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Abstract

Plasmaentladungen in Fliissigkeiten bieten unter anderem Anwendungsmoglich-
keiten in der Medizin, chemischen Synthese und der Wasseraufbereitung und
sind daher Bestandteil der aktuellen Forschung. In Fliissigkeiten weisen Plas-
maentladungen aufgrund der starken Produktion von freien Radikalen und Ent-
stehung von Schockwellen eine hohe Reaktivitit auf.

Das Entladungsverhalten von Plasmen in destilliertem Wasser, Ethanol und 0.9 %
Natriumchloridlosung wird fiir 10 ns Spannungspulse bei Spannungen von 12 kV
bis 30kV und einer Frequenz von 1 Hz untersucht. Mittels Schatten- und Schlie-
renfotografie wird die Entladung abgebildet und die Bildung einer Schockwelle
und ihre Geschwindigkeit untersucht.

Die Ausbreitung der Schockwelle ist ein zweistufiger Prozess. Wahrend sich die
Schockwelle wahrend der ersten Phase mit supersonischer Geschwindigkeit be-
wegt, reduziert sich die Geschwindigkeit in der zweiten Phase zu der lokalen
Schallgeschwindigkeit im Medium. Die aus den Geschwindigkeiten in destil-
liertem Wasser berechneten Driicke befinden sich im Bereich von 14 £ 4 GPa bis
45 + 10 GPa wéhrend der ersten Phase und klingen zu Atmosphéarendruck in der
zweiten Phase ab.

Plasma discharges offer among others multiple applications in the field of medi-
cine, chemical synthesis and water purification. This has made them an impor-
tant object of current research. The high reactivity of discharges in liquids is
closely connected to the production of radical species and formation of shock-
waves.

The discharge behaviour of plasma discharges in distilled water, ethanol and
0.9 % sodium chloride is investigated for 10ns voltage pulses between 12kV and
30KV at a frequency of 1 Hz. Shadowgraphy and schlieren imaging are used to
visualise the discharge and analyse the formation of a shockwave and estimate
its velocity.

The shockwaves’ propagation has been found to be a two-staged process. Dur-
ing the first phase, the velocity of the shockwave is supersonic. It reduces to the
local speed of sound in the medium during the second phase. The pressures in
distilled water are calculated from the velocity and cover a range of 14 & 4 GPa
to 45 4+ 10 GPa during the first phase and reduce to atmospheric pressure during
the second phase.
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CHAPTER 1. MOTIVATION

1. Motivation

Plasma discharges in and in contact with liquids have become a major interest
for the industry as they offer various applications in chemistry and biology [1]
such as the destruction of microorganisms [2] and growth of nanoparticles [3]].
The research on plasma-liquid interaction dates back more than 100 years as first
studies on plasma discharges have been made in the late 19th century in the field
of electrochemistry [4].

Nowadays, the number of possible applications of plasma-liquid interactions has
grown. Over the past years, the use of plasma discharges in liquids in the envi-
ronmental sector has become a focal point in this field of research [1]]. Especially
the application of these plasmas for water purification is in the main focus of
these investigations. Therefor, additional solutions have to be identified to pro-
vide clean drinking water as conventional water treatment does not address all
types of bacteria and toxins [5]. Furthermore, the water pollution in nature is in-
creasing due to the intrusion of pesticides into the soil and groundwater [6] and
disposal of wastewater containing textile dyes into rivers and open waters [7, 8].

Conventional water treatment includes ozone treatment, chlorine precursors and
filtration [9]. Advanced oxidation processes (AOPs) are of particular interest
when it comes to purifying water. These processes involve chemical reactions
which aim to mineralise organic chemicals [10]. AOPs are defined as "chemi-
cal processes and precursors that have high reduction potentials and either pro-
duce OH or attack organic molecules directly" [5]. OH radicals are chief oxidisers
which have the ability to mineralise organic compounds. Therefore, a high con-
centration of OH in water is needed. Sato, Ohgiyama, and Clements [2] have
found that high concentrations of OH and H,O; in water can be achieved by us-
ing pulsed high-voltage discharges. In addition, UV radiation, shock waves and
further active radicals next to OH are produced by plasma discharges in liquids
[11]. The treatment of water with plasmas could therefore be a future method for
water purification and disinfection.

Further studies on the applications of discharges in fluids include chemical syn-
thesis [12]], material and medical applications [13]] such as the synthesis of nano-
particles [14].

Discharges in different setups have been studied to gain a better understanding
of plasma-liquid interaction [11} [15]. To this day, plasma-liquid interaction in-
cluding the physics and the chemistry generated by the discharge has not been
fully understood [15].

The plasma chemistry and surface reactions caused by the plasma treatment over
the liquid phase are connected to receive information on the reactions between
gas, liquid and solid phase. In this thesis, discharges for 10 ns pulses with voltage
amplitudes of 12kV to 30kV are studied in a pin-to-pin setup.

While optical emission spectroscopy is used to gain information about the densi-
ties of various species such as oxygen, nitrogen and hydrogen, an optical analysis
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like shadowgraphy or schlieren imaging gives information about the breakdown
mechanism, formation of shockwaves and pressures inside the liquid. As the
pressure inside the liquid influences the density of the species, both methods
complement each other.

In the following, the plasma will be investigated optically. The stages of the dis-
charge development inside distilled water, ethanol and sodium chloride are stud-
ied to gain a better understanding of the influence of different liquids’ properties
on the discharge behaviour. Additionally, the formation and propagation of a
shockwave is analysed with regard to its temporal development and velocity. An
estimation of the pressure is derived from the shockwaves’ velocities to compare
these to data gained from optical emission spectroscopy.

Voltage and current measurements are performed to estimate the dissipated en-
ergy into the discharge.

The knowledge of the discharge behaviour inside different liquids and the pres-
sure values gained from the shockwave velocities contributes to the overall un-
derstanding of the discharge behaviour and the impact of the high pressures on
the line broadening of the H, line investigated by optical emission spectroscopy.
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2. Theoretical Background

2.1 Characteristics of plasmas

The definition of a plasma is given by Chen [16] as "a quasineutral gas of charged
and neutral particles which exhibits collective behavior".

Quasineutrality defines a state where a system seems uncharged to the outside.
As a plasma consists of electrons, ions and neutral particles, this behaviour has to
be defined more precisely. A measure of shielding of the plasma is given by the
Debye length Ap defined as

1/2
Ap = (eOkTE) . @.1)

The permittivity is given by e, k is the Boltzmann constant, T, the temperature
of electrons inside the plasma, n the density and e the charge of an electron.

If the dimension L of the plasma exceeds the Debye length, local changes in con-
centration of charged particles are shielded on a distance smaller than L. There-
fore, the electron density n, and ion density n; are approximately equal. This
quasineutrality is expressed by

L> Ap. (2.2)
The term "collective behaviour" expresses the dependence of the plasma’s be-
haviour on conditions in local as well as remote regions [16]].

To fulfil the requirements of collective behaviour, a minimum amount of particles
in the plasma has to be given. To express this condition, the number of particles
Np in the "Debye sphere" is being defined as

4
Np = gnn)\% . (2.3)

To achieve collective behaviour, the number of particles in the Debye sphere must
be greater than one.

Np >1 (2.4)

Furthermore, a plasma-like behaviour is influenced by the frequency of plasma
oscillations w and the mean collision time T between two neutral particles.

wt > 1 (2.5)

If these three conditions are given, the fluid is in a plasma state.

3
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A common breakdown mechanism is the Townsend breakdown which describes
the breakdown mechanism based on electron avalanches. As free electrons in the
vicinity of the cathode drift towards the anode, they may ionise the surrounding
gas and cause electron avalanches. Townsend breakdown occurs at low pressures
and short gaps for pd < 4000 Torr cm [17]. Free electrons have the ability to ionise
atoms and molecules if their energy is sufficient for ionisation. In an electric field,
electrons are accelerated in the direction of the field. The distance a particle can
travel inside a medium before colliding with a second particle is called the mean
free path between the particles. If the mean free path is large enough, electrons
are able to gain enough energy to ionise other particle as they collide. If the
number of free electrons rises rapidly due to ionisation, an electron avalanche
takes place.

For larger gaps at high pressures, streamer or spark breakdown is the prevail-
ing breakdown mechanism. Streamers are narrow channels filled by an ionised
gas which propagate the path of a previous primary avalanche as this path is
positively charged. The generation of photons caused by the avalanche induces
secondary electron avalanches. The electrons travel along the trail of the initial
electron avalanche and a streamer between the electrodes forms and luminous
tilamentary discharges occur [17, 18].

2.2 Plasma discharges in liquids

Discharges in liquids has been studied for several years, but there is still contro-
versy about a precise description of the mechanisms causing the formation of a
plasma inside liquids and about the influences of the experimental setup and lig-
uid properties on the electrical breakdown, plasma ignition and propagation. In
the following, an overview on the discharge setups and the discharge behaviour
in liquids is given.

2.2.1 Discharge setups

Plasma-liquid interaction can be achieved by different setups. These can be di-
vided into three main categories: Direct liquid phase discharges, discharge in gas
phase with liquid electrodes and discharges in bubbles in liquids (fig. [2.2.1) [11].

Direct liquid phase discharge setups are characterised by two electrodes which
are positioned inside the liquid. Commonly, plate-to-plate or plate-to-pin (fig.
2.2.1p) are used for non-thermal discharges.

If the liquid functions as an electrode and the anode is placed above the surface of
the liquid, a setup for a discharge in the gas phase with a liquid electrode is used
(fig. 2.2.TIb). The discharge properties of discharges with a liquid electrode differ
from metal electrodes due to the transport of charged particles and secondary
emission coefficients.

