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1. Introduction

1.1 Motivation and aims

Today nanotechnology is undoubtedly one of the most important fields of science and
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will save and destroy humanity at the same time. As usually, reality lies somewhere
between these two extremes. The ability to manipulate materials on the nanometer scale
surely gave us such tools in countless fields of life that were hardly imagble a few
decades ago. The potential for targeted delivery and controlled release of drugs within the
human body [1], enhancing the development of energy, food and water supp[f], the
fabrication of lightweight yet strong materials [3] or the efficiency-increase of solar cells
and batteries [4] are just a few examples that nanotechnology can offer. Although
numerous achievements of nanotechnology and nanoscience have already reached the
industrial level and hence became part of everyday life, many brkérough applications
still exist only within the walls of laboratories. Several criteria have to be met until a new
technology can break out from the lab, including the supply of affordable base material.
The basic building blocks of nanotechnology are #hnanostructures, which can be either
nanometer thick layers, nanorods or nanowires, or nanoparticles, which are usually
referred to as 2D, 1D and OD nanostructures, respectivelp] . The massproduction of
such nanostructures by environmentally friendly and cheap means isa crucial
technological bottleneck if nanotechnologybased product development should continue
to advance.In the present work | focus on some of the fundamental aspects of spark
discharge nanoparticle generation, one of the most promis techniques which are
capable of producing nanoparticles (NPs) with controlled properties even on the
industrial level.

NPs can be generated by several different strategies, involving chemical reactions,
physical means or mechanical transformation$6]. Ghemical synthesis methods are dating
back to the middle of the nineteenth century and very popular due to their capability for
producing NPs of various compositions with welcontrolled shapes and sizes[7].
Chemical routes however always involve chemicgbrecursors, reagents and often large
amounts of solvents, which inherently increase the potential of contamination, which can
be a game killer at the nanoscale, since impurities can severely alter the properties of
nanostructures [8]. Physical methods offe a suitable alternative to chemical mans, by
exhibiting inherent advantages over competing methods, such as continuous generation,
high purity of the NPs, smaller amount of waste and more straightforward scalabilif|@] .

The most popular among physical gneration techniques is lame pyrolysis, which is an
established and feasible method for industrial scale production of metaloxide
particles [10], but unsuitable for the production of pure metal particles. Metal NPs are
often formed by material evaporation in an inert gas followed by subsequent nucleation
and condensation [11]. Evaporation can be achieved in several ways, e.g. usirg
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conventional furnace [12], glowing wires[13], or laser ablation[14]. These methods are,
however, not energy efficient andheir upscaling for massproduction is also problematic.
The most energy efficient and demonstrably ugcalable method for the evaporation of
conducting materials is spark discharge generatiofiL5,16].

The spark discharge generator (SDG) has an appealingly simpdgout that consists of
a leaktight chamber, housing two electrodes that are separated by a small gap. For
creating a spark dischargen between the electrodes, a selpulsed circuit is typicaly used,
consisting of a capacitor fed bya high voltage DC power supplyhat is connected to the
electrode gap. Each spark is initiated when the gaseous ambient in between the electrodes
breaks down, i.e. via the formation of a conducting channel (sparkannel) between the
two electrodes. The spark plasma erodes the electrode material which results in the
formation of an atomic vapor plume in the spark gap. Due to adiabatic expansion and
mixing with the carrier gas the atoms cool down and eventually forrmanoparticles after
nucleation, condensation, coalescence and coagulatifi].

The potential of spark discharge for mas@roduction of NPs is only partly based on
its relative simplicity. More importantly, the generation process could be easily and
controllably scaled up by placing several electrode pairs in parallel at low cost and with
minimal impact on the environment. In the BUONAPARE project, 21 partners from both
industry and academia worked on this upscaling approacimcluding our research group &
the Department of Optics and Quantum Electronics at th&niversity of Szeged[16].
During the four-year collaboration with researchers from all over Europe we have
investigated several fundamental aspects of sparkased nanoparticle generation and also
solved numerous technical challenges along the way. Our team had the opportunity to
study the fundamental processes taking place in an SDG, in particular those of which occur
ET OEA OPAOE bPI AOGIA ATA 11 OEA Al AAOOI ARAOGGS

Although the main principles of the SDG has been around us since the invention of the
spark plug of agasoline engine,the first use as an intentional NP generator dates to
1988 [15], when Andreas SchmidtOtt and his colleagues published their first results.
Although the design of the SD& now commercially available[18], and used by several
groups [19z25], the very fundamentals of the processes leading to particle formation is
not yet fully understood. One reason for this knowledge gap lies in the difficulty of
investigating the stages ofthe inherently multi scale nanoparticle formation process
especiallyits initial, early phase. Traditionally, there are two main approaches in aerosol
science, through which gasorne particles are characterized. One of this is NPlgection
(e.g. sampling on various substrates by using electrostatic precipitators, impactors, etc.)
followed by off-line electron microscopic analysis. In the other approach, aerosol
instrumentation capable of inflight measurements is used, such as thecanning mobility
particle sizer (SMPS), aerosol particle mass analyzer (APM), aerosol mass spectrometer
(AMS). However, all of these apparatuses are only applicable further downstream of the
spark gap, and none can acquire fundamental information in theécmity of the primary NP
formation zone. Invasive methods, such as proximity particle sampling (i.e. close to the



spark gap) have been attempted for bridging this knowledge gg@6]. Howe\er, proximity
sampling alwaysprovides integrated information on the early stags of particle formation
and the flow field and hence the generation process itself is altered by the sampling
process Another great challenge of the investigation of particle formation in an SDG
starting from the initiation of a spark up until the formation of nancagglomerates lays in
the multi-scale nature of the process. Particle formation takes place on the second or sub
second timescale, compared to which the duration of the spark stagehich is on the
microsecond timescale) is negligible. However, each spark has a distinct temporal
evolution comprising vivid physical phenomena, which affects the electrode erosion and
hence the resulting NPs.

The above examples show that the structure of an SDG sertain limits to the
applicable experimental techniques. The common SDG design cannot be altered too much
for the sake of experimenting on the plasma, because that would surely alter the NP
formation process as well. This limits the potential measuremenmethods to those which
are able to acquire relevant information on the processes taking place in the SDG with
disturbing them the least. Keeping these constraints in mind, the core of the investigations
presented in this dissertation employ nortinvasive, in situ methods, namely temporally
and spatially resolved optical emission spectroscopy (OES) and imagjrapmplemented
with the continuous measurement of the electrical signals (i.e. voltage and current) of the
discharge for gaining information on the processes preceding particle formation in the
spark without disturbing the examined processes by any mean3hesetechniques allow
for the operando investigation of the spark plasma with a temporal resolution on the
nanosecond timescale.Optical and electricd methods are complemented with thein situ
and ex situcharacterization of the generated particles, and thex situcharacterization of
the morphology of electrode surfaces subjected to sparking. These experimental
techniques allowedme to address the chdenge of understanding the peculiarities of the
spark based NP formation process from several different viewpoints. Each method was
used for gaining insight into the characteristics of the spark plasma and its effect on the
electrode material. More specitally, it was aimed to describe the spark plasma, i.e. the
source of NP generation, in terms of its composition, concentration, temperature, emission
and morphology as a function of time, space and key control parameters. | also aimed to
complement theseresults with investigating the electrode erosion process, including the
erosion mechanisms and the role of the electrical parameters of the discharge lodphe
careful selection of the above toolbox and the information acquired with them led ue the
better understanding of the processes taking place in the spark, and ultimately led to a
more deliberate control over the nanoparticle generation in SDGs.

1.2 Generation of nanoparticles

When one needs to review all the methods through which nanoparticles can generated,
probably the most rewarding strategy could be to start with those processes in which NPs
are not generated. Even if this statement is a bit of exaggeration, one can certainly state



that NPs can be produced in a great number of ways. In fact, EaF OO0 OUDPAO
CAT AOAOI 0065 AOA Ai1 OOAT 61 U 06001 61 AETZ], 6O
practically any kind of combustion sourceg28], constructions and demolitions or even
smoking cigarettes [29], only to name a few. Moreover, independently of the
anthropogenic sources, NPs have always been existed in the environment due to their
natural formation mechanisms[30]. It is common in the examples mentioned above that
NPs are produced unintentionally,unregulated, without control on the final physical and
chemical properties. It is therefore clear that they are of minor interest in industrial or
laboratory applications where NPs of well controlled properties are usually needed. For
the sake of clear diinction NPs synthesized on purpose, aiming to control their
composition, shape, size, surface functionality, etc. are usually called engineered
nanoparticles (ENPs)[31]. ENPs can be generated via various techniques which can most
generally be classifiedupon the direction of their synthesis route (topdown and bottom-

up approaches), the medium in which the synthesis takes place (gas, liquid and solid phase
processes), or the nature of the underlying mechanisms (physical, chemical, mechanical
synthesis). Some aspects of classificattn of ENPs are shown ifFigure 1.2.1, while their
most important synthesis techniques will be discussed in the followingaragraphs

Chemical Nature Shape
Metals Spheres, Cubes
Metal oxides Cylinders or Needles |
| Semiconductors Platelets
[ Polymers Hollow spheres

|
|
Carbon Hollow tubes
Biomolecules Corel/shell structures |
\ _ /'
V. N
Dispersion Medium |

[ Engineered \ Dispersion State
Gases (aerosols) ‘ \ Nanoparticles | Individually dispersed
Liquids \ Aggregated irreversibly
Solid matrix L/‘/ \\ J
Gels

Agglomerated reversibly
L Ordered structures

v

Surface Modification
Unmodified (as-produced)
Grafting thiol surfactant
Polymer grafting
Grafting charged ligands
|  Adsorbed surfactants/polymers |
Attachment of DNA, enzymes or
other biomolecules [

Surface coatings

Figure 1.2.1 Some aspects of classificatioaf engineered nanoparticleg31].

A traditional way of producing fine particles (even in the nanometer range) is size
reduction of bulk material via bead milling or grinding. It is a topdown, solid phase,
mechanical method in which solid bulk precursors are grinded by beads of a defineta.

The average size of the produced fine particles will be about 1/1000 the size of the beads.
The smallest bead size commercially used is about 2@D0t I xEEAE ET 0001
particles of 200-300 nm diameters can be readily produced via this techgue [6].

Chemical synthesis of NPs in liquids dates back to the nineteenth century, when
Faraday produced metal NPs by reducing metal salts with a phosphorous and carbon
disulfide mixture [32]. Since then reduction techniques are constantly evolving, using
various reagents to reduce metal salts into colloids, and have become a popular bottom
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technique for producing metal NPs. The asynthesized particles are highly reactive and
undergo oxidation or aggregate into larger particles. To prevent this, the pcess must be
complemented by a stabilization step either during or immediately after the synthesig].
One example is the BrusSchiffrin method, which makes possible the simultaneous
synthesis and stabilization of metal particled33]. Another example 6 the simultaneous
synthesis and stabilization of NPs via the reduction method is the case of silver show in
Figure 1.2.[34].

(Stage )

NaBH, reduction g g (,Coalescence £
Agt ————> & —>
g Instant nucleation & = &
e ¢ %% .
oo o e Cllrate ions

Ag° nuclei Ag clusters

Newly synthesized
Ag nanoparticles

Unspent___
Ag+ (Stage Il)

\
S g ) Citrate reduction 8
0: o ©—d
EN 0 pH 10.5 S

\ J\
Y Y

Fine tuning in nanoparticle shape Homogeneous Growth Citrate stabilized
Silver nanoparticle

Figure 1.2. Example of reductionbased nanoparticle synthesisSchematic representation of the
generation of Ag nanoparticles by a coeduction process[34].

Another widely used chemical method is the segel technique. The process starts
from the liquid solution of organometallic precursors, which form a new phase (sol) via
hydrolysis and condensation reactions. After aging and drying a dense gel and eventyail
nanopowder forms, which is especially advantageous in producing ceramic particles of
high purity and uniform nanostructure at low temperature [35].

As it was exemplified above, liquid phase chemical processes involve various types of
chemical precursors and reagents. Moreover, liquid routes are batch processes, which in
general require the use of a large amount of solvent. This leads to a great drawback of
these techniques, namely contamination. Impurities are always more abundant in liquids
than in gases, while surfactants, typically used as stabilizers, also contaminate the
produced particles. In contrast to this, physical methods in gases (i.e. via the aerosol route)
offer the possibility of generating high purity NPs in a continuous manner with a radged
amount of waste[9]. These properties are of utmost importance when industrial scale
quantities have to be produced, which is well reflected by the fact that most of the
commercially available singlematerial NPs are produced by gas phase procesq8$].

Via the aerosol route, NPs can be generated either by following t@jmwn or bottom-
up approaches(cf. Figure 1.2.2). A typical example for the topdown approach goes via
the formation of droplets by discretization of a solution, which will crystallizeto solid
particles when the solvent evaporates. Droplets can be produced e.g. by nebulization, or



electrohydrodynamic atomization. NPs can also be synthesized in the gas phase along the
bottom-up route, e.g. by gaso-particle conversion via nucleation, ad growth by
condensation and coagulatio9]. The generated NPs are exceptionally pure, while their
morphology and size can be well controlled by controllingthe cooling of the vapor
system[37]. NP generation techniques employing ga®-particle conversion practically
differ in the way how the material is evaporated. Vaporization can be achieved via using
e.g. direct heat from combustion (e.g. flame reactors), electrical energy (such as in furnace
reactors, or via glowing wire, arc and spark discharges, @), the energy of various plasma
sources (most frequently by RF, ICP, microwave plasmas)r the energy of a laser
pulse[9].

Small particles & 1Hollow particles & Large particles &i
condensed dopants 1 solid solutions solid solutions !
o o 0L ©gg
o9 oo ®e¢
Condensation \
& growth
e%e®e
e%e
Nucleation \

Product vapor \

1
1
1
1
1
1
1
1
1
1
1
1
1
1
S i
Precursor vapor 1
1

U.

Droplet droplet-to-particle

Figure 1.2.2 Possible particle formation routes via aerosol synthesig38].

Flame synthesis is an established technique for producing NPs in the gas phase. In
fact, about 90% of the commercially available aerosddlased nanoproducts are produced
in flame reactors[10]. The solid or liquid precursor material is vaporized in a combu®n
process (i.e. by using energy of a flame) which results in oxides, forming clusters and
growing to nanoparticles. The NPs generated in flame reactors are characterized by high
purity, nonporous primary particles, and small sizes with relatively narrow size
distribution. Unagglomerated particles as well as multicomponent materials are difficult to
produce in flame reactorg39].

Various types of precursors can be effectively vaporized by employing either cold or
hot plasmag. Highly monodisperse partites with limited yield were produced by using
cold plasmas generated by microwave excitation under reduced pressufd0]. Higher
production rate can be achieved with dielectric barrier discharges, also characterized by a

1Cold plasmas are characterized byigher electron temperature than the temperature of gas
atoms. On the contrary,in hot plasmas local thermodynamic equilibrium exists i.e. allspecies are
characterized by the same temperature at a given spatial point

10



cold plasma, where an electric didrarge is formed between two electrodes separated by a
dielectric barrier [41]. Under certain conditions, the source vapor used for particle
generation was formed via sputtering in a dielectric barrier dischargé42]. Methods based
on hot plasmas are usually characterized by higher particle yield as compared to cold
plasmas, however the particle sizes are usually also bigg?]. In addition, due to the
higher temperature volatile precursors are not always necessaryf the process. In case of
inductively coupled plasmas (ICP), for instance, micresized solid particles can be
effectively evaporated[43]. In contrast to ICP plasma sources, the electrodes are in contact
with the forming plasma in case of (transferred) & discharges. The relatively high
current (some tens of amperes), characteristic to arc reactors, results in high temperature
which leads to the evaporation of the electrodes or material contained in a crucible (which
is a basketshaped electrode)[44]. The process allows for the generation of a variety of
pure metal particles with high yield at relatively low power input [45]. Besides the
technical simplicity, an advantage of arbased methods is that the sources of potential
contaminations are limited due to the pure bulk precursors and the electrode material.
The purity of the generated nanomaterials can (further) be improved, when no other
material, but the electrodes, serving as precursors, and the carrier gas are present during
the generation process.This scheme is realized in sp& discharge NP generators
(SDG)[15]. In SDGs bipolar sparks are ignited between two electrodes placed in a
controlled gaseous environment, which results in the erosion of the electrode material. By
employing leaktight generator chambers and purified carrier gas,exceptionally pure
particles are obtained in SDGJ46,47]. Moreover, by employing different electrode
materials or alloyed electrodes, material can efficiently be mixed on the atomic scale
allowing for the production of unique nanomaterials which are e.g. macroscopically
immiscible [17]. Sparkbased NP synthesis also has the potential for scaling up, i.e. its
production rate can be increased to industrial level, which further increases thimterest
towards the technique[47]. The concept of spark discharge NP generation along with its
main properties will be discussed in detail in the following sections, after briefly
introducing the concept of electric discharges and the underlying fundamental process of
electric breakdown.

1.3 The electric spark discharge

1.3.1 Classification of gas discharges
Observation of gas discharges dates back to hundreds or even thousands of years, most

Il EEAT U OOAOOET ¢ AU OEA AAI EOAOEIT 1T &£ 1EGCEOT ET
fire, a phenomenon well known by sailors long ago. Delighting in a fascinating
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One of the earliest scientific explanations on the observed phenomena goes back to the
18th century, when B. Franklin experimentally proved that laboratory spark discharges
and lightning have a common nature. The development of the field got a boost, when it
was realized that the problem of short circuiting between the wires of higivoltage
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discharging a capacitor in a circuit incorporating an electrode gap filled with gas. The
breakdown occurs when the voltage between the electrodes is sufficiently high, i.e. the gap
becomes conductive due to the formation of ions and electrons, therefore the circuit is
closed and the capacitor discharges. The term discharge can be generalized to process
when a gas is ionized by an electric field and electric current flows through this ionized
gas[48].

The gas breakdown process is always initiated by charge carriers generated by
cosmic rays or natural radioactivity. If an electric field is present, e.g. voltage is applied to
electrodes, these electrons and ions will be pulled in the direction of the eleodes of
opposing polarity and electric current starts to flow. If the voltage is increased above a
certain level, the current rises drastically and light emission can be observed. These
phenomena accompany the breakdown process. The basis of breakdowrthe avalanche
of electrons, which occurs when they can gain as much energy from the electric field as is
sufficient for ionizing the gas atoms and thus producing additional electrons. The
peculiarities of the electric circuit and the gas ambient determinenow the discharge
proceeds after breakdown. The main discharge types which can form agéow, arc, spark,
and coronadischarges[48]. Gas discharges result in the formation of a plasma, i.e. an
ionized gas which is macroscopically neutrdl[48]. It should be noted, that the term
plasmaz attributed to Langmuir z was introduced in connection with gas discharges. It
was originally used to describe the region of a gas discharge that is not influenced by the
electrodes or the walls of the discharge tubft9].

Glow dischargesire usually produced at low pressure and characterized by relatively
high voltage, low current and very weakly ionized plasma. Glow discharge plasmas are far
from thermodynamic equilibrium since the electron temperature is much higher tharnhat
of the gas species .The most typical example of equilibrium gas discharge plasmas is
produced by anarc discharge An arc forms between two electrodes when high current is
allowed to flow in the gap at relatively low voltage. At atmospheric pressurehe gas
temperature approx. equals to the electron temperature meaning that the arc plasma is in
(local) thermodynamic equilibrium [48] . Due to the high current, arc plasma releases large
thermal power which can result in the melting of the electrodes. Inantrast to arc and
glow, which are quasi steady, selustaining dischargessparksare transient processes.
Sparking occurs when the voltage between two electrodes reaches the breakdown voltage
of the electrode gap and a conducting channel bridges the eteodes. Due to the high
conductivity of the spark plasma the voltage sharply drops and the discharge ceases. This
sellfET EOEAOAARh OOAT OEAT O AAEAOGEI O EO ADPOI U AAO
EOCOI PO6 AOT T 1T 1A Alsh Bfa® fodndtiondd a caniplextpiehdnenon

2 Strictly speaking, the following criteria have to be metfor calling a macroscopically neutral,
ionized gas plasma: the plasma oscillation frequency should be much higher tharetfrequency of
particle collisions and the Debye length should be much smaller than the characteristic length of
the system[49].
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which can be described by different mechanisms depending on the discharge conditions.
In general, at small gaps and/or low pressures (about <1 cm at atmospheric pressure) the
breakdown mechanism can be described by the multiation of avalanches, or the so
called Townsend mechanism. In order to explain the experimental results obtained at
longer gaps and/or high pressure the theory of streamers was introduced by Loeb, Meek
and Raether. The streamer is a thin ionized channefaveling through the gap, following
the trace of a primary avalanchd50]. Main features of electric circuits producing either
spark or arc discharges are schematically depicted frigure 1.3.1.

(@) Spark : (b) Arc

Anode l

Anode
i Spark Arc
Transient el

(pulsed) CwW
supply (ac or dc)
supply

Electrode

material Electrode

material

Cathode Cathode

Figure 1.3.1 Schematic representation of the electric circuits used for producing spark (a) and arc
(b) discharge plasmag51].

The characteristics of a spark discharge can be very different, depending on the properties
of the discharge circuit. An important distincton between different types of sparks can be
made via the presence or absence of thermodynamic equilibrium in the discharge plasma.
The spark plasma can be nothermal or thermal, depending on the types of sparks
initiated. An example of spark discharges a®ciated with nonthermal plasmas are the so
called transition sparks Transition sparks are produced by repetitively discharging a ~pF
capacitance in a higkresistance (in the order of megaohms) circuit, Wich results in a
train of <100 ns long sparks, fa from thermodynamic equilibrium [52]. In contrast to
transition sparks, which are typically characterized by small discharge gap and very short
duration, sparks can also be initiatedbetween electrodes of great distances (even in the
order of meters), having considerably longer characteristic duration. Theskng sparks
however, are also considered to be ncthermal, i.e. far from thermodynamic
equilibrium [49]. Spark plasmas, reachmg local thermodynamic equilibrium, can also be
produced. Such spark discharges can be initiated under atmospheric pressure by
discharging a capacitor (with a capacitancgypically in the range of 220 nF) in a discharge
loop consisting of a small gap (tyrally in the order of millimeters) and having low
resistance and inductance. The resulting sparks are several microsecond long,
characterized by high current (in the range of hundreds of amperes), and a bipolar,
oscillatory nature [53]. This type of disclarges, i.emicrosecondong, oscillatory sparksvill

be discussed in detail in the next section

13



1.3.2 Microsecond -long, atmospheric pressure oscillatory spark discharges

The wide range of applicationsin which electrical spark dischargesare used,initiated
numerous investigations aiming for describing the properties of the spark and correlating
them with the (physical) processes taking place in the discharge gdp.g.[50,54756]). A
remarkable example is spectrochemistryin which great efforts were made towards the
description of processes taking place irthe so calledanalytical spark dischargesin this
particular application spark plasmas are used for sampling and exciting the components of
a sample to be analyzedwhich wasthoroughly studied by several researchers for more
than one hundred yearg51,57z60]. Spark discharges used for spectroanalytical purposes
are produced by discharging a capacitor over an electrode gap under atmospheric
pressure, connected in series with futher resistive and inductive components of the
electric circuit, as shown inFigure 1.3.2. Thus, the discharge loop can be considered to be
a serial RLC circuit[53]. When the resistance and the inductance of the circuit are
sufficiently small the resulting oscillatory discharge exhibits an underdamped character,
exhibiting a fairly high instantaneous current. Although the exact properties of the
discharge depend on theR, L and C values of the circuit, the typical duration of these
sparks are in the microseond range. The temporal evolution of such highurrent,
microsecondlong sparks are generally divided into four stages: i) pre-breakdown,

i) breakdown, iii) arc, andiv) afterglow stages[53,61]. This classification assumes that the
temporal starting point of the spark is the moment of application of the high voltage
provided by the capacitor, to the gap.

Charging Circuit Discharge Gircuit |

L

Mains ;(fc G

R! Transformer R

Figure 1.3.2 Classical electric circuit of a plasma source used for spectroanalytical measurements
producing microsecondlong, high current sparkdischarges. The capacitor (C) is connected to the
charging circuit via a transformer. The discharge takes place in the analytical spark gap (G)
as a result of discharging the capacitovia the resistance (R)
and inductance(L) of the discharge circuit[53].

