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INTRODUCTION

Aerosols and small particle ensembles started attracting the attention of researchers around hundred years ago. To my knowledge, first serious scientific works on aerosols were performed in the 1920s and were mostly related to Brownian motion and transfer of radioactive particles. Later, interest to disperse state of matter was supported by environmental research of processes related to water and air pollution [Fuks, 1989, Friedlander, 1977, Hinds, 1982]. Then, additional attention was paid to nanoparticles when a large variety of industrial applications was discovered [Pratsinis andKodas, 1993, Kruis et al., 1998]. The large surface per unit of volume found applications in filtering [START_REF] Seinfeld | Atmospheric chemistry and physics: from air pollution to climate change[END_REF], thermochemical processing [START_REF] Weber | Application of aerosol techniques to study the catalytic formation of methane on gasborne nickel nanoparticles[END_REF], Hutchings et al., 2013] as well as biochemical applications [START_REF] Edelstein | Nanomaterials: synthesis, properties and applications[END_REF], Penn et al., 2003, El-Ansary and Faddah, 2010]. Properties of small particles usually depend not only on their material, but also on their mean size and size dispersion, which in turn define the related application. Therefore, ideally, synthesis process should provide a control over all of these important parameters.

Usually, nanoparticle suspensions are either produced in liquids (hydrosol) or in gases (aerosol). Hydrosols are formed by precipitation of one liquid phase in another liquid phase, whereas aerosols are formed by condensation of saturated vapor. Aerosols are often produced at atmospheric pressure. The manufacturing process of the aerosol is more energy-efficient and environmental friendly comparing to one of hydrosol. Furthermore, the aerosol state is often obtained by evaporation of liquid droplets. For the solidification, the droplets are processed by spray drying and pyrolysis [Reist, 1984, Kulkarni et al., 2011]. Another common method is the gas-to-particle conversion [START_REF] Kodas | Aerosol processing of materials[END_REF]. Plasmas are also used to produce aerosol by gas-to-particle conversion at low pressures by ion etching, sputtering, laser, vacuum arc, radio-frequency and microwave [Sugawara, 1998, Ying, 1993, Yasuda, 1978, Gupta et al., 2002, Hollahan and Rosler, 1978[START_REF] Plasmas | Physics, chemistry, and technological impacts in plasma processing[END_REF], Tatoulian et al., 2005].

Starting from the 1940s, many studies were performed in order to understand the mechanisms of plasma discharges and of nanoparticle formation [START_REF] Meek | A theory of spark discharge[END_REF], Ono et al., 2005, Strehlow, 1968, Lintin and Wooding, 1959, Aleksandrov and Bazelyan, 1996, Aleksandrov et al., 1998, Aleksandrov and Bazelyan, 1999]. The plasma evolution and the effects of the ionization-recombination processes were investigated by numerical hydrodynamics. Systems of detailed kinetic equations were also solved together with the classical hydrodynamic Navier-Stokes and thermodynamic equations. It appeared that coalescence by solid state diffusion proceeds at a rate, which is an exponential function of temperature. Thus, the temperature increase experienced by the particle has a crucial effect on the dynamics of coalescence. Heat transfer to the gas also plays an important role.

Smaller particle sizes are favored by high cooling rates [Panda andPratsinis, 1995, Singh et al., 2002]. High evaporation rates (such as those occurring in arc discharges) are known to result in larger particles. If the process of nanoparticle formation occurs under conditions of non-equilibrium plasma [START_REF] Belmonte | Nanoscience with non-equilibrium plasmas at atmospheric pressure[END_REF] then a solution of Boltzmann equation to define plasma transport coefficients based on reduced field E/N has to be performed [START_REF] Hagelaar | Solving the boltzmann equation to obtain electron transport coefficients and rate coefficients for fluid models[END_REF].

In addition, primary particle growth was found to be accelerated strongly by increasing the purity of the particle surface [START_REF] Seipenbusch | Influence of the gas atmosphere on restructuring and sintering kinetics of nickel and platinum aerosol nanoparticle agglomerates[END_REF]. The total pressure of the typically inert background gas serves to regulate the diffusion of vapor from the growth source. Depletion of the vapor prevents clusters from growing very large [Koch, 1997]. The choice of the inert gas along with its pressure and temperature gradient are important parameters to control the diffusion rate. Increasing the inert-gas flow rate reduces the time that the clusters spend in the growth region of higher vapor density and consequently often leads to a decrease in the particle sizes. High flow rate also increases the effectiveness of cooling [Koch, 1997].

For the prediction of particle growth, [START_REF] Lehtinen | Prediction of nanoparticle size and the onset of dendrite formation using the method of characteristic times[END_REF] proposed a model based on a combination of the general dynamic equation for the continuous size distribution function, in which the time evolution of particle number concentration per unit gas mass is a function of particle volume, particle surface area, with the coalescence rate derived by [START_REF] Koch | The effect of particle coalescence on the surface area of a coagulating aerosol[END_REF]. Simplified models, which are simultaneously solved for surface area and volume of the particles, allow distinguishing between completely coalesced particles and agglomerates [START_REF] Kruis | A simple model for the evolution of the characteristics of aggregate particles undergoing coagulation and sintering[END_REF]. However, these models are zero-dimensional and do not describe the spatial distribution of these properties.

Computational flow dynamics models are traditionally applied to describe particle dynamics and transport simultaneously, but most commonly used commercial software cannot handle the coalescence process. Several recent studies have described advanced software tools that can solve this problem [START_REF] Tsantilis | Population balance modeling of flame synthesis of titania nanoparticles[END_REF]. A combination of the differential equations needed for the description of particle dynamics with the finite volume solvers is, however, complicated and leads to very long simulation times. Another issue is that it is difficult to include other particle property, such as charge, which can play a role in the formation of both spark and DC-arc generated nanoparticles [Fridman, 2008]. Therefore, in the particle formation models, it is necessary to study the fundamental processes taking place in and around the discharge plasma. Recent investigations of processes in discharge plasmas and interaction with electrode [START_REF] Bogaerts | Gas discharge plasmas and their applications[END_REF], Borra, 2006] reveal a lot of details to be analyzed in a realistic model of nanoparticle formation. To check these models experimentally, it is important to obtain information about the temporal and spatial evolution of the processes taking place in and in the vicinity of the discharge plasma.

In addition to plasma discharges, laser-based methods have been also used for nanoparticle formation. In particular, laser ablation is now established to be a simple and versatile technique. Therefore, it found many applications in photonics, electronics and medicine [START_REF] Makimura | Light emission from nanometer-sized silicon particles fabricated by the laser ablation method[END_REF],Geohegan et al., 1998]. Lasergenerated nanoparticles, as the ones produced by plasma discharges, demonstrate unique plasmonic and/or photoluminescent properties, as well as a capacity of field amplification. These effects are essential in many promising medical applications, such as imaging, sensors, photodynamic therapy, etc. Many of these applications, in particular, these where nanoparticles are used in vivo, require the absence of any toxicity and of the incompatibility with biological tissues. On one hand, when traditional chemical methods are used for nanoparticle synthesis, the toxicity is hard to avoid because of the presence of toxic and/or nonbiocompatible compounds during the particle formation. In addition, the stability of these nanoparticles is still not high enough. On the other hand, nanoparticle synthesis by laser ablation allows one to obtain non-toxic and stable nanoparticles, in particular when they are produced either in the presence of low-pressured inert gases [START_REF] Geohegan | Time-resolved imaging of gas phase nanoparticle synthesis by laser ablation[END_REF] or in aqueous biocompatible solutions [START_REF] Besner | Ultrafast laser based "green" synthesis of non-toxic nanoparticles in aqueous solutions[END_REF]. These advantages make laser ablation a unique tool for nanoparticle synthesis [START_REF] Geohegan | Time-resolved imaging of gas phase nanoparticle synthesis by laser ablation[END_REF], Yamada et al., 1996, Makimura et al., 1996, Le et al., 1996, Marine et al., 2000, Albert et al., 2003]. That is why numerous experiments were performed clearly demonstrating that an interaction of a short (several nanoseconds or shorter) laser pulse with a solid target leads to the formation of nanoparticles. It was demonstrated that in the case of femtosecond laser ablation, laser energy deposition induces an explosive ejection of a mixture of clusters and atoms [START_REF] Zhigilei | Microscopic mechanisms of laser ablation of organic solids in the thermal and stress confinement irradiation regimes[END_REF], Povarnitsyn et al., 2007, Bulgakov et al., 2004, Amoruso et al., 2004, Povarnitsyn et al., 2012, Amoruso et al., 2005, Colombier et al., 2006] rather than an equilibrium surface evaporation. A lot of similarities in laser ablation plasma [START_REF] Itina | Laser-generated plasma plume expansion: Combined continuous-microscopic modeling[END_REF], Garrelie et al., 1999] and discharge plasma [START_REF] Xu | Thermal and hydrodynamic effects of nanosecond discharges in atmospheric pressure air[END_REF] processes can be found. Nanosecond ablation in the presence of a high-pressured gas leads to nucleation and collisional growth [START_REF] Geohegan | Time-resolved imaging of gas phase nanoparticle synthesis by laser ablation[END_REF], Marine et al., 2000], that can be comparable with the ones taking place in spark discharges at high pressures.

Spark discharge is also a very simple and versatile technique with an additional advantage using it in parallel, as suggested in EU project BUONAPARTe.

In fact, the main objective of this EU project is to develop arc and spark set-ups containing a number of particle generators that are producing nanoparticles in parallel. Such configuration could provide the production rate of an order of 100 kilograms of nanoparticle per day. Furthermore, no crucible is required and there is no melting point limitation. The method does not require any chemical precursors and does not use any chemical reactions [START_REF] Meuller | Review of spark discharge generators for production of nanoparticle aerosols[END_REF]. It is a purely physical process. The spark discharge nanoparticle production has been introduced in [START_REF] Schwyn | Aerosol generation by spark discharge[END_REF] and has been applied by a number of research groups [START_REF] Mäkelä | Size distributions from aerosol spark generator[END_REF], Kala et al., 2009,Messing et al., 2010] as well as others [START_REF] Roth | Generation of ultrafine particles by spark discharging[END_REF], Evans et al., 2003]. However, there is still a lack of information about the physical mechanisms involved in the single spark event, such as background gas ionization, streamer formation and propagation, streamer-to spark transition, electrode erosion processes, metal products expansion in the background gas and nanoparticle formation. In order to study physical phenomena occur during a spark event and to provide a model of nanoparticle formation considering all the specialties of the discharge, the current work is performed.