The electrode configuration for discharges in bubbles in liquids is similar to the
direct liquid phase discharge configuration. Powered and grounded electrodes

4
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Figure 2.2.1: Electrode configurations for plasma discharges in and in contact
with liquids. (a) direct liquid phase discharge reactor (b) gas phase discharge
reactor with liquid electrode (c) bubble discharge reactor [11].

are placed inside the liquid. Additionally, a gas inlet is installed which produces
bubbles inside the liquid (fig. )-

As a non-thermal direct liquid phase discharge will be investigated, the charac-
teristics of discharges in these setups will be discussed in detail. For further infor-
mation on plasma discharges in and in contact with liquids, Bruggeman and Leys
[11] and Bruggeman et al. [15] have given an overview on the field of plasma-
liquid interaction.

2.2.2 Discharge behaviour in liquids

Plasma formation in the liquid is characterised by the breakdown process which
depends on the applied voltage, the shape of the pulse and the liquid properties
[15]. Furthermore, material and shape of the electrode and the electrode config-
uration influence the formation of an electric field [19]. Electric field strengths
of 1MV cm ™! must be exceeded to enable streamer formation [20]. The electric
field E is proportional to the effectively stressed electrode area A and the effec-
tive stress time t as following. The effective stress time is defined as the time the
pulse is above 63 % of the maximum of the voltage pulse amplitude. The for-
mula has originally been found for ps pulses but shows fairly good accuracy for
voltage pulses applied at the cathode with a width of 10ns or longer. For short
voltage pulses applied at the anode, the dielectric strength exceeds the estimated
by equation but the trend of the electric field is reflected.

Ex A" 1/3 (2.6)

The constant n depends on the gap distance between the electrodes and the lig-
uid properties [21} 22]. In addition, the pulse width 7 influences the breakdown
electric field in liquids [23]. All these factors must be considered when comparing
plasma formation in liquids.

The breakdown phenomenon has to be examined to understand the process of

5
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plasma formation in liquids. Electrical breakdown is defined as "the moment
when a conductive plasma channel forms an electrical connection between the
two metal electrodes inside the liquid" [11]. Several theories about the breakdown
mechanisms in liquids have been discussed in literature [11, 22, 24, 25] as the
electrical breakdown strongly depends on the experimental conditions [22].

Electric breakdown in liquids is believed to be caused by two separate mecha-
nisms which are dependent on the voltage pulse [24] 25].

Direct ionisation has been observed by Starikovskiy et al. [26] for short high-
voltage pulses. These pulses must have amplitudes of multiple kV and fast rise
times as Joule heating occurs for longer pulses and electron acceleration can only
occur at high voltages in dense media. While high electric fields in comparison to
the plasma ignition in air are needed for breakdown in liquids [11], the reduced
field strength E/n is important for the breakdown in liquids. The reduced field
strength is the ratio between the electric field E and the particle density n in the
medium and therefore a value for the impact of the electric field on the particles.
As the density in gases is much lower than the density of liquids, breakdown
fields in liquids are higher than those in gases [24]. Therefore, discharges in the
gas phase are more common. Ionisation in the gas phase is therefore described
by the steam-gas mechanism. This mechanism includes several phenomena like
gas bubbles, cavitation and electrothermal mechanisms [24].

Tereshonok et al. [24] describe the breakdown process in gas-liquid systems as
a four-stage process. During the first stage of the order of 1ns, fast processes
take place. These processes include the formation of cavitation voids, Townsend
breakdown and streamer breakdown.

The second stage covers 100ns after the voltage has been applied. During this
stage, liquid vapour fills the cavitation bubbles.

On a timescale in the magnitude of 10pus to 30 ps breakdown phenomena oc-
cur. The streamer-leader breakdown is found to be the leading breakdown phe-
nomenon. While breakdown due to Townsend mechanism is the main break-
down cause for pd < 200Torr cm, streamer-leader is predominant for pd >
4000 Torr cm. The non-uniform electric field in the area surrounding the elec-
trode reaches its maximum strength in the vicinity of the electrode tip. If the local
electric field is sufficient for a transition from avalanche to streamer, a plasma
channel is formed. This plasma channel is charged itself and has a high electric
tield strength at its tip. The propagation of the channel depends on the external
electric field and the channel expands with rising field strengths [27].

The fourth stage is characterised by slow processes such as thermal breakdown
processes which evolve on timescales up to several ps.

The plasma emission is linked to the temporal change of the applied voltage. At
the rising edge of the voltage pulse, dV/dt is greater than zero and the emitting
regions grows. During the voltage plateau, there is no temporal change of the
voltage. During this dark phase there is no plasma visible. The plasma ignites
at the falling edge of the voltage pulse again, as dV /dt does not equal zero [28].
This corresponds to the above-mentioned interdependence of channel propaga-
tion and external electric field.
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2.3 Non-uniformities in the liquid phase

During the different stages of the plasma evolution, several different non-unifor-
mities form inside the liquid. These phenomena are spread on a scale between
nanometres and millimetres.

2.3.1 Formation of voids and nanopores

The formation of voids and nanopores occurs directly after the application of the
voltage pulse. At the rising edge of the voltage pulse, a large negative pressure
forms inside the fluid for voltage pulses with short rise times and these pulses
create inhomogeneous electric fields. Electrostriction forces in the electric field
cause the dielectric liquid to move towards the highest field strength. Due to
these effects, irregularities occur in the vicinity of the electrode tip. The occur-
rence of these irregularities can been found under the term of the formation of
nanopores, cavitation or voids in the liquid in literature. In contrary to gas bub-
bles, the above explained irregularities are not of a gaseous nature [25| 29].

The formation of voids and nanopores enables breakdown in the liquid phase as
electrons are able to gain energy through acceleration inside the voids. If the path-
way is long enough, the electrons reach an energy sufficient for ionisation and
cause electron multiplication. Therefore, the formation of voids and nanopores
enhances electron avalanches which can initiate electric breakdown [28].

2.3.2 Streamer and bubble formation

Ruptures inside liquids forming pathways between the electrodes are called strea-
mers or channels [22]. Streamers commonly refer to luminous filamentary dis-
charges while channels are gaseous ruptures in the liquid which remain after the
formation of streamers in the liquid. Channels do not have to be luminous but
can be distinguished from the surrounding liquid due to their optical proper-
ties. The difference can be observed as the channels have a different refractive
index than the medium [22]]. The nature of the streamers has not been identified
yet. Streamers could either be of gaseous nature [22,30] or ruptures in the liquid
which have a lower density than the surrounding liquid [22} 31]. In literature,
channel and streamer are often used as synonyms but will be distinguished by
the above given definition in the following.

Streamer initiation is caused by electron avalanches. Its propagation depends on
the applied voltage pulse and electric field, the liquid properties and surround-
ing pressure. Two different types of streamers appear depending on the applied
voltage. For low voltages, primary streamers propagate at subsonic speed. Pri-
mary streamers have a bushlike shape and are field-dependent. For high volt-
ages, secondary streamers with a filamentary or tree-like structure evolve. The
propagation of secondary streamers is mainly independent of the electric field.
While the applied voltage has no significant influence on the streamer velocity;, it
affects the number of streamer branches. Secondary streamers propagate at su-

7
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personic speed [20]. Marinov et al. [32] have found that while bush-like streamers
propagate at a few kms~! and their formation is not dependent on the formation
of cavities in the liquid, tree-like streamers travel at 10kms ™! to 100 kms~!.

A spherical gaseous cavity, often called bubble, forms at the tip of the electrode
after the applied voltage pulse for low voltages and during the plateau of the
voltage pulse for high voltages. The cavity grows slowly at subsonic speed. Due
to the hydrodynamic pressure on the spherical cavity, it only increases to a limited
radius and collapses. During its growth, the radius of the bubble oscillates due
to the pressure imbalance [33].

2.3.3 Shockwaves and pressure waves

The terms shockwave and pressure wave are commonly used as synonyms but
are defined differently. While pressure waves are of subsonic or sonic nature,
shockwaves are caused by fast pressure changes inside a medium and move at
supersonic speed. A cause for shockwaves are impacts in the liquid at a high
velocity [34].

Several theories about the formation of a shockwave after a plasma discharge in-
side liquids have been established. An, Baumung, and Bluhm state that streamer
development causes the formation of compression waves around the streamer.
The formation of a pressure field is directly linked to the channel expansion.

Seepersad et al. [28]] have found that a region of cavitation in the vicinity of the
electrode tip is associated with a negative pressure in this area. The formation
of this area is faster than the formation of hydrodynamic forces. Therefore, the
reaction of the hydrodynamic forces on the negative pressure is delayed. As the
hydrodynamic forces set in, they push towards the electrode. This leads to the
formation of a compression layer. When the negative pressure decreases, the
compression layer relaxes and travels away from the electrode.

The negative pressure in the vicinity depends on the applied electric field as the
force F acting on a polar fluid depends on the electric field E as

Fa ?@Ez . 2.7)

« is a characteristic constant for the liquid and € the permittivity of the liquid.

As the electric field is dependent on the applied voltage, the amplitude of the
negative pressure rises with increasing voltage pulse amplitudes [28, 35].




CHAPTER 3. EXPERIMENTAL SETUP

3. Experimental setup

In the following section, the experimental setup will be described with special
regard to the power system including voltage and current measurements and a
shadowgraphy and schlieren imaging setup for an optical analysis of the plasma.

3.1 Discharge chamber

20...30kV M
Fluid Inlet
Air Outlet
ir Qutle S\ Glass shielding
< Tungsten Wire
Quartz
Viewing —
Windows
| Stainless Steel
Cannula
Copper —
Electrodes Fluid Outlet
Outlet

Figure 3.1.1: Discharge chamber with a pin to pin setup.