During the pre-breakdownstage, the electronsemitted from the cathode or formed in
the gas due to environmental ionizing radiation gain sufficient energy to produce
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is sufficiently high, a thin conducting channel (streamer) is formed, which bridges the
electrodes[48]. Depending on the size of the electrode gap, tHehemical) nature of the
gaseous atmosphere, the electrode configuration anda few other discharge parameters
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the breakdown can be driven by the Townsend mechanism of avalanche multiplication,
and not by streamers[48]. It is hard to make a clear distincbn between the pre
breakdown stage and the followingbreakdown stagebut from the point of view of light
emission, both stages are characterized by the emission of the gas ambient. When sparks
are initiated in air (or other molecular gas) the emission sectrum of the spark is
dominated by molecular bands during the prebreakdown stage, which is gradually
replaced by the emission of ions of the gas along with intense continuous radiati¢®3] .
The breakdown completes when a conducting channel bridges thdeetrodes allowing
high current to flow through the gap. The temporal length of the breakdown depends on
the inductance of the discharge circuit. The smaller the inductance, the shorter the
duration of the breakdown [61]. The discharge enters thearc stagewhen electric current
starts to flow between the electrodes, which eventually results in the erosion of the
electrode material. This stageusually commences in less thad t s [62]. As a consequence
of the intense energy release into the gap (due to thieigh current), the electrode material
might melt and evaporate and the gap will no longer contain the atomic and ionic species
of the ambient gasonly, but also the species of the electrode material. The arc staige
characterizedby concomitant light emission of the specie®f the gassous ambient and the
electrode material. This lasts until the electrical current ceasesi.e.a few or a few tens of
microseconds, depending on the electrical pameters of the discharge loopThis stage of
the spark got itsname due to its resemblance to the arc dischargBespite its transient
nature local thermodynamic equilibrium (LTE) is reached in typically less than a
microsecond after the onset of the breakdown in higlturrent, microsecondlong,
atmospheric pressure sprk discharges[53,63,64]. The practical consequence of this is
that, similarly to arc plasmas, eacheamporal point of the dischargecan be described by a
single plasma temperature. As a result of LTE, the population of excited states follows the
Boltzmann distribution, while ionization equilibria follow the Saha equation. In this
respect high current, microsecondong oscillatory sparks can be considered to be nen
stationary arc dischargeg53].

The emission characteristics of the arc stage of analyticapark discharges was
investigated in great detail(see e.g[57]) and peak plasma tempratures as high as 30000
40000 K have been reported65,66], together with electron concentration in the range of
1017 cm3 [66]. However, most of the works focusing on plasma properties (instead of the
emission characteristics itself) were obtained on unipolar discharges in which the
oscillatory nature of the spark is suppresseddue to its beneficial effort for analytical
purposes.Bye and Scheeline have investigated the properties of analytical spark plasmas
in a series of paperd64,67,68]. They reported an average electron temperature of about
p @ v 1t T | fovam analytical spark ignited between Cu and W electrodes in Ar and peak
AT AAGOIT T AT TAAT OOdOB4].T T £ ¢c8uMn8oppT

It is a ubiquitous observation that light emission from the gap does not cease when
the electrical current terminates, but the emission from excited atoms can still be
observed for a relatively long time aterwards, i.e. in the secalled afterglow stage[53]. The
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duration of the afterglow is much longer than that of the arc stage, e.g. tens or even
hundreds of microseconds long. However, since the afterglow has much less relevance
from a spectroanalytical point of view, this stage has been investigated in less détas
compared to the arc stage.

As it was mentioned earlier, the thermal effect of sparking might erode the electrodes
and material can be released into the gap. This process can be detrimental in some
applications, e.g. in case of spark switches, butdan also be beneficial in others, e.g. in
spectroanalytic measurements where electrode erosion is exploited for the vaporization of
solid samples. Nanopatrticle synthesis by spark discharges is another example of the latter.
In addition to the formation of a plasma plume containing species of both the gas
atmosphere and electrode material, particles of submicron size have been observed in the
vicinity of operating spark sources[62]. Although spectrochemists attempted to use the
fine particles in connection with analytical investigations [69], these observations
revealed the potential of high current, microsecondong oscillatory spark dischages in
nanoparticle generation.

1.4 Spark discharge nanoparticle generation

1.4.1 General concept

Spark discharge nanoparticle generation is a bottomp technique for producing particles

in the gas phase. The principle of the technique is similar to that of the other aerodmsed
methods (see Sectiorl.2), but now the initial atomic vapor is generatedoy means of an
electrical spark discharge. To my best knowledge, in 1982 was the first time when the
application of sparks for the purpose of nanoparticle production was reported, by
Burtscher and SchmidtOtt [70]. This was followed by a paper in 1988 byschwyn, Garwin
and SchmidtOtt introducing the spark discharge generator (SDG), the setup consisting of
the electric circuit, the discharge chamber and the gas and aerosol management
(sub)systems used for assisting nanoparticle productiofseeFigure 1.4.1) [15].
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Figure 1.4.1 Schematic view of the first spark discharge nanopatrticle generatgt5].
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As it was briefly described in Sectiorl.1, the SDG has a relativelgimple design that
consists of a leaktight chamber, housing two electrodes that are separated by a small gap.
The electrodes serve as bulk precursors for the particle generation process, which means
that the purity of the resulting nanoparticles is limited by the purity of the electrode
material and that of the gas atmospherdl7]. A big advantage of the technique is its
versatility. Practically any conducting material can be used as electrodes (including
metals, alloys, graphite and even semiconductors)llawing for the generation of a wide
range of nanoparticles in the same systen(46]. It is also possible to produce
multicomponent particles and nanostructures by simply using elemental electrodes of
different materials, alloys or composite electrodes. It has been demonstrated that the
technique allows for even creating mixed nanoparticle$rom macroscopically immiscible
precursor materials [71].

For creating a high voltage spark discharge between the electrodes, a gamlised
circuit is typically used, consisting of a capacitoor a capacitor bankfed by a high voltage
DC power supply together representing thecharging loop), that is connected in parallel to
the electrode gap {hich forms the discharge loop).The process is unregulated in a sense
that every spark isindividually self-triggered when the voltage on the capacitor, and hence
in the spark gap, reaches the instantaneous breakdown voltage of thaseous ambient in
between the electrodeq11]. Breakdown occursvia the formation of a conducting channel
(spark channel) between the two electrodes in which the charge carriers are indily
dominated by electrons and ions of the carrier gag.he typical discharge loopof an SDG is
similar to the onethat is used for sparkbased analytical spectrometry. The discharge loop
is characterized by low resistance and inductance, resulting in Higcurrent, microsecond
long, oscillatory discharges similar to those described in Sectioh.3.2 Therefore even if
the AT 1 11T NOEAT OAinplies@idgidityg ihéprobeBsAisartodcillatory event, in
which the amplitude of the sinusoidal voltage and current signals is damped exponentially
and eventhe polarity varies periodically [72].

The spark discharge nanoparticle generation technique exhibits many similarities, in
terms of the produced particles, with other physical methods based on the ablation of bulk
precursors. Laser ablation could be mentioned as a typical example, which was shown to
produce very similar nanoparticles to that of SDGF3,74]. The greatest advantage ofhe
spark-based technique over the laser ablation technique is its relative technical simplicity,
which also means lower investment costs. SDGs do not require the use of such expensive
instruments as lasers, while capable of operating in a quasontinuous manner (by
repetitively charging and discharging the capacitor) wih minimizing the produced
waste[17]. Additionally, spark-based nanoparticle production is upscalable. One way of
scaling up the production rate goes via the increase of the spark repetih rate. The mass
of the produced particles can be linearly increased by increasing the repetition rate of the
sparks[46]. However, in the classical SDG design described above, the maximum
repetition rate is limited to a few hundreds ofHz by the capacibr charging power supply.
This poses a limitation to the maximum achievable particle yield. To overcome this

17



limitation a novel high frequency power supply was recently developed, designed for
SDGs. This power supply extends the applicable spanepetition rate up to about
20kHz[17]. Another way of scaling up the production rate is the connection and
operation of multiple SDGs in parallel, which can further increase the particle yield,
potentially even to meet industrial demandg[75]. The increased particle concentration in
the gas phase usually leads to the formation of nanopacte aggregates and
agglomerates[76], which can be undesirable in certain applications. It was already shown
that by adjusting the quenching gas flow rate, spherical pécles with diameter of less
than 10nm can be produced in SDGg7]. However this also means that the higher the
particle concentration the larger gas flow rates are needed to prevent aggregation. In
practical applications, flow rates cannot be any highwhich poses a compromise between
moderate yield of small singlets and high yield of larger aggregates.

1.4.2 Nanoparticles generated in the SDG

Due to the complexity of the processes taking place in SDGs, the descriptiaf the
mechanisms eading to and controlling nanoparticle formation are mainly
phenomenological and qualitative.Recently a simple semi-empirical analytical and a
numerical model were developed which are aiming for the prediction of the size
distribution of singlet particles as a function of process parameterd47,77]. In the
following the main steps of particle formation in an SDG are briefly summarized together
with the process parameters which were reported to affect the generated particles.

evaporation
radiation

Ny ab T

heating &
melting

Figure 1.4.2 Schematic representation of the simplified picture of electrode erosion,
called the Jones moddR4].

The initial step of particle formation in the SDG is the production of an atomic vapor
by means of the erosion of the electrode materidll7]. The term erosion or ablation is
used partly because the exact process of material removal from the electrode is not fully
explored 4 EA OOOZAAA T £ OEA Al AAOOI AAO AOA EAAOQGAA
spark channel interacts with the electrode arfaces and hence the eroded material of the
electrodes forms a vapo plume [17,24,46,78]. In addition to this, ions of the carrier gas, as
well as those of the anode and the cathode bombard the electrodes that may lead to
further removal of electrode mateaial [79]. Recently, it was reported that the
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experimentally determined massloss of the electrodes can be fairly well explained by a
first principle theoretical model which takes into account evaporation only[80]. This
suggests that evaporation might behe dominant mechanism of material removal.The
evaporation of the electrode material in anSDG is usually described by the simple model
assuming a single tiny spotcreated by the spark plasma channe[17,24,46,77]. By
calculating the energy balance, i.ghe energy deliveredto the electrode material by the
spark channel isequal to the energy output represented by thermal conduction and
radiation loss, the evaporated mass from such a spot can be calcula{&d]; this is the so
called Jones mode(cf. Figure 1.4.2). It turned out that when performing such an energy
balance calculationthere is a differencebetween the input and output values which can
only be taken into account by the introduction of a so called energpfficiency factor, which
has a renmarkably low value, i.e. in the order of 0.1%[77]. By incorporating this energy
efficiency factor (as well as other experimentally determined parameters), the mass
derived from the Jones modebives a reasonably good estimate of the material eroded in
an SDG at varying interelectrode distances[47] and for several electrode materiald24].
However, the highly simplified character of this approach is well reflected by the fact that
the Jones modekrroneously predicts the relative erosion of certain materals, e.g. gold
and silver [46] and neither can explain the requirement of introducing a
phenomenological factor (ie. the energy efficiency factor), nor the origin of its very low
value.

The importance of understanding how electrode erosion proceeds partly lies in the
fact, that it determines the ultimate yield of the generated particles. Although not all the
eroded material will turn into nanoparticles, it is safe to assume that the mormaterial is
eroded, the larger the amount of the generated nanoparticles will bdt has been
demonstrated that the erosion rate can be tuned via changing the energy stored in the
capacitor immediately prior to breakdown [46]. Furthermore, it is a common &asumption
in the SDG literature that all the energy stored in the capacitor is dissipated in the spark
gap, which is well reflected by the fact that theenergy stored in the capacitoris usually
OAEAOOAA O1 A0 [10/(7A.Stactly spedkidg thididoDddurse noentirely
true, as thereare alwaysresistive and other parasitic losses in the dischargdoop due to
imperfect connections, cables, etc., but as long as the resistance of other components in the
discharge loopis negligible, ascompared to the resistance of the spark gap, this estimation
may be useful.l will propose a correct definition of spark energy in the Resultsand
Discussion section and will discuss this issue further, but until then it can be certainly
stated that ore of the main parameters of the SDG is the spark energy,77].
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Figure 1.4.3 Mass production rate for various electrode materials as a function of spark repetition
rate in an SDG fed by high-frequency power supply[75].

The second parameter which greatly affects the nanoparticles generated in the SDG is
the spark repetition rate (SRR)[46,47]. By assuming that consecutive sparks erode the
electrodes independently from each other, the total erosion rate is expected to seal
linearly with the SRR[46]. This was experimentally shown for various electrode materials
as shown inFigure 1.4.3. The SRR can only be increased up to a certain limit, after which
the effect of consecutive sparks cannot be considered independent anymordowever,
this limit has not been experimentally reached yet, not even with the statef-the art high
frequency power supply operating at 20kHz [75].
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Figure 1.4.4 Main steps of nanoparticle formation in an SD{F7].

It can be seen, that both spark energy and SRR affects the material erosion rate. While
spark energy determines the masgoss caused by a single spark, SRR sets the number of
sparks in unit time and hence the total material removal rate. The eroded massrifios a
hot atomic plume which is cooled down to ambient temperature by the carrier or the so
called quenching gas flow{77]. This leads us to the third major process parameter of
nanoparticle generation in SDGs, namely thidow rate of the (quenching) carrier gas. The
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gas flow rate plays an important role in the particle formation process, since it determines
the quenching of the vapor. If the quenching is sufficiently high, the vapor reaches a high
supersaturation which pushes the critical nucleus sig down to the atomic scale in the
nucleation phase of the NP formation[77]. After nucleation the particles grow by
coagulation, i.e. by particleparticle collisions and sticking. Pure particles having a size of a
few nanometers are liquidlike even at low temperatures [82], which facilitates full
coalescence and leads to the formation of spherical singlet particles. Full coalescence only
takes place up until the particles reach a critical diameter. Nanoparticles having this
critical diameter are usually cdled primary particles [17]. For a given material the critical
diameter depends on the temperature, therefore the size of these primary particlesn be
controlled e.g. through the temperature of the carrier gag77]. If conditions permit
(especially whendilution of the aerosol is not sufficiently high) particleparticle collision

of these primary particles will lead to the formation of fractallike agglomerates or
aggregates which are the typical products of an SDG. The main steps of particle formation
are schematically depicted inFigure 1.4.4.

By the proper adjustment of the three chief process parameters (i.e. the spark energy,
SRR, and gas flow rate) the size of the generated particles can be controlled (cf.
Figure 1.4.5) ranging from atomic clusters [83], through nanometersized spherical
singlets[77] to aggregates or agglomerates above 100n [84].
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Figure 1.4.5 Validation of the numerical and analytical models predicting the primary particle size
generated in an SDG as a function of a parameter derived from
spark energy(E), SRRf) and quenching rate(Q,) [77].

In addition to the nanoparticles formed via the above described condensatiegrowth
route, it was also reported that much larger, micrometessized particles also formin SDGs,
as shown in Figure 1.4.6c [46,85,86]. These particles have compact, sphericahape
suggesting that they form by solidification of molten droplets ejected frorDE A AT AAOOT A A
surfaces Although these particles may form a substantial part of the total mass of the
generated particles, there number is negligible as compared to thaumber of the
nanoparticles produced[46].
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Figure 1.4.6 a) Singlet[75] and b) aggregated gold nanoparticle$87] and
solidified gold droplet [46] produced in an SDG.

Transmission electron microscope (TEM) images of typical singlet gold NPs and gold
particle aggregates are shown inFigure 1.4.6a-b. Although small spherical singlet
nanoparticles are proven to be produced47,77], SDGs are typically used to generate
aggregates with sizes in the range of a few tens of nanomete24,84,87z89]. The size of
the nanoparticle aggregates can trivially be controlled via the spark repetition rate, since
the higher the number of sparks per second the more material will be producedhich in
turn increases the aggregation, condensation or both, resulting in a size distribution with
increasing modus and largewidth [88]. The effect of material removal rate on the forming
NPs is also apparent when electrode materials of different erosion rates are applied. As
exemplified in Figure 1.4.7 for the cases of Ag, Pd, Pt, and Au, the size distribution of the
particles produced uncer identical conditions strongly depends on the electrode
material [89]. The tendency shown inFigure 1.4.7 can be reasonably well explained by
the production rate of particles of different materials, which was 0.12, 1.68, 16.00, and
40.30ACTI ET #PtOand AD,respctively in this particular cag89].
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Figure 1.4.7 Size distribution of Ag, Pd, Pt, and Au nanopatrticles aggregates
generated in an SD@9].

It can also be seen iFigure 1.4.7 that nanoparticle aggregates produced in an SDG
typically have a lognormal size-distribution. The characteristic size of these aggregates is
usually described either by the most frequent value of the legormal distribution, i.e. the
modal size, or by tle (geometric) mean size. The geometric standard deviation (GSD) of
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the particle sizes is typically used to describe the polydispsity of the produced
particles [90]. TheGSD of the NPs shown iRigure 1.4.7 is in the range of 1.381.53[89],
illustrating that polydisperse NP aggregates are typically produced in SDGs.

As it was pointed out earlier, one way to prevent aggregation goes along increasing
the flow rate of the carrier gag46]. Moreover it was reported that the electrode geometry
also has areffect on the degree of aggregain. Nanoparticles produced inpin-to-plate or
wire-in-hole electrode geometries tend to aggregate much less than particles generated
with the conventional rod-to-rod geometry under otherwise identical conditions[91,92].
When aggregation is prevented in an SDGeither via adjusting the gas flow rate or the
electrode geometry z the produced particles will preserve their primary size that is
typically below 10nm at room temperature [47]. In several applications spherical
particles with larger diameter and narrow size distribution is often desired[93]. In order
to meet these demands the aerosol output of SDGs are often complemented with standard
aerosol instrumentation such as differential mobility analyzers (DMA) and tube fuaces.
DMAs can be used to size select particles based on their electrical mobility, while the
selected aggregates can biea situ sintered into compact, spherical particles by means of a
tube furnace[94].

Nanoparticles produced by SDGs satisfy the needba broad range of applications. Spark
produced NPs have alreadyshown their strength in various fields, including solar cell
research [95,96], semiconductor science [20,97], environmental research [18,98],
sensors[99,100], or evenin the textile industry [101]. These examplesare, of course,at
different technological readiness leved. Some of them are in the stage of proof of concept,
like the case of catalytic studies aiming forcarbon-monoxide oxidation, where SD&
produced palladium and palladium-silver nanoparticles were shown to have great
potential [19,102]. While others already proceeded until small scale productionspark
discharge nanoparticle generation shown to have a potential in semiconductor science.
Gold seed particles have déen successfully produced for the growth of semiconductor
nanowires by the! A OT OA @ U Al4,20]AvihiEH Was already reached the production
level. One could also mention the hot topic of hydrogen storag®r which SDGborne
palladium and magnesiumbasedNPs were poved to be promising candidate$103,104].
The antibacterial effect of Ag NPs produced in an SDG and deposited onto textiles was
tested recently [101]. It has been shown thatwhen sparkproduced Ag NPs are usedn
order of magnitude less Ag lading is sufficient to achieveequivalent antimicrobial effect
than the NPs generated viavet routes. Moreover, an efficient, singlestep, scalable method
was also proposed, which could be directly integrated intdéextile production lines [101].
Last, but not least, certain types of SDGs are commercially available today. These
generators are typically used in the field of environmental researchi-or atmospheric
studies sootlike particles are generated by means of spark discharges in order to model
e.g. airpollution [18]. The recognition of the technique in environmental studies is well
reflected by the fact that SDGs are widely accepted for producing reference soot aerosol
particles [105].
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2. Experimental setup

2.1 Setup of SDGs

Several SDG designexist which may differ in some technical details, but the working
principle and the main building blocks are the same. Therefore, in this chapter a general
description is given on the SDG setup after whichtabulate the characteristics of the
actual SDGsused to obtain the resuls shown in the presentdissertation. Details on
additional particular instrumentations and techniguesemployed for the investigation of
different aspects of SDG operation will be given at the beginning of eagevant section.

Common parts of all SDS&are the sparkchamber and the electricakircuit which feeds
electric power into the spark gag11]. The spark chambetis a stainless steel, leakight
chamber equipped with several ports for electrical feedthroughs, gas inlet, a¥sol outlet
and usually have one or severalindows to facilitate optical observation. The electrodes
are either vertically or horizontally aligned andthe gas flow which continuouslyflushes
the inter-electrode gap can be eitheupward or downward directed, co-axial or crossed.
The distance between thefacing surfaces of theelectrodes (i.e. the size of the electrode
gap) can be controlled by one or more positionersThe flow rate of the carrier gas is
usually set by a mass flow controller, and atwspheric pressure is kept inside the
chamber.

Charging loop

Figure 2.1.1 Sketch of an SDG.

In my experiments the gap size was adjustetly micrometer screwstypically in the
range from 0.5to 4.0mm. The flow rate ofthe carrier gas was kept inthe range of %
10 I/min . All of my experiments were carried out at atmospheric pressure which was
maintained by a vacuum pumpand a needle valveand monitored with a pressure gauge
Cylindrical electrodes of 6.35mm or 3.00mm diameter were used in two eéctrode
geometries: flatend and tipped-AT A | x E Qygex dhgley tnlhe flatend geometry,
electrode erosion is distributed over a larger area (i.e. the entire front surface of the
electrode rods), while on tippedend electodes erosion is concentratedaround the

3 The chamber geometry used in most afny experiments has been developed for the purposes of
the BUONAPAR-E project, supported by the 7th Framework Programme of the European Union,
specifically optimized for NP production purposes,and was manufactured by Pfeiffer Vacuum
GmbH.
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electrode tips. Sincehigh throughput of generated NPseeds substantial electrode erosion
the flat-end geometry is preferred in SDGs. However, with this electredgeometry, the
wandering of consecutivesparks over the electrode surface poses challengés optical
measurements and eventhe electrical data are less stable due tthe positional variation

of the surface quality and the concomitant differences in the breakdown voltage. Hence
results obtained with tipped-end electrodes provide more reliable information, and more
fundamental insight, while observations obtained with flatend electrodes have more
direct relevance to NP production.Therefore, tipped-end electrodes were used in those
measurementswhere high positional stability was required, and in experiments focusing
on electrode erosion and NP generation flaend electrodes were employed.

Energy isfed into the spark gap by a simple capacitor charging circuit. Aonolithic
capacitor or acapactor bank (jointly referred to as capacitor in the rest of tle text) with a
total capacitance in thenF range is charged bya high voltage capacitorcharging power
supply to a maximum voltage otypically about 10 kV using a charging current ot few or
a few tens of milliamperes Since the capacitoland the electrode gap are connected in
series (Figure 2.1.1), the discharge of the capacitor across the spark gap will commence
when the voltage on the capacitor reaches the breakdown uabe of the spark gap The
resulting spark discharge is a bipolar, oscillatory discharge, the damping and the
oscillation frequency of which isjointly set by the total capacitance, resistance and
inductance of the discharge loop The discharge of the capacitor via the sparkag is
accompanied by the recharging of the capacitor by the charging power supply ("self
pulsed, free running mode"), but since the current in the charging loop is many orders of
magnitude smaller than the current in the dischargeloop (which is typically a few
hundreds of amperes) the two processes can be considered to be practically independent.
The repetition of sparking is described by thespark repetition rate, SRRthat can be
controlled by changing the charging current and the gap size (via the briedown voltage),
assuming that all other experiment&conditions are kept constant.

The main parameters of the diffeent generator setups used in myexperiments are
tabulated in Table 2.1. The names given imable 2.1 will be used to refer toa particular
SDG later in the text.

Table 2.1 Main parameters of the SDGssed in myexperiments.

Name SDG A SDG B SDG C SDG D

Capacitance (nF) 8 29 20 15

Power supply FuG HCK Technix Technix Technix
800-12500 CCR10P-750 | CCR15P-150 | CCR26N-300

Carrier gas Ar, Nb N, Ar, Nb N,

Flow geometry Crossed Coaxial Crossed Crossed

Gas flow rate (slm) 5 1.68 5 2

Electrode diameter (mm) | 3 6.35 3 3

Electrode position Horizontal Vertical Horizontal Horizontal

Electrode tip geometry Tipped, flat Tipped, flat Flat Flat
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Figure 2.1.2 Photograph of the SDG A system. The letindicate the following parts:
a) discharge chamber, bxhielding box containingthe capacitor, c) highvoltage capacitor charger
power supply, d) carrier gas inlet, e) aerosol outlet.