That is why, this thesis was proposed as a part of the fundamental workpackage 1 of the BUOANPARTe project http : //www.buonapart -e.eu/. This work started in April 2012 and has been performed in Hubert Curien Laboratory, Saint-Etienne, France (UMR CNRS 5516, Université Jean Monnet, Université de Lyon) in close collaboration with other BUONAPARTe partners. The main objectives of this thesis are the following • To better understand the physical mechanisms involved in a single spark discharge;

• To develop a numerical model that should account for the most essential effects taking place during spark discharge;

• By using the model, to explain and optimize nanoparticle formation process.

THEORETICAL BACKGROUND

This chapter describes the fundamentals of spark discharge event, processes leading to ignition, developing and attenuation of discharging. By single spark event in the current work it is supposed a discharge of capacitance of spark plug by means of two electrodes placed in gas at an atmospheric pressure as shown in 

Streamer formation and propagation

In this section, attention is focused on the initial processes of a single spark event. When a high voltage is applied to the initially neutral gas, electric breakdown takes place. First, so-called "streamers" are formed due to the gas ionization in the gap [START_REF] Célestin | Study of the dynamics of streamers in air at atmospheric pressure[END_REF], Bonaventura et al., 2011, Babaeva and Naidis, 2000, Luque et al., 2008, Kulikovsky, 1998, Vitello et al., 1994, Morrow and Lowke, 1997,Bazelyan and Raizer, 1997,Jeanvoine, 2010] as shown in Fig. 1.2. A streamer propagates from one electrode to another one. If the streamer reaches an opposite electrode, a streamer-to-spark transition takes place and streamer transforms into a conductive plasma column [Naidis, 1999,Janda et al., 2012]. The understanding of this initial stage is important as it will help to define the initial conditions for the following processes in gas as well as on the electrodes surface. 

Electric breakdown

When a low voltage is applied to the electrode system, which is placed in a gas under the atmospheric pressure, gas serves as an insulator and prevents 1. Theoretical background the system from discharging. If one applies a high voltage to an electrode system, streamers that are basically thin plasma channels start propagating between electrodes [START_REF] Bazelyan | Spark discharge[END_REF] as shown in Fig. 1.2. Streamers are able to propagate towards cathode (positive streamer, fig. 1.3 (a)) and towards anode (negative streamer,Fig. 1.3 (b)). In both cases of positive and negative streamers, propagation is caused by electrons drift and diffusion. For a case of gas mixtures, photoionization process can play a significant role. If the voltage is high enough, streamers bridge electrodes and gas can no more be considered as an insulator.

The voltage applied to the electrode system drops down from the initial value of several kV to a much smaller values of an order of 100 V [Jeanvoine, 2010]. The values of breakdown voltage for different gases under different pressures were first experimentally obtained and described by Paschen in the 1880s [Paschen, 1889]. Later, dependencies obtained by Paschen were derived by Townsend in the 1900s [Townsend, 1915]. However, several authors noticed in the 1950s [START_REF] Jones | Failure of paschen's law and spark mechanism at high pressure[END_REF]] that this law is no more valid when the gap between the electrodes is far reduced, but without providing precise information of the actual distance. [Germer andHaworth, 1948,Kisliuk, 1959]. Several authors tried to explain this deviation either theoretically [START_REF] Slade | Electrical breakdown in atmospheric air between closely spaced (0.2 µm-40 µm) electrical contacts. Components and Packaging Technologies[END_REF], or via numerical simulations [START_REF] Zhang | Simulation of ion generation and breakdown in atmospheric air[END_REF], Radmilović-Radjenović et al., 2005, Semnani et al., 2013]. Analytical solutions have also been suggested, but they remain difficult to use [START_REF] Go | A mathematical model of the modified paschen's curve for breakdown in microscale gaps[END_REF]Pohlman, 2010,Radmilović-Radjenović and[START_REF] Radjenović ; Radmilović-Radjenović | An analytical relation describing the dramatic reduction of the breakdown voltage for the microgap devices[END_REF].

There is still no general conception, but it is clear that starting from mm scale real breakdown voltage is lower than predicted by the Paschen's law and deviation increases with gap decrease.

Drift and diffusion of charged particles

The basis of electric breakdown is the electron avalanche, that begins with a small number of so-called "initial electrons", developing into a streamer and further in a plasma column, thus creating a conductive medium. The initial electrons appear in gas randomly due to cosmic rays, UV-light and natural radiation of Earth. The voltage applied to the electrode system accelerates these electrons towards the anode and ions in the opposite direction. The accelerated electrons gain energy in the electric field and when the amount of energy is enough, an impact ionization of gas molecules or atoms takes place. The generation of additional electrons and ions takes place, the process acquires avalanche behavior.

When the electrons reach an anode, they are absorbed, ions that reach a cathode are neutralized. These processes are complemented by the electron emission from cathode that makes the system self-sufficient. Schematics of described processes is presented in Fig. 1.4.

The dynamics of the streamer is governed by the drift-diffusion equations complemented by the Poisson equation [START_REF] Kulikovsky | Two-dimensional simulation of the positive streamer in n2 between parallel-plate electrodes[END_REF], Morrow and Lowke, 1997,Babaeva and Naidis, 1996,Luque et al., 2008,Bourdon et al., 2007] as follows 

∂n e ∂t + (∇ - → j e ) = S + S ph (1.1)
∂n + ∂t = S + S ph (1.2) - → j e = -D e ∇n e -µ e n e - → E (1.3) ∆V = - e ε 0 (n + -n e ) (1.4) - → E = -∇V (1.5)
where n e and n + are the electron and ion densities respectively, -→ j e is the electron density flux, S and S ph are the ionization density rate and photoionization density rate, D e and µ e are the electron diffusion and mobility coefficients respectively, -→ E and V are the electric field and potential respectively, e is the electron charge and ε 0 is the vacuum permittivity.

Because of the difference in masses, the electron velocity is much larger and is increased much faster than the one of ions, so that ions are considered to be at rest during the streamer propagation. For negative and positive streamers, formation and propagation mechanisms are different [Jeanvoine, 2010] As a result, the ionization area expands against electron motion until it reaches the cathode. Thus, in strong electric field, negative streamers are dominant due to the speed of propagation that depends only on electron velocity, whereas for positive streamer an additional time delay occurs due to the formation of an area of strong electric field. For weak electric field positive streamer mechanism is dominant [START_REF] Briels | Positive and negative streamers in ambient air: measuring diameter, velocity and dissipated energy[END_REF], Raizer et al., 1991], due to the impossibility of direct electron avalanche process. In reality both phenomena take place [Bazelyan andRaizer, 1997, Williams, 2006]. Both for the negative and positive streamer, photoionization is able to increase the efficiency of ionization and speed of propagation [START_REF] Liu | Effects of photoionization on propagation and branching of positive and negative streamers in sprites[END_REF], Kulikovsky, 2000, Pancheshnyi et al., 2001].

Gas reactions

The gap between electrodes can be divided into three regions: (i) cathode region; (ii) plasma column; and (iii) anode region. The plasma column is electrically neutral and characterized by a small potential fall. The potential fall of anode region has a small value and controls influx of electrons to the anode, whereas potential fall of the cathode region has high values and induces electron emission [Jeanvoine, 2010].

In the plasma column region, all kinds of atomic transformation should be taken into account: ionization, recombination, electron attachment and detachment, irradiation and radiation absorption, chemical reactions etc. The efficiency of these processes in a general case depends on gas composition, frequency of gas atoms and electron collisions and energy of electrons [START_REF] Bazelyan | Spark discharge[END_REF].

The electron impact ionization is the main phenomenon for avalanche development. This process works in one step if an electron has enough energy for ionization or in several steps when the atom is consequently excited by one or several collisions with electrons and ionized at the end.

A + e -→ A + + 2e -

A + e -→ A * + e - A * + e -→ A + + 2e -
The electron de-excitation and recombination are opposite processes. Both of them release energy and able to cause photons radiation. These processes are more probable to take place with the involvement of a third particle that will take part of released energy.

A * + e -→ A + e -+ γ A + + 2e -→ A + e -+ γ
The electron attachment strongly affects avalanche development in gases containing compounds with large electronegativity e.g. oxygen. The attachment slows down avalanche formation and propagation and is able to dump it if electrons do not have enough energy to exceed the value of energetic barrier of attachment.

A + e -→ A -

The gas chemical reactions are able to absorb or release energy, effecting on streamer development. In general it appears that molecular gases are absorbing energy for dissociation whereas atomic gases are ionized directly. Noble gases are special from this point of view because they are not able to form any molecules and will not absorb additional energy for dissociation.

A + B → AB AB → A + B
The radiation is an additional source of energy losses. Further, it can be reabsorbed by gas that leads to heating or even ionization. Such photoionization has higher probability when in a gas mixture one of the components is able to emit photons energetic enough for ionization of another component.

A + + e → A + γ B + γ → B + + e -
The rate of photoionization due to emission of radiation from a small volume dP 1 is [START_REF] Zheleznyak | Photoionization of mixtures of nitrogen and oxygen by gas discharge radiation[END_REF]:

dS 2 = dP 1 4πρ 2 1,2 q 1 f (ρ 1,2 ) (1.6)
where ρ 1,2 is the distance between the source of radiation and the target, q 1 is the intensity of the emission, and factor f (ρ 1,2 ) takes into account the absorption of ionizing radiation.

q 1 4 • 10 -3 α 1 |W e1 |n e1 (1.7)
where α 1 is the Townsend ionization coefficient and W e1 is the electron drift velocity. In case of oxygen we are able to represent the absorption factor as follows

f (ρ) = exp(-χ min P O 2 ρ) -exp(-χ max P O 2 ρ) ρ ln(χ min /χ max ) (1.8)
where χ min =0.035 cm -1 Torr -1 and χ max =2 cm -1 Torr -1 are absorption coefficients of the ionizing radiation by oxygen and P O 2 is the dioxygen pressure. The photoionization process creates electrons ahead of the streamer, leading to an acceleration of streamer propagation.

Electric circuit behavior

When positive or negative streamer reaches the opposite electrode, the field inside the streamer quickly becomes uniform due to the wave of electric potential propagating along the channel [Naidis, 2008]. The time scales for the streamer propagation and for the electric field redistribution are much smaller than the pulse duration. The cathode electron emission increases dramatically. The increase in the electron density leads to the decay in plasma resistance so that the streamer is transformed into a conductive plasma channel. The value of electric current and behavior of the discharge are defining properties of the following plasma column.