The plasma is ignited inside a chamber made of PMMA with a pin-to-pin setup
with a volumetric capacity of 25 ml (fig. [3.1.1). The copper electrodes are shiel-
ded by a glass tube and connected to a cannula made of stainless steel. The top
electrode is connected to the power generator. To reach sufficient field strengths, a
tungsten wire is mounted inside the cannula. The bottom electrode is grounded.
The distance between the tungsten wire and the bottom cannula is 3 mm to 8 mm.

Two different tungsten wires (fig. are used. The first wire is a 50 pm wire
(fig. B.1.2a). During the measurements, the 50 pm wire was exchanged several
times due to signs of wear. Therefore, the form of the tip may slightly vary from
the wire shown. The second wire is approximately 387 pm in diameter. Its tip
was sharpened mechanically to enable higher field strengths. The shape of the
tip is depicted in figure The images were taken with a Color 3D Laser
Microscope by Keyence.

The inlet is positioned on the upper side of the chamber, the outlet for the liquid
is situated at the bottom. A third outlet for air is positioned at the side of the
chamber. The windows of the chamber are made of quartz glass.

Distilled water, pure ethanol and 0.9 % sodium chloride are used as liquids inside
the chamber. The sodium chloride solution consists of 9 g sodium chloride in 11

9



CHAPTER 3. EXPERIMENTAL SETUP

of distilled water.

(a) 50 pm tungsten wire (b) 387 pm tungsten wire

Figure 3.1.2: Images of tungsten wires used for shadowgraphy and schlieren
imaging taken with a laser microscope

3.2 Power supply system

Voltage Cable (1) FID High Voltage Pulse | External trigger (5)
I Generator

Discharge
chamber

Back
current
shunt —

- (6)
Andor iStar

BNC
connector

Current
monitor

®) TDS 2024C Clrapamie

Oscilloscope

4)

I 50a 50Q =
20dB | 10dB 50Q

50Q 50Q
3dB 6dB

Figure 3.2.1: Experimental setup with electric circuit. All cables are labled with
numbers, the lengths are listed in table

The electric circuit is pictured in figure The power is provided by an FPG 30-
01NK10 High Voltage Pulse Generator by FID GmbH which provides voltages in
the range of 10kV to 30kV powered at frequencies between 1 Hz and 100 Hz with
pulse rise times of 2ns to 4ns. A RG217 coaxial cable made of copper connects
the power generator to the electrodes. The inner conductor provides the voltage,
the outer conductor is grounded. The power cable is connected to the electrodes

in the chamber (fig. 3.1.1).

10
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Two different cables are used which are both of the same type. The short cable is
made of one single cable. The longer cable is made of two short RG217 cables. The
cables’ characteristic wave impedance is 50 (). A back current shunt (BCS) con-
sisting of eleven parallel 3.3 () resistors which equals a joint resistance of 0.33 (),
is mounted on the outer conductor to measure the incoming voltage. The back
current shunt cable can be connected to a BNC cable for voltage measurements.
The construction of the shunt follows the setup described in [28].

A Pearson Electronics Inc 8590C Current Monitor is placed around the cable of
the grounded electrode and connected to the oscilloscope with a BNC cable. The
BNC cable for voltage measurements connects the shunt to the oscilloscope. The
details of the voltage measurement are described in section and the current
measurement in section

The Andor iStar camera used for an optical analysis of the plasma is connected to
the external trigger of the pulse generator. The camera is connected to a computer
to record the signal. The internal delay of the camera is 45 4= 2ns.

All cables are shielded with magnetic cores to minimise disturbances due to elec-
tromagnetic interference.

The cables’ characteristics are listed in table The voltage cable with a length
of 3.40 m was used for shadowgraphy which will be referred to as setup 1 in the
following. The cable with a length of 9.12m was used in setup 2 for schlieren
imaging.

Table 3.1: Cable lengths and distances in setups 1 and 2. Numbers of cables match
labels in figure 3.2.1]

cable length / m

#1 #2

(1)  voltage cable 3.40 9.12

BCS to pulsed electrode 0.96 7.32

BCS to grounded electrode 0.85 7.34

(2)  BNC cable of BCS 1.48 0.46
(3)  BNC connector of BCS to oscilloscope 3.58
(4)  current monitor to oscilloscope 3.04
(5)  camera trigger cable 2.58
(6)  camera cable to computer 3.09
uninsulated cable at oscilloscope 494

3.2.1 Calculation of delay

To match the measurements of setup 1 and 2, the delay ., caused by the cables

and camera needs to be calculated. A velocity of 3nsm™! is assumed to be the

speed of the signal inside the cables for an estimation of the delay times. The
exact speed of the signal inside the cable is unclear, as estimations of the signal
velocity from measurements of temporal distance initial voltage pulse and re-
flected pulses for different cable lengths (fig. and result in different
values. For the short cable, the pulses have a distance of 14.27 ns which corre-

11
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sponds to a velocity of 2.1 nsm~! inside the cables. The pulses have a separation
of 70.986 ns using the long voltage cable which corresponds with a signal velocity
of 3.9nsm™1. As the velocity of the signal inside the short cable would be higher
than the speed of light, there must be an error in the estimation of the temporal
difference between the pulses. As both values are close to the speed of light, this
value is assumed to be a sufficient guiding value.

The delay is calculated by

tdelay = liotal - Usig - (3.1)
The total cable length between pulse generator and measuring device is ;,;,; and
the speed of the signal is vy;,. The individual cable lengths are listed in table

The delays between the power generator and measuring devices are listed in table

B2

Table 3.2: Delays between power generator and measuring devices in setups 1
and 2

delay / ns
measuring device #1 #2
Plasma: / /
initial pulse 10.2 27.36
pulse reflected at pulser 30.6 82.08
Camera: 52.74 52.74
Oscilloscope:
Initial voltage pulse 22.5 17.52
Pulse reflected at plasma 28.26 61.44
Pulse reflected at pulser 429 72.24
Current 9.12 9.12
Interfering signal 14.82 14.82

3.2.2 Voltage measurement

The shunt is connected to a Tectronix TDS 2024C oscilloscope. The oscilloscope
has an input impedance of 1 M(). Magnetic cores are placed around the cable
near the connection to the oscilloscope to avoid the impact of electromagnetic
interference on the measurements. Two 50 () resistors with a reduction of 10dB
and 20 dB are installed between the cable and the oscilloscope to adapt the voltage
signal to the measurement range of the oscilloscope. A third resistor of 50 () is
attached to the end of the cable on a T-piece (fig. [3.2.1).

A cable with an uninsulated end was connected to the same resistors used for the
voltage measurements to estimate the influence of electromagnetic interference
on the signal measured over the back current shunt. The uninsulated end was
mounted outside the chamber close to the tip of the wire.

The voltage and current in the cable are calculated according to Seepersad et al.
[28].

12



CHAPTER 3. EXPERIMENTAL SETUP

Zout + Zscope Vscope y

I (z,t) =
( ) Zscope Zshunt

(3.2)

The line current I (z,t) depends on the position in the cable z and time t. It
can be calculated from the impedance Z,,; of the shunt connector and Zscope of
the oscilloscope. The voltage Vscop. is measured by the oscilloscope. As resistors
attenuate the incoming signal in the oscilloscope, the attenuation is expressed by
the factor v.

As the impedance of the shunt connector is 50 (), it is remarkably smaller than the
1 MQ impedance of the oscilloscope. Accordingly, equation 3.2/ can be expressed
in a simplified equation. v is 101 for a total attenuation of 30 dB consisting of
a 10dB and 20dB attenuation for the voltage measurement at the back current
shunt. For a total attenuation of 9 dB used for the current measurement, the at-
tenuation factor changes to 10°/%0.

The line current at the back current shunt is estimated by equation |3.3| for a total
attenuation of 30 dB. For an attenuation of 9 dB, equation 3.2| simplifies to equa-
tion[3.4

I} 15(z,t) = 105.41 - Vicope (3.3)

I 5 (z,t) = 9.39 - Vicope (3.4)

As the voltage signal is not only levelled down by the attenuators but also by
the 50 () impedance of the cable, the amplitude of the voltage measured by the
oscilloscope is adjusted by the factor 50 as

VT(z,t) =501 (z,t). (3.5)

A voltage pulse at 20kV and 1Hz in setup 1 is shown in figure The start
point of the voltage pulse is set as zero on the time axis. The rising front has a
duration of 3ns and reaches a maximum strength of 22kV. Following, the pulse
reaches a plateau at 15kV for 5ns and falls back to zero for 2 ns. In addition to the
initial pulse, the pulse reflected at the plasma and the pulse reflected at the power
generator are shown. The reflected pulse which reaches a maximum amplitude
of 20.5kV.

Voltage measurements at different temporal resolutions for setup 2 are shown in
figure All pulses have been recorded with 64 accumulations. The timescale
is adapted to the beginning of the rising front of the voltage pulse. As electromag-
netic interference is strongly present and could not be completely prevented by
shielding the setup with a Faraday cage of stainless steel and the cables with mag-
netic cores, the form of the voltage pulse has to be estimated from the disturbed
measurements. Both figures [3.2.3a and 3.2.3a) show voltage signal captured by
the back current shunt and the signal captured by the uninsulated cable.

In figure the initial pulse and its reflection at the plasma are shown in de-
tail. A first peak of a magnitude of 15kV occurs during the 5ns before the initial
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Figure 3.2.2: Voltage measurements at 1 Hz of 20kV pulse recorded with 16 accu-
mulations in setup 1.

voltage pulse. This peak is probably caused by electromagnetic interference, as
the peak can also be clearly seen in the interfering signal recorded by the unin-
sulated cable. The voltage pulse starts at Ons and has a duration of 10ns. The
duration of the rising front can only be estimated to 1ns, as the first peak could
overlap with the voltage pulse and cut of the first few nanoseconds of the rising
edge. After the rising edge, a plateau forms and last for 4 ns before the voltage
decreases. The falling edge of the pulse lasts for 5ns. The plateau of the voltage
pulse is at 4kV for an amplitude of 10kV.