As anillustration , Figure 2.1.2 shows thecore of the SDG A system (without showing
the additional instrumentation for e.g. emission spectroscopy, imaging, nanoparticle
deposition, or inflight nanoparticle characterization), which was developed and builtin
our laboratory. The peculiarity of this particular setup is to facilitatefundamental studies
during the normal operation of the generator in a welcontrolled manner.
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3. Results and discussion

3.1 Electrical properties of the spark

3.1.1 Main electrical characterist ics

In a typical, unregulated or freerunning SDGan oscillatory discharge forms afterthe
breakdown occurs between the electrodes (seesection2.1). Figure 3.1.1 exemplifies the
typical voltage and current waveformsmeasured in SDGB with a high voltage pobe
(Model N2771B, Agilent, 50MHz) and a calibrated currentprobe (Model 110, Pearsons,
20 MHz), respectively. The underdamped character of the oscillations is immediately
obvious. As it can be seen, the voltage drops abruptifter the breakdown and then it
oscillates with an exponentially decaying amplitude, while the current rises fast and
oscillates in a similar manner, but with a certain phase shift with respect to the voltage
signal. Under the conditionsof the discharge shown inFigure 3.1.1, decay time (defined
as the square of the inverse of the damping coefficient of the current or voltage
oscillations) of ~15A O A Aobserned The breakdownvoltage is about 5.5V and the
current peaksat about 300 A. This relatively highpeak current is the conseqience of the
high capacitancelow resistivity and low inductance of the circuit, which areessentialfor
the efficient erosion of the electrodeswhen NP productionis targeted
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Figure 3.1.1 Voltage (black), and measured (red) and fitted (blue) current signals for a spark
ignited between Cu electrodes, placed &m apart (SDG B)

As the simplest approximation, the discharge Igom can be represented as a seridBLC

circuit [46]8 , AO6 O AOOOI A OEAO OEA ODPAOE AEATTAI

which together with the resistances in the discharge ctuit represent the total resistance,
R of the system This resistance is considered to be connected in series withet rest of the
discharge circuit, characterized by an equivalent inductancé, and a capacitanceC which
is determined by the capacitor). Due to the underdamped behavior of the system (c.f.
8

Figure 3.1.1) the'’Y ¢ -  criterion is held, and the current waveform can be
described by the following equation[106] :

W R ATI06 . (3.11)
where
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We estimate the total resistance and inductance of the system by fitting thiKt)
function to the measured current waveforms (seeFigure 3.1.1). In the particular case
shown in Figure 3.1.1 this fitting procedure resulted in a resistance,Rof ca.1.301l1 AT A
inductance, Lof 3.6 A ( 8

It is expected and also documented in thiterature [55] that the resistance of a spark
discharge changes rapidly during itspre-breakdown and breakdown stagesi.e. prior to
the complete breakdown of the gasdue to the coupled effect of the varying electron
density and gas temperature. Ishould be noted though, that myelectrical measurements
reported in the present dissertation were done after a conducting channel connects the
two electrodes, i.e.during the arc stage,in which the spark behaves similar to an arc
discharge[53]. Since theresistance of a pulsed arc also changes slightld07], we
attempted to elucidate the time dependence oR and L by fitting portions of the entire
underdamped oscillations and also by using timelependentR and L values in the fitting
process. On one handye have not seen systematic variation of these fit parameters within
the investigated time range. On the other hand, the above simple electrical model, with its
assumption of a constantresistance and inductance, fits neatly the measured current
waveforms, which is in accordace with the findings of Greaso108].

It was reported that the spark dischargehave an inductive component on the order of
10 nH [109]. Since this value is more than 2 orders of magnitude lower than the total
inductance of our discharge circuit, the inductance of the discharge gapan beneglected
with respect to the total inductance ofthe rest of the discharge circuit. More complete
electrical models take into account the capacitance of the electrodes and the inductance of
the plasma, along with the capacitance, resistance and inductance of the used profig.
However, as it was mentioned before, théarge capacitance of the capacitobank andthe
large inductance of the cableswith respect to those of the sparkjustify our above
presented simplifications during the high current conductive(i.e. arc) stageof the spark
discharge.

As it was mentioned before, hie total resistance of thecircuit is the sum of the
resistive components of the discharge loop and the resistance of the spark plasma. It is not
straightforward to separate these components and measure or calculate the resistance of
the sparkonly. In certain cases, the resistancef the discharge loop can be experimentally
determined [110], which however requires the modification of the electrical circuitjn a
way not feasible when a common SDG is used.

There is a consensudn the literature of SDGs that there are two main process
parameters which affect the NP output of the generator and defined by the electrical
circuit: i) the spark energy andi) the spark repetition rate (SRR)17,46,77,84]. The spark
energy is the enegy dissipated in the electrode gap and hendhe one that promotesthe
material erosion process. In the literégure of spark-based NPgeneration, this quantity is
assumed to be equal tdhe energy stored in the capacitor prior to breakdown (see e.g. the
most recent review by Pfeifferet al[17]):
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O -67Y (3.12)
where Cis the capacitance andJy is the breskdown voltage. The inherent problem with
the above definition is that it assumes that all the energy stored in the capacitor is
dissipated in the gap without any losses in the discharge circuilt is immediately clear,
that in general this simplification cannot be true due to e.g. parasitic lossesadiation
lossesor incomplete discharge of the capacitor. A more realistic approach could be the
calculation of the spark energy from the instantaneous currentl(t) measured in the
discharge loop For this, one can use theristantaneous power, defined as

06 YOO O0'Y (3.13)

and integrate itover time:
00 _ 00Q¥Y . 0oQo (3.14)
where Rspark is the resistance of the spark channel andr setsthe time until which one is
interested in the energy dissipated in the spark gap. f ——one may obtainthe total

time-integrated energy of a single spark or spark energyfor short. As it was mentioned

earlier, the determination of Rspark IS challenging in a traditional SDGsetup, the one also

used here without the significant modification of the discharge chamber and the spark

gap. Therefore, as a first approximationl assume that the resistance of the discharge loop

is negligible as compared tahe resistance of thespark itself, meaning thatRspaAR. This
assumption can be justified by comparing th&® values obtained fromEquation 3.1.1 with

typical Rspark Values estimated from theoretical models. Different time dependent
calculations of the arc's electrical resistance, based on the temporal evolution of the
current, can be found in the scientific literature[107]. Due to the similarity of the spark
discharge to an electric arc in the time domain under study, these models can be used to
estimate Rspark. | t0OK the expression given in[111] (based on a model developed by

Rompe and Weizel) as an example and the one calculated by Baraneikal [107].

Although these expressions were meant for unipolar current peaks with higher intensity

(up to several kiloamps), one can use them to estimate the resistance at the first peatk

the current waveform (~ 0.5A0Q8 4 EAOA A obstadcesOrtthelrange ©EDOA OAOE
1.311[111] and 1.31.911[107] for the conditions studied here. TheR values derived from

the current waveform measured in the SDG under the same conditions are found to be in

the range of 1.9 1)-1.65118 4 EAOA OAIl OAO fredistaAcEs edhilmdicd frdth x AT |
the theoretical models, meaning that the assumption oRspakPR is justified under the

present conditions.
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Figure 3.1.2 The instantaneous power (red) and the dissipated energy (black) in the spark gap,
calculated from thel(t) waveform (SDG B)

The instantaneous power andthe temporal evolution of the dissipated energy
calculated fromEquations 3.1.3 and 3.1.4, respectively are shown inFigure 3.1.2. As can
be seen thetotal dissipated energy is lower than the energy stored in the capacitor, which
might be due to the above mentioned effectsutside the spark gaplike parasitic losses in
the discharge circuitor the energy needed to ionize the gas atoms forming the channil.
is also possible thatthe capacitor bank is not fully discharged during the spark, osome
energy is dissipated in the spark gap ding the post discharge phasel have also
calculated the energy dissipated in the gap from the current waveforms measured at
different gap sizes by usingequation 3.1.4. For the range of experimental settings used,
the spark energy calculation resulted in an avexge value of about 80% of the stored
energy. The scatter of the obtained values is within the uncertainty of the applied method,
so the ratio between the energy dissipated in the gap and stored in the capacitor can be
considered to be constant for a giveisDG setupThe approx. constant ratio between the
stored energy and the dissipated energyexplains the experimental evidence that the
variation of the stored energydescribes reasonably wellthe variation of the material
erosion in a given SD@6].

For gaining a better understanding of spark energy, on@eedsto investigate a more
general case i.e. when the resistance of the discharge loop is not negligible.
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Figure 3.1.2 Voltage (A) and current (B) measured in an SDG having different totaesistances
(SDG A).
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Figure 3.1.2A shows three voltage waveforms measured in an SDG having different
total resistances. It is clearly discernible that theotal resistance of thedischarge loop
does not affect the breakdown voltage and hence thetored erergy as calculated from
Equation 3.1.2. In contrast, a remarkable effect can be seen on tlerresponding current
waveforms (Figure 3.1.2B). The damping factor of thecurrent oscillations strongly
increases with increasing resistanceesulting in a decrease of total duratiorof the current
ceases to zero At a total resistance of @&l only approx. one full cycle is observable.
Concomitantly, the peak current also decreasel.has to be noted that tle frequency of the
oscillations also slightly changes which is due tothe fact that the inductance Bghtly
increases with increasing resistanceThe results shown inFigure 3.1.2 are perfectly in
line with the well-known peculiarities of series RLC circuit§106]. However, these results
have important consequences on SDGs. Firstne can concludethat in general the
instantaneous current should be used to derive the spark energy, instead of the
breakdown voltage traditionally used in the literature. The circumstance that hinders to
use the measured current andEquation 3.1.4 for calculating the spark energy is the lack
of knowledge on the spark resistance. It is obvious that the resistance of the discharge
loop cannot be neglected when a rigorous analysis of the spark energy psrformed.
Nonetheless, as it will be shown later, thentegral of the square of the instantaneous
current is sufficient to describe the processes taking place in the spark discharge ignited in
an SDG.

SRR Breakdown voltage | flat-end electrodes
| 1.5 mm gap

Voltage [kV]

04

T T T T T T T T T

250 -200 -150 -100 -50 O 50 100 150 200 250
Time [ms]

Figure 3.1.3 Voltage signal measured for consecutive spark events recorded between electrodes at
1.5mm apart. The peak values represent the breakdown voltage for the given spark. The inverse of
the duration between consecutive peaks gives the repetition rate of thearks, i.e. the SRR (SDG B).

Besides spark energy,hte other important process parameter of SDGs which get by
the electric circuit is the spark repetition rate (SRR). The SRR determined by the current
charging the capacitor,lc, which will be denoted as charging curent, the capacitanceC
and the breakdown voltageUsq, as described byEquation 3.1.5 [46]:

YYY —. (3.15)
A typical high voltage waveform acquired on repetitive spark events is shown in

Figure 3.1.3. The charging current defines the slopef the charging cycles (the sloping
lines on the oscilloscope trace), while the breakdown voltage sets the end of charging
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which is followed by the fast discharge of the capacitorapparently vertical lines in the
trace). It is obvious that the variation of both the charging current and the breakdown
voltage affects the duration ofcharging-discharging cycles, i.e. the repetition rate of the
sparks. As can be seen irigure 3.1.3 the typical satter in the breakdown voltageis small
which results in only a minor uncertainty in the SRR

3.1.2 Effect of SDGcontrol parameters
It was pointed out in the previous section that he most important process parameters of
the SDGwhich depend on the electriccircuit are the spark energy (orenergy per spark
and the SRRAIthoughthese parameters careffectively be tuned by adjusting the R, L and
C components of the dischargeand the chargingloop it is not realistic to vary these
parameters during the routine operation of a nanoparticle generator.Therefore more
practical parameters are needed which can be used to vary the SRR and the spark energy
thereby tuning the output of the SDGThese experimentally easily accessible parameters
will be called control parameters. The main control parameters affecting the spark energy
and SRR are the distance between the electrodes (i.e. gap size) and the charging current

At aconstant pressure and electrode geometry the breakdown voltage predominantly
depends on the gap size, hendecan be used to vary the energy stored in the capacitor
according to Equation 3.1.2. At a fixed gap, theSRRcan be varied by changing the
charging current, as follows fromEquation 3.1.5. In the following, the effect of the gap
size and the charging current will be shown on the breakdown voltagstored energyand
SRR

The variation of the measured breakdown voltage as a function of the gap si&e well

as the charging current measured during sparking between Cuegitrodes is shown in
Figure 3.1.4A.
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Figure 3.1.4 The variation of the breakdown voltage A), energystored in the capacitor 8), and
spark repetition rate (C) as a function of gapsize at 10mA charging current and as a function of the
charging current at 2mm gap in case of Cu electrodes in nitrogen atmosphef8DG C)
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As can be seen irrigure 3.1.4A, the breakdown voltage increasedinearly with the
ET AOAAOA | £ OEA CAD OEUA ET RN@Ad BeAddaédnly ACOAA
charging current and the concomitantly increasing SRR results in a linearly decreasing
breakdown voltage. This tendency (which is common for all he SDGs used immy
experiments) cannot be explained solely by the electrical properties of the discharge loop.
This is most probably due to the fact that charge carriers are left behind by the preceding
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spark and accumulated in the gap thereby somewhat losving the breakdown voltage as
compared to the single spark oquasi single sparkcases[113].

The energy stored in the capacitor calculated from the breakdown voltage using
Equation 3.1.2 and the measured SRRre shown in Figure 3.1.4B and C, respectively, as
a function of the gap size and the charging currentThe stored energy is directly
determined by the variation of the breakdown voltage Figure 3.1.4A) according to
Equation 3.1.5, which therefore increases with the increase of the gap size in a quatic
manner and decreases with the increase of the charging currerfigure 3.1.4B). The SRR
however decreases with increasing gapsize and increases quasi linearly with an
increasing chargingcurrent, as dictated byEquation 3.1.5.

It has to be noted that the effect of control parameters on the energy stored in the
capacitor was shown here instead of the more precisspark energy. This has practical
reasons, since as it was pointed out in the previous section the stored and the spark
energy differ only by a constant factor when an SDG of fixed circuit parameters is used.
Therefore in a given SDG setup the variation of the spark energy as a function of the
control parameters will be the same as that of the stored energyrhis proportional
relationship will also be relied upon laterwhen the effect of control parameterson other
characteristics of the SD@ examined.

It should also be noted that the trends shown in Figure 3.1.4 were found to be
universal, i.e. hold forvarious electrode materials and carrier gase all the SDGs | used

3.2 Morphology of the spark plasma

3.2.1 Experimental

Time-resolved images of the sparkproduced in SDG Bwere recorded using a high
sensitivity, ns-gated intensified CCD (ICCD) camera (Mel iStar-734 Gen 2 (WAGT-03,
Andor), with a photographic lens system (WD200 mm) attached to it (Figure 3.2.1). For
triggering the ICCD camera, the falling edge of é¢hvoltage signal measured by &igh
voltage probe (Model N2771B, Agilent, 50MHz) was used. Due to thensertion delay of
the camera and the delay caused by signal propagation, the minimum total del&yr
recording imaging data was 5Ms. In order to study the time evolution of the spark,
images of the discharge were takeat time delays varying from 50nsto a few ms. The gate
width of the camera was progressivelyincreased from 5ns to 10000 ET 1T OAAO
compensate for the decreasing emittedight intensity at longer delaytimes. Correction for
different gate widths, amplification, and background was cared out by postprocessing
the images using a MATLAB codelhe general conditions, such as gagize, spark
repetition rate, breakdown voltage were kept constant. The sensitivity of the camera and
the transmission curve of the photographic lens allowedor recording light intensity data
integrated in the 200-850 nm wavelengthrange.
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Figure 3.2.1 Schematic view of the experimental setup used fatudying the plasma morphology
(SDG B).

3.2.2 The evolution of plasma morphology

Fast imaging is a reliable toolfor studying the breakdown in gases under different
conditions [52,114z118]. Most of the discharge imaging studiegublished in the scientific
literature either focus on streamer formation and propagation, or analyzglobally the
different discharge regimes sich as glow, corona or spark. In the presensection the
results on how the shape and intensity of thespark channel evolves once it is formedh
the SDGwill be summarized. The temporal evolution of plasma morphology i.e. the size,
shape and intensity dstribution as well as the position were followed from 50ns up until
a few tens of microsecondsi.e. covering the entirearc andthe majority of afterglow stages
of the spark (see Sectiorl.3.2).

Snapshots shown inFigure 3.2.2 illustrate the evolution of spark morphology over
time. Please notehat every image shown inFigure 3.2.2 was normalized in intensity, in
order to make the shape of the discharge discernible also at longer delays, when the
emitted intensity is very weak, i.e. muchweaker than at thebeginning of the arc stageThe
images prove that the discharge starts as a thin and intenspprox. cylindrical channel
between the twotipped electrodes. As more power is dissipated, the channel diameter as
well as the integrated intensity of emission increases, as will be shown later in
Figure 3.2.3. After about 500ns, the channel starts to partially lose its cylindrical shape
but it is still relatively well confined as a quasicylindrical volume between the two
electrode tips. By abat 10AOh xEAT OEA AOOOAT O 1T OAEI T AQETTO
input cease(the discharge reacheshe end of the arc stagéby definition), the discharge
spreads (out) greatly and loses its cylindrical shape almost completely. After this pointe.
in the afterglow the decaying plasma expands in 3D and gradually fades away.
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Figure 3.2.2 Images acquired at different delays for spark discharges between tippeshd

electrodes placed at 2nm distance in 10l/min of co-axial N; flow. The top ekctrode was initially

It must be clarified again that due to the intensity rescalingthe images presented in
Figure 3.2.2 are meant to visualizethe shape and the expansion of thengitting vapor and
the temporal evolution. In order to comparethe intensity of each image all the light
collected in one frame is integrated and normalized for different exposure times.e. gate
width . In Figure 3.2.3A, the total light intensity collected is shown as a function of delay
time. The intensity curvewas normalized to its maximum. The figure shows how the total
light intensity of the spark rises during the first half microsecond and then it decays quasi
exponentially until a few tens of microsecondgplease note the logarithmic scale of the
horizontal axis in Figure 3.2.3A). After about 50A O h

the anode(SDG B)

OEA AAAAUET ¢ OOAT A

;

steep one.The total light intensity exhibits oscillations in the :10A 0 OEI A. xET AT x

Figure 3.2.3B shows that these oscillations follow neatly the oscillationsof the
instantaneous power. It must be noted that the instantaneous power is calculated
according to Equation 3.3 where the equivalent resistance of the spark gap wasstimated

to be 1.4mfor SDG B
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Figure 3.2.3 (A) Total light intensity collected for spalk discharges between tippedend electrodes
2 mm apart. (B) Total light intensity collected (black line) compared to instantaneous power (blue
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The snapshots shown inFigure 3.2.2 exhibit another striking feature of the spark
plasma. The plasma not only changes in intensity and shapeven time, but several
recorded snapshots also reveal an uneven intensity distribution along the axis of the
electrodes. For example, in thearticular frames shown inFigure 3.2.2, there is a "plasma
hot spot" (i.e. a spot with distinctively more intense emission) in front of the lower
electrode at 2260ns, then in front of the upper electrode at 546(s, and in front of the
upper electrode againat 1008 08 . 1 OA OEAO OEA AQGEOOAT AA T £ O
that the discharge woud not fill the entire gap. Figure 3.2.4 shows how the position of
this plasma hot spot oscillates over time and how st oscillation correlates with the current
waveform. As is known (cf. Section3.1.1, Figure 3.1.1), the current exhibits an oscillatory
behavior, meaning that the electrode polarity alternates typically less than 20 times in the
0-20A0 OAIl Dbl O Anithe présknfdase i.e.the polarity of the electrodesreverses
several times during the lifetime ofthe spark. It can also be seen that the displacement of
the plasma hot spotwith respect to the center position of the spark gagppecomes smaller
as time passes, i.geflecting the decreasingstrength of the ekctric field. Please note, that
these findings hold for every other experimental parameters (e.g. gap sizes, flow rates,
etc), and the data shown inFigure 3.2.4 only exemplifies the tendencieson the case of
tipped electrodes placed 3nm apart.

Data in Figure 3.2.4 proves that the plasma hot spot is always situated close to the
temporary negative electrode (cathode) and the position of the most luminous part of the
discharge follows the current signal with some delay. The axial structure of the discharge
channel at every momentseems to besimilar to that of a glow discharge[119] or a DC
continuous arc as defined by Boumangb3]. Close to the (momentary) negative electrode,
a region with nonUAOT AEAOCAR ETi x1 AO OEA OAAOEI AA
effectively shields the electric field. When moving beyond the cathode fall region, i.e. a bit
further towards the anode, the plasma tends to be more intense in emission due to the
dissipation of a substantial amount of energy gained by the electrons the fall region.
This latter process causes the formation of the most luminous plasma region in the spark
CAbph EAOAAU OAEAOOAA O1 AO OPI AGI A EI O ObPI 068
collapses fast and another one builds up around the oppositlectrode, which turns to be
the instantaneous cathode during the next half cycle of the oscillation should be noted,
that the present imaging setup cannot spatially resolve the cathode fall region in the
vicinity of the momentary cathode, but the behavior of the discharge is fully in line with
the above given ardike behavior and hence provides an indirect evidence on the
existence of the cathode fall region during the spark discharge.
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Figure 3.2.4 Axial position of the plasma hot spot (black line) compared to the current waveform
(blue line). The positions of the electrodes are markely horizontal dashed lines. The
instantaneouspolarity of the electrodesis also shown(SDG B)

| also studied how the width of the spark channel evolves in time. The average
channel width was determined by averaging the full width at half maximum of the light
intensity traces perpendiailar to the electrode axis for every row of the ICCliinage
located between the two electrodes.Figure 3.2.5 depicts the temporal evolution of the
channel width forupto15A 08 01 AAOA 11 6Ah OEAO OEA AAOAOI E
complicated by theexistence and axial movement of the plasma hot spot and the gradual
loss of the initially well-defined cylindrical shape of the channel, which is well reflected in
the degraded accuracy of channel width values at delays beyond about A%Still, the
following tendendes are clear and conclusive. First, the discharge sets off as a narrow
channel (its width is below 500A | @ AT A OEAT EO .@Caiomd3. bAidhel O 1 EA /
channel width stabilizesA OT 0T A A OAIl OA mim& AAT 0O j p8umMm8c¢cq
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Figure 3.2.5 Average channel width for spark discharges at a@m gap size The dots show the
measured values of the chnnel width, while the solid lines are obtained by arithmetic averaging
(using a 9point moving window) (SDG B)

The expansion velocity of the plasma frontvas determined using the slope of the
average channel radiusas a function oftime curve (assumingthat the radial distance of
the external front of the channel from the channel axis is the half of the erage chanel
width). In Figure 3.2.6 the early stageof the average channel widthevolution at a gap
length of 4mm is plotted. The figure indicates that in the initial phase of the discharge, up
until about 500 ns after the breakdown, the expansion velocity of # plasma front is
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nearly constant and equals to about 0.4B 1 TA08 4EEO OAlI OA EO EECEAC
sound in N; at room temperature, which is 0.35 | ¥ A@8e can add that the gas
temperature in the gap before the spark may be higher than rootemperature as a result

of earlier spark events. If this is the case, the speed of sound is somewhat higher than

0351 I TAO AAAT OAET qaplade eqddiidk) Thefaboel rdsults mearihat the

expansion of the spark channel starts at supersonic spegdbuch fast growth of the plasma

channel, together with the inherent change in temperature and gas pressure induces a
shockwave[120]. The supersonic expansion was confirmed directly, for all but one cases

used in thiswork (see later in Figure 3.2.10), since the characteristicsound was clearly

audible during sparking.
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Figure 3.2.6 Temporal evolution of the average channel radius for a spark discharge maintained
between tipped electrodes at 4nm gap size The dashedred) line indicates an initial plasma front
expansion velocity of 0.48 | 7 ASDG B)

It is plausible to assume, that athe beginning ofexpansion, the radiusof the spark
channel and the shockwave front coincidgl20]. Therefore,the measurementof the initial
front speed can be talen as a measurement of the shockwave velocity. Reinmann and
Akram [121] used an interferometric method to follow the shockwaves created in similar
spark discharges. They obtained radial velocities of the shockwave of about 0.4 TsA
which is somewhat faster than tle highest expansion velocityobtained here. This
difference can be explained by the different currents in the two cases. In the experiments
reported by Reinmann and Akram, the current raised to about 408 in less than 1@ ns,
while in my setup, the rate of current increase was smaller: it took about 50@s to reach a
value around 260A, which would qualitatively explain a smaller expansion velocity.