Components of discharge circuit

The discharging circuit is commonly described by an RLC-circuit as it is shown in Fig. 1.5. Discharging of the spark plug capacitance C oscillates, resulting from the inductance L of the circuit. The behavior of the electric charge Q in the corresponding circuit with the total resistance R Σ is described by the Kirchhoff's voltage law for RLC-circuit [START_REF] Hambley | Electrical engineering: principles and applications[END_REF] as follows

L d 2 Q dt 2 + R Σ dQ dt + Q C = 0 (1.9)
An under-damped solution for the electric current I is derived under the

conditions of R 2 Σ 4 L C is I ≈ -4V 0 C L sin t √ LC exp - R Σ 2L t (1.10)
According to this solution, both electrodes play a role of cathode and anode at different time delays that lead to the erosion of both electrodes.

Equivalent plasma parameters

Thus, plasma column can be considered as an element of the discharging circuit and its properties affect discharge behavior, as well as discharging behavior, affects properties of plasma column. The problem is thus self-consistent.

The capacitance of a plasma channel calculated with approximate formula [START_REF] Bazelyan | Spark discharge[END_REF] as C ch = 2π 0 d ln(d/r) gives small values comparing to ca-1. Theoretical background pacitances used in spark plugs. Experiments [START_REF] Vons | Silicon nanoparticles produced by spark discharge[END_REF] reveals that electric current oscillations during discharge is guided by cables inductance. Thus, plasma column inductance and capacitance are negligible comparing to total circuit values. The key property of plasma column is the resistance. This parameter can be calculated with the Spitzer's equation [Spitzer, 2013] that defines plasma resistivity as a function of electron collision frequency as follows

η = 1 σ = m e ν e e 2 n e (1.11)
where σ is the plasma conductivity, m e and e are the electron mass and charge respectively, ν e is the electron collision frequency, and n e is electron number density.

For electron densities much smaller than gas atomic density, electron-electron collisions are neglected and frequency of the electron collision with atoms is calculated as follows

ν e = σ cross n at v (1.12)
where σ cross is the cross section of momentum transfer, v is the average speed of electrons; whereas in case of plasma with high ionization degree general theory of [START_REF] Chapman | The mathematical theory of non-uniform gases[END_REF] provides following result:

η = 6530 ln(Λ) T 3/2 (1.13)
Gas/plasma is heated by electric current, that decreases its resistivity and makes energy absorption less efficient preventing further temperature growth.

Plasma properties

The size of nanoparticles depends on the formation conditions and is strongly affected by temperature and density of material vapor. These conditions depend on properties of gas/plasma that is formed on an earlier stage. The definition of gas/plasma parameters evolution has major priority for further calculation of nanoparticle formation.

In order to simplify the modelling, the plasma column is supposed to be homogeneous in axial direction everywhere except thin cathode layer as it is shown in fig. 1.6. The early stage of plasma properties evolution is characterized by a combination of fast heating and expansion. The plasma column is characterized by a set of macroparameters such as density ρ, temperature T and particle flows. These parameters are provided by a solution of the Navier-Stokes equations [Oran andBoris, 1987,Löhner et al., 1987] 1. Theoretical background as follows

∂ρ ∂t + ∇(ρ u) = 0 (1.14) ∂ρ u ∂t + ∇ u ⊗ (ρ u) + ∇P = µ∆ u (1.15) ∂E ∂t + ∇( uE) = F (E) (1.16)
where u is the flux velocity, µ is the viscosity, P is the gas pressure, E = C P ρkT M is the total internal energy density with constant pressure heat capacitance C P and gas atomic mass M , and F (E) is the term of energy transformations and transport.

The term F (E) is described as follows

F (E) = Q -S ion -S chem -R + δE(µ) + χ∆T (1.17)
where the term Q = j 2 e σ corresponds to Joule heating with the electric current density j and the electric conductivity σ, the term S ion corresponds to ionization/recombination, the term S chem corresponds to chemical reactions including dissociation/attachment reactions, the term R corresponds to radiation, the term δE(µ) is related to viscous dissipation of kinetic energy of the gas/plasma particle flux, and the last term corresponds to energy diffusion with the thermal diffusivity coefficient χ.

Cathode layer properties

The cathode layer is a boundary area between the plasma column and the electrode surface. This layer is small comparing to the electrode gap, characterized by high potential drop [START_REF] Rethfeld | A self-consistent model for the cathode fall region of an electric arc[END_REF], Jeanvoine, 2010, Benilov and Marotta, 1995]. Physical processes that occur in the cathode layer are not similar to processes in plasma column and should be described separately. Cathode layer area can be divided into two zones [Zhou andHeberlein, 1994, Schmitz andRiemann, 2001]: sheath zone and ionization zone as it is shown in Fig. 1.7. The sheath zone is characterized by a high potential drop that determines the behavior of charged particles that pass it. The energy of ions gained in the electric field by passing collisionless zone is much larger than thermal energy.

In other words, due to a strong acceleration of charged particles towards (ions) and backward (electrons) cathode the chaotic component of particle speed plays a minor role and movement can be characterized as collisionless. Voltage drop in this zone is calculated from a system of equation of all fluxes of charged particles [Murphy andGood Jr, 1956, Coulombe andMeunier, 1997] as follows

j T F = ∞ -Wa D(E s , W ) • N (W, T s , φ) dW
(1.18)

j bde = - 1 4 en e exp - eU c kT 8kT πm e (1.19) j + = en + k M 2 T 1 + n e n + (1.20) j T F + j bde + j + = j Σ (1.21)
where j T F , j bde , j + , and j Σ are the particle flux densities: thermo-field emitted electrons, back-diffusion absorbed electrons, ions and the total flux of charged particles respectively; -W a is the effective potential of electrons inside the metal surface (-W a ∼10 eV), D(E s , W ) is the electron tunneling probability across the potential barrier at the surface, and N (W, T s , φ) is the Fermi-Dirac energy distribution function of electrons moving towards the surface and n + is ion density.

The ionization zone is an area of quasi-neutral plasma next to collisionless zone, where efficient ionization of neutral atoms by emitted from the cathode and accelerated electrons takes place [Jeanvoine, 2010]. This zone serves as a source of ions for sputtering process.

Thermal conductivity

To study the plasma properties, we should first define its thermal conductivity coefficient. This coefficient is defined for different gases in a wide range of temperature [START_REF] Kestin | Equilibrium and transport properties of the noble gases and their mixtures at low density[END_REF], Stephan et al., 1987]. For singly charged plasma (ionization degree ∼ 1) it can be calculated in a second approximation by the Chapman-Enskog method [Imshennik, 1962] as follows

χ = 32475 38656 k kT πm e 2kT e 2 2 1 L 1 + 180 √ 2 433 1 Z + 1375 √ 2 144 1 Z 1 √ M + 6875 866 1 Z 2 1 √ M + 1 + 53 151 √ 2 Z + 72 151 √ 2 1 Z + + 265 √ 2 866 1 Z 3 1 √ M + 755 433 1 Z 4 1 √ M + 180 √ 2 433 1 Z 5 1 √ M + 72875 21744 1 √ M + 1375 √ 2 144 1 Z 1 √ M + 1375 302 1 Z 3 1 √ M (1.22)
where L is the coulomb logarithm, Z is the ion charge, M is the ratio of the ion mass to electron mass.

Electrodes processes

The phenomenon of electrodes degradation caused by the spark discharge is often supposed to be unwanted and a number of studies were performed to prevent changes in electrode during sparking [START_REF] Yamaguchi | Spark plug and its electrode configuration[END_REF], Oshima et al., 1994, Cunningham et al., 2014, Rostedt et al., 2013]. In the current study, the electrode erosion occurs to be a source of material for nanoparticle formation.

Thus, electrode degradation status changes from a parasitic to a desired process.

The speed of electrode material ejection, as well as its diffusion in the gas, defines the density of material vapor. As it is visible in Fig. 1.8 erosion proceeds not similar for different electrode materials. Electrode vapor density and temperature are the main parameters, which define if nanoparticles will be formed or not and what will be the size of formed nanoparticles. Electrode material ejection goes by two main processes: thermal evaporation and sputtering. 

Electron emission

The electrode surface separates from each other two different conducting media: metal and plasma. The potential difference for the electron that is crossing 1. Theoretical background this surface is characterized by the work function of the electrode material. Electrode interaction with electrons differs for cathode and anode. Anode passively collects all the electrons coming from the plasma, whereas cathode emits electrons under the influence of temperature, electric field, and ion bombardment.

The value of the electric field becomes larger after a streamer bridged electrodes and cathode layer is formed. The electric field is additionally multiplied close to roughness peaks of cathode surface and that results in localized electron emission. Due the small area of emission electric current density appears to have a large value that leads to heating of the electrode. The high temperature complements electric field transforming field electron emission into the thermo-field electron emission that provides a much larger value of electric current. According to [START_REF] Murphy | Thermionic emission, field emission, and the transition region[END_REF] the thermo-field electron emission current density J T F is described by a general formula as follows

J T F = ∞ -Wa D(E s , W ) • N (W, T s , φ) dW (1.23)
The flux of electrons for a Fermi-Dirac electron gas distribution is written as follows

N (W, T ) = 4πem e kT h 3 ln 1 + exp - W kT (1.24)
The tunneling probability is expressed [START_REF] Boxman | Handbook of vacuum arc science & technology: fundamentals and applications[END_REF] as follows

D(W, E) = 1 + exp[H(W, E)] -1 (1.25) H(W, E) =      8π √ 2m e 3heE |φ -W | 3/2 v for W < W m -2.0934 • 10 3 E -1 4 -3.782 • 10 7 E -3 4 |φ -W | -... for W > W m (1.26) W m = φ - e 3 E 8π 0 (1.27)
where W m is the energy of potential barrier reduced by electric field; φ is the work function; 0 is the vacuum permittivity; v is a factor caused by the image potential.

Evaporation process

The electrode evaporation takes place from a cathode surface and proceeds more efficiently if the surface temperature is hot. This process is described by Hertz-Knudsen law [START_REF] Bond | Mean evaporation and condensation coefficients based on energy dependent condensation probability[END_REF] as follows

j evap = 1 2π P sat T surf RT surf - P vap T vap RT vap (1.28)
where j evap is the mass flow density, P vap and P sat are the vapor and saturation pressures, T surf and T vap are the surface and vapor temperatures, R is the gas constant.