The voltage measurements over a time period of 250 ns is plotted in figure

15 : : : : : 15 : :
——Back Shunt ——Back Shunt

---—0pen Cable ---—0Open Cable
4 10 L 4

10+

Pulse reflected at pulser

Initial pulse

VI kv
V kv

Pulse reflected at plasmal
0 5 10 15 20 0 50 100 150 200
t/ns t/ns

(a) Detailed measurement of initial voltage (b) Voltage measurement over time period
pulse. of 250 ns

Figure 3.2.3: Voltage pulse and interfering signal of setup 2 recorded for generator
power of 10kV and 1Hz with 64 accumulations. Time axis shifted to start of
rising front of voltage pulse.
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The initial pulse occurs during the first 10ns and is directly followed by a nega-
tive pulse which occurs due to the partial reflection of the pulse at the plasma.

A third pulse is recorded at 65 ns after the first pulse. This pulse is caused by the
reflection of the voltage pulse at the power generator. The following peaks are
caused by electromagnetic interference and oscillations in the cable but do not
represent a voltage input into the plasma.

3.2.3 Current measurement

The current monitor is placed around the cable of the shunt to measure the cur-
rent in the outer conductor. The monitor measures currents at 1 A V=1, Two 50 Q)
resistors with a reduction of 3 dB and 6 dB are installed between oscilloscope and
the cable leading from the current monitor with a third 50 ) resistor at the end of
the T-piece. All currents are measured with 64 accumulations.

The possibility of an influence of a magnetic field generated by the current on the
voltage cable was excluded by measuring the magnetic field near the cage with
a Gaussmetre. No change to the magnetic field near the cage could be observed
after the pulse generator was turned on.

Measurements of the current show a strong influence of disturbance though. To
reduce the interference, the pulse generator is operated at pre-breakdown volt-
age of 10kV and 1 Hz. The stainless steel cannula and tungsten wire are removed
from the top electrode. Therefore, the current flow should be close to zero. Mea-
surements show a strong discrepancy though (fig. [3.2.4a). The current signal has
an oscillating behaviour with an exponential decline. An interfering signal mea-
sures by an uninsulated cable connected to the attenuators which were used for
the current measurements could not be matched to the current measurement.

Reference measurements over a 10 dB and 20 dB attenuator show that the shape
of the current pulse at a voltage of 10kV stays constant (fig. |3.2.4b).

20 : : ‘ ‘ 20 ‘ ‘
i ——30dB attenuation
1 R 9dB attenuation
10+ 1 100 (i
i
< o < oo vﬁ I
- - il
0
8
-10 ] -10 1
20 : : : : -20 : : : :
0 500 1000 1500 2000 2500 0 50 100 150 200 250
t/ns t/ns
(a) Full current signal. (b) Comparison of current measurement at

a total attenuation of 9 dB and 30 dB.

Figure 3.2.4: Current without plasma ignition measured at 10kV and 1Hz with
64 accumulations .
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3.3 Conductivity measurements

The electric conductivity of the fluids is measured before and after the plasma
treatment of the fluid. Treatment periods between 5min and 45 min have been
examined. A GLF100 by GHM Messtechnik was used. Significant changes in
the conductivity caused by the plasma treatment could not be observed. The
conductivity of distilled water is approximately 2 uScm ™1, of ethanol 6 uScm~!,
and of 0.9 % Sodium Chloride 1.4mScm ™1,

3.4 Optical analysis

Shadowgraphy and schlieren technique are used to analyse the plasma optically.

Shadowgraphy technique is used to picture disturbances and non-uniformities in
the liquid. The refractive index of a medium is greatly influenced by the number
of particles per volume and to a small extent by the species in the medium. Due
to refractive index gradients inside the fluid with density gradients, light rays
are deflected differently along the gradient [36]. This causes areas of different
intensities on the screen.

Schlieren imaging is used to depict refractive index perturbations as contrast
changes and to derive information about density perturbations in the fluid [25].

3.4.1 Shadowgraphy

Discharge Chamber

Xenon u U U - .Andor
Lamp iStar

Collimator Lens Focusing lens Ocular lens

Figure 3.4.1: Shadowgraphy setup consisting of a xenon lamp, collimator lens,
discharge chamber, focusing lens, ocular lens and camera.

A setup consisting of lenses is used to produce a large image of the plasma (fig.
B.4.1). A Xenon lamp LXH 100 by Miiller Elektronik-Optik is used as the light
source. The intensity distribution of the lamp is adapted by an internal lens and
set to a uniform intensity along the image. The light rays are aligned with a colli-
mator lens with a focal length of 100 mm to create parallel light rays which travel
through the discharge chamber. In the discharge chamber, a 50 pm tungsten wire
is used to create large field strengths needed for an ignition of the plasma.
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A focusing lens with a focal length of 30 mm produces a shadowgraph image.
An ocular lens with a focal length of 20 mm is placed behind the focusing lens to
turn and enlarge the image. The image is recorded by a Andor iStar camera with
a 1024x1024 CCD chip inside.

The image is converted into an ASCII-file and then into an image for the analysis.
The calibration factor is determined from the width of the 50 pm wire. The width
of the wire in pixels is identified as an average width of the wire in 20 images.
Due to a slight blur of the image, the error of the pixel width was set as the read-
out inaccuracy instead of the standard deviation of the pixel widths to include
the constant error of the blur of the wire. Due to the converting process of the
image, the output image of the ASCII file is a 828 pixel x 828 pixel image. The
shockwave velocity is estimated from these images with a calibration factor of
4.3 + 1.6 um pixel ~!. For other image sizes, the calibration factor was adapted to
the scale of the image.

3.4.2 Schlieren imaging

632,8 nm IF """"""""""""""""""""""""""""""""""""""""""""""" —

HeNe Laser I ------ U e

Plane
Mirror

Aperture  Collimator -
Lens

Focusing Lens

Andor iStar

Discharge
Chamber

Plane
Mirror

Razor
Blade

Figure 3.4.2: Schlieren setup consisting of a HeNe laser, aperture, collimator lens,
plane mirrors, a discharge chamber, focusing lens, razor blade and camera.

Schlieren images can be achieved using various setups. An overview is given in
[37]. A z-type setup is chosen to obtain a sharp image and larger illuminated area

(fig. B.4.2).

The light source is a Spindler & Hoyer HeNe 633-2sp laser operating at a wave-
length of 632.8nm and a power of 5mW. The Xenon lamp is not suitable for
schlieren imaging as the intensity loss due to the optical components is too great.

As the laser beam is not perfectly parallel and interferences occur, an aperture
is used behind the laser. The size of the opening of the aperture is adapted to
the main maximum of the interference pattern. Only the light beam of the main
maximum passes the aperture. A collimator lens with a focal length of 100 mm
creates a single parallel beam which is reflected by two plane mirrors positioned
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on opposite sides with a maximum distance in between to increase the travel path
of the beam. This increase optimises the diameter of the light beam as it expands
over a large distance.

The mirrors are aligned in an angle which focuses the beam on the tip of the tung-
sten wire. A 387 um wire is used to avoid movement of the wire as the 387 pm
wire is more rigid than the 50 um wire. The tip of the wire was mechanically
sharpened to enable high field strengths required for igniting the plasma.

A focusing lens with a focal length of 30 mm behind the discharge chamber fo-
cuses the light beam on a horizontally oriented sharp razor blade. Density per-
turbations in fluids cause changes in the local refractive index. As the deflection
of light beams depends on the refraction index of the medium, beams that have
passed the plasma influenced regions in the fluid are deflected differently. There-
fore, the light is partly absorbed by the razor blade and only a fraction of the light
beam reaches the Andor iStar camera. An image with lighter and darker regions
is created on the CCD of the camera. Areas with different intensity correspond
with different refractive indices.

The calibration of the image is achieved by determining the number of pixels
for a 610 pm ceramic tube instead of the tungsten wire to improve the accuracy
of the calibration. As the ratio of the width of the wire in pixels to the read-off
inaccuracy of the edge of the pipe increases, the error of the calibration factor de-
creases. For an 828 pixel x 828 pixel image, the calibration factor was determined
to 1.91 & 0.24 pm pixel 1.
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4. Results

In this section, the results of the measurements are outlined and discussed. Fur-
thermore, the findings are compared to results of other research groups with sim-
ilar experimental setups.

The challenges which arose during the process are discussed and solutions are
presented.

4.1 Voltage and current measurements

The voltage pulse generated by the power supply has a great influence on the
characteristics of the plasma discharge due to the pulses short rise time, as pointed
out in section Therefore, a knowledge of the shape of the voltage pulse is of
great interest.

The occurrence of electromagnetic interference caused by nanosecond voltage
pulses with short rise times is a common phenomenon.

Setup 1 was used during the first experiments. While there were no disturbances
due to electromagnetic interference during the measurements in water and etha-
nol, weak disturbance of the computer occurred during the measurements of
sodium chloride. Due to a defect of the cable which could not be precisely lo-
cated, a high amount of high frequency interference was generated during the
construction of the schlieren setup. As weak spots, the connection to the pulse
generator, the back current shunt and the electrode joints were determined. The
electromagnetic interference disturbed the camera and its trigger. Furthermore,
voltage measurements show strong oscillations. Light emission of high frequency
interference cannot be avoided but its effects are minimised by shielding the ex-
perimental setup with a grounded cage and using magnetic cores. The amount of
interference generated by the defect of the cable could not be reduced sufficiently.