3.2.3 Effect of the gap size on plasma morphology

In this section,l summarizethe observations related to the effect of gap size on the studied
spark parameters(i.e. total light intensity, position of plasma hot spot, channel width, and
expansion velocity), obtained from my imaging measuremers. Figure 3.2.7 presents the
time-resolved total light intensity curves at three different gaps The general trend is that
the total light intensity emitted is higher for larger gaps, which is in line with the
observations that with increasing electrode distance, the energy dissipated in the gas
also increasing(see Sectior3.1.2).
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Figure 3.2.7 The temporal evolution of total emitted light intensity collected at different gap sizes

(SDGB).
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depicted in Figure 3.2.8. The results clearly show oscillations between the electrodes,
which become more pronounced with mcreasing gap sizes. Despitgeasurement noise, it
can also be clearly seetthat the plasma tends to settle at the center of the gap as the
oscillations decay.
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Figure 3.2.8 The temporal evolution of the axial position of the most luminous part of the plasma
(plasma hot spot)at different gap sizes. Note that for the sake of clarity, only the position of one
electrode is shown given by the dottedine, for reference. Thanstantaneouspolarity of the

electrodesis also shown(SDG B)

Figure 3.2.9 shows the evolution ofthe average channel width over time for several
gaps.As can be seen, the spark channel undergoes similar expansid@y the end 6 the
initial linear expansion (500nsz1A 0q OEA A E Adlighth wideA &itA indreAsihg
gap size After reaching a maximum, the channel width slowly moves towards values
around 1.5mm, for all gapsThe reason of this behavior is unclear.
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Figure 3.2.9 Time evolution of the channel width at three different gaysizes Thepoints represent
the measured values of the channel widths, while the solid lines are obtained by arithmetic

averaging (using a 9point moving window) (SDG B)

From the curves shown inFigure 3.2.9, as well asfrom measurements obtained at
other experimental conditions, the initial expansion velocity of the plasma front (or the
speed of the shockwave)was derived at different spark energies In Figure 3.2.10, the
initial expansion velocity, characteristic to the first approx.500 ns long period after the
breakdown, is plotted as a function of spark energy. The gph convincingly proves that
plasma channel expansion scales quabnearly with spark energy, and that this velocity is
higher than the speed of sound, except fdhe lowest spark energy obtained ad.5mm gap
size. At 0.5mm gap size we observed that the sparlshow a different behavior, most
probably because under thatparticular condition the discharge works in the micro-
discharge regime[122,123].
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Figure 3.2.10 Initial expansion velocity of the plasma front as a function of the spark energy. The
dotted line marks the speed of sound in nitrogen at room temperatur€SDG B)

Sincethe spark energy can be controlled by several parameters, such as the size of the
spark gap, electrode geometry and circuit capacitance, it is then possible to adjust or
control the expansion velocity of the spark channel by tuning these parameters.
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3.3 Spectrally resolved optical emission of the spark plasma

3.3.1 Experimental

Time-resolved optical emission spectroscopy QES measurements were carried out by an
Andor Mechelle 5000 fibercoupled echelle spectrograph equipped with an Andor iStar
734-18F-03 intensified GQCD (ICCD) camera. In order to reduce the electromagnetic
interference induced by the SDG, the spectroscopic instrumentation was set up in a nearby
laboratory and the optical signal was transmittedto the spectrometer using a 12n long
fused silica opticalfiber with 50t i AT OA AEAI AOAoO8 )1 11T A PAOO
emitted light from the plasma was spatially integrated over a ca. ®m diameter circular
area (in a direction perpendicular to the axis of the electrodes) by using a quartz collection
lens (Avantes COWUV/VIS). The position of the collecting lens was optimized (to the
highest optical signal) before each experimental run. nl the other part of the
measurements spectrum acquisition was carried out by spatial resolution. To this end, the
1:1 image of the spark plasma was produced with a fused silica lens and the bare end of
the optical fiber (NA 0.22, SFS50/125Y, Thorlabs GmbHyas positioned to different
locations over the image.The spectrograph was wavelengtkcalibrated and allowed for
spectral data collection in the 306800 nm wavelength range with ~0.125nm resolution

(at 435 nm). The spectral sensitivity of the optical syeem was corrected by using a NIST
traceable deuterium-halogen calibration lamp (Model DH2000-CAL, Ocean Optics, Inc.).
The correction was checked before each experimental run and repeated if necessary.
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signal = < ~100ns overall time delay delay:

iCCD gate ﬂ jFLﬂ jm; J_L j_

rase note the different time scales!

u(t)

Set | O ns

Figure 3.3.1 Schematic timing of the ICCD cameraith respect to the voltage signal of the sparking
(U(1)) in the particular case when 50ns gate width is used with varying delay.

The light acquisition of the ICCD camera was triggered either by the sharp negative
signal edge (provided by arektronix P6015A highvoltage probe) or the sharp positive
signal edge (provided by a Pearson 110 current probe) caused by the breakdown of the
gas between the electrodes. A Stanford DG535 pulse generator was used to produce a
logical signal after the onset of the leakdown and initiated the exposure, i.e. the spectral
acquisition. The overall time delay (including insertion delays and signal propagation) of
the setup is around 70100 ns, which thus defines the temporal starting point ofthe
investigations with respect to the breakdown. In order to study the time evolution of the
spark, emission spectra of the discharge were acquired at time delays varying frdms to
501 08 4EA CAOA xEAOE 1T £ OEA AAi AOAnh EAT AA OEA
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was set to éher 50 ns or 500 ns. Each spectrum was measured on separate, consecutive
sparks and few hundred spectra were accumulated at each experimental settinghe
schematic graph of the timing of the ICCD is depicted iRigure 3.3.1. Spectral data
processing wascarried out by using Origin (Originlab Co.) andpurpose-made scripts
writt en in MATLAB (MathWorks, Inc.).

3.3.2 Temporally and spatially resolved emission spectrum of the spark plasma

The erosion of electrode material in the SDG is driven by the energetic sparking in the
electrode gap. Due to this high energy inpubn the order ofp tJ I * E L00OMmIn NAT A
the electrode material isnot only removed from the bulk electrodes butatoms are also
excited and may even be ionized. The optical relaxation of these excited species is
accompanied by the emission of photons which are characteristic tohe particular
spectroscopic transition. Figure 3.3.2 represents the typical emission speitum of the
spark acquired by spatially integrating the photons leaving the electrode gap into the
acceptance angle of the lens. The spectra acquired by temporal resolution were summed
in order to illustrate the time-averaged spectral character of the sparemission.
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Figure 3.3.2 Temporally and spatially integrated emission spectrum of the spark acquired during
the generation of Cu NPs in nitrogeA) and in argon B) atmosphere(4 mm gap, 1.68/min gas
flow rate, 10mA charging current,SDG C)

As it can be seen irFigure 3.3.2 the spectrum is dominated by the emission of the
excited species of the gas ambient, namely spectral lines atoms and singly or multiply
charged ion$ of nitrogen or argon (marked red in the spectra) depending on thetype of
carrier gas used Atomic lines of the electrode material (copper marked black in the
spectra) are also present with much smaller relative intensity. Thissuggeststhat the
number concentration of gas species exceedbat of the electrode materialin the spark
gapwhich will be discussedlater.

4 Please note that spectroscopic notation of spectral lines is used throughout tlissertation in
parallel with the standard notation of neutral and charged species. Spectral lines arising from
neutral species (e.g. Ctiand N°) are denoted by the Roman numeral | (e.g. Cu | and N 1), while the
lines emitted by singly charged ions (e.g. N are denoted by the numeral 1l (e.g. N Il), and so on
with ascending Roman numerals (ll1, 1V, etc.) for multiply chargeibns.
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As a single spark has a characteristic temporal behavior (alternating voltage and
current waveform with exponentially damping amplitude, seeSection3.1.1) the quantity
and the properties (e.g. temperature) bthe eroded materialevolves in time as well. This
temporal evolution is reflected in the emitted photons.Each temporal stage of the spark
plasma (see Sectionl.3.2) has different contribution to the erosion of the electrodes and
also different characteiistic light emission. The pre-breakdown and breakdown stages
have negligible contribution to the erosion of the electrode material which is supported by
the fact that spectroscopically these stages are characterized by molecular bands in the
emission spectum when a molecular gas is used as ambient gg&l]. Inatypical, i.e. free
running SDG the breakdown is expected to complete quickly due to the low inductance of
the discharge loop[61]. Figure 3.3.2A also proves thatin the presentcasethe breakdown
completes in less than 10(s, since the spectrbacquisition started about 100ns after the
voltage drop between the electrodes,and the spectrum does not exhibit molecular
nitrogen bands.

The duration of breakdown can also be estimated from the displaceemt current
which is proportional to the first derivative of the voltage waveform. For an SDG operating
with copper electrodes under argon atmosphere the derivative of the voltage exhibits a
sharp peak about 15ns before the current starts flowing. This peak is most probably
associated with the breakdown of the gap, which therefore suggests that the breakdown
completes in 4050 ns, as indicated by the 1/@ width of the signal. This agrees well with
the above considerations based on the absence of moleculdands in the emission
spectrum of the spark.This very short breakdown duration means that the breakdown
occurs practically instantaneoudy, as compared to the timescale of the entire emission
process when the voltage between the electrodes drops.

The discharge enters the arc stage after the breakdown is completed and hence
current is able to flow through the conducting plasma between the electrode3he arc
stage of the spark is accompanied by intense light emission, which is dominated by the
spectal lines of ions and atoms of the ambient gasThe results to be shown in the
following were obtained in an SDG operating with copper electrodes under argon
atmosphere. The temporal behavia of the intensity of the emission from several ionic
species meaasred in the center point of the spark gap is shown irFigure 3.3.3A. The light
emission of Ar and Ar2* follows the current oscillations in the discharge loop and is only
detectable while electric current flows between the electrodes. This is due to the fact that
the ionization (and excitation) energies of these species are high thus can only be supplied
by the discharge when the temperature and electron concentration is the highe#t the
gap[53]. This implies that argon iongresent andemit in the close proximity of thecenter
of the current-conducting channel bridging the electrodes, therefore the lightmission of
these ions can be used to monitor the propertiege.g. position, extent, temperaturepf the
current-carrying channel. Apart from the emission of the ionic species, atomic argon
emission is also detectable from the very beginning of the arcaie as evidenced by the
temporally resolved spectra (seeFigure 3.3.4A). As it will be shown later, it means that
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argon atoms and ions coexist in the conducting spark channel and have the same
temperature in a given position However, they have different greading rates and hence
Aocil AOIT i O ODPOAAA EAOOEAO APAOO AEO[fi OEA
Figure 3.3.3B and Figure 3.3.4B).

Unfortunately Cur could only be detected with a very low signato-noise ratio, which
is probably due to the reduced sensitivity ofmy instrumentation in the UV range, where
dominant Cull lines emit. The approximatetime at which the light emission from Cu
peaksdiffers significantly from that of the argon species. Thiproves that copper species
are much less abundant in the gap at early times, since they are only produced in the arc
stage.
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Figure 3.3.3 Time evolution of the intensity of some selectedbnic spectral lines, emitted from the
center of the gap @A). The spatial variation of the peak intensity of an ionic Ar spectral line
DAOPAT AEAOQI AO E@immodxid, athhk dedeCodDtheydp@P
(Cu electrodes in Ar gassDG A)

In order to reveal the spatial extent of the spark channel, as defined by Ar ions during
the arc stage, a Thm wide area perpendicular to the direction of the common axis of the
electrodes was scanned at the cest of the gap (i.e. in the direction of the argon flow).
Time evolution curves, similar to those shown inFigure 3.3.3A, were constructed from
the recorded emission spectra. IiFigure 3.3.3B, the emission intensity at the maximum of
the time evolution curves (denoted as peak intensities offigure 3.3.3A) of the Ar I line
is plotted as a function of spatial position. Within the timeesolution of the present
experiments the emission lines of Arions reach their peak intesity simultaneously
across a 2nm wide area at around 50ns after the onset of the breakdown. Agan be
seen inFigure 3.3.3B, the spatial distribution of the emission intensity of the Ar Il species
has a full width at half maximum (FWHM) of about 0.fnm. Thiscanbe used to represent
the diameter of the spark channel when the intensity of the givespectral line is at
maximum, that is, when the formation of the channel is finished. It should be noted, that
the spark channel evolves in time, which results ithe broadening of the channel, as was

5 Several spectral lines of each species have been investigated. It was confirmed that the intensity of
spectral lines of the same species have similar temporal and spatial evolution. Therefore one line,
detectable with good signaito-noise ratio, was selected from each species as the representative
spectral line of the given species.
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already shown in Section3.2.2, wherean approx.threefold increase in diameterwas found
by the end of the arc stagen nitr ogen atmospherefrom the spectrally integrated data(cf.
Figure 3.2.5).

In the afterglow stage, i.e. well after the conductive channel had ceased, light emission
from the spark gapis still detectable even though no (further) energy igpumped into the
spark gap from the capacitor. It is apparent from Figure 3.3.4A, that this sustained
radiation is produced by excitedatomic species. The intensity evolution ofAr | and Cu |
spectral lines is shown in Figure 3.3.4A. The Ar | emission peaks within the arc stage of
the discharge, and it sustains until approxs0f 08 4EA AiI EOOEI 1T 1 & Al Pb
approximately at the same time as that of the argon, but it reaches its peak intensity
considerably later, ataround20f O AAOAO OEA AOAAEAT x1 8
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Figure 3.3.4 Time evolution of the intensity of some selecteatomic spectral lines, emitted from
the center of the gap @). The spatial variation of the peak intensity of some specifetomic spectral
1 ETAO0 DAOPAT AEAOTI AO O OEA éhifthdgapB) AAOGSE AT 1111
(Cu electrodes in Ar gas, SDG A).

Figure 3.3.4B shows the spatial distribution of the emission of atomic Cu and Ar
when their respective peak intensity is reghed. Unlike ions where emission peaksn the
arc stage, the peak intensity of atomic spectral lines shifts towardonger times as a
function of AEOOAT AA &£0T 1 OEA A1 AAOOT AAGGE AT I I1T1T Ag
afterglow, atomic species are reading outwards from the cener line of the spark
channel, where ions exist in the arc stage and their emission exhibits spatial distributions
having a characteristicFWHM of 2.3and 4.6mm for Ar and Cu, respectively. The broader
intensity -distribution of th e atomic copper lines are probably due to the much lower
excitation energy of Cu, as compared to Ar atoms, therefore excited and emitting Cu
species can exist also in the outesomewhatcooler region of the discharge.

The emission spectroscopic resultshown above illustrated the particular case when
copper electrodes are used in argon gas. However, the caferations summarized above
also hold for different electrode materials and carrier gases. This was proved by
performing similar experiments with a variety of electrode materials and different carrier
gases.
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Figure 3.3.5 Temporal evolution of the intensity of some selectedtomic and ionic spectral lines,
emitted from the centerof the gap in case of gold electrodes ergon atmosphere The pointsare
connected to guide the eyes onl{SDG A).

Figure 3.3.5 illustrates the temporal evolution of the intensity of spectral lines
acquired during the generation of Au NPs irargon atmosphere. The same order of
appearance of the emission of different specéeis discernible. Namely that the intensity of
spectral lines emitted by species of the gas ambient peaks first (ionic lines are ahead of
that of the atoms), followed by the emission originating from the electrode material
(similarly to Ar lines, Au Il precedes Au 1).The generality of the temporal behavior of
different species exist in the spark gap also hold for different electrode materials.
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Figure 3.3.6 Temporal evolution of the intensity of selectecatomic spectral lines of Cu, Ni, Au, and
Agemitted from the center of thegap in case of argoatmosphere (SDG A).

Figure 3.3.6 shows that the intensity of atomic spectral lines of four electrode
materials, copper, nickel, gold, silver, evolves very similarly over time. The emission of the
Ni I line peaks somewhat soonerhan the rest of thelines of the metal atoms, but the
overall trend of each dataset is almost identical

3.3.3 Effect of control parameters on the emission spectra

In the following, the effect oftwo of the main control parameters, namely thegap size and
charging current will be shown on thespectroscopic properties of various species(both

that of the electrode material and the carrier gas present in the spark gap.The
experiments were performed using two electrode materials, namk Au and Cu undem>
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atmosphere.Although monitoring the emission of metal atoms is most directly related to
nanoparticle generation, along with that the emission of atomic nitrogen, the most
abundant component of thespark plasmain the present caseis also discussed here. To
this end, the intensity (which is defined as the area under the spectral line) of selected
atomic copper, gold and nitrogen lines (521.82nm, 47926nm and 746.83nm,
respectively) was measured inthe afterglow stage of the spark (morespecifically, in a
10A O | ténip@al window starting 5A Cafter the onset of the breakdown). The
temporally resolved spectra were summed in order to get a cumulated spectrum
representing the afterglow stage.

Considering the typical SRR valuesbtained in the present experiments and the
length of the afterglow stageit can be assumal that consecutive sparks are optically
independent from each other, so the emission intensity of a single spark does not depend
onthe SAR. Therefore the emission intensity data showielow are always normalized to a
single spark.
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Figure 3.3.7 Normalized intensity of an atomicspectral line of the gas and the electrode materiads
a function of the charging current acquiredduring sparking between Cu A) and Au B) electrodes
in nitrogen. (SDG 2 mm gap size, 1.68/mni gas flow rate).

As can be seen ifrigure 3.3.7, the intensity of atomic metal and gas spectral lines
follows very similar trends in case of both Cu and Aelectrodes. The atomic nitrogen
emission decreases monotonouslyvhile the emission of metal atoms varies via a slight
maximum with increasing charging current.
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Figure 3.3.8 Normalized intensity of an atomic spectral lineof the gas and the electrodenaterial as
a function of gap size acquied during sparking between CuA) and Au @) electrodesin nitrogen.
(10 mA charging current, 1.68/min gas flow rate,SDG C)

The variation of the gap size results in a differentrend. As it is shown inFigure 3.3.8
the intensity of the N | line increases monotonously with increasing gap size, while the
emission of metal atoms shows a s$arating behavior after about 3mm gap for both
electrode materials

Figure 3.3.7 and Figure 3.3.8 prove that the control parameters of the SDGn@amely
the gap size and the charging currentglearly affect the optical emission of the sparkThe
emission of atomic nitrogen behaves differently from that of the atomic gold and copper.
The results obtainedfor different metal electrodes, namely copper and goldn nitrogen
atmosphereexhibit very similar trends.

The amount of metal vapor eroded by a singlspark is ddermined by the spark
energy’ [84] and OES is a perfect tool to gain situ information on the erosion process in
this regard. If we assume that the optical emission of the spark plasma depends solely on
the energy per spark (indirectly affecting the plasma temperature in addition to the
concentration of the eroded material) the atomic emission intensities (shown in
Figure 3.3.7 and Figure 3.3.8) can be presented on the same graph regardless of whether
the particular energy per spark value was achieved via varying the gap size, the charging
current, or both. Please note, that theneasured emission intensity values depend on the
actual light collection conditions (e.g. the optical system, integration time, gain factor,
averaging, etc.) so the spectra measured in different experimental runs weneeded to be
scaled to make trends cmparable. In order to facilitate this re-scalingthe measurement
series were performed to contain overlapping energy values which were used to
normalize the acquired ectra to the same stored energy.

6In the cited reference the spark energy is considered to be equal to the energy stored in the
capacitor. | have previously shownin Section 3.1 that these two quantities are not necessarily
equivalent, although they are proportional to each other when the electric circuit of the SDG is
fixed. Since the results shown in the presdnsection are obtained in an SDG of fixedlectrical
parameters, the tendencies presented hold both for the spark energy and stored energy. Since it is
more straightforward to derive the stored energy, for the sake of conveniencewill present the
measural data as a function of the stored energy.
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Figure 3.3.9 Normalized intensity of an atomic nitrogen line as a function of thetored energy
acquired during sparking between CuA) and Au B) electrodes.
(varying gap and chargng current values, 1.6&Im gas flow rate SDG

Since themost dominant feature ofthe emissionspectra of the spark are the atomic
and ionic lines of the ambient gas (here nitrogen) it seems logical to examine the effect of
the energy stored in the capacitof on the emission of nitrogen atoms. The normalized
intensity of a typical atomic nitrogen line (NI 746.83nm) measured at different stored
energies during sparking between Cu anéu electrodes is shown inFigure 3.3.9. Points
represented by closed symbols were obtained when the spark energy was variedavi
changing the gap sizewhile open symbols represent intensities obtained by the variation
of the charging current. As it is illustrated by the fitted dashed line, the overall trend of the
emission intensity is linear in the entire energy range studied, meaning that nitrogen
atoms emit more light when the spark energy is increased, regardless of whether this
increase is realized via adjusting the gap or the charging current. This also justifidse
previous assumption on the dependence of the emission intensity on the spagkergy. As

can be seen irFigure 3.3.9A and Figure 3.3.9B the observed linear correlation applies to
both electrode materials studied.
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Figure 3.3.10 Normalized intensity of an atomic Cuf) and Au B) line as a functionof the stored
energy acquired during sparking under nitrogen atmosphere.
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As it is shownin Figure 3.3.10, the emissionintensity of metal atoms behaves
differently from that of the nitrogen. The emission intensity of Cu | increasesoughly
linearly up to about 300mJ (by varying either the gap or the charging current)heyond
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which the increasing tendencyslows down, or even saturaes (Figure 3.3.10A). A similar
trend can be seen inFigure 3.3.10B for Au electrodes with the sole difference that the
threshold energy is about 600mJ.

The intensity of a spectral linedepends on the temperature and the concentration of
the given specieg124]. If we assume that the spark is in local thermodynamic equilibrium
during the spectral acquisition GeeSection3.4.2for the justification of this assumption in
the afterglow) it follows that nitrogen and metal atoms existingin the same spatial region
have the same temperature. This suggests that the differenagbserved between the
dissimilar behavior of nitrogen and metal atoms (cf.Figure 3.3.9 and Figure 3.3.10)
should be atributed to the concentration difference of the two species. Nitrogen atoms are
present in the spark gap before each spark event at a constant concentration while copper
or gold atoms are only produced during sparkingcf. Figure 3.3.4 and Figure 3.3.5). In
light of this Figure 3.3.10 suggests that after a certain threshold value, the energy is
utilized less efficiently for increasing he concentration of metal atoms in the spark gap.

3.4 OESbased diagnostics of the spark plasma

3.4.1 Methods

Temporally resolved amission spectra acquired with the instrumentation described in
Section3.3.1were also used for plasma diagnostic c&ulations. More specifically, optical
emission spectroscopic QES data (cf. Figure 3.3.2, Figure 3.3.5) were used to derive the
temperature and the electron concentration of the spark plasma. The Boltzmann plot
method (see e.g[125,126]) is a widely used method for calculating the sgalled excitation
temperature of the plasma. Hereone needs to assume, that the system is in local
thermodynamic equilibrium (LTE), i.e. the population of the excited states obey the
Boltzmann distribution. As a consequence, the emitted intensity of a transition between
two energy levels (P j) can be written as:

0 —o0 -&xQ (3.4.1)
where A; is the transition probability, Zis the partition function, gi and E are the statistical
weight and the energy of the excited levdldenoted by subscripti), respectively k, h,andc
are the Boltzmannconstant, the0 I AT A E 8 Oand thd s@e@diof liHirespectively, T is

the excitation temperature, 1 is the wavelength of the transition, and n is the number
concentration of the studied species. If we rearrang&quation 3.4.1 it is apparent that

different spectral lines of a selected species scatter around a straight line whenl—— is
plotted as a function of&:

P T— 1= — (3.42)

The slope of the line(i.,e. —) as defined byEquation 3.4.2 can be used to derive

the excitation temperature of the given species. This form of thBoltzmann plot method
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canonly be used for a single species at avgn ionization level. However Equation 3.4.2
can begeneralizedto a given species at different ionization levels or to different species at
the same ionization level if additional information on the plasma isvailable. The former is
called the SahaBoltzmann method (see e.g[64,126]) while the latter is the so caléd
multi -element SahaBoltzmann method[126].

When LTE exists in glasma it is assumed that at a given spatial positioft.e. locally)
all species have the same temperature which, together with the electron concentration,
sets the concentration of the speies at different ionization levels through the Saha
eqguation:

¢ —¢c— —— Agp gk "YE (3.4.3)

where ne is the number concentration of electronsW. is the ionization energy of the
studied species and3W is the lowering of the ionization energy[127]. The + subscrip
refers to ions. By combiningequation s 3.4.2 and 3.4.3 the following generalized equation
can be written for a given species at different ionization levels:

— 1k — (3.44)
where Sis unity for atoms and can be calculateffom Equation 3.4.3 for each ionization
level as a function otemperature and electron concentration. Plotting ions and atoms on
the same graph obviouly widens the energy spread bspecies and hence increases the
accuracy of temperature determinationvia spectroscopic means The validity of LTE
assumption can also be inferred from the linearity of the plot. HowevelEquation 3.4.4
requires the knowledge of the electron concentration andZ and S also contain the
temperature, hence solving the Sahaequation requires an iterative process for
determining the temperature.

Optically well resolved, interference and selfabsorption-free spectral lines need to
be selected for the above calculations. The atomic data of transitions selected floe case
of Cu electrodes in Ar gasvere taken from the NIST databas§l28] and are tabulated in
Table 3.1. The effect of seHabsorption, which could potentially bias the results of the
temperature calculation, was tested by using the double light path methdd29] and was
found to be negligible at the selected spectral lines used. It should be noted, that the
accuracy of the excitation temperature values obtained can be influenced by the accuracy
of the transition probabilities, which is also tabulated inTable 3.1.
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Table 3.1 Atomic data of selected Ar and Cu transitions;; is the emission wavelengthFE and g; are
the energy and the statistical weight of the upper level ané; is the transition probability
of selected atomic transitions, respectively.