The heating of the cathode surface is leaded by the Joule heating. In order to simplify the calculation the radiation heating of the electrode is neglected here.

The Joule heating process has a strong dependence on electric current density.

That leads to a more efficient heating in the center of the spot, where the electron density is maximal. It is described by the thermal conductivity equation as follows

Cρ ∂T ∂t = j 2 σ + ρ∇(χ∇(kT )) (1.29)
where C is the specific heat of electrode material, ρ is the density of electrode material, j is the electric current density, and χ is the thermal diffusivity coefficient.

Schematics of the evaporation process is presented in Fig. 1.9 (a). Electron emission takes place near to the surface roughness peaks. Thus, the size of this surface roughness peak defines the area of high electron density flux that corresponds to the area of intensive evaporation. 1. Theoretical background 

Sputtering process

The second important process that appears to be a source of electrode material ejection is sputtering. The gas ions are accelerated toward cathode by the electric field and gain enough energy to break atomic bonds. Schematics of the sputtering process is presented in Fig. 1.9 (b). The amount of ejected material is described with sputtering yield Y as follows [Sigmund, 1969] 

j sput = j + Y (1.30) Y = 3α s 4π 2 4M 1 M 2 (M 1 + M 2 ) 2 E + U s (1.31)
where j + is the flux density of bombarding ions, α s is a factor function of M 1 /M 2 , M 1 and M 2 are the masses of the cathode material and incident particles respectively, E + is the bombarding energy, and U s is the surface binding energy.

Nanoparticle formation by means of spark discharge

The flux density of bombarding ions is estimated using a following formula that one can derive from a work of [START_REF] Coulombe | Arc-cold cathode interactions: parametric dependence on local pressure[END_REF]:

j + = en + k M 2 T 1 + n e n + (1.32)
where n + is ion density.

Nanoparticle formation dynamics

Previously, the synthesis of metallic nanoparticles in the gas phase by discharge plasmas was studied by a number of research groups [START_REF] Schwyn | Aerosol generation by spark discharge[END_REF], Tabrizi et al., 2009, Messing et al., 2009, Vons et al., 2011, Byeon et al., 2008].

As shown in fig. 1.10, this process consists of several steps: fast vapor expansion leading to the initial cooling and nucleation, following collisions with the species of the background and particle growth. After nucleation, particles may continue to grow by acquiring more atoms from the vapor or via particle collisions and coalescence, i.e. when nuclei collide with each other and then coalesce to form larger particles [Schmidt-Ott, 1988].

Process parameters having the largest influence on particle growth are the temperature (gradient), gas pressure (gradient), gas flow rate and the purity of the gas and electrodes.

Interaction between gas and electrode vapor

After the ejection of the electrode material from the cathode surface, the vapor has a temperature lower than plasma column. By interacting with plasma, temperature of the vapor increases and heating prevents vapor from nucleation.

This allows one to consider that nanoparticle formation starts when gas temperature decreases to values that permit the nucleation or if the vapor diffuses to a colder gas region.

The diffusion process is characterized by a diffusion coefficient of a binary mixture D 12 [START_REF] Chapman | The mathematical theory of non-uniform gases: an account of the kinetic theory of viscosity[END_REF] as follows

D 12 = 3 8n 0 σ 2 12 Ω 12 kT 2π 1 M 1 + 1 M 2 (1.33)
where πσ 2 12 is an averaged scattering cross-section of spicies atomic/molecular interaction, σ 12 = σ 1 +σ 2 2 ; M 1 and M 2 are the atomic/molecular masses; factor Ω 12 is a collision integral of the Lennard-Jones potential that takes into account intermolecular forces [Mason andMalinauskas, 1983, Reid et al., 1987]. The collision integral is calculated as follows

Ω 12 = AT -B * + Ce -DT * + Ee -F T * + Ge -HT * (1.34)
where T * = kT 12 is the dimensionless temperature with the molecule specific parameter computed for a gas pair as 12 = √ 1 2 ; constants A, B, C, D, E, F , G, H are given in [START_REF] Neufeld | Empirical equations to calculate 16 of the transport collision integrals ω (l, s)* for the lennard-jones (12-6) potential[END_REF], Reid et al., 1987].

Homogeneous and heterogeneous nucleation

Homogeneous and heterogeneous nucleation are two processes that lead to nanoparticle formation. They take place under different conditions and proceed with different efficiency.

Homogeneous nucleation takes place in a supersaturated vapor. This state occurs when vapor pressure P at temperature T is higher than the corresponding equilibrium pressure P eq and is described by the supersaturation coefficient θ as follows [START_REF] Zeldovich | Physics of shock waves and high-temperature hydrodynamic phenomena[END_REF] θ = ln P P eq ≈ T eq -T T eq (1.35)

T eq = 1 T b - 1 q ln P P atm -1 (1.36)
where T eq is the equilibrium temperature, T b is the boiling temperature, q is the average enthalpy of vaporization for one atom and P atm is the atmospheric pressure.

As a result of nucleation, spherical particles are formed. Small particles, or clusters, are unstable and atoms from their surface are able to return to the gas state because the energy that is released by forming its volume is not enough to create its surface. If the size of the formed cluster is equal to or larger than a critical value, then the cluster becomes stable and can survive. The radius of the critical nucleus r c [Friedlander, 1977] and the nucleation rate, J [START_REF] Zeldovich | Physics of shock waves and high-temperature hydrodynamic phenomena[END_REF] are calculated as follows

r c = 2σω kT θ (1.37) J = 2n 2 1 vω σ kT exp - b θ 2 (1.38)
where σ is surface tension, ω is volume of liquid per atom, n 1 is the density of atomic metal vapor, v is the thermal velocity of vapor atoms and b = 16πσ 3 ω 2 3k 3 q 2 T .

Heterogeneous nucleation takes place when vapor interacts with a surface and can form a cluster with a smaller own surface of interaction with surrounding gas. It leads to increasing the efficiency of nucleation. But in case of spark discharge the only surface that could provoke heterogeneous nucleation is the electrode surface, which has a high temperature preventing nucleation on it.

An additional case of nucleation should be considered, when the homogeneously nucleated clusters themselves serve as nucleation sites. A so-called "diffusion-driven" nucleation takes place as a result of the Brownian motion of the metallic particles in the carrier gas. This case is better described by the following rate [START_REF] Park | Model of formation of monodispersed colloids[END_REF]]

J ≈ 4πr c D a n 2 1 exp - 4πr 2 c σ rc r 1 3 kT θ kT (1.39)
where r 1 is the radius of a single atom, D a is the diffusional coefficient.

Nanoparticle growth

The growth of nanoparticles is described by a difference between condensation and evaporation rates [START_REF] Zeldovich | Physics of shock waves and high-temperature hydrodynamic phenomena[END_REF] that takes place on the surface of nanoparticles. Calculation of the coagulation of nanoparticles is based on Smoluchowski equations and described by a frequency of particles collisions [Xiong andPratsinis, 1991, Kazakov andFrenklach, 1998] that depends on properties of particles, as follows

∂n 1 ∂t = -ρ g n 1 ∞ j=1 β 1,j n j (1.40) ∂n i ∂t = ρ g 2 i-1 j=1 β i,j n i n j -ρ g n i ∞ j=1 β i,j n j (1.41) β i,j = 2.2 6kT M n 1 3 4πn 1 1 6 1 m i + 1 m j m 1 3 i + m 1 3 j 2 (1.42)
where m i and n i are the mass and density of particles containing i atoms, β i,j is the frequency of collisions of particles containing i and j atoms, and M is the atomic mass.

The calculation performed by using Smoluchowski equations deals with a large number of particle generations, characterized by different size. It makes impossible to calculate the evolution of size distribution for long times that have the major interest of current study. A number of simplified models are proposed [START_REF] Takahashi | A theoretical study of the equilibrium particle size distribution of aerosols[END_REF],Friedlander and Wang, 1966,Lee and Chen, 1984, Hinds, 1999]. Usually, they are based on an assumption that nanoparticles have a defined size distribution. A promising approach is to define a change of the material vapor density as well as the nanoparticle size for a monodisperse distribution and apply obtained equations for the mean size of polydisperse distribution taking into account change of the geometric standard deviation during nanoparticle growth [Lee, 1983, Lee andChen, 1984]. Nanoparticles are shown to have a log-normal size distribution [Hinds, 1999] and are supposed to remain spherical shape during coagulation. Thus, evolution of behavior of nanoparticle size distribution is possible to describe with following set of equations:

N = N 0 1 + [1 + exp(ln 2 σ 0 )]KN 0 t (1.43) V = V 0 exp 9 2 ln 2 σ 0 1 + [1 + exp(ln 2 σ 0 )]KN 0 t [2 + exp(9ln 2 σ 0 ) -2 / 1 + [1 + exp(ln 2 σ 0 )]KN 0 t] 1/2
(1.44)

ln 2 σ = 1 9 ln 2 + exp(9ln 2 σ 0 ) -2 1 + [1 + exp(ln 2 σ 0 )]KN 0 t (1.45)
where N is the total number concentration, N 0 is the initial value for N , K is the collision coefficient (= 2kT /3µ), V is the number median particle volume, V 0 is the initial value for V , σ is the geometric standard deviation based on particle radius, σ 0 is the initial value for σ. 1. Theoretical background

The influence of the ambient gas

During the coagulation, surface energy is released. This means that the temperature of nanoparticles and material vapor should increase. Such heating could slow down coagulation, but the amount of material vapor is small comparing to the amount of ambient gas. The released energy is redistributed fast between a large number of gas atoms. This provides conditions for temperature stabilization. Nanoparticles, as well as the vapor of electrode material, are remaining gas temperature during coagulation [Hinds, 1999].

Thus, calculation of the gas/plasma conditions has a major priority, because it completely defines the behavior of the vapor expansion as well as the nanoparticle formation process.

Summary

In this chapter, we have presented a theoretical background that is used for modeling of a single spark event. The main physical processes that occur in spark discharge phenomena are discussed. The equations required to describe various spark phenomena properties are given. The theory is separated in several parts according to the specificity of the describing phenomenon: (i) processes that occur during the breakdown phase; (ii) behavior of the spark discharge electric circuit; (iii) processes that take place in the discharge plasma; (iv) processes occuring on the surface of the electrode; (v) nanoparticle formation processes.

Despite the clarity of each separate equation describing one or another property, an analytical solution of a system of several processes combined together is often impossible.