The cable was exchanged to the 9.12m high voltage cable to guarantee precise
functioning of the camera. Due to its length, the delay of the initial voltage pulse
and the pulse reflected at the pulse generator are shifted. Additionally, the shape
of the voltage pulse differs from the pulse of the short cable. It is likely that this
difference is caused by the structure of the cables. While the short cable is made
of one piece, two short cable are soldered for the long cable. The solder joint
is a weak spot of the cable, as the formation of electromagnetic interference is
facilitated. This increased occurrence of interference is a probable cause for the
varying shapes of the initial voltage pulse.

The measurements with an open cable show the strong occurrence of electro-
magnetic interference (fig. [3.2.3). As this phenomenon could not be solved using
magnetic cores either, currents and voltages were measured at pre-breakdown
voltage without a tungsten wire as electrode to minimise the amount of interfer-
ence. The oscilloscope placed outside the cage and was connected to a different
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power point than the pulse generator to separate the electric circuits and elimi-
nate interference transported via the power cable.

Current measurements were attempted for setup 2 to get a better impression of
the discharge characteristics and estimate the dissipated energy (fig.[3.2.4). As the
problem of interference described above also occurred for these measurements,
currents were detected at pre-breakdown voltage. Therefore, current measure-
ments could not be executed as the current signal could not be matched to the
voltage signal. Further restrictions of the current measurements are caused by
the current monitor. As it is mounted around the cable of the grounded electrode,
it is located inside the cage and it exposed to a high level of electromagnetic inter-
ference. Additionally, the current cable needs to be placed in a centred position
leading through the current monitor. The positioning of the cable is limited due
to its short length. Due to the size of the current monitor, it can only be posi-
tioned around a short part of the cable. These restrictions limit the alignment of
the current monitor and inhibit a precise setup of the current measurement.

Multiple measurements of the current show the persistence of the disturbance.
Since the signal is recorded without a tungsten wire and at pre-breakdown volt-
age, it is not suitable as background subtraction as every change of the setup and
voltage causes a change in the voltage and current signal. Therefore, a measure-
ment of the voltage pulse for breakdown voltages with plasma ignition could
not be executed because no disturbance signal could be recorded as background
subtraction on the current and voltage measuring cable. The amplitude of the
interference captured by the open cable is not sufficient to be used as background
subtraction.

The energy which was dissipated into the plasma can be estimated from mea-
surements of the current at the grounded electrode and an analysis of the de-
velopment of the current, such as measurements of the amplitude of the voltage
pulse. As the current measurements are strongly disturbed by electromagnetic
interference, the first method cannot be applied to these measurements. As the
measured currents are not single peaks but an oscillating pattern, no statements
on the current caused by the plasma and its temporal development can be made
as the current signal cannot be matched to the voltage pulses. An alternative
method estimates the dissipated energy from a comparison of the initial voltage
pulse and the reflected voltage pulses [27]. As the voltage measurements are in-
fluenced strongly by electromagnetic interference as well and the position of the
pulses have no clearly defined beginning and end, an estimation of the dissipated
energy cannot be performed.

A voltage cable made out of one single piece should be used to decrease the weak
spots of the cable and improve the voltage and current measurement. Further-
more, a large cable length is advisable to have a clear separation of initial and
reflected pulse and allow precise positioning of measurement devices. Further
shielding of the cables and measuring devices need to be applied to receive a
more accurate measurement of the applied voltage pulse.
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4.2 Discharge development in different liquids

The discharge development of the plasma inside different liquids is captured by
shadowgraph imaging. The discharge is divided into four stages.

The first stage takes place during the first 28 ns after the first ignition. Table
in the appendix shows the temporal evolution of the ignition in different liquids.
The images of the ignition in distilled water and ethanol are taken at the same
settings at a voltage of 20kV and 1Hz to highlight the differences between the
plasma discharges. As the breakdown voltage in sodium chloride is approxi-
mately 24 kV for an electrode configuration with a 50 pm tungsten wire, the set-
tings have to be changed to capture the ignition. While the images in distilled
water and ethanol are taken with background light of the Xenon lamp, no back-
ground lighting was used for capturing the ignition in sodium chloride. This
change was necessary to improve the contrast of the light emission of the plasma
and background illumination. While the ignition in distilled water is very strong
and can be seen by eye, the intensity of the ignition in ethanol is remarkably
weaker. In sodium chloride, the ignition cannot be seen by eye but can only be
captured with 100 accumulations. These accumulations are needed to separate
the ignition from the background noise.

The breakdown voltage strongly depends on the medium and the electrode con-
figuration. The breakdown voltage is higher using the 387 pm than the 50 pm
tungsten wire. This matches the findings of Kolb et al. [22] and Adler [21] as
the electric field inversely depends on the effectively stressed electrode area (eq.
2.6). Therefore, the needed field strength for breakdown is exceeded at different
voltages for wires of different radii.

In distilled water, the plasma ignites twice. A first ignition takes place from 449 ns
to 455 ns after the trigger signal. In the following, the time of the first ignition will
be set to O ns and the time axis will be shifted accordingly. In the following 4 ns, no
ignition can be observed. This time period is identified as the dark phase. As the
temporal change of the applied voltage is zero, the discharge extinguishes. From
12 ns to 22 ns, the plasma ignites again. Its intensity is strongest around 16 ns. The
second ignition extinguishes at 24 ns and a shaded area around the tip of the wire
appears. Due to the strong emission of the plasma, this area might have been
present during the discharge. As the area is noticeably developed as the plasma
extinguishes and a shade around the tip during the dark phase can be seen, its
presence at an earlier point in time is likely. Therefore, the shaded area can be
identified as a dense distribution of streamers. This implies the mechanism of
streamer-leader breakdown in water for this electrode configuration and voltage.

The ignition inside ethanol for a voltage of 20kV is less intense than in water. A
first weak light emission can be observed at O ns. At later stages, a second ignition
cannot be observed. This implies that either sufficient electric field strengths for
a second breakdown cannot be reached at a voltage of 20kV in ethanol or that,
indeed, there is a second emission which too weak to be captured by the camera.
As there is a small shaded area around the tip of the wire at 26 ns, a streamer-
leader mechanism is believed to be the breakdown mechanism in ethanol.

In sodium chloride, the ignition is the weakest. The ignition takes place from
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Ons to 12ns. Therefore, it seems to be longer than the ignition in the other flu-
ids. The appearance of a single ignition is caused by the gate of 20 ms which is
needed to capture enough light. At lower gate times, the intensity of the plasma
was too weak to be seen on camera. As the conductivity of sodium chloride is
about 1.4mScm™!, it is three orders of magnitude larger than the conductivity of
distilled water and ethanol. Therefore, the electric field strength is weaker and
the breakdown voltage higher. This increase of the breakdown voltage could be
observed. Furthermore, the electric current can travel more easily through the
liquid which explains the low light emission of the plasma.

In sodium chloride, no distinct region of contrast change could be determined af-
ter ignition with background illumination. Therefore, the breakdown mechanism
cannot be assessed.

In literature, the dependence of the breakdown on the conductivity has not been
clarified yet [11]. The breakdown in liquids has to be independently regarded for
different polarities. While the electric breakdown has been found to be indepen-
dent of the conductivity in non-polar fluids, Lesaint [38]] observed an influence of
the conductivity on breakdown phenomena in water. Therefore, breakdown in
polar liquids is expected to be dependent on the conductivity. Additionally, the
electrode configuration and the characteristics of the applied voltage pulse af-
fect the dependence of electrical breakdown on the conductivity [11} 39]. Conse-
quently, variations in the dependence can be observed for different experimental
setups.

The ignition characteristics observed match the literature. After the first ignition,
a phase without ignition appeared with the length of the plateau of the voltage
pulse. This phase was identified as the dark phase reported in [27]. The dark
phase was followed by a second ignition. This behaviour has also been observed
in [26] and [28].

The streamer-leader mechanism has been found to be predominant in dielectrics
and fluids with low conductivity [38]. This matches the optical analysis of the
breakdown in distilled water and ethanol. The breakdown mechanism in highly
conductive fluids is highly dependent on the experimental properties [24].

The second stage covers the time phase when gas channels and the shockwave
evolve. The images of the second phase are shown in table in the appendix.
While the streamers in distilled water are distinct, channel development in ethanol
is very weak and cannot be identified in sodium chloride. Therefore, a dark-
ened area develops around the tungsten wire. This emphasises the formation of
a gaseous area around the wire. The formation of a vapour layer around the elec-
trode for plasma discharges in 0.9 % sodium chloride has also been reported of
in [40, 41, 42]. Additionally, the shape of the shockwave differs for the different
liquids. While the shockwave in distilled water and ethanol feature a circular
shockwave around the tip of the wire, in sodium chloride a shockwave evolves
around the whole wire and therefore has an elongated shape. The shape of the
shockwave seems to depend on the electrode configuration as for the 387 um used
in schlieren imaging, a circular shockwave was observed inside all the media (tab.
[A.5). As different electrode configurations produce different electric fields, this is
believed to be a key factor for the behaviour of the shockwave.
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The third phase last from 951ns to 10 ps (tab. [A.3). During this period, the gas
channels merge into a gas bubble which grows in size. The images were taken
in 500 ns steps. The size of the bubble does not only depend on the liquid, as the
bubble growth is stronger in distilled water than in ethanol and sodium chloride,
but also on the applied voltage. The diameter of the bubble increases with rising
voltage amplitudes. Significant oscillations have not been observed during the
bubble’s growth.

Finally, the gas bubble collapses and separates from the tip (tab. |A.4). First, it
accelerates towards the anode but loses its momentum. Afterwards, it slowly
rises towards the surface due to buoyancy forces. The velocity of the rise depends
on the size of the bubble which grows with increasing voltage. The rising velocity
of the bubbles inside distilled water has been estimated toa4mms~! to9mms~!
for voltages between 16 kV to 24 kV. The calculation of the velocity was executed
by analysing the bubbles” motion from video recordings.