Spectrum  };[nm]  E[cm-] gi Aj[ x I9] A accuracy [%]

Ar | 738.40 107290 5 0.85 S25
Ar | 763.51 106237 5 2.45 S25
Arl 696.54 107496 3 0.64 S25
Arl 794.82 107132 3 1.86 S25
Arll 448.18 173393 6 4.55 S10
Arll 45793 161089 2 8.00 S10
Arll 458.99 170401 6 8.20 S3
Arll 480.60 155043 6 7.90 S3
Arll 484.78 155708 2 8.50 S10
Arll 487.99 158730 6 7.80 S3
Arll 496.51 159393 4 3.94 S3
Arll 506.20 155351 4 2.23 S10
Arll 465.79 159706 2 8.10 S10
Arll 476.49 160239 4 5.75 S10
Ar 1l 328.58 204803 7 20.00 S50
Ar 1l 330.19 204656 5 20.00 S50
Ar 1l 331.12 204570 3 20.00 S50
Cul 521.82 49942 6 7.50 S18
Cul 465.11 62403 8 3.80 S18
Cul 510.55 30783 4 0.20 S18
Cul 515.32 49935 4 6.00 S18
Cul 578.21 30535 2 0.17 S18
Cul 458.70 62948 6 3.20 S18

The electron concentration in the spark channetluring the arc stagewas calculated
from the Stark broadening of the emitted spectral lines. The Stark effect dominantly
depends on electron impacts while the electric microfields of ions have a minor
contribution [129]. In the presentwork the broadening of the 460.96hm Ar Il line was
used to derive the electron concentration. In case of ionic lines, the contribution of ions to
the Stark broadening is negligible and the Stark width, according to Konje\it29], can be
approximated by:

VORY 0 YO pm @a (3.45)
where w is the full width at half maximum (FWHM) of the Lorentzia line profile
associated toStark broadening,Ne is the electron concentration andwe is the electron
impact FWHM atNe. =107 cm3 and Te is the electron temperature. As can be seen in
Equation 3.4.5, the electron concentration can be derived from the Stark width of a
spectral line if we is known at the given electron tempergéure. Prior to applying
Equation 3.4.5 to a measured line profileother broadening mechanisms, such as natural,
Doppler, collisional and instrumental broadening have to be consideredy using a low
pressure calibration sourcel determined that the most dominant mechanismin the
present caseis instrumental broadening, whichresults in a Gaussian line prafe (which
has an FWHM of 0.128m in the present case). The Stark width of the spectral line was
therefore obtained by fitting the measured line profile with a Voigt profile, having a
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Gaussan component of fixed widthaccounting for instrumental broadening. It should be
noted that the derived electron concentrations have uncertainties around 25%et by the
accuracy of the electon impact width value used inEquation 3.4.5. The electron width
value used herewastaken from [130].

The OES data processing and calculations were dat out by using Origin (Originlab
Corporation) and by purpose-made scripts written in Python 3.5 programming language
and MATLAB (MathWorks, Inc.).

3.4.2 Properties of the spark plasma

The temporally and spatially resolved optical emission spectra of the spark allows for the
derivation of the electron concentration, temperature and the concentration of the metal
and gas specieghat exist in the spark plasmaas a function of time and spacen the
following the OESbased characterization of a spark plasmased for the generation of
copper NPs underargon atmosphere will be shown, as an example.

During the arc stageof the spark, he electron concentrationwas derived from the
Stark broadening of Ar Il linesas described inSection 3.4.1 The temporal evolution of the
electron concentration in the spark channel (reported here foithree points around the
center of the spark gap) is shown irFigure 3.4.1. As carbe seen its value decreases from
x x ppam3 Ol x & onp? as the amplitude of the oscillating current decays. The three
datasets plotted inFigure 3.4.1 also prove, that the electron concentration is very similar
across the 0.7/mm diameter plasma channel.
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Figure 3.4.1 The electron concentration of the spark plasma during the arc stage at different
spatial locations (on axis and radially symmetric positions, Cu electrodes in Ar ga mm gap,
100 Hz SRRSDG A)

In accordance with the literature (e.g[63,64]) | assume that the LTE condition holds
in the arc stage of the spark discharge Based on this assumption, the excitation
temperature can be derived from the intensity of selected spectral lines by using the
Boltzmann plot method (seeSection3.4.1 for further details). The existence of LTE could
be checked by comparing the temperatte values derived from the spectra of different
species (see e.d64]). Unfortunately, in the present case the energy spread of the apparent
spectral linesonly allowed for temperature determination for Ar+ions. However, as it was
pointed out in Section3.4.1, indirect evidence on the existence of LTE can be found by
constructing the SahaBoltzmann plot of argon species at different ionization levels,
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namely AP, Ar and Ar+ (tabulated in Table 3.1). Figure 3.4.2A shows the Saha
Boltzmann plots obtained at different delays in the spark gap. Both Ar Ill, Ar Il and Ar |
lines are incorporated in the graph where thesignal-to-noise ratio of the experimental
data allowedmeto do so.
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Figure 3.4.2 SahaBoltzmann plots obtained in the spark gap at different time delaysA), and the
temporal variation of the temperature plotted over the oscillating electric currentwaveform (B).
The temperature values were derived from the acquired emission spectra whiowere takenwith a
gate width of 500ns at evely 500 ns starting from about 70ns after thepeak current (Cu electrodes
in Ar gas, 2mm gap, 100Hz SRRSDG A

As it can be seen ifrigure 3.4.2A, the SahaBoltzmann plots of argon atoms and ions
show small scatterand good linearity up until 2500ns delays. This provides a strong
indication that Aro, Art and Ar* have the same temperature during thearc stage in the
spark channelhence LTE is reached and allows for calculating common temperature
with relatively small uncertainty. The graph shown inFigure 3.4.2B presents the time
evolution of the temperature deilived in the cener of the gap from the slope of the fitted
lines shown inFigure 3.4.2A. The temperature (in the temporal range where the siga-
tol T EOA OAOET DPAOI EOOAA OEA AAI AOI A&Ednd OQq EA«
AARAAOAAOAO O1 Kxfollopipygtattiievdeatersd of the amplitude of th current
oscillations. The emission spectroscopic analysis of arc discharges in argon is intigated
in detail for tungsten-inert gas (TIG) welding. Recently a thorough study was published on
the temperature distribution of TIG arcsin the current range of 100200 A, where peak
temperatures of about 1700619500 K were reported near the cathode[131]. These
values agree fairly well with the temperatures we obtained here in the 0.52.0t1 s time
range in which the peakcurrent is also around 106200 A.

During the afterglow stage the electron concentration is not high enough téacilitate
the reliable observation of Stark broadening of the spectral line with the instrumentationl
used. The temperature is also lower, therefore the spectral lines of ionic species uot
be detectedand hence Sahdoltzmann method could not be used, eitherTherefore |
developed the following model for deriving the temperature and estimating the
concentration of the species populating the discharge gaip the afterglow regime. The
model is based on the following assumptionsi) atmospheric pressure prevails in the
spark gap,ii) the discharge is only composed of electrons and the neutral and singly
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charged ionic species of the ambient gaas well as that of the electrode material (here:
electrons, Ar, Ar+, Cu, Cu), iii) LTE hdds, iv) the net charge of the dischargelasmais zero.
These assumptions can be expressed via the following equations:

3 ¢ £ (3.4.6)
n ¢ 3 3 3 e QY (3.4.7)
O M 6 —Q Agpb— ¢ (3.4.8)
o M & —Q Agb— ¢ (3.49)
- y
C Ao —— (3.4.10)
- y
C Ao —— (3.411)

where ncw, Nao, Ncwr, Nar+ and Ne are the concentration ofcopper atoms, argon atomssingly
chargedcopper and argon ions, and electrons, respectivelyp denotesthe pressure in the
gap, T is the equilibrium plasma temperature,lcw, law0, Hew, Hao are the intensity and the
frequency andgcw, gvo and Eco Eao are the statistical weight and the energy of the upper
state of a specific Cu | and Ar | spectral line, respectiveldcw, Zw, Zar+, Zao are the
partition functions of Cu and Ar ions and atoms, respectivemE O OEA 01 ATKAES O Al
is the Boltzmann constantme is the mass of electron\Wecw and War+ are the first ionization
energies of Cu and Ar, respectively andW is the decreasein the ionization energy
according to Griem [127]. Equation 3.4.6 expresses the neutrality criterion,
Equation 3.47E O $ Al OHqgliabols 3148 ank 3.4.9 are the emission intensity of an
atomic copper and argon lineyespectively while Equations 3.4.10 and 3.4.11 denote a
pair of SahaBoltzmann equatiors describing the ratio of the concentrationof ions to
atoms for Cu and Ar, respectively.

Two of the above given assumptions need to be corroborated. First, one has to
assume that the discharge is undeatmospheric pressure during the afterglow stage. The
breakdown is accompanied by a pressuregak which can be as high as 12far in case of a
nanosecond spark dischargeg121]. After this peak pressure drops exponentially and
settles close to atmosphericpressure again by the end of the arc stad80,121]. Although
the exact pressure values might depend on the experimental conditions, consideringgh
rapid exponential decrease it is safe to assume thahe initial atmospheric pressure is
quickly reachedin about 101 s after the onset of the breakdown.

The other main assumption oEquation s 3.4.6-3.4.11 is the LTE condition during the
afterglow stage As it was pointed out earlier it iswidely acceptedin the scientific
literature that LTE is reachedn less than a microsecondfter the onset of the breakdown
in spark discharges[53,63]. However, it is not trivial how long this equilibrium exists
during the afterglow stage of the discharge. Since the electron concentration is decreasing,
the spark plasmais recombining during the afterglow, therefore it is clear that time
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averaged LTEbased techniques could not be applied, so temporally resolved
measurements are needed instead Therefore, | assume that the discharge evolves
through quasiequilibrium inter mediate states, in which LTE conditions hold during the
500 ns temporal window of the spectral acquisition andhence Equations 3.4.6-3.4.11
can be applied to charactede the spark Considerations about the validity of this
assumption will be made laterin this section.

The intensity ratio of atomic copper and argon lines can be calculated from
Equations3.4.6-3.4.11 in a given temperature and electron concentration range. By
comparing the calculated values with experimentally determined intensity ratios the
plasma parameters can be deduced. The measured intensity ratios ofduCuAr line pairs
(Cu I 521.82nm/Ar | 738.40 nm and Cu | 515.32nm/Ar | 751.53nm) were used to find
solutions of Equations 3.4.6-3.4.11. In order to find the best possible solution Saha
Boltzmann plots were constructed incorporatingthe atomic emission lines of both argon
and copper. This requires the motfication of Equation 3.4.4 by weighting the left side
with the concentration of the given species (denoted asn) calculated from
Equations3.4.6-3.4.11. It is expected that if both Saha and Boltzmann equilibrium
conditions are met(i.e. assumptions ofEquation s 3.4.6-3.4.11) the points belonging to
argon and copper lines lie on the samerle. A further verification of the calculated data
was made by simulating the emission spectrum (including the calculation of the Voigt line
profiles dependent on the a@rived plasma parameters) and comparing it to the measured
spectrum.

By using this model, the discharge parameters(i.e. the equilibrium plasma
temperature, electron concentration, and the concentration of the specias the gap were
estimated from the emission spectra collected 208 0 A A£AO0AO OEA AOAAEAT x1 h
time when the Cu | emission is about its maximum. The mulélement SahaBoltzmann
plot obtained from 6 Cu | and 4 Ar | spectral lines (se€able 3.1) measured aound the
center of the gap is shown inFigure 3.4.3A. It can be seen that the points at similar
energies overlap and both Cu and Ar lines nicely fit on the same line indicating the
consistency of the results. The error of the derived temperatures comesofn the error of
the slope of the linear fit to the points of the multielement SahaBoltzmann plot and
ignores the uncertainty of constants used for the calculations (se&ection 3.4.1). This
uncertainty translates to an absolué temperature error of about 130-300 K for most cases
discussedhere. It should be noted, that the concentration values derived from the model
are fairly sensitive totemperature variation, so spectral lines having upper energy spread
as wide as possible should be incorporated in thé&ahaBoltzmann plot in order to
maximize the accuracy of temperature determination (c.f. the comparison of the accuracy
of the Boltzmann and Sah&@oltzmann methods in Sectior8.4.1). The emission spectrum
of the three most dominant Cu | spectral lines sioiated under plasma conditions derived
from Equations 3.4.6-3.4.11 is shown in Figure 3.4.3B together with the measured
spectrum. The effect of the error of the temperature calculation on the simulated spectrum
is indicated by a grey zone around the solid, black curve.
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Figure 3.4.3 Multi-element SahaBoltzmann plot of atomic Ar and Cu linesA) and the spectrum of
the three most dominant Cu | lines measured (dashed curves) and simulated (solid curvgB) in
the center of the gap at 20,A 0 A £AOA O OEA AOAAEAT adgreg zodAetbundtdeOT O EO
simulated spectrum. The 521.8%m peak is shown magnified in the insefCu electrodes in Ar gas,
2mm gap, 100Hz SRRSDG A

It can be seen fromFigure 3.4.3B that the simulated spectrum fits the measured one
neatly, which suggests that the initially assumed LTE condition is met arttiis model
describes the spark in the SDG during the afterglow stage fairly well. The parameters
calculated from spectra measuredn the center of the gap at 2080 AEOAO OEA AOA¢/
are summarized inTable 3.2. It can be seen that the temperatureisaboyt p Ty ¢ TM,p o ™ Qq
and the electron concentration is ca. (3.5f1 T 8 p @@cm3, the latteris about one order
of magnitude smaller than the characteristic value & the end of the arc stage
(cf. Figure 3.4.1).

Table 3.2 Calculated parameter values for the centeof the gap 205A 0 AEO0AO OBA AOAAEAI
and nar denote the sum of the concentration of ion and atoms of Cu and Ar species, respectivEhe
error of the concentrations was derived from the error of the temperature determined from the
SahaBoltzmann plot.

T[K] Ne Ncw Naro Ncur Nar+ Ncu Nar
[10%6cm3] [1018cm3] [1017cm3] [104cm3] [1016cm3] [104cm3] [10%7cmd]
PMYCMNMpPpoB8VwWMOBYUMOPBTTYMWBCTIMOBT WMWBQPOM 8T OM

The temporally resolved data, together with my simple model, also allow for
estimating the rate of change of temperature and electron concentration during the

afterglow. By evaluating the data in the centerof the gap— o8 pmn-and

— p& p . ——are obtained. From this it followsthat the temperature and the

electron concentration changes by ~1700 AT A % cyrp pespectively during the
500 ns temporal window of the spectral acquisition, which corresponds to a ~1.5% and
~20% change of the temperature and electron concentration, respectively. The electron
concentration is frequently used to estimate whether LTE exists in a spark plasma or not,
by comparing it to a critical value calculated from the Griem criterioj64]. Although one
cannot rely solely on the electron concentration, this criterion could provide a rough
estimate of the temporal window in which LTE holds in the afterglow. From the values
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reported earlier | obtained that LTE does hold in the studied system until aund 24A O
after the breakdown.
In order to investigate the spatial distribution of species emitting in the spark plasma,
emission spectra were taken at differenspatial locations, bothAT 1T T ¢ OEA Al AAOOT |,
and perpendicular to it. In addition to these measurementsfast imaging (by means of a
separate ICCD camerajvas used in order to acquire data on thesxact shape of the
discharge under the present experimental conditions The cylindrical shape of the
discharge which ischaracteristic to the arc sage becomes more diffuse after the current
ceases which fits nicely into the general tendency of plasma morphology evolution, shown
previously in Figure 3.2.2. The image of the spark gapt 205A0 AZEOAO OEA AOAA
acquired concomitantly with the spetral measurementsis shown inFigure 3.4.4.
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Figure 3.4.4 Image of he electrode gap taken with 100ns exposure time at 205A 0 A £0A O OEA
breakdown. The points where emission spectra were taken are indicated by the blue dots along the
axes(Cu electrodes in Ar gas, thm gap, 100Hz SRRSDG A

Under the conditions used in these measurementhé image, i.e. a 2D projectiorgf
the spark shows the presence of an emitting, morer-less rectanguar area having
dimensions of ~3mm in height EB A8 DAODPAT AEAOI AO O1 da&EA Al AA
~1 mm in width, i.e. along the electrodeBcommon axis Please note, that the erasion
collected by the imaging CCD is spectrally integrated, thus the image cannot be directly
related to the distributi on of a specific speciesstill, it suggests that the overall emission of
the excited species idairly homogenous in the central core. However, by evaluating the
spectrally resolved emission taken at different spatial points (indicated by blue dots in
Figure 3.4.4) the distribution of the spark parameters, hamely temperature and electron
concentration, can be derived frommy semi-empirical model based onEquation s 3.4.6-
3.4.11. The calculated temperatures and electron concentrations and theispatial
variation, both along and perpendicular to the electrod® 8 A1 bxisiafde shown in

Figure 3.4.5.
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Figure 3.4.5 Spatial variation of temperature and electron concentration perpendicular to4)
andalongBq OEA Al AAOOT AAAD AfliebriédbdowniCn El€xtratias $1é\r gas,
2 mm gap, 100Hz SRRSDG A

As can be seen ifFigure 3.45Ah DA OPAT AEAOI AO O1 OEthe Al AAOC
temperature and electron concentration exhibit an increasing trend in the direction of gas
flow. This result suggests that the 9/min gas flow employed in the SDG has an effect on
spark parameters resulting in higher temperature and larger electron concentration
downstream of the flow. Contrary to this, thedistribution of the temperature and electron
corAAT OOAOCEITT Aili11c¢c OEA Al AAOOT AAOrgurd3.45B1 1 AQEC
The distribution of the Ar and Cu species in the gap was also investigated by employing
the model to estimate the concentration of each species at different spatial pdsits.
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Figure 3.4.6 Spatial distribution of total number concentration of copper and argon species (i.e. the
sum of the atomic and ionic species) perpendicular to) andalongq OEA Al AAOOI AAOGSE A
axis, 205A 0 A E£OA O O KEGh eléctinles B Arigas] im gap, 100Hz SRRSDG A

As can be seen ifrigure 3.4.6 the concentration of argon (i.e. the sum of the atomic
and ionic species) is about B orders of magnitude higher than the average number
concentration of copper. Thenumber concentration of copper increases, while the argon
concentration slightly decreases in the direction of the gas floc.f. Figure 3.4.6A). The
increasing amount of Cwcorrelates to the fact that the majority of copper is in ionic form
whose concentation increases with increasing temperature.

In the axial direction, the argon concentration exhibits slight and symmetrical
changeswhile the total concentration of copper species aries significantly in the-0.5mm
- +0.5mm axial range. It is, by a faor of about 50, smaller close to the electrode tips as
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compared to the value obtained in the middle of the gap. The results are summarized in
Figure 3.4.6B. The two distributions shown in Figure 3.4.6 suggest that at 205A Oh OE A
copper plume is concentréed in the middle of the gap and exhibits increasing
concentration along the direction of the carrier gas flow.

3.5 Morphology of the electrode surface after sparking

3.5.1 Experimental

For studying the effect of erosionon the surface morphology, electrodes wereexposed to
sparking in a wellcontrolled manner. For the initiation of a single or a few sparks in the
SDG (which is primarily designed for continuous operation)custom circuitry was
developed for the pwer supply, which allowed for either manual or electical triggering
of the spark Thereby, in these experimentsthe number of sparks as well as their
repetition rate was well-controlled. The electrodes employed in this investigation were
cylinders of 3mm diameter. Cu (99.9% purity, Kurt J. Lesker Co.) ati electrodes of high
purity (99.9%) were prepared by polishing one of the cylinder faces. &lishing was
preceded by successive watelubricated sanding with 600, 800 and 1200 grit sanding
paper. Polishing was conducted employing synthetidiamond suspensons of 9A | hA io
and 0.25A [ grain sizes on polishing cloth. Theremnants of the polishing grit was
removed by brief ultrasonication in demineralized water, as well as by careful wiping with
low-lint wiped soaked inethanol.

Before each experiment, themorphology of the electrode surfaces vas documented
using optical dark-field and bright-field microscopy. Brightfield microscopy did not reveal
any blemishes on the polished electrode surface, however dafleld illumination revealed
the presence of strajht scratches with characteristic lengths in the range of a few tens of
micrometers to several millimeters. The scratches are distributed randomly on the
surface, which suggests that thewere formed during the polishing procedure.

In order to guide the gark channel towards the center of the polished electrode
surface and to avail sparking between theedgesof the electrode rods removable caps
made from insulating materials were used to cover most of the opposing electrode faces
except for a central cirular area of approx. 12 mm in diameter. The electrodes were
horizontally positioned and axially aligned with submillimeter accuracy. The inter
electrode distance (i.e. electrode gap) was controlled by micropositioners (Model K150
BLM-1, MDC Vacuum Ltd.) red set to 2.0mm for all results reported herein. The
experiments have been carried out in atmospheric pressure nitrogen, flowing with a rate
of 5I/min. After the initiation of a single spark or a controlled number of sparks, the
electrodes were removed ad characterized by opticalmicroscopy (OM), confocal laser
scanning microscopy(CLSM), and atomidorce microscopy (AFM) with the instruments
Nikon Optiphot 100S, Keyence V100K,and PSIA XELOO, respectively.

The effect of prolonged sparking on the elgrode surfaces was also investigated in
case ofnickel, gold and silver electrode materials (>99.95% purity, ChemPUR GmbH,
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Germany) The electrodes were cylinders with a diameter of 8&m and they were
positioned axially, at a distance gap size) of 3nm. The SRR was kept constant at a value
of about 30Hz throughout the experiments, which were carried out in atmospheric
pressure nitrogen. After sparking between the electrodes for several hougsthe changes
occurring on the surface of the electrode were documented usingCLSM(Keyence VK
X100K).

3.5.2 Surface of the electrodes after sparking

Figure 3.5.1A shows the surface of a polished nickel electrode subjected to a single
oscillatory spark discharge. It can be seen that even a single sparisults complex
morphological changes on the surface of the electrode$he overall appearance of the
spark-hit surface is the following: te discharge affect the surface at several, partially
overlapping areas that have a roughly circular shape and are scattered all overeth
exposed electrode surface. The presence of multiple erosion sites on the surface can be
qualitatively explained by the multiple peaks in the current and voltage waveform of the
spark, which assumption is supported by the fact thathe number of the strudured sites is
comparable to that of the haHperiods in the oscillatory current waveform shown in
Figure 3.5.1B. As it wasshown in Section 3.1.1, the sparks produced in an SDG have
oscillatory behavior, therefore each spark can be considered as a serigssub-discharges
with alternating polarity and exponentially damping voltage and current amplitude
(Figure 3.5.1B). Figure 3.5.1 suggests that this oscillatory nature of thespark plays an
important role in the formation of the complex surface morphologybserved.

Current [A]

T T T T T T T T
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W : B ‘ Time [us]
Figure 3.5.1 Dark field OM micrograph of the surface of an initially cathodic, polished nickel
electrode after a single spark 4). Current waveform of the oscillatory spark dischargéB) that
produced the morphology shown in partA (SDG A)

The detailed investigation of the electrode surface exposed to a single spark reveals
three, well distinguishable morphological structures. Figure 3.5.2 exemplifies these
surface featuresnamelyAOAOA OO j AqQqh O QNTAD | GMOMI AA ONRODAESEO 6A Q AMAD
morphological features will be discussed in detaibelow
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discharges Each circled area exemplifies a typical morphological feature a) craters, b) undulated
area, c) dendritic area(SDG A)

Craters

Craters are the most abundant surface featurproduced by a single spark Even during a
single oscillatory discharge, severahundred to several thousand cragrs are formed on
the surface.Craters are characterized by a roughly circular central depression surrounded
by a protruding rim of distinctly molten appearance €f. the AFM topographic image of a
chain of craters inFigure 3.5.3). Micropoints and strands of metal on the rim indicate a
fast movement of molten material with subsequent rapid resolidification. Individual
craters often occur in the vicinity of each other, sometimes leading ta cluster of
overlapping craters. The latter appearanceis more typical for larger craters, while small
craters are usually scattered vith some distance between them.