MODELING OF SHORT-GAP SINGLE SPARK EVENTS AT ATMOSPHERIC PRESSURE

The complexity of physical processes occurring during a single spark event makes analytical calculations oversimplified. To obtain much more realistic results, numerical modeling should be used. In this case, equations are solved by using several suitable numerical methods providing converging and sufficiently accurate solutions on a properly constructed mesh with sufficiently small time steps. In this chapter, details of the numerical algorithms and calculation methods are provided.

Combined model

In real spark discharge set-up, a non-zero gas flow rate between electrodes is used to move the eroded material out of the electrode gap. This gives a possibility to make sparks be independent of each other. So, on the average, every spark event can be supposed to produce a similar amount of particles with a similar size distribution. Consequently, the total amount of nanoparticles formed by a spark train is obtained by multiplication of the yield of a single spark by the number of such sparks.

Furthermore, a single model can hardly describe all physical events taking place during single spark leading to nanoparticle formation. Therefore, a combination of several models or units is developed here and is then combined to reach realistic time scales of the final nanoparticle formation process. In this way, a single spark phenomena are described by the following units: (i) streamer model, While the electrode voltage is smaller than the breakdown one, gas can be considered as an insulator between the electrodes. A small amount of electrons is emitted by the cathode, but they do not gain enough energy from the electric field to initiate the avalanche ionization. Then, with an increase in voltage, a streamer is formed and propagates between electrodes. When breakdown voltage is reached, the streamer bridges electrodes at a time scale of ∼5-10 ns. After this time, gas cannot be considered as an insulator anymore, plasma channel is formed in the gap and serves as an electric conductor.

Thus, an electric circuit becomes closed and the spark plug capacitance starts discharging. The electric current passes through the formed plasma channel and heats it. Fast heating leads to the expansion of plasma channel to a plasma column. As Fig. 2.1 shows, this process starts after streamer has finished its propagation and continues up to ∼10 µs.

Spark electrodes are also affected by the created electric current. The surface of the electrodes is heated, melted and evaporated, as well as subjected to ion bombardment. Then, electrode erosion occurs together with the electric dis-

charging, but takes some extra time for the electrode to heat. This process stops a bit earlier, when the electric current drops down and becomes not high enough for erosion. Therefore, erosion is accounted for only within a time scale of ∼0.5-5 µs here.

After the electric current decays, the plasma column starts cooling, recombining and re-compressing. The time scale of this process is considered to be of ∼10 µs -10 ms.

At the same time, the eroded electrode material diffuses to a larger volume.

Initially, it is eroded into a very hot plasma region where no condensation takes place. During the diffusion, the ejected electrode material mixes with a colder gas, and nanoparticle nucleation finally starts. Together with the gas cooling, nucleation occurs closer to the center. Electrode material vapor starts condensing on the formed nuclei leading to nanoparticle growth. Thus, nucleation and condensation are considered here at time scales between ∼0.1 and 1 ms.

When the density of nanoparticles becomes large enough to consider nanoparticle collisions, nanoparticle coagulation begins. Calculations show that coagulation becomes efficient when nucleation process is over. Thus, coagulation is here considered at time scales of ∼1 ms and limited by the time ∼1 s, when coagulation process slows down.

Model combination procedure

The difference in time scales of the spark processes allows us to develop separate models and combine them. Models are combined consequently in time:

the results of the previous units are used as initial parameters for the next models that deal with later stages as it is shown in Fig. 2.2. In particular, we proceed as following:

1. Drift-diffusion equations 1.1-1.5 describing streamer propagation provide information about the breakdown voltage, electron density and the size of the plasma channel. Such consecutive modeling and introduction of the obtained properties as initial conditions allows us to follow the evolution of a single spark discharge step by step. As a result, final nanoparticle properties can be obtained without adjustable parameters, by assuming only experimental conditions for given system geometry.

Material properties

The material properties are of a particular importance in our simulation because same physical processes proceed differently for different materials. Moreover, same processes can also be condition-dependent in the same materials.

For example, transport properties vary strongly in different gases. Additionally, when the gas is transformed into plasma, properties can change dramatically. So, the developed models should tackle these problems.

In literature, furthermore, parameters and coefficients are often defined only for the gas and the plasma states, but not for phase transitions. In such cases, one has either to look for phenomenological models or interpolate. Such interpolation is performed, for instance, by taking a square root of the sum of gas and plasma squared parameters extrapolated to the transition zone. An example of such extrapolation is presented in Fig. 2.3. One can see that the method provides a smooth link between both gas and plasma thermal conductivities keeping the behavior of gas and plasma curves.

Another important point is that gas can be atomic or molecular. The molecular gas absorbs additional energy for the dissociation process and releases it later during cooling. The full set of gas parameters that are used in current modeling is presented in Appendix.

Directly and indirectly, gas parameters affect all the processes taking place during streamer formation and propagation, plasma column behavior, electrode erosion and nanoparticle formation. Furthermore, electrode material properties also influence electrode erosion and nanoparticle formation. Here, only metallic electrodes are considered. The mass of the produced nanoparticle strongly depends on the mass of the ejected material. The efficiency of electrode erosion depends on the energy absorbed by electrodes and on the energy required for electrode material heating, evaporation, and ejection. The more efficient is the energy absorption process and the less energy amount is required for erosion, the more material is ejected and participate in nanoparticle formation. Energy absorption, in turn, depends on metal resistivity. Therefore, it is important to consider that resistivity decreases with heating of the metal and can be very different after the phase transition to the liquid state. The full set of the electrode material parameters that are used in current modeling is also presented in Appendix. 

Numerical algorithms and details

To model physical phenomena occurring during a single spark event, different numerical approaches can be used. Some of them, however, provide better precision than the others. The better precision is expected, the more complicated the corresponding model becomes. Despite the fact that realistic description is important, the aim of the present thesis is not to obtain the most precise values, but rather to account for the essential physics in a most complete way in order to analyze the dependency of the final result on the experimental conditions. In addition, the developed model should also be suitable to perform calculations within an affordable time.

For simplicity and to speed up the calculations, the spark system is considered to be axially symmetric. The initially symmetric system conserves its symmetry because of the absence of non-symmetrical processes.

Streamer model

Two infinite parallel-plate electrodes are considered. Electrode gap is filled with an ambient gas at a normal temperature. The voltage of the electrodes is first varied to find the breakdown voltage. Then, calculations are performed for the breakdown voltage. At voltages close to the breakdown one the positive streamer is known to be formed more efficiently than the negative one as it was discussed in the Chapter "Theoretical background". Thus, only positive one is considered here.

In order to initiate the positive streamer formation, a small quasi-neutral plasma spot is considered close to the anode. This spot is formed due to the passage of the initial electrons in the direction against the electric field. There is always a small amount of electrons in the gas due to cosmic rays, UV-light and natural radiation of Earth. Additionally, some electrons are injected into the gas by electron emission from cathode before the breakdown.

The origin of the cylindrical system is set at the cathode surface in front of the center of the initial plasma spot. The dynamics of the streamer formation and propagation is described by the drift-diffusion equations 1.1-1.5 [START_REF] Kulikovsky | Two-dimensional simulation of the positive streamer in n2 between parallel-plate electrodes[END_REF], Morrow and Lowke, 1997, Babaeva and Naidis, 1996, Luque et al., 2008, Bourdon et al., 2007, Vitello et al., 1994[START_REF] Célestin | Study of the dynamics of streamers in air at atmospheric pressure[END_REF]. This model is valid at short time scale when ions can be considered to be immobile and only electrons move. Additionally, electron and ion densities, as well as the electric field, have to be continuous functions. These conditions are respected at the time scale of streamer propagation of ∼5-10 ns.

To analyze the ionization processes and to calculate electron fluxes, the finite volume method is used. We construct a mesh and calculate all the processes in each cell of the mesh as well as fluxes of electrons through the cells boundaries. Because of the axial symmetry of the system, cells are represented as rings.

Calculations are performed by considering that within each cell during each time step all the properties are constant. Gas/plasma properties at a particular time step are calculated by using results from the previous time step.

The main physical property that defines the behavior of ionization and recombination processes, as well as electron fluxes, is the electric potential. The potential is calculated using both the external electric field and the electric field of the streamer that is formed by ionic volume charge, when electrons shift to the anode. The streamer electric field becomes significant comparing to external one with a growth of ion density. The potential is calculated by iterations using the symmetrical successive over-relaxation method (SSOR) [START_REF] Hockney | Computer simulation using particles[END_REF].

During the streamer propagation, the model has to deal with a high gradient of electron density on the front of propagation (∇n e ∼ 10 16 cm -4 ). In order not to destroy continuity assumption, the Scharfetter-Gummel (SG) algorithm for particle fluxes is used [Scharfetter and Gummel, 1969, Frensley, ]. Therefore, the main calculation difficulty is the necessity to use a very small mesh size and time step. According to Scharfetter-Gummel scheme criteria for mesh size separately for radial and axial directions can be obtained as follows [Kulikovsky, 1995a] |αβ| 1 (2.1)

α = µ e h k E k D e (2.2) β = ∆E k E k (2.3) where index k is coordinate discretization (x k , x k+1 ); h k = x k+1 -x k ; E k is the pro- jection of the electric field; ∆E k = E k+1 -E k ; µ e
and D e are the electron drift and diffusion coefficients. The physical meaning of a small α is that cell size should be small enough for the diffusion process, whereas small β means that electric field changes are small comparing to the absolute value between the neighboring cells.

We perform a discretization in a cylindrical coordinate system and apply these criteria for both directions. The time step is estimated using a transformed The calculations show that the axial direction is much more sensible to mesh size than the radial one. The axial mesh size should be chosen to be ∼0.5 µm, whereas the radial mesh size is ∼5 µm. The time step is variable during different phases of propagation and changes in ranges 10 -16 -10 -12 s.

The collisional processes in plasma at atmospheric pressure can be described by average rate coefficients summarized in Appendix. In the case of a mixture of gases, where photoionization processes can occur, the corresponding calculations should be performed according to equations 1.6-1.8. Such treatment of photoionization significantly slows down the calculations, because it requires the calculation of the effect of radiation emitted from each cell on every other cell. If we have N cells we should perform C • N operations to define all the properties in these cells, whereas the photoionization requires N 2 additional operations. So, it is hard to perform such calculations for a mesh with good discretization or for a large area.

A simplified schematics of the streamer model algorithm is demonstrated in Fig. 2.4. Most of the calculations can be organized as parallel calculations, but not the photoionization that is basically the most time-consuming one in the algorithm.

Discharging and hydrodynamic models

In order to perform modeling of the plasma column first, the energy source should be defined. Plasma absorbs energy from the electric current. The calculated electric current is found to be well approximated by the equation 1.10.