As this thesis focuses on the development of the shockwave formation during the
second phase, this time period has been investigated in detail to estimate shock-
wave propagation velocities and pressure which are presented in the following.
For a more detailed description of the breakdown process inside liquids, streamer
evolution is of interest as well as a quantitative analysis of the bubble growth and
channel propagation as further possibilities for pressure calculation at different
time stages.

4.3 Shockwave analysis

The shockwave caused by the discharge is analysed by estimating the velocities
from both shadowgraphy and schlieren imaging.

Shadowgraphy

The shadowgraphy images are taken for voltages from 12kV to 30kV in steps of
2KkV to estimate the breakdown voltage inside the liquids. The frequency is set to
1Hz to eliminate the possibility of an overlap of the shockwaves. The radius of
the shockwave is estimated from the distance between a pixel on the outer edge
of the shockwave and the centre pixel of the shockwave at an early stage of its
development. The pixel width of the shockwave is calibrated with the calibration
factor given in section[3.4.1]

The images are taken in steps of 50ns. For each time step, the radius is deter-
mined for 10 different images. The weighted mean value is plotted against the
time. The slope of the graph corresponds to the velocity of the shockwave. As
the velocity is expected to be constant after a few nanoseconds after the ignition,
a linear fit is chosen [25,33]]. The error of the slope is calculated from the method
of York et al. [43].

The radius of the shockwave in distilled water at a voltage of 20kV and frequency
of 1Hz is shown in figure The time axis is shifted by 449 ns to the point of
ignition. The development of the radius appears to increase linearly. All graphs
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for the temporal evolution of the radii inside distilled water, ethanol and sodium
chloride are shown in section in the appendix. The velocities which corre-
spond to the slope of the graphs are shown in figure
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Figure 4.3.1: Radius of shockwave in distilled water at 20kV and 1Hz. It is dis-
played by the solid line. The confidence range is illustrated by the dashed lines.
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Figure 4.3.2: Shockwave velocities in distilled water, ethanol and sodium chlo-
ride.

The shockwave velocities stay approximately constant for different voltages (fig.
. The shockwave velocities were estimated to an average of 1463 78 ms™!
in distilled water, 1177 + 57 m s~ ! in ethanol and 1572 + 68 m s~ ! in 0.9 % sodium
chloride.
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These velocities match the speed of sound in different media. The speed of sound
in water at a water temperature of 23 °C is 1491.50 & 2.87 m s—1[44],1160.2ms !
in ethanol at a fluid temperature of 20°C [45] and 1498 ms~! at 22°C in 0.9 %
sodium chloride [46, 47].

The velocities investigated by shadowgraphy do not cover the early stages of the
development of the shockwave. While the shockwave proceeds with the speed
of sound after a few nanoseconds, the velocities must be higher during the first
nanoseconds after ignition. This can be observed in figure The linear fit
does not pass the origin if extrapolated to earlier stages but would reach a radius
of zero prior to t=0ns and therefore before the ignition takes place. Instead, the
velocity must be much higher during the first 44 ns.

This phenomenon is studied in different liquids at different voltages. The initial
radii of the shockwave at 44ns after ignition are plotted in figure For
all media, the shockwaves’ radius is significantly higher than 100 pm at 44 ns
after ignition. The shockwaves’ initial velocity must be larger than 2272.2ms™!
if the shockwave is expected to evolve with the first discharge. This velocity is
much larger than the speed of sound in all media. Furthermore, the radius of
the shockwave 44 ns after the first discharge increases with increasing voltage.
Consequently, the initial velocity must also increase with an increasing voltage.

This trend is shown in figure

An estimation based on the radii 744 ,5 of the shockwave 44 ns after ignition (fig.
4.3.3a) was made to estimate the initial velocities. The time of ignition ¢ was
expected to be constant with an uncertainty of 2ns.

The velocities v; and their errors Av; were calculated as

v = "“‘*T”S 4.1)

1 2 2
Av; = \/<? . Ai’44ns) + <_r4:2ns 'Ai’) . 4.2)

The initial shockwave velocities are plotted in figure All velocities are in a
supersonic range. In distilled water, the initial velocities increase from 5600 m s 1
to 8900ms~!. In ethanol, the velocities are significantly lower. For a voltage of
20kV, the initial velocity is 3400ms~! and increases to 4800ms~!. In sodium

chloride, the initial velocity increases from 4080 ms~! to 4800 ms~1.

Consequently, there must be a dependence of the initial shockwave velocity on
the applied voltage pulse, while the shockwave velocity at later stages is inde-
pendent of the voltage. Thus, the shockwave expansion must be separated into
two different stages.

The first stage is set during the first 50 ns after the first plasma discharge. Dur-
ing this time period, the shockwave expands at supersonic speed. During the
first nanoseconds after the voltage pulse is applied, the streamer formation and
discharge take place. Supersonic streamer and shockwave expansion inside lig-
uids has been observed by several groups [20, 26, 48, 49]. An, Baumung, and
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Figure 4.3.3: Initial radii of the shockwave and the initial velocities derived from
these radii taken at 44 ns after plasma ignition.

Bluhm have studied streamer development for a pin-to-plate geometry. Ata volt-
age of 18 kV with an unknown pulse length, a streamer propagation velocity of
2500 m s~ ! was found. As the discharge and streamer propagation are supersonic
mechanisms, it is expected that a shockwave caused by these phenomena devel-
ops at supersonic speed.

As the formation of the shockwave is believed to be closely related to the streamer
development [20], initial supersonic shockwave velocities match this proposition.

The phenomenon of an increased initial velocity of a shockwave in water that
reduces to the speed of sound after approximately 50 ns has also been reported
by Marinov et al. [33] and Pushkin et al. [50]. Marinov et al. [33] have found initial
velocities of 2200 ms~! for an applied voltage of 4 kV and 4200 m s~ ! for a voltage
of 9kV. The order of magnitude of the initial shockwave propagation velocity
and the increase of the shockwave velocity with increasing voltage matches the
tindings in this thesis.

The second stage begins approximately 50 ns after the first discharge (fig. [4.3.1).
The shockwave velocity reduces to the speed of sound and propagates constantly
at this speed. No second relaxation of the shockwave was observed. Similar time
scales were observed by Marinov et al. [33] as they found a decrease of the initial
velocity after 50 ns to 70 ns.

The differences between the initial velocities may correspond to the different elec-
tric conductivities of the liquids. As the sodium chloride solution is highly con-
ductive, the current travels easily through the liquid and the electric field that
forms around the electrode is not as strong as in liquids with a low conductivity.
As the streamer length has been found to be dependent on the conductivity of
the liquid [51], the initial pressure in the vicinity of the electrode may be influ-
enced by the conductivity as the streamer and channel development depends on
the conductivity. In contrary, Vankov and Palanker [42] report of a streamer ve-
locity of 3km s~! in distilled water and a saline solution. Further investigation of
the streamer development in distilled water, ethanol and sodium chloride needs
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to be performed to estimate the dependence of the streamer development and
shockwave velocity on the conductivity of a liquid.

In conclusion, the shockwave propagation consists of two phases. The first phase
is characterised by fast streamer development causing compression waves at su-
personic speed. After 50ns, the second stage sets in and the shockwave velocity
reduces to a constant velocity of the speed of sound.

To improve the accuracy of the velocity determined from shadowgraph images,
the following improvement should be made.

The calibration of the image is of crucial importance to improve the velocity mea-
surements. Due to the narrow width of the wire, the calibration factor has a large
error. Instead of a narrow wire, a wire which covers a large section of the shad-
owgraph image should be chosen for the calibration. This improvement has been
made for the schlieren imaging as described in Further errors are caused
by the weak contrast of the shockwave, especially in sodium chloride. A back-
ground subtraction was not possible due to movement of the wire. A more rigid
wire should also be used for shadowgraph imaging to suppress this movement.
This would allow background subtraction to improve the estimation of the po-
sition of the shockwave. Furthermore, errors caused by scratches on the lenses
and an inhomogeneous illumination of the lamp cause a minor image quality.
The illumination of the Xenon lamp can be adjusted by an internal lens but at a
homogeneous illumination, the intensity is too weak and the contrast between
shockwave and background is not visible. An alternative to the Xenon lamp is
the use of a laser. This light source offers a higher intensity and the beam path can
be controlled more easily. Furthermore, a small light source reduces the amount
of blur of a shadowgraph image [37].

For an analysis of smaller non-uniformities such as streamer formation and chan-
nel propagation, the quality of the shadowgraph image needs to be improved. A
setup similar to the schlieren setup (fig. with removal of the razor blade is
more suitable as it offers a sharper image. The path of the light beam can be easily
adjusted with plane mirrors and the diameter of the light beam can be adjusted
by changing the length of the light path and the diameter of the aperture.

Schlieren imaging

The schlieren images are taken to verify the velocities estimated from the shadow-
graph images. As the schlieren images are weak in contrast due to the low light
intensity, each image is taken with 20 accumulations. As the breakdown voltage
is higher for this configuration, all images are taken at 30kV at a frequency of
1Hz. The velocity is calculated by the same method as the shadowgraph images.
For the uncertainty of the pixel position of the shockwave, a value of 20 pixel is
set as the read-out inaccuracy.

The schlieren images at four different time stages are given in table in the
appendix. The time is shifted by 478 ns to the point of the first ignition. The
tungsten wire is on the left-hand side of the image. Lighter regions are caused by
areas of reduced density inside the liquid.

In distilled water, a blurred, circular lighter region is visible around the tip. This
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region is already significantly separated from the tip. In the following images,
the circular region moves towards the outside. At 245ns, the region inside the
light circle is still slightly lighter than the outside. In the following, the circular
region grows without visible differences inside.