057 pm
0,00 pm

Figure 3.5.3 Visualization of an ensemble of craters, based on AFM d4BDG A)

The crater morphology was found to be identical for both nickel and copper
electrodes. The depth of the craters is always significantly smaller thaheir radius, and
craters can be described as hemgllipsoidal in shape.The appearanceof craters does not
show polarity dependence, both initially anodic and cathodic electrodesxhibit similar
morphology. An exception to this was found for the largest craters, where a peculiar
arrangement was typical for initially cathodic electrodes this will be elucidated in
Section3.5.3).
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When investigating the electrode surfaces the evidence of anotheerosion
phenomenonwas also observeh xEEAE AAT AA OAEAOOAA O AO
accompanies crater formation, hence it cannot be considered as a primaryafare. The
displacement of the melt during crater formation also results in the ejection of molten
droplets (melt expulsion), some of which will relocate around the perimeter of the crater
(as shown inFigure 3.5.4), while other may also be ejected into th gas phaseThis could
explain the presence ofmicrometer-sized droplets at the rim of surface areas covered by
craters.

Undulated areas

This surface feature ischaracterized by a coherent area of characteristically undulated or
wavy appearance, in which preexisting surface features (e.g. scratches) as well as craters
appear to be smoothened Figure 3.5.5). The creation of these undulated areas
homogenizs the morphology of the surface they cover, including other features, e.g.
scratches andcraters.

Figure 3.5.5 An undulated area(indicated by a circle)with a central ensémbleof craters. Nde the
effect of smoothing whichis most prominent on craterswithin the undulated area(SDG A)

The smoothing effect is also observablat the submicron scale. Towards the center of
an undulated area, the smoothened surface transforms int@ wavy structure. The
intensity of smoothing is most pronounced andthe roughnessis the largestin the center
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of the area and decreases with increasing distance from the centekt the edge of the
undulated area, smoothing occurson the submicron leve| while the characteristic
appearance and smoothig of larger structures is more pronounced in the center.

Dendritic areas

This morphological feature can be described as a large coherent area withsharp border
resulting in shapes which are reminiscent of fractals, tree leafs or snaflakes. This
similarity inspired the name OAAT AOEOEA A O Asfrfacesaffectéd byisevkrAl O OT A A
oscillatory discharges, these areas are distinctly visiblén bright-field OM due to their
higher brightness compared to other areas of the electrodend is even more apparentin
dark-field observation mode (cf. Figure 3.5.1A) indicating the increased scattering ability
of these areas Dendritic areas are sharply delineated at their boundary at the micrometer
and even sub-micrometer scale, asevidenced byatomic force micrographs (seee.g. the
inset of Figure 3.5.6). The interior of these areas exhibi an increased roughnessHigh
resolution AFM imaging revealsharacteristic dimensionsin the range of 100 to 200nm.

: :'150.0 nm
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Figure 3.5.6 CLSM image of an isolated dendritic aremround a central crater.The inner structure
of the image was enhanced by pogirocessing.Inset: AFM scararound the border of a dendritic
area. Notice the sharp border and the fractdike behavior (SDG A)

Single craters orclusters of craters, on electrodes subjected to several oscillating
discharges are always accompanied by dendritic areasbut dendritic areas without
central craters may also be presentn smaller amounts When dendritic areas appear
isolated from other features theyare roughly circular in shape Figure 3.5.6).

Prolonged sparking

When the number of sparks ignited between the electrodes increases, the well discernible
areas shown inFigure 3.5.1-Figure 3.5.6 are replaced by an apparently evenly eroded
surface as shown inFigure 3.5.7A. Figure 3.5.7A shows the surface & a Ni electrode
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exposed to 100sparks. In general, the surface has a solidified molten character covered
with numerous deepened spots.

Figure 3.5.7 Optical micrograph of the surface on an initially anodic Ni electrode exposed to 100
sparks (SDG A)A)andalDA O DPOT 111 CAA 10BpadE EOGOR). AA8 ¢81p

When increasing the number of sparks into the milliong i.e. continuously gerating
the SDG for several hoursg the morphology of the surface evolves further and a
remarkable erosion pattern appears. As shown irFigure 3.5.7B for the case of a Ni
electrode, the surface is covered by ordered, small diameter, circular protrusions. The
pattern appeared to be consistent in its configuration, even after several subsequent
experimental runs. Similar patterns form on electrodes froma number of metals
exhibiting material-dependent features in their appearance and morphology as shown in
Figure 3.5.8.

Figure 3.5.8 Optical micrographs of the erosion at initially cathodic Au, anodic Ag, cathodic Ni and
anodic Ni electrode front surface alDAO DOT 1 1 1 CAA 10BaBEFIGR | AA8 ¢81p

3.5.3 Formation of morphological features on the electrode surface

As it was shownearlier, the electrode surface is dominated by craters. The morphology of
craters bears a striking resemblance to thoseeported for metal surfaces exposed to
vacuum arcs[132,133] and high-pressure spark dischargeg134]. This similarity, despite

of the different discharge conditions, suggests a common formation process for these
craters. The procesdriefly summarized below has been suggested U * | f@ €rhteksO
formed in vacuum arcs[135]. In the beginning, the incident ions of the discharge channel
heat the electrode surfaccA O OEA AEAT T A&nd HrmA indlt€énhdoOTheibrE T O
pressure deforms and forces themolten material radially outwards, forming the central
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depression as well asa molten rim. At some point, the discharge channel may not be
maintained in the center of the crater and is transferred to the rimgue to the high field
strength at local micropoints. A similar process has also been proposed for high pressure
spark dischargeq134].

In contrast to craters produced by vacuum arc discharges, the crateabserved on
polished nickel electrodes subjected to a singlepark mostly do not form coherent dains
of overlapping craters. While overlap may occur, the majority of the craters are scattered
over the surface. The scattered crater distribution could be theffect of an oxide layer on
the electrodesurface For vacuum arcs, it has been reported thahe presence of an oxide
layer as thin as a few nanometers may induce a transition of the typical chaike
AT 1 ZECOOAOQCET T | OEA (i36)@ AdDi AAODOUOAA @©GA G ORD!
craters) [137]. As the formation of a thin oxide layer magnly be prevented bymeticulous
cleaning, handling and sparking the electrodes ian ultra-clean atmosphere, oxide layer
will always be present on electrodesused in SDGs The abovementioned effect is
especially important in singlespark experiments, whee an oxide layer or contaminants
are practically always present on the electrode surface. During prolonged sparking,
Eil xAOAOh OEA Al AAGAIARIIGDDIMERR AomAyhd 1 tdypd 2 /£
craters may occur [138].

The diameter of crates produced in vacuum arcavas shown to correlatewith the arc
current [135]. Therefore, the largest craters in an oscillatory discharge are likely to be
formed during the first half-cycle, where the current is the highest. This explainseatly
why we found somewhat largercraters on initially cathodic electrodes.

The presence of hundreds of craters after aingle spark discharge of about 36 A O
duration comes as a surprise. The formation of multiple craters was shown for
atmospheric pressure oscillatory ark discharges[134,139], but the authors did not
report high crater number. One possible explanation might be the mutspark nature of
previous investigations. As the electrodes are usualiyemoved from sparking setups after
thousands or even millions of sparksonly, their surfaces are usually fully covered with
craters, obscuring the identification of the number of individual craters producd by a
single oscillatory discharge.

The rather high current (in the order of hundreds of amperes or even beyond)
existing in spark dischargescould also have a contribution to the exceptionally large
number of craters. It wasan early observation that the transition from a single crater to
multiple craters correlates with the current increase in arc dischargeqd140]. Due to the
very low resistance of the discharge loop of the SDG, peak currents in the order of several
hundred amperes can be reachedsée Sectior.1.1), which is well abovethe typically few
amperes threshold currents associated with the transition from a single arc crater to
multiple craters [140]. In order to investigate the role of the peak currenton crater
number, the SDG circuitrywas modified by adding an extra of ca. 401 O AR&t®tde
discharge loop, which resulted instrongly damped oscillations, characterized by only
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three half cycles. Concomitantly, the peak current also deased significantly from ca.
500 A to about 10A.

Figure 3.5.9 Dark-field optical micrograph of an initially cathodic nickel electrode subjected to a
single oscillatory spark with (A) and without (B) the extra 40mresistor (SDG A)

The surface of an initially cathodic nickel electrode after a single spark with and
without the added extra resistance is shown inFigure 3.5.9A and Figure 3.5.9B,
respectively. The addition of the extra resisbr to the discharge loop drastically reduces
the number of craters, as well as thsize of the largest craters. This proves, qualitatively
but convincingly, that the peak current plays an important role in crater formation.

In case of the high resistance circuitf is easier to recognize the difference between
the initially anodic and cathdlic electrodes, namely thathe number of craters is higher on
the initially cathodic electrode. As a direct consequence of this, infewcases, no craters at
all were observable on the initially anodic electrode. This is in line with observations of
the undamped discharge, where a slight polarity dependence wasbserved incase of the
largest craters. More specifically, the maximum crater diameter on theinitially anodic
electrode was found tobe larger, while the number of craters in the spot associatewith
the first current half-cycle was smaller. Brewer and Walters also reported onpolarity -
dependence of crater formation. They attributed large, lovcount craters to the anodic
polarity and diffuse larger-count craters to the cathodic electrodg139].

As it was shown inFigure 3.5.4, crater formation is accompanied by the ejection of
micrometer-sized molten droplets some ofwhich solidifies at the rim of the craters.This
phenomenon is known to occur also during the laser ablation of solid materia[$41,142]
and it is also the likely source of micrometessized spherical particles the so called
splashing particles reported to be present n aerosols produced in SDG#6,85]. It is
plausible to assume that the electrode material influences the occurmece and size
distribution of splashing droplets. The number concentration of the ejected droplets is
typically low [46], which hinders the precise measurement of the size distribution of
splashing particles. Therefore, the experimental determination of theorrelation between
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the size distributions of craters and dropletsis difficult. Therefore we must rely on
hydrodynamics when qualitatively state thatlarger craters as well as a higher surface
tension and viscosity of the melt are expected to lead to thegection of larger droplets.

The increased resistance not only affestthe number and the size of the craters, but
also the formation of additional surface features. Undulated areas seen in the low
resistance case are practically missingshen the resistarce is high(cf. Figure 3.5.9A and
Figure 3.5.9B). This isin line with our observation that in the low resistance case
undulated areas were found to coincide with the largest craters formed by a single
oscillatory discharge (cf. e.gFigure 3.5.5, Figure 3.5.9B). If the individual sampling sites
are spreadall over the electrode surface and hence the effect of each current hatfycle is
distinguishable (as inFigure 3.5.1A), it becomes obvious that only a single undulated area
forms per oscillatory event4 EA A£AAO OEAO 1 AOCA AOAOAOO AOA A
effect suggests that the process that results in undulation proceed in paraller after
crater formation, during the first half-cycle, whichrepresents the highest energypoint of
the entire spark eventand hence the biggest thermal load. Therefore, undulated arease
1 EEAT U O AMEAMG A M OEMA £ Of AGETT 1T &£ OGEA 1A
then the re-solidification of surrounding regions.

When the pe& current was further decreased, i.ecomplementing the addition of the
40 mresistancewith a smaller electrode gap, the crater number became even lower (ca. 5
miniscule craters). However, darkfield optical microscopy revealed that dendritic
features arestill present along pre-existing grooves on the surfaceThis indicates that he
formation of dendritic areasrequires a low discharge energy densitySuch a behavio can
also be spotted on the electrode surface subjected t@n oscillatory discharge withaut
added resistance. Its presence at the perimeter of individual circular sitegc.f.
Figure 3.5.1A) is also in line with a low threshold energy density. Apparently, the energy
(density) necessary for the formation of dendritic areas is lower than what isieeded for
the formation of undulated areasAs it was shown in the inset oFigure 3.5.6, dendritic
areas compriseof a rough surface structure with typical sizes on the sulmicrometer
scale. Figure 3.5.10 shows AFM measurements performed on these sites reveal
nanometer-sized substructures within the dendritic area. Thesenanostructures protrud e
from the smooth, flat electrode surface and exhibit a sharp boundary. The sharp, fraetal
like border of the dendritic areas can be explained by the deposition of vapor or ejected
molten nanoparticles,similarly to those observedin the case of epitaxial growth of metal
layers and attributed to diffusion-limited aggregation of particles and atom$143].
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Figure 3.5.10 AFM image of the border of a dendritic are§SDG A)Please note that the vertical
scale of the image proves that dimension of the structures perpendicular to the surface is in the
order of 100 nm.

As it was shown inFigure 3.5.7B, the surface features dscribed above evolve into
ordered patterns when increasing the spark numbers into the millions The formation of
patterns on surfaces subjected to electrical discharges has been reportddr glow
discharges arc discharges andlielectric barrier discharges [144z147]. A considerable
amount of work towards the modelling of pattern formation can also be found in the
literature, with regard to both for the generalized procesg148,149] as well as for certain
special electrical distarges[150z152]. The patterns described therein are diverse and
comprise regular arrangements of dot4144], lines[153] and concentric circles[145]. As
it has been pointed out by Benilov in his recent reviel54], regular patterns of multiple
spots, suich as those found on the electrodes of certain glow discharges and ambigats
arcs, corona discharges and dielectric barrier discharges, are produced by self
organization. Trelles has recently reported norLTE simulation results for arc discharges
in the pin cathode- plane anodeconfiguration [152] and found that the anode pattern
formation is strongly affected by the current as well as the anode cooling. The number,
size and location of the spots was found to be markedly curremttependent. An increasing
lack of symmetry in the arrangement of spots was observed for decreasing currents and
increasing cooling.In SDGs, the peak current is typically very high (several hundreds of
amperes) and there is nho water cooling applied to the electrodes, hence a vegnsistent
spot pattern can be expected, which is in line withhe observations presented here (cf.
Figure 3.5.7B). Trelles suggested that the pattern formation is due to an imbalance
between the heat lost by the heavy species to the electrode and curretransfer by
electrons. It was also stated that the presence of competing processes is a common
characteristic of self-organization phenomena[152,154].

The electrode surface patterns obtained in our experiments bear striking
resemblance to those found in & and glow dischargeg135], suggesting similar formation
mechanisms. What makes the generalization of the processes behind different types of
discharges not trivial, is the marked difference between thehighly localized and transient
phenomenonof the spark discharge produced in an SD@nd the stationary nature of the
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arc and glow dischargesA further difference is that the direction and amplitude of the
current is rapidly changing and the electrodes typically have identical shape and an axi
symmetric arrangement in the SDG Each and every spark only affects a part of the
electrode surface, as is obvious fronthe results of the singlespark experiments shown
above.This suggests that each spark event contributesnly a small portion to the whole
pattern, which is further evidenced by the fact thathe electrode pattern begins to emerge
only after a large number (16 to 10¢) of spark events These considerations suggest that
despite the similarity of the surface patternsa more complex mehanismmay govern the
pattern formation in SDGswhich requires additional experimental and theoreticalwork

in order to be revealed.Such a study is beyond the scope of the presatfissertation.

3.5.4 Energy demand of crater formation

The description of surface erosion featuregprovided in the previous sections prove that
the electrode erosion in an SD&ven under the influence of single sparkss a complicated
process that cannot be expected to be adequately described by agle sparksingle crater
model. Still, the Jones miel [81], which is considered to be the standard spark erosion
model within the SDG community, does exactly thaitn an effort to give a better
characterization, | carried out a statistical evaluation of crater data andestimated the
energy demandof crater formation, the dominant erosion process.

As it was shown, craters have a roughly circular central depression surrounded by a
protruding rim of distinctly post-molten (i.e. re-solidified) appearance Figure 3.5.3). By
comparing the volumes of the dpression to that of the material protruding above the
surfacearound the rim, | estimated that the volume of material deposited on and missing
from the electrode are similarwithin measurement uncertainty. This suggests thaturing
crater formation the electrode material is mostly displaced on the electrode surface and
only a small fractionof it is actually removed (evaporated). This finding is in line with the
literature: studies on spark switches and arc spots reported very low energy efficiency of
material removal [1557157].

SN IR L AL ] R YR r’("’“ <
Figure 3.5.11 CLSM image of the surface of an initially cathodic Ni electrode after a single spérk
case of low circuit resistance)left). The biggest affected araon the surface associated with the
first half cycle of the current waveformis enlarged(right) (SDGA).
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It can be qualitatively seen inFigure 3.5.11 that crater sizesrange from few tens of
micrometers down to submicron sizes, with micrometersized craters being the most
abundant. This was quantified bymeasuring the size-distribution of craters at the largest
erosionaffected spot(associated with the first half cycleof the discharge) of the electrode
surface after subjecting it to a single sparkif. the area shown inthe right panel of
Figure 3.5.11). Please notethat the crater diameter is definedhere as the diameter of a
circle which has the same area as the lglse has that can be fitted to the central
AADOAOGOEIT 1T &£ OEA AOAOAO jE8BA8 OANOEOAI AT O A
defined as the height difference between the deepest point of the crater and the overall
(plain) level of the surface, meaured by AFM and CLSM.
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Figure 3.5.12 The size distribution of craters produced by the first half cycle of a single spark oma
initially cathodic Ni electrode (A). The depth of craters as a function of their diameter as measured
by CLSM and AFM, botbn Ni and Cu electrodesDue to the wide diameter range the datare
presented onlogarithmic scales (B) (SDG A)

As shown inFigure 3.5.12A, the size distribution of craters on Ni electrodes follows a
log-normal distribution with a modal diameter ofapprox. 6t m. It was also established
that there is a linear relationship between the depth and the diameter of the craters (the
depth-to-diameter ratio is ca. 0.B), for both Cu and Ni eletrodes, as can be seen in
Figure 3.5.12B. As t was alluded to previously, the depression of craters have a hemi
ellipsoid shape. Based on the data for the craters counted here, their volunotan be
approximated as 0.06Zdiameter)s. By utilizing this generalized volume formula, the
energy needed during the first halfcycle to melt the material which corresponds to the
volume of a single crater having a diameted (in meters), including radiation and
conduction losses, can be calcuied from the energy balance Equation 3.5.1). Please
note, that this calculation somewhat underestimates the total amount of molten material
since it is possible that some of the molten material solidifies back at the bottoand on
the walls of the crater, therefore notaccounted for when the volume of the depression is

calculated.
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where m (kg m3) is the density of the solidelectrode material, ¢s (J K! kg?) is the heat
capacity of the solidelectrode material, z (s) is the duration of energy input (which, in the
present case, was taken as the lgth of a halfcycle, namely 25ns), ke and kg (W m-1 K1)
are the thermal conductivity of the electrode material andtarrier gas, respectively,T; and
Tm (K) are the temperatures of the carrier gas and the melting point of the electrode
material, respectively,Hn (J kg?) is the enthalpy of melting of the electrode material, and

f L 8 @ RW mIK4) is the StefargBoltzmann constant.
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Figure 3.5.13 The size distribution of craters (right vertical axis) and he energy needed to melt
the electrode material corresponding to the volume of a crater of a given diameter
(left vertical axis) (SDG A)

Figure 3.5.13 shows that the energy needed to melt a volume of the electrode
material corresponding to the volume of a crater(as calculated fromEquation 3.5.1)
steeplyincreases with crater diameter. This actually can be expected, as the crater volume
increases with the cube of the diameterlt can also be added that the energy plot in
Figure 3.5.13 has an almost perfect cubic shape, which suggests that within the stedi
domain the first term is dominating in Equation 3.5.1. This means that the radiative and
conductive cooling (represented by the second, third, and fourth terms iBquation 3.5.1)
of the heated volumess negligible during the ca. 25Ms period of the frst half-cycle. The
cubic dependencealso indicates that the smallest craters, which dominate the surface in
number, have only a minor contribution to the total energy neeed for melting the
material that reside in all of the craters generated during the frst half-cycle (cf.
Figure 3.5.11). The formation of bigger and mediumsized craters however consumes
considerably more energywhich, despite their relatively small number,makes them more
important from an energetic point of view Thisis in line with the qualitative difference
observed between the low and high resistance circuit cases (&figure 3.5.9). Namely, ty
increasing the resistanceof the discharge loop, the peak current and hence the spark
energy is decreased drastically and consequently ongmall cratersare able to form on the
electrode surface.
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From the data presented inFigure 3.5.13 the total energy needed to produce all the
craters shown inthe right panel of Figure 3.5.11 can be estimated By summing up the
product of the energy neededo melt the volume d a crater and the number ofcraters
having a certain size, total energy demand calculated to ladout 1 mJ. The energy stored
in the capacitor during these singlespark experiments prior to sparking was about
300 mJ, but only a smalportion of it is dissipated during the first half cycle of the process.
| estimated from the instantaneous current, measured in the SDG having lowsistance
discharge loop, byEquation 3.1.4 that this portion is about 5mJ which is pumped into
both electrodes resulting inan energy input of roughly 2.5mJ pereach electrode. This
agrees fairly well with the calculated 1ImJ value, especially if we consider, thd) it is
impossible to countand measureall the craters on the surface andi) the volume of the
depressions is only a lower limit of the actually melted volume, both of which resulting in
the underestimation of the energy demand of crater formation; moreoveiii) other
morphological features (i.e. undulated and dendritic areas) also require @ame energy to
form. So within the limits of this simple qualitative model itcan be concluded that the
formation of the surface structure shown inFigure 3.5.11 can be fairly well explained by
thermal processes (most dominantly melting) driven by the electrical energy of the spark.
Also, as evidenced by the measurement of the volume of the displaced material on the
surface and the mass loss of the electrodes, grd small fraction of the electrode material
actually leaves the electrode surface and serves as the source of subsequent NP formation
process.

3.6 Implications on the generated nanoparticles

3.6.1 Experimental
The NPs formed from the sparkeroded vapor wasinvestigated by employingin-situ and
exsitu technigues. The integrated effect of spark erosion on the electrodes was
investigated by measuring the mass loss of the electrodes as a result of sparking. This,
gravimetric method requires the precise measurment of the mass of the electrodes prior
to and after sparking. Inmy experiments the electrodes were thoroughly cleaned with
ethanol and wipeddry with low-lint wipes before using a semimicro analytical balance
(Mettler Toledo, Model AB135S/FACT) in order to measure their mass with a precision of
10 ng. Each experiment consisted of typically two hours of sparking atSRR100Hz in
order to increase the erosion effect on the electrodes hence ensuring that the mass
changes are well above the detection limibf the instrumentation used

The aerosol NPs generated in the SDG were sampled by using a-pessure
impactor. A rotary pump was used to maintain a pressure of-8 mbar in the impactor
chamber, where a TEM grid was placed in the path of the aerostdw formed by an
orifice. The nanoparticles are deposited onto the TEM grid due to their inertia. The
deposition time, and hence the concentration of the particlesver the grid, was controlled
by a shutter in front of the aerosol jet. The deposited NPs werharacterizedby TEM(FEI
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Tecnai G2 20 XTWIN). Sizedistribution of singlet particles was constructed by the Fiji
(ImageJ) image processing software.

For the in-situ characterization of the generated NPs the SDG was connected to one of
two scanning mobiity particle sizer (SMPS) setupsSMPSs are widely used tools of aerosol
science for the inflight classification and concentrationmeasurement of gasborne
particles [9]. These instruments are based on the measurement of the electrical mobility of
aerosol particles. Initially, electrical mobility techniques were used to measure ions in
gases[158] which was followed by the sizing of aerosol particles based on their electrical
mobility [159]. The same working principle has several technical realizations, but all of
them are centered around two main parts, namely the electrostatic classifier and the
particle counter. The electrostatic classifier is used to classify charged particlesccording
to their electrical mobility. The most widely used classifier type is called differential
mobility analyzer (DMA) DMAs consist of two concentric electrodes with a given polarity.
The aerosol particles are introduced into the electric field defined by the ettrodes and
will travel through the DMA according to their electric mobility. By adjusting the voltage
between the two electrodes particles with a given mobility can be selected ateld out the
system via an exit slit. Because the electric mobility is ariction of the particle size, this
method leads to the selectionof a monodisperse particle flow. The size of the selected
particles can be deduced from their mobility by using inversion algorithmg160], and
their concentration can be measured by using @article counter [9]. When the patrticle
concentration is high, usually a Faraday cup electrometer is used measure the particle
number concentration. These electrometers are based on the collection of the selected
charged particles on highefficiency filters and the measurement of the induced current,
from which the total particle number concentration can be estimated[9]. Lower
concentrations (in principle down to single particles) can be measured by using
condensation particle counters (CPCs)CPCs arebased on the optical detection of
particles, therefore the measurement of nanoparticles requires the condensation of a
vapor of a working fluid onto the sample particles to be detectablg61].

In my experiments, éher a Grimm Aerosol Technik GmbH SMPS model or a
customi AAA 3-03 OAOOPh AT 1 OOOOAOAA AdiitihgeNi DAOOE A
source, a dynamic mobility analyzer (DMA, TSI 3081) and an electrometaas used (see
Figure 3.6.1). Either of these setups allows for the measurement dfie concentration of
NPs of a given size, selected by the DMA, based on the electrical mobility of the aerosol
particles. By scanning the SMPS over a predefined mobility diameter range, the size
distribution of the NPs was derived.

