651993
434.0499857 | 1.7184e-+06 82 259.2850014 105 291.63094
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B

Time-resolved emission
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Figure B.0.1: Temporal evolution of optical emission spectra of 6 m long ca-
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APPENDIX B. TIME-RESOLVED EMISSION
SPECTRA
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Figure B.0.3: Temporal evolution of optical emission spectra of 10m long
cable.
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C

Table C.1: Temperatures and rate coefficients of the chemical reactions used

in the global chemical model.

(Global Chemistry Model

Reaction ‘ Temperature ‘ rate coefficient
H>O reactions
H,O +M — H+ OH + M | 2000-6000 K | ka; = 5.8 10~ exp[—440000(RT) ]
05 reactions
O, +M —0+0+M | 200-10000 K ko7 = 1.99 - 10719 exp[—9500(RT) 1]
OH reactions
OH+M —-H+O0+M 300-2500 K koo = 4.09 - 1079 exp[—416000(RT) 1]
OH+OH — H,O+O0 250-300 K koo = 1.02- 10712(T/298) 4 exp[1660( RT) 1]
O+0OH —O0,+H 250-5000 K key = 4.55 - 10712 (T/298)*" - exp[3090(RT) ]
OH + H — H,0 300-2100 K ligy = 2.69 - 10710 exp[—620(RT) !
H+OH — O+ H, 300-2500 K kes = 6.68 - 10714(77/298)%% . exp[—16210(RT) 1]
H-O0, + OH — HO,; + H,O 300-2500 K kes = 2.91 - 10—12. eXp[—133O(RT)_1]
0, + OH — HO, + O 300-2500 K kigs = 3.7 10~ 11 - exp[—220000(RT) "]
OH + OH — H30, 300-1500 K ke = 1.51 - 10~ 11(T/298)~0-37
OH+OH —20 +2H 300-2500 K kg7 = 4.09 - 1079 - exp[—416000( RT) 1]
H505 reactions
H,0, + O — HO, + OH | 300-2500 K legs = 1.42 - 10~ 12(T/298)% exp|— 16631 (RT) 1]
H,O0, + H — OH + H,O 300-2500 K kgo = 4.01 - 10~ exp[—16630(RT) 1]
H;O, + H — HO,; + Hy 300-2500 K ke1o = 8- 10~ exp[—33260(RT) ]
H,0, + Oy — 2 HO, 300-2500 K kg1 = 9 - 10~ 11 exp[—166000(RT) "]
HO, reactions
HO, + OH — H,0 + O 300-2000 K Tegrz = 4.81 - 10~ 11 exp[2080(RT) 1]
HO, + O — OH + O, 300-2500 K kig1s = 2.91- 10~ 11 exp[—1660(RT) "]
HO, + H — 2 OH 300-2500 K ke1s = 2.81 - 10719 exp[—3660(RT) 1]
HO; + H — Hy + Og 300-2500 K ke1s = 1.1- 10710 exp[—8900( RT) ]
HO5 + HO; — H05 + O 300-2500 K kg6 = 3.01 - 1012
HO, + H, — Hy0, + H 300-2500 K ligiz = 5 - 10711 exp[—109000(RT) !
HO;, + M — Oy, + H+ M | 300-2200 K kig1s = 2.41 - 10~8(T/298) =118 exp[—2031000( RT) ']
H reactions
O+rH+M —OH+M 300-2500 K Tegro — 4.36 - 10~ 32(T/298) 1
H+H+M — M+ H, 300-2500 K kgao = 6.04 - 10733(T/298) !
O+H —OH+O 500-2000 K kgo1 = 2.94 - 10710 exp[—69680( RT) ]
O +H+M —HO, +M 200-2200 K kigzo = 1.94 - 10732(T/298) 1
Hs reactions
H,+M —-H+H+M 2500-8000 K ko5 = 1.5 - 1079 exp[—402000(RT) ]
OH + H, — H,0 +H 200-2400 K ligas = 2.97 - 107 12(T/298) 12! exp[—19710(RT) !
O+H, —OH+H 300-2500 K kgoq = 3.44 - 107 13(T/298)2:57 exp[—26270( RT) ]
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O reactions

0O+rO0O+M —0,+M 200-4000 K Koas = 5.21 - 100 exp[7480(RT) 1]
O+ H,0 — OH + OH 300-2000 K keag = 6.68 - 10~ 13(T/298)290 exp[—63520( RT) "]
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