The lighter area shows the streamers at an early stage and later the shockwave
inside the liquids. The frayed edge of the shockwave at 45ns could be caused by
streamer development which may also cause the lighter region inside the shock-
wave at 245 ns.

In ethanol, a light region exists close to the tip at 45ns. It grows to a circular
region. The size of the region of reduced density at 45 ns is much smaller than in
water. Therefore, the shockwave evolution seems to start later.

In sodium chloride, the same phenomenon can be observed. At an early point in
time, the area of reduced density is only visible in the direct vicinity of the tip. In
the following, a circular shockwave evolves around the tip.

Table 4.1: Shockwave velocities in distilled water, ethanol and sodium chloride
at U=30kV and f=1Hz estimated from schlieren imaging and mean shockwave
velocities estimated from shadowgraphy.

medium Uschlieren / ms_l Ushadow / ms_l
distilled water 1382 + 62 1463 +£78
ethanol 1121 £ 34 1177 £ 57
0.9 % sodium chloride 1498 440 1572 4+ 68

The shockwave velocities are listed in table These velocities are close to the
velocities estimated from shadowgraphy and are also in the order of the speed
of sound. This confirms the propagation during the second propagation stage of
the shockwave at a constant velocity of the speed of sound.

A major challenge of the schlieren setup has been the occurrence of interferences.
The HeNe laser does not produce a single, parallel light beam but interferences
occurred. The initial interference could be avoided by the aperture in the setup
but further interferences were caused due to the lenses and quartz windows of
the chamber. These interferences cause circular shaped interference patterns on
the image which partly cover the shockwave for long gate times. Furthermore,
the razor blade had to be adjusted to a position which cuts off a large part of the
laser beam to receive a schlieren image instead of a shadowgraph image. This
led to a reduced intensity of the image which was too weak to analyse contrasts
precisely. Thus, the images accumulate the light of 20 measurements. This causes
a blur of the shock front and impairs the accuracy of the radius determined from
the images.
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4.4 Pressure calculation

The estimation of the pressure inside the liquid can be performed using the shock-
waves’ velocity as the formula for pressure calculation is velocity-dependent. For
sonic waves, the pressure inside the liquid does not change significantly as no
shock is formed. Therefore, the pressure inside the liquid stays approximately at
atmospheric pressure.

During the first stage of the shockwave propagation, the velocity is supersonic.
Therefore, a shock inside the medium can occur.

The pressure inside the liquid can be estimated from the Rankine-Hugeniot equa-
tions. Waves which propagate at supersonic speed can generate a shock inside a
liquid which causes a sudden change in the pressure and density in the medium.
To estimate the pressure, the velocity of the shockwave us and the velocity u, of
the particles after the shock and the ambient hydrostatic density pp have to be
regarded [49, 52]. As the parameters for the following equations have only been
estimated for water, the pressure during the first shockwave propagation phase
is calculated for water only. In the following calculations, the density in water at
22°Cis 998 kgm 3 [53] and the atmospheric pressure is 101 325 Pa.

The velocity of the particles is presented by Rice and Walsh [54] as

us—co

up=rc1-(10 2 —1). (4.3)

The speed of sound inside the medium is ¢yp. The parameters c; and cp can be
derived from the Hugeniot curve. ¢1 is 5190ms~! and ¢; is 25306 ms 1.

Rice and Walsh [54] have initially studied shockwaves in a pressure range of
2.5GPa to 25 GPa but equation [4.3|can also be applied to higher pressures as they
have investigated pressures of 45 GPa for shockwaves in water.

The pressure p; in the region compressed by the shock is given by the conserva-
tion of momentum of a shock front

Ps = Potistip + po (4.4)

where py is the ambient hydrostatic pressure [49, 55].

The pressure can therefore be calculated by combining equations §.3] and #.4] to
the following.

us—cq

Ps,rw = C1PoUs - (10 2 —1) + po (4.5)

For pressures up to 1 GPa, Nagayama et al. [52] present a method to estimate the
pressure caused by a shock inside water from the velocity of the shock front (4.6).

us_A
B

Ps,N = Pols (4.6)
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Figure 4.4.1: Pressure curves of shockwaves in water according to equations
(black) and 4.6|(red). Solid line marks the definition range of the method, the dot-
ted curves are values outside the methods pressures range. Experimental velocity
data are marked as symbols on plot.

The parameters A=1450ms~! and B=1.99 have been calculated from the rela-
tionship between shock velocity and particle velocity [52].

The methods for pressure calculations of underwater shockwaves are commonly
used in literature [48, 49, 50].

To estimate the initial pressure in the vicinity of the tip of the tungsten wire, the
pressure curves are plotted in figure for water according to equations
and (4.6 for shockwave velocities between the sound of speed and 10000ms™".
The pressure values for the initial shockwave velocities (fig. are estimated
for equation 4.5|as it is defined for high pressure ranges. For low velocities, both
equations provide the same pressures. For high velocities, the method of Na-
gayama et al. underestimates the pressure. Therefore, the parameters of Rice and
Walsh are used in the following.

The errors of the pressure are calculated according to equation [4.7]

us—cg Usg—c
Apsrw = || 100 - ((10 @ — 1) + % -log(10) - 10170) - Aus || 4.7)

The initial pressures caused by the shockwave during the first 44 ns after the dis-
charge is in a region of several GPa. As the velocity increases with increasing
voltage, the pressures follow the same trend (tab.

As the shockwave velocity during the first 44 ns could only be estimated from the
radius of the shockwave after this time period, the evolution of the pressure dur-
ing the first nanoseconds after the discharge cannot be analysed. As the velocity
during the first shockwave propagation stage is calculated from a linear model,
the initial acceleration of the shockwave is not considered in the pressure calcu-
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Table 4.2: Initial pressures estimated from shockwave velocities during the first

44 ns (fig. 4 b)) after the discharge according to equation 4.5
g 8 g q

U/ kV 16 18 20 22 24 26
p/GPa 14+4 19+5 28+7 294+7 38+£8 45+10

lation. Therefore, the pressure values in table are not valid for the entire first
phase but are a reference pressure value for the average velocity during the first
propagation phase. Seepersad et al. [25] propose both an exponential pressure
decay in the vicinity of the electrode over time and with increasing distance from
the electrode.

4.4.1 Influence of the pressure on optical emission spectra

Next to an optical analysis of the discharge, optical emission spectroscopy is a
common method to gain information on the species inside a plasma, especially
electron densities and gas temperatures [56]. As the information can be derived
from line broadening in the spectrum, different broadening effects must be taken
into consideration, when analysing the optical emission spectra. As Stark broad-
ening and Doppler broadening are believed to be the main broadening mech-
anisms [57]. The influence of Van der Waals broadening, which is a pressure
broadening mechanism, is estimated for the different shockwave propagation
stages and will be briefly discussed. As optical emission spectroscopy has only
been performed for distilled water for this setup, only Van der Waals broadening
in this medium will be investigated.

Instrumental line broadening is also a characteristic broadening effect in opti-
cal emission spectroscopy but has already been subtracted from the spectra pre-
sented in this section.

Van der Waals broadening typically occurs for plasmas with low electron densi-
ties and high pressures [58].

A Lorentz profile is assumed as the profile for Van der Waals broadening. The
width wy ;v of the spectral line caused by Van der Waals broadening is calculated
according to equation 4.8

wyaw|nm] = 5.925-10'*K; - K, - 107 %p[Pa] - T[K] %7 (4.8)

Kj is the line coefficient and K, is the perturber coefficient in the equation above.
The temperature T is given in K and the pressure p in Pa. The pressure values are
taken from figures For H, and a 3s-2p transition, K7 is 3.402 x 1078 [58].

As the perturber coefficients have not been estimated for water molecules in [58]],
the approximation presented by Marinov, Starikovskaia, and Rousseau [48] is
used for further calculations (eq. [4.9). Here, the assumption is made that all
perturbers are hydrogen atoms. The gas temperature is expressed by T,.
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p[Pa]
Téuqa7

wygw[nm] = 1076 - 6- (4.9)

The width of the line broadening in water depending on the gas temperature is
given in figure for the first shockwave propagation phase and in for
the second shockwave propagation phase. These values do not show accurate
widths but only the magnitude of the Van der Waals broadening. As the perturber
constant, temperature and pressure are only approximate values, the widths are
expected to have large errors. The error of the approximation made in equation
is expected to be less than 30 % [48]. As the error of the pressures is in a region
of 30 %, the inaccuracy of the Van der Waals broadening widths is expected to be
approximately a factor of 2. Therefore, no confidence range is plotted in figure

442

Still, differences between the pressure broadening effect during the first and sec-
ond shockwave propagation phase can be seen clearly. During the first stage, the
broadening width is in a pm range (fig. [4.4.2). For increasing gas temperatures,
the Van der Waals broadening decreases but is still greater than 4 pm for voltages
between 16 kV and 26 kV. Therefore, Van der Waals broadening has a strong ef-
fect on the line width in emission spectra during the first 50 ns. Depending on the
pressure decay, this time span may vary in length.

During the second stage, the pressure reduces to approximately ambient pres-
sure. The Van der Waals broadening width decreases under 1nm for tempera-
tures between 300 K and 10 000 K.

5 ><!104
!i - - ~Atmospheric pressure
Al : —16kV: 14GPa
“ .......... 18kV: 19GPa
- N 20kV: 28GPa
£ 3l 4 —22kV: 29GPa
% ‘\ .......... 24kV: 38GPa
§> 214 \\ ----- 26kV: 45GPa
11

0 2000 4000 6000 8000 10000
T/K

Figure 4.4.2: Van der Waals broadening depending on the gas temperatures be-
tween 300K and 10 000K for pressures at voltages between 16 kV and 26 kV dur-
ing the first shockwave propagation phase.
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Figure 4.4.3: Van der Waals broadening depending on the gas temperatures be-
tween 300 K and 10 000 K for atmospheric pressure during the second shockwave
propagation phase.