However, the equation contains the plasma resistance that should be obtained from the hydrodynamic model. Thus, the problem becomes self-consistent. To Now, when the energy source is defined, a hydrodynamic model of plasma column can be developed. The finite volume method is used here, as it is done for the streamer model. For simplicity, plasma column is considered to be homogeneous in the axial direction, so that discretization is required only in the radial direction. Thus, the cells of the mesh are represented by a system of cylinders inserted in each other.

The initial size of the plasma channel is taken from the streamer model. The plasma column heating and expansion is described by the Navier-Stokes equations 1.14-1.16 [Oran andBoris, 1987, Löhner et al., 1987]. The hydrodynamic approach is valid if gas is in the local thermodynamic equilibrium, or in LTE. Here, the thermodynamic equilibrium means Maxwellian velocity distribution, which is established upon several collisions per atom. At the considered gas pressure, the velocity distribution is Maxwellian immediately, and the heating process is slow enough. Additionally, continuity of the gas density is required.

The developed model has, furthermore, to deal with high density and pressure gradients at the border of the plasma column. In order to keep the continuity assumption, the Scharfetter-Gummel algorithm is used for particle fluxes as it was done in the streamer model.

In addition, photoradiation and re-absorption can occur in the plasma column. Calculation of these processes significantly slows down the general calculation making difficult to perform a small mesh discretization. Fortunately, the number of cells in the plasma column model is much smaller than for the streamer model due to discretization only in the radial direction. The mesh size is chosen to be 10 µm.

The time step has to be taken small enough for the properties to be supposed constant. So, the time step is calculated from the following relations

∆n m n m 1 (2.5) ∆E m E m 1 (2.6)
Here, gas/plasma properties change rather slowly with time, compared with the properties of the streamer. The initial temperature of gas is 300 K, whereas the expected temperature of the plasma is on the order of 10000 K. This means that temperature of the gas grows by 1-2 orders of magnitude and drops back after that. As a result, very small time step that is required in explicit numerical methods makes difficult to perform calculation till large time scales. To solve this problem, an implicit scheme is used for the calculation of gas/plasma energy. Thus, calculations of gas/plasma properties are performed by iterations at each time step. The iterations are performed by Newton-Raphson method. To maintain stability, the time step changes in the range of ∼10 -10 -10 -8 s during the calculations.

A simplified schematics of the hydrodynamic model algorithm is demonstrated in Fig. 2.5. It should be noted that actual algorithm is not parallel because of photoradiation and re-absorption, which take most of the calculation time and exclude the possibility of parallelization.

Calculations performed according to this schematics show, that plasma channel pressure rises rapidly to several atmospheres and drops back during a time value. This observation allows us to consider pressure to be constant and equal to the atmospheric pressure after a well-defined time delay [Naidis, 2005, Aleksandrov et al., 2001, Popov, 2003]. Such a simplification leads to a significant acceleration of calculations and a better stability of the numerical solution. This allows us to perform calculations up to rather large time scales and reach milliseconds, when gas cools back to 300 K temperature.

Heating and erosion of spark electrodes

The electrodes are eroded by evaporation due to Joule heating and by sputtering due to ion bombardment. Because of the difference in these processes, it is not straightforward to account for them together in one model. Again, separate modeling is first performed and then the models are combined.

Joule heating depends on the electrodes shape and roughness of its surface.

We consider parallel-plate electrode configuration that suppose that electrode ends with a flat surface. However, we cannot consider a perfectly flat surface.

Even a well-polished electrode becomes rough after several sparks. Based on the available experimental results, the surface roughness of micrometer size is set in the current simulations. Surface roughness affects the electric field and provokes cathode electron emission from a localized area. Electrode heating is described by using thermal diffusion equation 1.29. The electric current is taken from the discharging model.

Furthermore, our model accounts for the fact that the properties of the electrode material can change during the heating process and phase transitions. Both resistivity and thermal conductivity coefficients of the liquid metal can be up to an order of magnitude different from the solid state. The evaporation process is described by the Hertz-Knudsen equation 1.28. The rate of vapor diffusion into the surrounding gas is small enough to neglect diffusion at time scales of discharging and evaporation. This part of calculations is performed using COM-SOL Multiphysics, where mesh discretization is chosen to be variable in ranges ∼0.01-0.1 µm.

To model sputtering process, the cathode layer potential drop should be defined. An implicit solution of the charged particle fluxes 1.18-1.21 is performed.

The ion density is taken from the plasma column model. avtsev et al., 2005] that is much smaller than is delivered by an ion. Thus, the energy income is ∼49 eV per ion. This energy is dissipated in the electrode surface and contributes to the heating process. At the same time, the heated surface binding energy is smaller than the one at normal temperature. This fact increases the sputtering yield of melted area by ∼5% for copper. The main factor that understates the contribution of the sputtering is the fact that energy is distributed over a larger surface spot, whereas Joule heating is more efficient within a small hot spot. A simplified schematics of the electrode erosion model algorithm is demonstrated in Fig. 2.6. Calculations are performed separately and combined.

The eroded material forms a vapor cloud that diffuses into gas. To model these processes, we have used the previously presented hydrodynamic model.

The diffusion coefficient of the metal vapor in the ambient gas is calculated according to the equation 1.33. The role of the initial distribution of the eroded material is negligible because time scale of vapor diffusion is 1-2 orders larger than the time of erosion. This allows one to suppose that all the eroded electrode material is initially located in several central cells of the hydrodynamic model.

To calculate the vapor flux here, the Scharfetter-Gummel scheme is used again.

Calculations show that the eroded material efficiently diffuses in the hot area of plasma column, however, the diffusion into cold ambient gas is very slow, thus preventing material expansion. As a result, at this stage, material vapor can be found principally in the area of plasma column.

Model of nanoparticle formation

To model nanoparticle formation, one needs conditions, such as gas and metal densities and temperatures. These conditions are obtained from the abovedescribed unit.

First of all, a simple comparison of gas and electrode material vapor densities shows that the metallic vapor density is always at least 1-2 orders of magnitude smaller than the buffer gas density. To simplify modeling here we assume that the presence of vapor does not affect gas energy or pressure. This provides a possibility not have to modify the hydrodynamic model in order to consider metal vapor as well as nanoparticle formation. Thus, nanoparticle formation model can be used in parallel with the hydrodynamic model. For a more precise calculation one has to consider the effect of metal impurities on transport coefficients of the gas [Cressault, 2001].

Another important fact is that we consider nanoparticle formation locally and the process deals only with material density and does not depend on cell size.

This means that we are able to use the same mesh as used for the plasma column.

The situation is not so obvious with time steps because nanoparticle formation leads to a vapor density change that slows down the process. A control over the For the nucleation process to be initiated, the electrode material vapor should get into conditions when the density of vapor is larger than saturated one at the defined temperature. This occurs in two ways, when the electrode material vapor diffuses to the cold gas area and when the gas cools down after the discharge decays. As it was mentioned, gas diffusion to a cold area is a slow process. The amount of vapor diffused to the cold surrounding area is small comparing to the total amount before the discharge decay. Nucleation of a larger part starts with cooling of gas to a temperature around boiling point for the electrode material.

Nucleation is calculated according to equations 1.37-1.38. Together with nucleation we check the coagulation process according to Smoluchowski equations 1.40-1.42.

Preliminary calculations show that coagulation is not efficient under conditions when nucleation starts. Coagulation rate increases after the vapor is nucleated and the temperature cools down. This fact leads to a considerable simplification of the nanoparticle formation. Nucleation and coagulation growth occur at different time scales and can be separated. In this case, the coagulation can be calculated by using self-preserved size distribution according to equations 1.43-1.45 that is a result of analytical solution of Smoluchowski equations for a monodisperse size distribution adapted for a polydisperse one. The initial nanoparticle size distribution is taken from the nucleation part. A simplified schematics of the nanoparticle formation model algorithm is presented in Fig. 2.7.

Summary

In this chapter, we have presented numerical approaches that are used for the modeling of a single spark event. The entire model of discharge event is divided for separate models according to time scales and localization of physical Each model has been analyzed and the procedure of calculation has been explained. Models are further combined, the results of the models that occur earlier in time are used as initial parameters for the models that work later.

RESULTS OBTAINED IN THE MODELING OF SINGLE SPARK EVENT

In this chapter, the calculation results obtained in the modeling of the single spark event are presented. In section 1, the involved physical phenomena and their time evolutions are presented. Section 2 analyzes the influences of experimental parameters on the considered physical processes and resulting effects.

Finally, possibilities to choose optimum experimental conditions are examined.

Geometric parameters and materials of the electrode configuration are chosen to simplify the reproduction of the most typical experimental conditions used by BUONAPART-e partners. Thus, modeling is mainly performed for copper in argon and in nitrogen for parallel-flat electrodes. Electrode gap is chosen to be in the range of 0.5-5 mm. The experimental parameters are also varied to show their effect on the main mechanisms involved and on the calculation results.

Major physical mechanism and corresponding calculation results

In this section, the results obtained in the modeling of the main involved processes are presented and analyzed. Particular attention is focused at the time and space evolutions of the main physical properties of spark discharge, such as electron density, electric current, plasma resistance, plasma temperature, density, and pressure.

Streamer propagation, breakdown voltage

Typically, a principal of uncontrollable discharging is realized in spark discharge. This means that the capacitance is charging until the breakdown voltage is reached, then a breakdown takes place following by the capacitance discharge.

As a result, charging restarts until the process repeats. A trigger-controlled spark plug is much less common, when the capacitance is charged up to a voltage that is higher than the breakdown one, but a breakdown does not occur until a trigger closes the circuit. Both types of installations were used by BUONAPART-e partners. Here, we are mostly interested in studying the first one because it was used more often and is more fundamental. So, a positive streamer is considered here to be the main mechanism triggering a single spark event.

The details of the model developed for the positive streamer are presented the Chapter "Modeling". A solution to the drift-diffusion equations complemented by the Poisson equation (1.1-1.5) provides us information about the electron density and electric field time evolution. If the voltage is around 0 V for any time delay, a streamer is not formed and the initial, or, "seed" electrons are only affected by recombination. This behavior remains if the voltage increases up to a specific value. At larger time scale (∼ 100 ns), a slow ionization takes place in all the gas media between electrodes, but streamer is still not formed. When the voltage is further increased (plus ∼ 50 V), a streamer starts to form, followed by its propagation and electrode bridging at much shorter time scales (∼ 10 ns). Further voltage increasing leads only to a small growth in the electron density and a shortening in the propagation time. Thus, the breakdown voltage is defined in the calculations for different gaps. The breakdown voltage is a multiplier in the equation of electric current behavior 1.10 and is important for the spark discharge characterization.