7Usually a so called particle charger, or neutralizer is used to set a welkfined charge distribution
of the particles.
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Figure 3.6.1 Schematt representation of the SMPS system used for in situ characterization of the
nanoparticles generated in SDG C.

3.6.2 Electrode erosion

The initial step of nanoparticle formation in the SDG is the production of an atomic plume
as a result of the erosion of the electrode material due to sparkin@n one hand, the NP
yield of the SDG depends on ghamount of the eroded material, while o the other, the
number of atomsproduced, as well as the volume of the atomic plumestrongly influences
the size of the primary particles[77].

The amount of the eroded material and hence the atomic vaporis usually
approximated by the massdoss of the electbdes subjected to prolonged sparking as
measured by gravimetry[46]. All the material eroded from the electrodes not necessarily
turns into atoms and nanoparticles but this easily measurable quantity well describes the
erosion properties of different electode materials or the dependence ofrosion on the
process parameters, such as the spark energy.

It has been demonstrated that the erosion ratei.e. the eroded mass per sparkf a
given electrode material increases with increasing the energgtored in the capacitor,
irrespectively whether the latter is realized via changingthe breakdown voltage or the
capacitance[46]. It follows that the mass of the eroded material and hence the NP yield of
a given SDG can be tuned via the stored energy. This howeveroidy true when the
resistance of the disharge loop is fixed.Figure 3.6.2 exemplifies the mass loss of Au
electrodes subjected toprolonged sparking in an SDG of varying total resistancender
otherwise identical experimental conditions It was shown in Section 3.1.1 (see
Figure 3.1.2) that the total resistance(R) does not affect the breakdown voltage resulting
in practically constant stored energy. In contrast to this, the mass of the eroded material
drastically decreases when the resistance of the dibarge loop increases. Byncreasing
the total resistancefrom 1 mto 2 m, the mass loss and hence the NP yield drops by a factor
of 1.5(cf. Figure 3.6.2).
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Figure 3.6.2 Erosion rate ofAu electrodes at varying total resistancgcolumns) and the variation of
the energy stored in the capacitor (squaresjl mm gap, 2hours of sparking at 100Hzin Ar
atmosphere,SDG A)

The results shown in Figure 3.6.2 prove that the resistance of the electrical
components of the SDG has an important effect on the NP productj@aven if the stored
energy remains unchanged. Thisresult provides an additional proof and further
strengthens my previous statement, namely th& the energy stored inthe capacitor, as
defined by Equation 3.1.2, does not representproperly the energy dissipated in the gap.
As it was previously suggested, the dissipated energy should be calculated from the
instantaneous current and the spark resisance as dahed by Equation 3.1.4 instead. In
general, Rypark is unknown in an SDG, and it is also challenging to measure. As an
alternative, several theoretical models exist from which its value can be estimatddiO7].
According to these models,Rsparc depends on the instantaneous currenttherefore the
variation of the total resistance also affects the spark resistance via the current (cf.
Figure 3.1.2). Under the conditions investigated inFigure 3.6.2, Rspark Varies by less than
50%, while the integrd of the square of the current (cfEquation 3.1.4) changes by more
than an order of magnitude. It follows that although the exact value dspark cannot be
calculated, its variation is dominated by the integral of the square of the current. In order
to illustrate these effects, the erosion rate values shown iRigure 3.6.2 are plotted as a
function of the integral of the squae of the current (seeFigure 3.6.3).
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Figure 3.6.3 Erosion rate ofAu electrodes at varying total resistance as a function of the integral of
the square of the instantaneous current measured in the spark g&p mm gap, 2hours of sparking
at 100Hz in Ar atmosphere, SDG A).
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Figure 3.6.3 clearly shows a strong correlation beéwveen the material erosion rate and
the electric current, proving that theenergy dissipated in the gap, hence determining the
material erosion, should be calculated from the instantaneous current.

The above considerations can be summarized as follows: electrode erosion can
properly be described by the spark energy calculated from the measured current
waveform; ii) the stored energy is only adequate for describing the material erosion in an
SDG qualitatively if the resistance (as well as the inductance) the discharge loop is fixed
These findings have the practical consequence that stored energy values cannot be
reliably used to compare the erosion properties of different SDG setups, hence it either has
a qualitative meaning or the other electrical paameters R, L, O of the circuit have to be
specified. Also, special care should be taken during the operation of an SDG in order to
keep theRand L value of the discharge loop fixedlt must be noted, that he redstance of
the discharge loopcan easily achieved in the range exemplifiedin Figure 3.6.2, by using
lower quality or longer cables or even loose contacts, which mightte overlooked and still
result in the significant variation of the erosion rate.

The erosion rate of different electrode materials carbe very different. Figure 3.6.4
shows the mass loss per spark for four electrode materials obtained undédentical
experimental conditions. As can be seen irFigure 3.6.4 from four electrode materials
typically used in SDGs copper has the lowest, while gold has the highestsion rate. The
different erosion rates of materials exposed to electrical discharges is a wé&hown
phenomenon [162,163], but the material properties that are responsible for the
experimentally obtained differences are nofully understood.
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Figure 3.6.4 Erosion rate of Ay, Cu, Ni, and Au electrodes ¢hm gap, 2hours of sparking at 100Hz
in Ar atmosphere, SDG A).

Several erosion models have been tested in the literature &xplain the differences in
the measured erosion rates, including the theory of sputtering, ejection of molten droplets,
or the evaporation of the electrode material[134]. The electrode erosion in an SDG is
usually described by the simple model of vaporizion of the electrode material in a small
spot created by the spark plasma channgll7,24,46,77]. By assuming that the energy
delivered by the spark channel is in balance with the energy output represented by
thermal conduction and radiation, the mass evamrated from such a spot can be calculated
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which is the bases of theso-called Jmesmodel [81]. The Jonesnodel requires an
experimentally determined energy-efficiency factor for fitting the measured massloss,
which has a remarkably low valuez in the order of 0.1%z in case of a traditional SDE&7].
By incorporating the energy efficiency factor (as well as other experimentally determined
parameters) the mass derived from the energy balance gives a reasonablyod estimate
of the material eroded in an SDG at varying integlectrode distances[47] and for several
different electrode materials [24]. However, the highly simplified character of this
approach is well reflected by the fact that it erroneously predis the relative erosion of
certain materials, e.g. gold and silvgd6] and neither can explain the fundamental basisof
the energy-efficiency factor nor its very low value.

By investigating the surface mophology of electrode surfaces found that a high
number of craters are produced by each single spark and most of the material is only
melted and redistributed on the surfacewhich ultimately leads to the formation of sel
ordered regular patterns on the electrode surfaces when the number of sparks is
increased(cf. Section3.5.2). Thus, the evaporation of thdinally aerosolized material only
accounts for a small fraction of the energpumped into the electrode gap This explains at
least qualitatively, why the Joneanodel requires the incorporation of a very small scaling
factor. It was also demonstrated that by decreasing the electric current and hence the
energy pumped intothe spark gap both the numberand sizeof craters and the electrode
erosion rate decreases (cfFigure 3.6.3 and Figure 3.5.9). Therefore it is plausible to
assumethat the overall material removal caused by &ingle sparkvery much depends on
the actual sizeand number of craters, whichare dependent on material properties. As a
consequence, the simplification of the complex sSékEAAA DAOOAOT -DDABAOE&ET EOD.
inappropriate for all electrode materials which means that the assumptions of the Jones
model should be refined.One aspect which should be taken into account in such a refined
erosion model is the presence of high number of craters. The number and size of craters
obviously affects the total volume from which material can be released, and which also
seem to correlate with the current. Another important aspectis the melting of the
electrode material, which coulddissipate a considerable amount of energy pumped into
the electrodes, according to my resust.

3.6.3 Particle formation

Nucleation and formation of atomic clusters can take place in the SDG when the atomic
plume generated during a single spark cools down to alib room temperature, mainly due
to the ceasing energy inputand mixing with the carrier gas[17]. The typical temperature
of the plasma during erosion, i.e. in the arc stage, is in the range of 15680000 K (see
Figure 3.4.2B). In the arc stage the rathehigh temperature is maintained by theenergy
input of electric current flowing between the electrodes. The cooling of the metal vapor
can commencewhen the current ceased,that is in the afterglow stage.The rate of
temperature decrease, the saalled quenching rate, was estimated to be
i v 8uv mme&s Gy pmploying the Boltzmann plot method (seeSection 3.4.1) on
temporally resolved emission spectra acquiredn a nitrogen atmosphere. This value fits
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into the 106-10° Ks? range declaredin the literature [77,86,164,165], andit is closer to the
higher end of thereported range. Recently Fengt al. estimated the quenching rate in an
3$' A O CiT A OAPT O ET 1 EOOIT GWst[777 GHich ®&rmodtOA AT A
two orders of magnitude smaller than the valuel obtained. Their value was calculated by
assumingthat the temperature of the atomic gold vaor is around the boiling point. As a
contrary, | found, by evaluating the optical emission spectrum of the spark, thatthe
temperature is considerably higher than that, even at later stages of the spark discharge.
determined a smilar quenching rateh x EOE A O AsK& An afgdB atmospherp p 1
by using the equilibrium plasma model described in Section 3.4.2 for calculating the
temperature from time-resolved spectra.Thus, | believe that quenching rate values of
about 13-10°Ks?, including my own, are more accurateestimates for the conditions
existing in an SDG.

Knowing the quenching rate and the temperature at the beginng of cooling, one can
estimate how long it takes the metal vapor to cool down to room temperatuteThis is
about 25t O &I O AT DPDAO AOI i O ® Hhis cdnEb® Cohsidrdd adhddi | ODE /
estimate for the end of the cooling stage, ancan also be taken asthe temporal starting
point of particle formation. Spark repetition rate values are normally not higher than a few
hundreds of Hz, which means thathe repetition of spark events occur in the millisecond
time range, at most This is about 23 orders of magnitude larger than the typical cooling
time obtained here. Thereforeone can conclude that NPfiave ample time in between
consecutive sparks, i.e. spark events can be considered independent from the point of view
of NP and cluster formation.

The seeds formed after nucleation from the metal vapor will grow further by
condensation and coalesce into singlet particles that grow up to a certain size after which
aggregation and agglomeration mighalsotake place. The biggest singlet particleformed
before aggregationcommencesare called primary particles which will finally form NP
aggregates after attaching to each othewia collisions [17]. By adopting the main
mechanisms relevant to particle formation (nucleation, coagulation, turbulent dilution,
turbulent diffusion, laminar diffusion, aggregation) and their respective approximate time
domains from Feng et al. [77], the approximate timescale of NP formation can be
summarized as it is shown inFigure 3.6.5. The schematic spectra shown at the top of
Figure 3.6.5 represent the characteristic emission spectratypical to the material erosion
and the cooling phases. Due to the high (in the order of 100J) energy pumped into the
gap during the arc stage of thepmark the spectrum is dominated by gas ions while the
emission acquired in the cooling stage is characterized by atomic copper and nitrogen
emission. As a result of particle growth steps (schematically shown at the bottom of
Figure 3.6.5) aggregated Cu nanparticles (shown in the right inset of Figure 3.6.5) form
from the Cu atomsand ions eroded from the electrodes in the material erosion phase
initiated by the spark plasma (exemplified in the left inset oFigure 3.6.5).

® At a gap size of 2nm, 1.68I/min gas flow rate andSRR of about 18®¢4z.
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Figure 3.6.5 Approximate time scale of NP formation in SDGstarting from the breakdown of the
gap until the formation of NP aggregates. The typical spectrfihgerprints of the erosion and
cooling stages are lsown together with the main NP formation mechanisms and timeanges as
adopted from [77]. Apicture of the spark is shown in the left and &ypical Cu NP aggregate is

shown in the right inset.

Figure 3.6.6A showsa TEM imageof gold NPs produced in argon gas. NP aggregates
can be seen with sizes in the range of a few tens of nanometers, as well as-aggregated
almost spherical particles having diameters of a few nanometers. These spherical singlets
represent the primary paticles [46]. By performing thetedious analysis ofnumerous TEM
images of the generated gold NPs, the size distribution of the primary particles can be
obtained, as shown inFigure 3.6.6B. The diameter of the primaries exhibits a lognormal
distribution w ith a geometric standard deviation of 1.31 ané modus of about 5hm. This
value agrees well with the biggest particle sizef about 56 nm at which full coalescence,
and hence the formation of singlet particles can occuat room temperature in the
SDG47].

Il measured

—— log-normal fit

Diameter [nm]
Figure 3.6.6 TEM image of mglet and aggregatedAu NPsgeneratedin Ar atmosphere (A). Size
distribution of the singlet Au NPs B) (1 mm gap, 100Hz SRR SD®\).
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As it is evident from Figure 3.6.6A the particles leavung the SDG aretypically
aggregated NPsThe most common way of producing spherical NPs is the compaction of
the NP aggregates further downstream of the SDG by means of a tube furnfity. By
adjusting the temperature of the furnace and the residences time of the particles insitlee
hot zone of the furnace even perfect compaction can be achieved at sufficiently high
temperatures. Figure 3.6.7 shows compacted gold NPs after passing SE@nerated
ACCOACAOAO OEOI OCE A OOAA EO6O01T AAARh EADPO A0
(Figure 3.6.6A) coalesce into compact, almost perfectly spherical particles with reduced
sizes, having typical diameters of about 150 nm.

————— 200 nm

Figure 3.6.7 TEM image ofAuNPs generatedn ArAOiI T OPEAOA AT A AT i PAAOAA AOD
furnace (1 mm gap, 100Hz SRR, SDS)

NPs generated in SDGae usually characterizedn-situ by their electric mobility . This
allows for assigning an equivalent diametetto each NPirrespectively of its shape[90].
This equivalent mobility diameter is measured by an SMRSee Sectior3.6.1for details on
the working principle of the SMPS) The typical size distribution of gold NP aggregates
generated undernitrogen atmosphere can be seen ifrigure 3.6.8. The NPs exhibit a log
normal distribution with a modus of 52 nm and a geometric standard deviation ofL.70 in
the particular case shown hereAfter passing through the NP aggregates in a tube furnace
of 750] # Bdda mobility diameter decreases drastically. The initial modal diameter of
52 nm shifts to 28 nm, while the geometric standard deviation also decreases from70 to
a value of 153.

9The electric mobility diameter of an irregularly shaped aggregate is the diameter of a spherical
particle of the same material which moves in the electric field the same as the aggregate does.
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Figure 3.6.8 Size distribution of compacted and not compacted, i.e. aggregated Au Njéserated in
N2 atmosphere. The measured data are represented by squares, whitdid lines indicate fitted log-
normal functions (1 mm gap, 100 Hz SRR, sIm flow rate, SDGA).

3.6.4 Effect of control parameters on the generated aggregates

As it was pointed out in the previous sections the charging current and the gap size
strongly affect the operation ofan SDG. The effect of these control parameters dwP
production (i.e. on the NP aggregates) was characterized by using an SMiRBSorder to
prove the generality ofthis approach, all experiments were performed using two electrode
materials, namely Au and Cu, exhibiting rather different erosion properties(cf.
Figure 3.6.4).

Figure 3.6.9 illustrates the effect of charging current on the sizalistribution of Cu
and Au NPs generated inan SDG under nitrogen atmosphere. The mobility size
distribution of the NPs follows lognormal distribution at every charging current value
used, with a modus in therange of 1830 nm and 21-45 nm for Cu and Au, espectively.
Both the modal diameter and peak concentration increase witlincreasing charging
current in both cases.
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Figure 3.6.9 Mobility size distribution of Cu @A) and Au B) NP aggregates generated in nitrogen
atmosphere at different dcarging currents (2 mm gap, 1.68/min gas flow rate). The lognormal fit
of the measured data (squares) is represented by the &3 (SDG C).
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The tendencies shown inFigure 3.6.9 can be interpreted by recalling the relations
between the charging current, breakdow voltage, and SRRRjgure 3.1.4). The variation
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of charging current results in the variation of the SRRKgure 3.1.4C). Increased SRR
produces more eroded material per second, which results in higher particle concentration,
more pronounced aggregationand hence an increase in themodal diameter of the
generated NPs[46,88]. This qualitatively explains the trends shown inFigure 3.6.9,
namely that both the diameter and the concentration of the generated Au and Cu NPs
increases with increasing charging cuent. The SRR depends more strongly on the
charging current than the spark energy (cfFigure 3.1.4B and Figure 3.1.4C which
explains theoverall increasing trend in the particle diameter.

The size distributions of Cu and Au NPs generatieat a fixed chargng current at
varied gap sizes are shown in Figure 3.6.10. As can be seen ifrigure 3.6.10A, at 1mm
gap the produced Cu NP agglomerates have lagrmal size-distribution with a modal
diameter of 34nm. When the gap is increased to &am the modus does notthange, only
the concentration increases. By further increasing the gap both the modus and the peak
concentration shift to smaller values, down to about 19hm modal diameter at 4mm gap. A
similar trend can be seen during the generation of Au particlesFigure 3.6.10B). The
modal diameter of the NPs increases from about 38m to ~42 nm when the gap is
changed from 1mm to 3mm and by further increasing the gap the modus of the size
distribution shifts back to ~32 nm. A practical consequence of this behaviois that, as
opposed to the case of charging current, the gap size variation cannot be used to
monotonously tune the size of the NPs generated in the SDG.
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Figure 3.6.10 Mobility size distribution of Cu (A) and Au B) NP aggegatesgenerated innitrogen
atmosphere at different gaps (L0nA charging current, 1.68/min gas flow rate). The lognormal fit
of the measured data (squares) is represented by continuous lines (SDG C).

When varying the gap size at a fixed charging current, both the SRRdathe spark
energy chang significantly. As it can be seen irFigure 3.6.10, the diameter and the
concentration of the generated NPs reach a peak value and start to decrease when the gap
size is increased for both Cu and Au electrodeBhis behaviorreflects the combined effect
of the variation of the SRR and the spark energy at different gaps as shown in
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Figure 3.1.4B and Figure 3.1.4C". The spark energy strongly increases with increasing
gap, while the SRR decreases. Thgger the gap and hence théigher the energy per
spark the more materialis eroded from the electrodeq46], which is expected to increase
the vapor concentrationand hence the NP concentratiotin the gap. Thisis well reflected
in the size distributions measured at Inm and 2mm gaps for Cu, and in the gap range of
1-3 mm for Au (cf.Figure 3.6.10). However at bigger gaps despite the increased erosion
rate caused by the higher energy per sparkhe opposing effect of the decreasing SRR (cf.
Figure 3.1.4C) starts to dominate, which decreases the total particle concentrationThe
above findings arein line with the results obtained by optical emission spectroscopy,
namely that after a certain energy value the vapor concentration increasdess effectively
(seeFigure 3.3.10). As it is indicated inFigure 3.1.4B, the ca. 300mJ threshold energyfor
Cu (cf. Figure 3.3.10A) is reached when thegap is increased from 2nm to 3mm. This
optimum gap size valuecorrelates well with the peaking of thetotal concentration (and
the diameter) of the generated particlesz as measured by the SMPZwhich started to
decrease between 2Znm and3 mm gap sizes despite of the monotonously increasirgpark
energy (cf. Figure 3.1.4B). An analogous behavior was observed for Au (cf.
Figure 3.3.10B), with the sole exception thatfor gold the threshold energy is about
600 mJ andcorresponds to a gap o8 mm, correlating neatly with the peak concentration
and the modal diameter of the generated Au NPs (dfigure 3.6.10B). Although the
amount of metal vapor eroded in unit time cannot be directly translated to the total
particle concentration or diameter, they are related to each other. As it was shown e.g. by
Byeonet al., the more material is eroded in unit time the higar the concentration and the
larger the diameter of NPs will bg89].

My OES results suggest that the concentration of metal vapor producéy a single
spark in an SDG cambe increasedby increasing thespark energy, but only up to a certain
threshold energy. Therefore, it is qualitatively understandable why the total NP
concentration and hence the modal diametestarts to decrease synchronously with the
decreasingSRR(which therefore decreases the total vapor concentration)nstead of the
more steeply increasingspark energycurve after a certain gap size. The generality of this
tendencyis further strengthened by the fact that the very same behavior was found for Cu
and Au electrodes.

Since the erosion rate and hence the number of metal atoms increases with increasing
spark energy, the observed variatiorin the number concentration of metal atoms should
be attributed to the variation of the volume of thevapor plume. Information on the vapor
volume can be inferred from the plasma morphologymeasurements discussed in
Section3.2.2 Spectrally integrated images of the spark plasma cannot be directly
correlated to the spatial extent of the metal vapor sincé® only the emission of electrode
material related species (atom, ions) would be relevant and) only the emitting species
can be detected by this techniquelherefore | must rely on the plausible assumptiorthat

10 Please note that due to the constant ratio between the stodeand spark energy in a giversDG,
the trends shown inFigure 3.1.4B for stored energy are implicitly assumed to hold for the spark
energy as well.
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in the arc stage of the discharge, i.e. when electrode erosion takes place, metal ions and
atoms exist in the conducting channelvhich is defined mainly by the gas ionslt was
previously shown that the expansion speed of this plasma channel increases guiazearly
with spark energy (see Figure 3.2.10). This suggests that the higher the swk energy the
further the metal atomscan get£0T i OEA A1 AAOOI AAGSE AQGEO AU
resulting in a larger vapor volume in the afterglow.n light of the above reasoning, the
saturating concentration of metal atoms and metal NPs as evidenced bgmission
spectroscopic and nanoparticle results shown in Figure 3.3.10 and Figure 3.6.10,
respectively is caused by the balancingnet effect of the increasing vapor mass by the
increasing vapor volume. The threshold energy at which this effect takes place was found
to be 300 mJ and 600mJ for copper and gold, respectivelf his is in qualitative agreement
with the different erosion rates of these two materials suggesting that the higher the
erosion rate the larger spark energy is needed to balance off the eroded vapor mass.

A similar tendencyto that is shown inFigure 3.3.10 and Figure 3.6.10 was observed
by Horvath and Gagl during the investigation of the effect of spark energy on the mass
concentration!! of carbon particles produced in a modified SD{B4]. Beyonda threshold
energy (which is reported to be 10mJ for carbon)the mass concetration of particles
saturates. This result is in line with the behavior | observed €f. Figure 3.3.10) and further
strengthensthat the value of the threshold energyis material dependent.

! Measured gravimetrically after collecting the particlesn acapillary membrane filter.
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4, Summary

The mass production of metal nanoparticles with well controlled physical and chemical
properties in an environmentally friendly and cheapway is of primary importance for the
advancement of nanoparticlebased applications. Physical methods for producing
nanoparticles in the gas phase have already proved their potential in satisfying the eve
increasing needs of research and industryOut of various aerosotbased techniques spark
discharge nanoparticle generation stands out with its exceptional capability for producing
high purity nanoparticles of virtually any composition from a stock of but conducting
materials in a continuous, environnentally friendly and scalable manner with relatively
low energy consumption. The method relies on the initiation of repetitive sparking
between two electrodes, serving as bulk precursors, in stream of gas, typically under
atmospheric pressure. Under the impact of microsecondlong high-current spark
discharges the electrode material becomes eroded and a cloud atomic vapor forms in
between the electrodes.Due to the atmospheric gaseous environmenthé vapa will
undergo afast cooling followed by nucleation resulting in the formation of gas suspended
nuclei. Full coalescence othese seedsthen leads to the formation of nanometersized
spherical particles, which might grow further into nanoparticle aggregges due to
collisions.

The experimental realization of sparkbased nanoparticle synthesis is relatively
simple, which, together with its inherent ability for upscaling, makes the technique very
appealing for industrial applications. However, the technologial simplicity hides complex,
fundamental processespccurring on multiple scales both in time and spacd-or example,
the breakdown of the interelectrode space occurs on the nanosecond timescale and
involves the formation of plasma whereas the evolution and oscillations of the discharge
plasmatake place on themicrosecond time scale. The properties of the spark plasma and
its interaction with the electrode surface determine the material erosion process which in
turn affects the naroparticle formation mechanism that may last up until hundreds of
milliseconds after the breakdown.