Data for time resolved optical emission spectroscopy performed previously at
20kV and 15Hz with a gate of 30ns is presented in figures |4.4.4/and [4.4.5 The
time is set to zero just before the plasma ignites. The first 60 ns are presented in
figure As a reference, the intensity was measured before the ignition and
is close to zero. After the ignition, a continuum forms and no spectral lines can
be detected until 60ns after the ignition. This matches with the findings above,
as Van der Waals broadening is strongly pronounced during the first 50 ns after
the discharge and decreases to less than 1nm. This corresponds with the data
presented in figure as the Hyjpp, line at 656 nm can be clearly distinguished.

A strong broadening of the H, line has also been reported of in [48,|57]. Marinov,
Starikovskaia, and Rousseau [48]] propose that the decay of the width of the H,
line is caused by a relaxation of the pressure inside the gas channels. This matches
the results presented in this thesis as the timescale of an increased pressure in the
vicinity of the electrode and the strong broadening of the H, line are similar. Ad-
ditionally, recombination and collisions of particles after the discharge are effects
that need to be taken into consideration when analysing the spectra which are
taken directly after the discharge. Assuming an exponential pressure decay, Van
der Waals broadening should only occur directly after the discharge and does not
influence the width of the lines in optical emission spectra taken at later times.

To estimate the pressure in the vicinity of the electrode during the second shock-
wave propagation phase, streamer and channel development need to be inves-
tigated. As the shockwave travels away from the electrode, the pressure of the
shock front is not always at the same position but the pressure peak moves away
[25]. As the channels develop in the direct vicinity of the electrode tip, an esti-
mation of the pressure from the channel expansion as demonstrated in [20] and
[48] provides more accurate pressure values to estimate the impact of pressure
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broadening, in particular Van der Waals broadening, on optical emission spectra
for a further analysis of the plasma discharge.
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Figure 4.4.4: Optical emission spectrum of a plasma discharge in distilled water at
20kV and 15 Hz during the first 60 ns after the first ignition [K. Grosse, personal

communication, September 12, 2018].
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Figure 4.4.5: Optical emission spectrum of a plasma discharge in distilled water
at 20kV and 15Hz between 75ns and 135ns after the first ignition [K. Grosse,

personal communication, September 12, 2018].

A camera with multiple CCD chips is needed to visualise the development of a
single streamer or gas channel. The Andor iStar camera used in this setup for
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shadowgraphy and schlieren imaging can only take one image per voltage pulse.
Therefore, the setup needs to be adapted accordingly to investigate the develop-
ment of a single discharge.

In conclusion, pressure broadening estimated from the shockwave propagation
has been found to be significant directly after the discharge but as the pressure
reduces to atmospheric pressure, the influence of Van der Waals broadening on
the line width in optical emission spectra can be neglected.

35



CHAPTER 4. RESULTS

36



CHAPTER 5. CONCLUSION AND OUTLOOK

5. Conclusion and Outlook

During the optical analysis of a nanosecond plasma ignited inside distilled water,
ethanol and 0.9 % sodium chloride at different voltages, the discharge behaviour
and streamer evolution, the formation and propagation of a shock wave and for-
mation of a bubble were investigated. Furthermore, the shape of the voltage pulse
and its behaviour were analysed and current measurements were attempted.

Measurements of a nanosecond voltage pulse with short rise times behave differ-
ently depending on the voltage cable. Due to the fast rise time, a large amount
of electromagnetic interference is produced whose amplitude depends on the se-
lection of the cables used. This interference cannot be reduced completely with
shielding and disturbs the voltage and current signal significantly. The use of
a high voltage cable made from one piece with a minimum amount of solder
joints is recommended to minimise the amount of interference and allow precise
voltage measurements for a detailed analysis of the amplitude and shape of the
voltage pulse.

In distilled water, the ignition can be divided into a first ignition, dark phase and
second ignition which are consistent with the shape of the voltage pulse. If there
is no temporal change of the voltage, the plasma deceases. This happens during
the plateau of the voltage pulse whose length matches the duration of the dark
phase. In ethanol and sodium chloride the ignition is too weak under the studied
conditions to be compared to the shape of the voltage pulse.

Streamer formation in the vicinity of the electrode tip can be observed inside
distilled water and ethanol. Therefore, streamer-leader breakdown is considered
as the most likely breakdown phenomenon. Channel formation is very noticeable
in distilled water and weak in ethanol. In sodium chloride, no streamers could
be observed. Instead, the wire appears to be surrounded by a narrow gas layer.

The propagation of a shockwave is assigned to two phases. The pressures inside
the liquid are estimated for liquid water. In distilled water, the pressure varies
from (14 £ 4) GPa to (45 4+ 10) GPa depending on the applied voltage. The shock-
wave travels at supersonic speed in distilled water, ethanol and sodium chloride
and its initial velocity increases with increasing voltage amplitudes. During the
second phase, the shockwave’s acceleration stops and its velocity reduces to the
speed of sound in the local medium. The pressures reduce to atmospheric pres-
sure, as no shock inside the medium is generated during the second phase.

For further investigation of species created inside this the liquid in this setup, op-
tical emission spectroscopy needs to be performed. The knowledge of the mag-
nitude of the pressure is needed to estimate the impact of pressure broadening
on the lines in optical emission spectroscopy as electron densities can be derived
from these spectra. Pressure broadening has been found to be significant directly
after the plasma discharge as the Van der Waals broadening can be as high as
several ym depending on the gas temperature. As the pressure relaxes, Van der
Waals broadening decreases to under 1 nm and is therefore negligible. A compar-
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ison of the Van der Waals broadening with emission spectra in water for the same
setup has shown good correspondence as no distinct line is visible until 60 ns af-
ter the discharge. Instead, the spectrum seems continuous during this time span
which is expected to be impacted by the pressure broadening.

On a ps scale, a bubble forms which constantly grows in size to a specific radius
before it collapses. The bubble separates from the electrode tip after the collapse.

This knowledge of the discharge behaviour of the nanosecond plasma for a pin-
to-pin setup is essential for a better understanding of the impact of the voltage
supply on the discharge behaviour and further analysis of the plasma’s charac-
teristics.

As the pressure could only be estimated from the shockwave propagation dur-
ing the first 44ns and the peak pressure caused by the shockwave in the liquid
propagates with the shockwave away from the electrode, the pressure may differ
in the vicinity of the electrode from the finding presented for later time stages.
An analysis of the streamer and channel expansion using a camera with multiple
CCD chips needs to be performed to estimate the impact of pressure broadening
on optical emission spectra not only directly after the ignition but also at later
times.
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A.1 Shadowgraphy

A.11 Images

(a) (b) (c)
Distilled water Ethanol Sodium chloride

Ons

8ns

14 ns

26 ns

Table A.1: Ignition inside different liquids at four time stages powered at a fre-
quency of 1Hz. (a) Distilled water: U=2020kV, tgate=2ns, gain=255. (b) Ethanol:
U=2020KkV, tgate=2ns, gain = 255. (c) Sodium chloride: U=30kV, tgae=20ps,
gain = 255, 100 accumulations.
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(a) (b) (©)
Distilled water Ethanol Sodium chloride

44 ns

344 ns

644 ns

944 ns

Table A.2: Channel formation inside different liquids at four time stages pow-
ered at a frequency of 1Hz. (a) Distilled water: U=20kV, tgate=70ns, gain=255.
(b) Ethanol: U=20KkV, tgte=70ns, gain=255. (c) Sodium chloride: U=30kV,
toate=70ns, gain=255.
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(a) (b) (©)
Distilled water Ethanol Sodium chloride

951 ns

3951 ns

6951 ns

9951 ns

Table A.3: Bubble formation inside different liquids at four time stages pow-
ered at a frequency of 1Hz. (a) Distilled water: U=20kV, tgate=70ns, gain=255.
(b) Ethanol: U=20kV, tgae=70ns, gain=255. (c) Sodium chloride: U=30kV,
toate=70ns, gain=255.
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(a) (b) (©)

Sodium chloride

Distilled water Ethanol

19551 ns

79551 ns

139551 ns

199551 ns

Table A.4: Bubble fade inside different liquids at four time stages powered
at a frequency of 1Hz. (a) Distilled water: U=20kV, tgae=100ns, gain=255.

(b) Ethanol: U=20kV, tgate=100ns, gain=255. (c) Sodium chloride: U=30kV,
toate=70ns, gain=255.
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A.1.2 Radii of shockwaves

x10° x10°

0 : : : : : 0 : : : : :
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Figure A.1.1: Radii of shockwave in ethanol estimated from shadowgraphy at
frequency of 1 Hz.
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Figure A.1.2: Radii of shockwave in water estimated from shadowgraphy at fre-
quency of 1 Hz.
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Figure A.1.3: Radii of shockwave in 0.9 % sodium chloride estimated from shad-
owgraphy at frequency of 1 Hz.
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A.2 Schlieren

A.2.1 Images

(a) (b) (c)
Distilled water Ethanol Sodium chloride

Table A.5: Schlieren images of channel formation inside different liquids at
four time stages powered at a frequency of 1Hz. (a) Distilled water: U=30kV,
tgate=00ns, gain=255, 20 accumulations. (b) Ethanol: U=30kV, tgae=50ns,
gain=255, 20 accumulations. (c) Sodium chloride: U=30kV, toate=50ns, gain=255,
20 accumulations.
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A.2.2 Radii of shockwaves
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Figure A.2.1: Radii of shockwave estimated from schlieren imaging at 1 Hz and
30kV.
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