The calculated breakdown voltages are presented in Fig. 3.1. Not surprisingly, we obtain smaller values than these predicted by the Paschen's law.

The Paschen's law considers ideal conditions and does not take into account changes of the electric field by volume charge. Thus, this law provides partic-ularly higher values of the breakdown voltage for small electrode gaps. As it was discussed in the "Theoretical background" Chapter, "Electric breakdown" Section, the Paschen's law overestimates experimentally obtained results. Apparently, numerical modeling provides a better solution to this problem. An interesting point to mention is that for a positive streamer the breakdown voltage is not a function of the electrode material. Electron emission or any other electrode process does not participate in the positive streamer formation and propagation. Thus, streamer formation depends only on the geometry of the electrodes system and properties of the gas.

To check the validity of the performed modeling, a comparison with previous calculation results [START_REF] Kulikovsky | Two-dimensional simulation of the positive streamer in n2 between parallel-plate electrodes[END_REF] is performed. Here, calculation conditions and model equations are set to be similar to the ones used by Kulikovsky.

The gas is chosen to be air, but chemical reactions are taken into account in a sim-plified way, voltage is 25 kV and the electrode gap is 5 mm. Left column shows our modeling results; right column shows previous modeling results [START_REF] Kulikovsky | Two-dimensional simulation of the positive streamer in n2 between parallel-plate electrodes[END_REF] To better understand streamer propagation, time and space evolution of the electron density is calculated. The initial resistance of the plasma channel calculated by the streamer model is high comparing to the electric circuit resistance. Already after a delay of ∼10- 

Plasma column properties

Thus, if the discharge voltage is sufficiently high, streamer propagation results in an electric current that heats the gas in the gap leading to so-called "plasma column" formation. As was shown in the "Modelling" chapter, to calculate thermodynamic properties of gas/plasma between electrodes, the Navier-Stokes equations 1.14-1.16 should be numerically solved.

Here, we first present calculation results for argon in Fig. 3.6. One can see that plasma properties oscillate. Furthermore, plasma temperature rises up to ∼10000 K and its density drops down to ∼0.1 of the initial value. Interestingly, calculations show that plasma pressure initially rises to several atmospheres due to the fast Joule heating. However, after a time delay of ∼0.5 µs, which corresponds to the plasma expansion, plasma pressure drops back to the atmospheric pressure. This effect can be called pressure stabilization. Once the pressure is stabilized, it does not change significantly anymore, but rather oscillates around the ambient pressure, or around the atmospheric pressure here. The described effect of pressure stabilization provides a possibility of a much faster and easier numerical solution to the Navier-Stokes equations for the same set of the initial parameters by using the constant pressure assumption. This assumption is valid only after a certain time delay, of ∼0.5 µs here. The results of the corresponding calculations are presented in Fig. 3.7. One can see that the resulting temperature time evolution is more stable and the oscillations agree with the electric current. The stability of the numerical algorithm is higher and the calculation speed allows us to obtain results for much longer delays than before.

This also gives a possibility to perform similar calculations for nitrogen, which is more often used in experiments, but requires even more calculation performance.

A deeper analysis of the obtained results shows that plasma temperature remains high (8000-12000 K) during all the discharging process. The gas/plasma cools down to a temperature lower than the boiling one for the electrode material after a time delay of 0.1-0.5 ms. Additionally to cooling, the gas density increases. Together with a low temperature this effect provides favorable conditions for nanoparticle formation, as will be shown at the end of this Chapter. the temperature continues to reduce. The cooling process slows with time because of reduction of radiation intensity with temperature. This appears to be the dominant process of energy loss for plasma. When the temperature reaches ∼4000-5000, radiation energy loss becomes inefficient, so that plasma cooling is governed by thermal diffusion.

Additionally, Fig. 3.7 shows a quite similar cooling behavior for argon and nitrogen. The temperature of nitrogen is initially higher, up to ∼12000-13000 K.

The fact that nitrogen is heated to a higher temperature is observed experimentally for arc [START_REF] Stein | Effect of carrier gas composition on transferred arc metal nanoparticle synthesis[END_REF] and is similar for spark. In fact, the ionization energy is larger for argon (15.76 eV) than that for nitrogen (14.53 eV). One could assume that to reach the plasma state when electron density is large, argon should be heated to a higher temperature. But the gas/plasma resistivity is a function of not only electron density, but also of the atom-electron interaction cross section.

For nitrogen, the cross section is at least an order of magnitude larger than for argon (see Appendix). This factor dominates over electron density in the calculations of plasma resistivity and leads to higher temperatures for nitrogen.

During the heating process, nitrogen dissociates to atomic state. The dissociation degree is ∼1 for 12000 K. First, an additional energy is gained from the electric current. During cooling, however, nitrogen returns to the molecular state and energy is released. This combined heating process appears to be an additional energy source after the electric current is dumped and explains a shorter cooling delay with respect to the one for argon.

In what follows, a comparison of the obtained modeling results with the spectroscopic experimental results obtained by BUONAPART-e partners from University of Szeged (USZ) is presented. Fig. 3.8 demonstrates both the calculated temperature and the spectroscopic results. First, a difference is observed at a time delay shorter than ∼5 µs, whereas a quite good agreement is obtained for longer times. The difference can be explained by the fact that an initial time of ∼5 µs is required for LTE establishment. Thus, the temperature measured by spectroscopic analysis represents the hot ions temperature, which emits more efficient and overlap other species radiation spectra. Nevertheless, for times >5 µs experimental and modeling temperature agree quite well. An agreement between the experimental and the modeling results for larger time delays is more important than the initial difference because conditions for nanoparticle formation are reached for a larger time delay (0.1-0.5 ms). In fact, for the further analysis of nanoparticle formation, it is preferable to know the temperature at longer time delays.

The axial temperature of the gas/plasma column is an important characteristic because it defines conditions for nanoparticle formation in a spatial area with the maximum electrode vapor density. To use the obtained temperatures, we should also know the size of the axial homogeneous area and its variation with the experimental parameters. The first possibility is that the size of the thermal homogeneous area depends on the electric discharge parameters, such as inductance, or total energy. If the inductance is varied, both time and electric current change. These two effects compensate each other, and, thus, the thickness of the plasma channel does not depend on the inductance. The calculations performed for different inductances show no considerable difference in the size of the homogeneous area.

Then, the total energy is calculated as follows

E = CV 2 br 2 (3.1)
Evidently, an increase in the total energy leads to an increase in plasma column size. However, as one can see in Fig. 3.9, a comparison of temperature radial profile for different initial energies does not show a large difference either. The radial temperature profile shows a lot of similarities for different energies as well as for different gases. Consequently, the axial plasma properties are valid for a cylindrical volume with ∼0.5 mm radius for both gases.

Thus, the performed analysis shows that the size of the axial area practically does not depend on inductance. In addition, discharge energy and gas affect it only slightly.

Plasma column expansion

The above-considered gas heating leads to an increase in pressure and as a result to gas expansion. As it is shown in Fig. 3.6 (c), pressure returns to values around atmospheric after a time delay of ∼0.5 µs. Because density depends on temperature, temperature evolution governs expansion. To better understand the behavior of the density, time evolutions of its axial value are presented in Fig. 3.11

for argon and for nitrogen.

Fig. 3.11 shows that the time evolutions of argon and nitrogen axial densities are quite similar. It is not surprising if one remembers that temperature evolution also behave quite similarly (see Fig. 3.7). Initial density is smaller for nitrogen because it is heated for higher temperature. It remains smaller than the one of argon for around 0.5 ms, because additional energy is desorbed from nitrogen molecule combination. However, already after 1 ms, only a small difference is observed.

The properties are not so similar if one considers radial profiles of gas density. In Fig. 3.12 we present the time evolution of radial density profiles both for argon and for nitrogen. Initially, the rarefaction regions are similar (∼10% larger for nitrogen). At a time delay of ∼0.1-1 ms, however, the rarefied area in nitro- gen is ∼50% larger than the one in argon. There are two factors for a stronger expansion: higher temperature and dissociation of nitrogen. Molecules dissociation leads to an increase in the total amount of gas, accelerating gas expansion.

For a larger delay, the effect is opposite when the rarefied area for nitrogen appears to be smaller than for argon. This result can be explained by a combination of atomic nitrogen back to molecular state and a re-compression by the external pressure.

Electrode material ejection

As a result of the discharging process and plasma column formation, several processes affect the electrode surface. First, fast ions are created that can bombard and sputter electrode material. Second, strong electric current result in Joule heating of the electrodes too. Finally, plasma-emitted radiation can heat electrodes. When electrodes are heated to a sufficiently high temperature, their evaporation can overcome sputtering. Models describing these processes are developed as discussed in the "Modelling" Chapter, "Heating and erosion of spark electrodes" Section.

To understand the importance of different mechanisms of material ejection from the electrode surface and obtain a total amount of the eroded material, a set of corresponding calculations of evaporation and sputtering is performed. The calculation results of the electrode material ejection obtained for three cases: (i) thermal evaporation; (ii) sputtering; (iii) both evaporation and sputtering. Here, surface roughness peaks are supposed to have a micrometer size. The resulting amount of eroded material for the first half-phase of spark oscillation is ∼ 8.7 • 10 -14 kg, ∼ 0.3 • 10 -14 kg and ∼ 9.1 • 10 -14 kg corresponding to (i)-(iii) cases (for the case of 1 mm electrode gap in nitrogen). The sputtering area is larger or equal to the thermally evaporated one because heating takes place only in the regions where the electric current density is high enough. The sputtered area, however, depends on the cross section of the plasma column, that is able to be larger than the zone with high electron density flux. This result clearly shows that sputtering changes the shape of the crater, that makes it more visible than the result of evaporation, but in the same time sputtering provides only a small fraction of the ejected material. This fraction is different for low-energy discharges with well-polished electrodes when electrode surface is not heated enough for effective evaporation.

Thus, if one considers only the amount of the eroded material, then Joule heating and evaporation is the dominant process for the considered set of parameters, materials, and geometry. Therefore, sputtering can be neglected. For simplicity, only a half-period of electric current oscillation is considered. The resulting crater shape is presented in Fig. 3.13. One can see that the crater has almost a hemispherical shape with a radius of ∼1.5-2 µm. This value is typical for the spark-induced craters. Here, calculations are performed for copper electrode in nitrogen.