In the present work, experimental investigation of the spark discharge plasma and the
electrode erosion processs was carried out under the conditions of narmparticle
generation, with concomitant characterization ofthe produced nanopatrticles In situ, non
invasive methods were developed and applied which do not disturb the particle formation
process. The temporal and spatial evolution of the spark plasma wasamined by means
of fast imaging. Images taken with temporal resolutiomn the nanosecond timescalevere
used to follow the changs of the plasmamorphology, commencing as a confined quasi
cylindrical channel and proceeding towards a more diffuse, irregar shape.The variation
of the width and the expansion speed of the plasma channel, as well as the spatially
resolved and spatially integrated light emissin of the spark were also determimd. In
order to gain information on the species present in the sp&r gap, optical emission
spectroscopy was employed. The acquired emission spectra were used to determithe
excitation temperature and the electron concentration of the spark plasma at different
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temporal and spatialdomains. With the help ofa semiempirical plasma modeldeveloped,
the concentration of the metal vaporin the spark gapwas also estimated.The temporal
evolution of the excitation temperature and the electron concentration was also elucidated
via acquiring and processing temporaif resolvedatomic emission spectra In parallel with
the optical investigations of the spark plasmacurrent and voltage waveforms were also
continuously monitored, and viain situ aerosol based sizing the size distribution of the
generated nanoparticles vas also determined. Correlation was found between the
electrical and optical signas and the particle properties. Last, but not least, the effect of
sparking on the electrode surface, i.e. the role of the material erosion process was also
investigated by characteizing the changes of electrode surface morphology as a result of
either a single spark or prolonged sparking. On one hand, compleorphological changes
were observed even on electrodes exposed to a single spatischarge while onthe other,
the development and characteristics of selfordered patterns were revealed after intense
sparking.

The main scientific results of my work areghe following:

Thesis I. | have employed fastimaging for investigating the temporal evolution of the
morphology of a spark plasma produced between copper electrodes under nitrogen
atmosphere in a spark discharge nanoparticle generator. | have shown that the spark
channel retains its relatively confined, cylindrical shapethroughout the duration of
electrical current between the electrodes. The cannel width expands in time at
supersonic speed, which scalequastlinearly with the spark energy. Ihave found that the
light emitted by the spark has an uneven spatial distributionand identified the existence
ofan axial OE T O , thebik e position of highest emission intensity within the spark
gap. | have proved that the position of this spot oscillates synchronouslywith the
instantaneous current, and is always situated in the vicinity of the momentarily rgative
electrode[T1].

Thesis II. | have appliedtemporally and spatially resolvedemission spectroscopiy order
to characterize thespark plasmaproduced in a spark discharge nanoparticle generator
during the generation of copper nanoparticles under argoe atmosphere without
disturbing the operation of the generator.l have determined he temporal variation of the
excitation temperature and electron concentration in the arc stage of the spark.
Temperatures in the range of 1660620000 K and electron concentrations of ¢ p ¥ 1o

x x p P am3were found. For the characterization of the afterglow stage a sergmpirical
equilibrium plasma model was developed. The model wassed to derive the temperature
and electron concentration and alsdo give an estimate on the number concentration of
copper atoms and ionsgenerated in the nanoparticle generatorNumber concentration of
copper atoms and ionswas found to bein the order of 1014 cm3 [T2] . | have derived he
rate of change of the plasmaemperature in the afterglow stage, i.e. the cooling rate of
metal atoms from the emission spectrawhich wasfound to be in the order of 18 Ks? both
in argon[T2] and nitrogen atmosphereqT3] .
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Thesis 111. | have investigated he electrical properties(i.e. voltage, current, total resistance,
instantaneous dissipated power and energy) of a spark discharge generator. | proved that
only a fraction of theelectrical energy stored in the capacitor is dissipated in the gap. The
ratio between the (dissipated) spark energy, calculated from the instantaneous current,
and the stored energy was found to be about 80% in the particular generator studigd1].
My results alsoprove that the mass loss of the electrodes correlates with the spark energy,
calculated from the instantaneous current, and not the energy stored in the capacitor, ias
generally assumed in the literature. The stored energy isnly proportional to the spark
energy calculated from the current, when the electrical parameters of the discharge loop
(i.e. resistance, inductance, capacitance) are fixed. Therefore both quantities can be used
to describe the erosion processes in a given spark discharge generatbyt only the
current-based quantity should be used for comparing different generatorid4] .

Thesis IV. | have investigated he changes of thesurface morphologyf metal electrodes
(predominantly Ni and Cu), exposed to a controlled number afpark discharges, ranging
from a single spark to several hundreds of thousads of sparks | have proved that
important information can be gained by the analysis of surface morphology of electrodes
used in spark discharge generatord. have shown that even a single adllatory discharge
event (a socalled single spark) creates complex surface morphology dominated by
hundreds of craters and also featuring undulated areas and dendritic structures. | have
also shown that the number and size of craters depend on the elecega@urrent measured

in the spark gap[T5] . By increasing the number of sparks delivered to the electrodes, the
formation of closely packed, setbrdered patterns were found onnickel, gold and silver
electrode materials [T6] . My results indicate that the spark energy, i.e. electric energy
pumped into the electrode gap, is mostly used for melting and redistributing the electrode
material over the electrode surface and only a small fraction of it is utilized for material
release, and hence nanoparticle generatiofir5] .

Thesis V. | have investigated he effect of two of the main control parameters of a spark
discharge generator, namely the gap size and the charging current on the size distribution
of copper and goldnanoparticlesgenerated innitrogen atmosphere. | have found that by
increasing the electrode gap and hence the spark energy the size of the generated
nanoparticles varies via a maximum. | have shown that this behavior correlates with the
variation of the integrated emssion of metal atoms acquired during the afterglow stage of
the spark plasma. The observed tendencies indicate that the concentration of metal atoms
generated by a single spark cannot be increased monotonously beyond a certain level by
simply increasing the spark energy.l have explained the results by the competing
processes of spark channel expansion and electrode material erosion and their
dependence on spark energyT3] .
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Oi OUAAOEIT E E[@7].AdUe UGJdWAGEAEGRIEO AUO EO EAIT AT OEh
Oi OUAAGEAMAT OOUAEE&h AT TUI T ACUi AA UOAI T UOE OAA
i AcCcUudbi 1 UOUET U8 ' CUAET Ol AGAAT A DOAEOGEEOOAI
1 EIl EQUI OKT OADOhT BOGUOI T O EAT AT O AU Al AAOI 1T UAA,
Oi OUAAOGEV E i O A TACU ETUAITHh TACUTAA 171 O0ABGJ 1

53 Ki sémldaeltsizer ek

AEAAEI T A 3% Edt All AREOWAE Ul il OAOE M AET EEAE Oi1 OUI
i JEEAT OE AI OIiE 1O A &Ee ibpOeAil Al AE AUITT OAES
EAI OAh OAT AT ET O AU Al AEOQGOI I 1 O [MipAIltikgsarh Al E
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Of UOAAT AT OAO AArQEAeHO BHEAUMADDAAUUT ¢U Al AEp OF
I AEA@gOIAU Al AEOCOT I 10 UODRULAOOERh ABUDREOO&MOE |

AOAOI AET UOA OUtertdidrzon OAA GQATEUAOA Acu AAOAEET O¢& /
megfigUAT i OBDA RS AEOO&8 AT E Al EAT UAUT OA A EAI OUT AAI
i ccél ACAOh 10 A OUEEORBGHUOAIAIVOBUEODDBA I BER
EAOAOUOEOUT UT h OACU ETAQGEUINRORATTAREERIDE AN E O ARQQU
OUAT AAT Uil1e& EiO0 OicA EEUEOOE OWBQIUI AW HBid
Al OT 1 eO0AT 1T AEE®ATI DVBAT p QOITEOHOUAAOEEOO TUIT UOO
UOAT 1 UOGE OAAAOOI CAQUPABERACUDADIA bsb #ok Addtiolidi, Ue OAI
-&#q ET 10011101 EUES

+p Oi OAADAEA OUEEOAEEYOI 7 ORAOOG 1 AT uharh OUAAL
i EEOT I 7T OKOARCAODO Ci OAI 8 U AQQUT UOAICUUDOE OORARBAD
1-10l/min OAOOT 1 Ud WiAGHM MKdRIOE p O ierddt dtrAoszferikus nyi | UOT 1
Oi cdbOi A1 UAO AcCcU OUEOOI DoOi PA i GamAAU i @I LA A
TUTTUOIT 08 ORMimODmC#+ PAT Ol A OA BrimA illetve 200 o
UOI i OBEJh EAT CAO ERABIMUIOPADOAOEAAEBO BSACUAUAC
AOT AOCODUWE®CALAEEAT 8 ' 1T APT O OicJd Al OAT AAUT OT 1
OAT EAO EAOAOQUOI AOGOGUAOGITh T1pc A EEEAUAUAOOD
ET1TAAT OOUI AAEEOd E EpOUT O 1 AEAGe 1 AcCi Acuil AA Oi
AOBUE& T BpOBT EAOO U1 OAT UAAT A 1 Ameh. Ogyapakkolf AOOE UC
A CAT i1 AOOEUAAT AU AcUuiuod EEOAOGe OUEEOUE nOU
OUEEOA bDPi AUI A DPIUEAEITUIEO EIT OOAAEI EOUOUO i
OEUOCUITAOUEAD® A OUEEOUUUO Al AEOOI i1 O OOAAEIE
OUI 0T ue AEAT OUpTE OOI AEATT OUCTE 1O AU ATTAE EE
I EAT OEAE Al APEUT A1 i 1TTAEAO&8h EICU EACUAUAO(
AOT AAIEAG AU Al O UAEEEAO 1T UAOEAOGITE A Pl AU UOE]T |
EEUOAOI AT AAA EAPAOTI ICADAOUEADAIOOAR AL EOEART i
TACU EAT UUAOE OOAAEI EQUOO ECi 1T UEAOWEMWMAIIOW AOAE
azokbd h Al A1 UAEAAT A A& EAT COTiI U AU Al AEOOeA A
Oi1 6h 1 API GlkafmaZeid 008 AT EAOD

! OUEEOAEEU Al AEQOI I T O OUPI UI UOUOEI Acu
gondoskodott. Egy, aE p Oi abed pikusan 8-291 & EADPAAHARIIVUUOT 0O | O
ETTAATUUOT O AATEI OqQ AcU TG UTBADACUOOCCOEEDE AY
10E6 EEOI 1T E AAOUI 1 601 COAR EAIT 1T AT UeAT 117 EUT UR
mellett. - EOAT A OUEEOAEEU Oi OAA OAT AEEOOA EET EIN T D
AT EET O A EITTAATUUOI O AAOUI T 601 CAMT AREOEADUOUD
Acu AEDPI 1 UOEOh 1T OUAEI T Ul & EEOITi1 O EET 117 OO0AN
AU UOAIT EEO AT TATUITUOALh gy OEOCOBORQUOACTI @ EEDA

EO &I 1 UAiI AOi 6AT OEI OE A EITAATUUOT OO0 j nOUAAAA

M EpOi O AGAET OV 11 UT jasPfeifiek Yahubm GibMAIT CAHAOOT Gd OEEOI |
EAI OA AU %5 &0x EAOAODOI COAI -E Arojdit k&rdtA ETO UA AICIAIOT BAOI"
EEAZAEI AOQUOiT OOAS
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EEOAAT AIAUB@QIATAH OEPEEOOAT 17 EUT U OUUU Al PA
T AcCUl AAh T ETO A OEI OeBOATl i bBbe DOECHADI E ZECOAOE
ACUI UOOEOBEEOUE EOI i Ol 1 OEEOQGUAATI WEOCUEODE ORAT DB E
i ACAATER AT E A OEI OeUOAI T Al QGUXDAAU OWAIAQIT WHE UEA
AAT 01 OAT AUUI Eh EDEOAAUVOARCHE AUIED DN H8 AOE

A szikra plazma EAT 1 Al Ui Oi OA EOQUIODXME OWp@dbht AOAEAA
Al AEOO&BATE EEUOE AZEAOUITO60i¢c 10O A OUEEOAEEU!Z
TACUZEAOUI T OO0 plAdilerONRVALEU ® O1 AjcU  URrArsoh 11Q0.&E£2A 1 |
Al AEGOT 11O 117 O0i OAET AE A OUEEOUOA EAI T AT Ue Al
ACUi A EpOi O1l AOE AOUEEUEE OUET EOITEUUI UOGUAAT E
OUAAUI UT UAOIT Al EEAT AEOI UOA i O O ORI BEJEIAT U URAIe]
ECiTUAIh ATEO A OUEEOAEEU UOi 60i 6i 6 EpoOi 0& i
OECUpPp OOA ambrdeh AOP OIEARD CAT AOQUOT O j 30AT A OA $' vou
i TO&F 1 eCEUEUT AEh Ei11 AOOGA 1 POEEAE QR CHGADE: E#)4 $
) ##%QqQ EAI Aéw@Ador iséi T3A-18H03), tipikusan 505001 O EAe& AAI E
AAT AT 1 OUOOAIT 8 ' 1 1O& 1 ECEAE jCUI OO & 1T UEi PAU
I AEAEODp GamEAE Al TTpUDOAU Al EOOUEe O OBEAMEGREROUEE DE /
'TAT O -AAEATT A uvnnn AN UIE DBEEGUEGRIGDIAE OO CHUEA C
i1 O OAE AOGAOGI 1T A OUEBO A OEOIONT OAAQUOAAT ADI DAI O
a UEEOUO AcU 1 AT Ad4dOddk D1 AEi BABGAE bPdm DHDEAEAA
OPAEOOT COUE I POEEAE OuuUl UOs ! @aki 00T OUE
EOI T Ui ET OOUOGAOOIT 1 UT U OE, S 438rntRAG qd AFRA AA 111 AORDAO@
Oi OAAT E AZAAT AT TOUO A OAEIOODDUBBAPEABUESE OF OBEE
plazma diesCT T OUOEEAE AAREEBDDOPBEOOA OUEEDPEAE OAT AOU
i OUiT EAT UOIT GE A RXWUI.GE3MAIOGDIT 10 E Abckad @iticd® t] dH
2000-CAL) OACp OOi ci ORil8 EIA]l EMIER@ABAE&IOI Oi OE 01 01 U
Al 1 AeniOBWIOEOT ¢ OUAOCEM. O | ACEOI T OA1 O

AzSDGAAT EAI ACGEAUE hzktsitudi AEDDOOET EALAOI OUEEPEUO
ACU EUUE Ei OUpOi 6J AT AAOI T U 1 UI I étosztathlsE AOA O /
T O11 OUl A® EDTOAD A EOA | OEDPE EfBOAT 4 %1 1 Og GORIAARAEC
i i OACGAT T OUT UOUO A CATRNDWE ©®OI DOBEIA OnEgHeA@MI T AT 1 1
Grimm Aerosol Technik GmbH SMPS illetve ACU EUUE Ei Qdiogsfeit OJ 3- C
EAOUT Ul OAI

10 Al JBOO&AT AOeUE&EUT ARAIOEAGHDIFE@ELET U AC!
AT AEQOT I 1 GADWAIGEB@A © 1 AEAOe Oi OAOGRIEITOIA 1AW
SDGben.EnnekOA Cp O GHEQERG £A1 OUpT 11 OF&I 1 8CEUEUAAT AcC
AAEEOAOGEAUe 1OUII OIO0 OAEEA®S ARE AR O 8 ADEON QUIT A E
i Al UAEAO OUEEOUUOAQUO Al &00 i O O0OUT10(50 1 POEE
17 UshoOdUOUUE T EEOT OUMKXBEKQOAD AGRUADAAIPEIEOI OUEES
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OAO0Oe OUEEOUUUO j OEAwmelyéxtUUBAADAO ODEEVDAQUOOUEEE
(KeyenceVK-X100kQq EAOAEMRAOEUUI 00

! EpOi Ol AOGAE O1 OUI EAI AGEAUe 1T AcCcU 1 ATTUEC
EEi OO0i EAT1 1 O1 BEABEAOQT IAO WA FARA/EO BRI | O WIOAAEEGA @WOh E
Ei OUpAYGOEOEDOAEAOmMeydka@ Ul Ui, OAT Ei 1 AOGOA OUOGET T ¢
T UAT OAEAT pOOAI 8

54 Eredmények

AT AT T Oi OUAAOGET E Al &UI 1 pOUOUOA EAOUT UI O Al AEO
Al AEOO& AT EOA CUAET Ol 1&0 pEA0®G UES®IE bEuA o OIVGA UPEU O C
AT EUOUOI EAO EAOQUT Ul OAih A TAT KEOI ONAAOEEET AAUA
TiTTEIiTh EEACi OUpOOA A EAI AOE Adkgikralpadmh DO G@IAAOQE
EAe AAl E OUI IO WET®AUGW ODACP 6001 CliiORAUT U OEQOW C
nanoszekundumos illetve szub-mikroszekundumos E A& AAI1 E AAT AT T OUOOAI
Ei DOT OABIAQOEET T OOOOUI OAiI A DKiAuihitaf, hddy Azég UT AE O
OEOUIT T UI AC E&1 EEOI T EAOQGUOI I OO URAATUGCHMIDAIAADE A OA
bl AUT A AOAOT OT A UOIii O8EiTAE EASAATE OUI 61T UUC
i ACEAO@WATh A OPAEOOUI EOAT ET OAcoOoUiI 6 1 POEEAE
AT T O O OAAD ApeBrindiATE Ol p U RCEBALHIU OC AORAO WO OE
bl AUIT A Ee&ii OO0i E1T AGAO 1606 AU Al AEOOI I ETTAAT (
pontokban. Egy egyszed O Webnpirikus plazma modellOACp OO ¢ci OAT AU AcCU
AOT AU1T 6 Al AEOGO&A AT UAC OUEEOAEEUAAT EAITATI 11 Oe
Al EOOUE&EO 117 Oi OAEEAT PDPUOEOUAIT OAT A OUEEOA (
OACE@MOOUIAT AT ET O 1T ACEAOUOT UOAI A EAI AGEAUE
+1 OOAT UAE& O OA1 Ul OAI AU Al AEOOIALA ©hh | BIOEEAEA i
OUUUAUAO OUEEMR OBA AU AUETIOORE AT E A @gmutktér, ldgAE  OE U C
i U0 AMdWAT OUEEOA EAOQUOUOA EO EiT i Pl A OOOOEOT O
amelyek ET OOUAT OAOOe OUEEOQUUUO j I-ACIUBEIEGUAQUE B0 D
i ET OUD Alakiilrak.

-OT EUIT TTONQO®RAA OOAT i UDUA OEAOAGEABOAGBAGDEEIT T O1 E
l. Gyors/&i 1 UETAIABIATAD AUUOUOATI AGACOBBDBOQAEDBAIT T OAO 1.
CAT AOUGIiQAARI AEOOEAT E EEUEOOh TEOOIGiIiT AOiITO
iTOo&I 1 8CEVUEUT AE EA&AATE OUI 0T UUOUO8 -&ci OOAO
OEOQUI T UI AC OUAAUI Uil Oh EAT CAOAO Al AEEUO 1 ETA,
Al AEOOe AT E EEUEOO8 ! AOAOI OTA AU EAeOAl OUC
I EOAEOUEEh AiE EEUAI 1 ETAUOEOAT OEUI Ukkd AEE A
ui A1 AI EOCOUI O & TU Oi OAATE AiliT OUl UOA T1TAI A
ET OAT UEOQUOT AQEUI EOO OAGERIOOA @il BOADBIA® h O &Il GTdJ
EAI UA OUET EOITAAT OAT A DPEI 1 AT AOT UE BOBOIT Al i
Al AEOOeé A EEUATL. AAT OA1 Ul EAOE
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. 47 OAAT 10 EABRBROOUNEE T OBREADI QU OEHOAAOUODT O
i JEEAT Oi 1T AE i A CU Actlenérted Aa OIUIEIEDIAIEEOI 11 OAO 1 AT 1
CAT AOUOT OAAT h A QGG O ARTIUAGOS T CRIDARSKGEIOR) O/l &EAIAUT
OUEEOA .PAGBHAODAISAKAAHIDEVUVUEOUAAT A ABIAA UG GA CRA\QOEA O
Eei i OO EALRCAIOAE @OT 10 EAU ARA O OMIAE@OT T Ui AAT 8 || EE
20000+ h AU Al AEOCOI T Ei LONAXQ@uEA OBAABTC UAAT ¢ HUI O
A szikra DO & EUBEIHOOUT AE | A AAGRPOGD] héaldothd AcQyA temi

Al PEOEEOO ACUAT OT T UETBRAAUI DAChADI CO®AT 1 ACEA
Eei i OO0O1 E1 AOi O 10 AU Ai AGOORCAERADARDDIOUAEEGH |
CAT AOUOT OAAT Al &UIT 1T pOI 6O Oi U AOGIITE 1O EITTITE
kaptam, hogy az a 18cm31 ACUOUCOATHAAA AR EUUUOG6 | AZEOAOC
felvett Al EOOUE&EO OPAEOOEIRI EAOKD EBUI DIl AWIGAT AE  OAA;
i ACEAOUOIT UGAI h ATE A &1 AOI I 1T RAEBIIi OGE OAAADOOD
mindargon[T2]h | ET A T EOOBKRITTA QQUOIACAOATpAA A A Q). i 001 EAC

.- ACOEUOCUI OAi AcU OUEEOAEEAI REOCADI 1 41 OO ABEAT
OACUEO A AEAOQUI T 001 @Al BA @ OAdiaimifkiiA B btdyBe0a BDU G\

OAT EAGPpOI i1 BO -iAci ADAOQEUD EIT CU A  Hromod AT UUOI
AT AOCEUT AE AOAE AcCU Oi OUA AEOOUEDPUI 8AEE A OU
i AEOOUEDUI 6 OUEEOA AT AOCEA 160 A oOuoii1 6 AT AO
CAT AOUQMBA AMOAAT i TARWEIT UAWODEUER EIT CUT BUUABA AEOO
DEI 1T AT AOT UE 1 WO AIUAEEIOAO AU RAIOICAIU OBRA A EE OO AEIUNT AAT UU
AT AOCEUOAT h AET cCcU AUO A OUAEHDOT AAT EEQ@IAT 7 OE C
Al AEGOT 11O PAOAT T OAOAE j A1 1 AT UJatUDGAH Arell A GEOGH & B
szikra energidfA OUT UT O A OU @midtt@gy AdoR QiaCBd AIOUOT OAAT 1 EIl

i ATTUEOI ¢ EAOUT UIEAOE AU AOCeUE&O A1 UAIAO 1A
i ATTUEOI ¢ EAOUT UI EAOe Eil ET AE[04. CAT AOUOI O E E
V. +T T OO0IOINIUDT O OUEBKOAEEDLOEd T OOEAA OQEEDRAOG® CGHEE
Al AEOCeeditdh . E 7 OEAH O ACE 1 1CGDUHI O TelglBEQIEGIT AEEOAOORA
megmutattam, hogy a szikraCAT AOUOT O EAAT Al EAT 1 AUl 60 A
i TOF&I 1 eCEUEUT AE AT Al pUEOiT OAl EAOQUITT O ET A& Of U,
ACUAOI AT 1T OUAEIT 1 UOBE EG@ARE OFAO jEAIU BiliAss AU i 1 AOE

i Al UAGOUGRAAEOUOAO ATTETUI R 7TO0 1T ACEATATTAE 118
OOOOEOT AEHUGBOBAE 1 i OABACCI CAEGABERAROAI i+ OEAOE U
AOe 0016180 IEOAT OA A OUEEOUE OUUI UO AU Al AEOO&,
ETOAT AMeUnsintUUA Ol E EEAT AEOI UOUOAT KECBAAADAI i DACA
Al AEOCOFrEI ORAT i 1 UAEI AOOA OOAI T AEHR ETCU A
OUEEOAEEUAA POI PUI O AEAGORU | TAD Kk EANISIICER q

i ACT 1 OAOU GuhexUAOA AIFEROO8ADIATI e OE@®OAT AAUe Ai Oi OA

i ET AEOOUA AcU EEO Oi OUA EAOUTT 001 AT UACAT O
EADODAE.
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V.- ACOEUOCGUI OAi h ET GU 1 EI UAdl AHA @i @UMAIA OEAT CAT AU
kontrol-DAOAIT i OAOAE EEWOAEEAOG&ETORBDI{TAEOUB A OEI O¢
OUI OT UOAOUOA T EOOTCCIl AOi T OU AT ODBAAIOT CUIAAWDIEI |
ii OAOAI T OUI UOUOA8 ' UO OAIUI OAih ETGCGU A OUE
AT AOCEUEUT AE 1T EOAIT T Oi OAI A midmarot inu@ti 600 O
-Aci OOAOOAT h EIT U AU A OEOAI EAAT O ET OOAI Ul A
i ABOAOGCI T xq ~AUUEOUAAI i OEAO&h ET OAcOUI O Ai
OAT AAT AEUE HRAIOODK DOAUERAEBA AT AOCAR ACUWOWAKDI 0 EDL
17 OOAET UEAOe A& i AOTITE tlydmitdshnehyAAESEAGURT OT K
'y AOAAT i TUAEAO A OUEEOA AOAOI OT A OUCOI UOUT AE
AT AOCEA 1T EOAI T Oi OAT EAIT ATOQEDAU & i AKECRRIOWA@AMAIT Al 1
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