Nanoparticle size distribution

As a result of a sufficiently high ejection of electrode material, nanoparticles can be formed in a gas phase, as described in the "Modelling" Chapter, "Model of As a result of the calculations considering both the changes in nucleation conditions and the condensational growth (atomic attachment), we obtain nanoparticle size distributions. Not surprisingly, typical size distribution has a log-normal shape with a value of geometric standard deviation close to self-preserved distribution (1.3-1.35). In fact, such kinetic equations are known to have log-normal self-preserving solutions. This result is in agreement with the available experimental findings [START_REF] Tabrizi | Generation of nanoparticles by spark discharge[END_REF]. It should be noted that the simplified model used here does not take into account nanoparticle diffusion, and the particles stay in the gas volume where they are formed. This simplification leads to an unlimited coagulation. For an infinite time, all the nanoparticles coagulate into a single particle, which contains all the eroded material. To avoid this effect, an adequate time of coagulation process is chosen and the calculations are stopped at this time.

Role of the experimental parameters

To remind, the main objective of the current work is a better understanding of nanoparticle production and an optimization of the synthesis technique based on spark discharge. In this Chapter we investigate not only the role of different experimental parameters in the final amount of the ejected electrode material and nanoparticle growth conditions, but also in the formation of the final nanoparticle size distribution. This should help not only in the improvement of the experimental conditions, but also can provide an optimization of the considered production method. For this, the effects of the following parameters are investigated: (i) ambient gas, (ii) electrode material, (iii) electrode geometry, (iv) electric circuit parameters, (v) total energy. The major optimization ways are then proposed.

Roles of electrode shape and surface quality

As it was discussed, cathode surface roughness peaks may serve as electric field amplifiers. Thus, the quality of the electrode surface is able to play a role. The increased field enhances the electron emission intensity. The electric current is concentrated in the vicinity of the roughness peak. Because of erosion/evaporation the surface roughness peak can be destroyed. By this time, however, the area of the electrode is already hot and the electron emission continues in the same area by the thermo-field mechanism leading to so-called "hot spot" formation. The electrodes switch polarity and the former hot spot cools down due to high thermal conductivity. After the electrodes switch polarity again, there is a high probability of forming another hot spot on a roughness peak not far from the former hot spot, because of plasma column localization.

This effect explains why a single spark is able to create several craters.

Because of the differences in physical mechanisms of the Joule heating and sputtering, these processes affect electrode surface differently. The Joule heating causes deep and localized heating, melting and ejection of material, whereas the sputtering removes a thin layer of the cathode surface in a wider zone. This fact explains why it is possible to observe several deep craters inside an undulatederoded area as represented in Fig. 3.17.

If the electrode has a tip shape (needle electrode), then electric field will be increased close to the tip. In this case, electric current density will be larger comparing to parallel-plate geometry and Joule heating will be more efficient. However, sputtering will not change significantly, because the structure of the cathode layer does not depend a lot on electric current density. Needle shape is, however, not optimal for the production of a large amount of nanoparticles because a needle electrode contains a smaller amount of material and needs to be changed frequently.

The same electric field amplification occurs when a conical electrode is used.

However, already after several sparks, the sharp part of the electrode will be eroded. For rod electrode, the cylindrical corner will also increase electric field and be eroded fast. As it is demonstrated in Fig. 3.18 after several sparks almost similar hemispherical electrode shape will be obtained in both cases.

As a result, we conclude that electrode shape plays a role only for several first sparks. After that, electrode loses sharp corners. It means that there is no need for the fabrication of electrodes with complicated shapes. 

Role of inductance

The inductance of the electric circuit is a particularly important parameter that does not depend on or affects the total energy. However, this parameter affects energy absorption. Fig. 3.19 shows the role of the inductance in the energy absorption. One can see that the rise in inductance increases energy absorption.

According to formula 1.10, if inductance is larger, the amplitude of oscillations in the electric current are smaller. However, the time of discharging increases in this case. The decrease of electric current leads to a decay in plasma temperature leading to an increase in plasma resistance. It appears that plasma absorbs energy more efficiently and for a longer time. Furthermore, it is interesting to check how inductance affects energy absorption by the electrodes. Fig. 3.20 reveals that, contrary to the absorption by plasma column, here absorption decreases with an increase in inductance. This result means that one should use less inductive cables in order to increase the energy absorption by the cathode.

The decrease in electrode energy absorption is explained by the fact that the electric current density becomes smaller and the heating process prolongs. This leads to a larger energy dissipation into the electrode media leading to a delay at the beginning of the electrode melting. Electrode absorbs maximum energy when its surface is melted and heated due to growth in electric resistivity. The delay leads to a decay in the total energy absorption.

Fig. 3.20 also shows that the fraction of absorbed energy is larger in argon than in nitrogen. In order to understand this, we also check the dependency of energy absorption on the total energy of discharge. 

Role of the total spark energy

For the nanoparticle production optimization, it is crucial to compare the amount of energy absorbed by plasma with to the total initial energy of the spark.

The energy ∆U pl absorbed by the plasma during the discharging process is calculated as follows

∆U pl = τ 0 I 2 R pl dt (3.2)
Equation 3.1 demonstrates that the following parameters affect the total spark energy: (i) the spark plug capacitance and (ii) the breakdown voltage. The breakdown voltage depends only on electrode gap and gas. Therefore, here a set of calculations is performed for different capacitances and electrode gaps but similar energies. As a result, a similar amount of energy is absorbed. This re-sult becomes less surprising if one considers that there is a multiplier V 0 √ C in the equation for electric current 1.10. Thus, the influence of these parameters is compensated. The difference is only in the frequency of electric current oscillations and in the size of the gap. For different sets of parameters of a spark plug, the amount of absorbed energy varies between 4-20% of total energy. The dependency of the energy absorption on the electrode gap that defines the total spark energy is presented in Fig. 3.21 It should be noted that the relative energy losses decrease with the increase in the electrode gap distance. We explain this by the fact that an increase in the total energy leads to a rise in plasma temperature. This effect leads to the decay in plasma resistivity defining energy absorption. Fig. 3.21 demonstrates that energy absorption by argon is smaller than the one by nitrogen. For argon, the fraction of absorbed energy is around 4% and does not change a lot for different gaps. For nitrogen, this fraction drops from a larger value ∼15% for a gap of 0.5 mm to ∼7% for 1.5 mm and also stabilizes. This fact is explained by nitrogen molecule dissociation that absorbs a quite significant part of energy if the total energy is low but remains almost constant and becomes negligible if the total amount of energy is larger.

The amount of energy absorbed by the cathode is estimated in the same way as it was done for plasma.

∆U cat = τ 0 I 2 R cat dt (3.3)
Fig. 3.22 clearly demonstrates that the fraction of energy absorbed by cathode has a maximum for a defined electrode gap. It appeared that optimal electrode gap for argon is ∼1-1.5 mm, whereas for nitrogen is ∼4-4.5 mm. Now we see that the results shown in Fig. 3.20 are plotted for optimal electrode gap for argon and that is the reason why electrodes in argon absorb more energy than in nitrogen. In fact, if one compares the optimal values of absorption, absorption is almost 3 times larger in nitrogen.

Thus, by using both optimal energy and less inductive cables, the fraction of absorbed energy can be increased up to ∼5 times for nitrogen, whereas it is quite constant in argon and can be only slightly improved. Note, that the obtained dependencies are similar for any other gas, taking into account particular physical properties. Noble gases have smaller electron scattering cross sections than other gases, that leads to decrease in energy absorption [START_REF] Allis | Theorie der streuung langsamer elektronen an atomen[END_REF]. Molecular gases, such as nitrogen, absorb additional energy for molecule dissociation. The obtained results can be attributed to the similarity in NP formation conditions. The difference in electrode gap leads to an increase in the breakdown voltage and thus to an increase in the total energy of the spark. Consequently, the energy input to electrodes increases. As it is shown in Fig. 3.22, an even larger fraction of total energy is absorbed in this case. This effect leads to an increase in the electrode vapor density. At the same time, as it is shown in Fig. 3.10 and critical nuclei (see equation 1.37), but affects the intensity of nucleation according to the following equation 1.38.

Fig. 3.23 also demonstrates that the amount of nanoparticles is larger in nitrogen than in argon. However, the mean size is also larger in nitrogen. These results provide ways of control over nanoparticles sizes and amount. A choice, however, of the most important factor should be done first based on the concerted application.

The presented results furthermore show that the eroded material is transformed in nanoparticles after the nucleation phase. These nanoparticles are of a well-defined size and size distribution: means size ∼0.5-1 nm and geometric standard deviation ∼1.3-1.35 here. It is an important result that allows one to neglect nucleation process and follow changes in nanoparticle size distribution during the coagulation phase depending on particle density. The latter depends mostly on the gap.

Influence of electrode material

All the calculations in the current work were performed for the copper electrodes. However, let us check if the obtained results can provide us any useful information how the electrode material can influence the final nanoparticle size distribution.

As it was discussed in the Chapter "Modeling", the eroded material does not influence the gas/plasma column properties, but only affected by them. This is a very important result, because it allows us to consider that different materials of the eroded electrode will get into the similar external conditions. Different materials will be eroded with different efficiency. The amount of eroded material is different. Additionally, according to the equation for diffusion coefficient 1.33, the vapor will diffuse in gas with different speed. So, the electrode material vapor density can be variable for different materials. This will affect the efficiency of nanoparticle formation, but not the critical radius. According to the 1.37 the size of nucleated clusters depends only on σ and ω. This allows us to predict that initial mean of nanoparticle size distribution is proportional to composition σ • ω. A number of nanoparticles, as well as evolution of the size distribution, require a more proper calculations based on a definition of electrode material vapor density.

Influence of background gas

In this part, both similarities and differences caused by changing of background gas were investigated. A detailed comparison of argon and nitrogen is performed.

Breakdown voltage is able to vary up to several times for different gases funder other similar conditions. This leads to an increase in spark energy. Breakdown voltage is mostly defined by the efficiency of ionization and chemical reactions in the gas. An additional attention should be paid to oxygen-containing gases because of the electron attachment process.

A cross-section of atom-electron scattering is variable for different gases, that leads to a difference in gas/plasma electric conductivity and as a result to energy absorption efficiency. This influences plasma column temperature. The energy of ionization can effect on ionization degree for the same temperature.

The larger is the electron density, the more conductive is the plasma.

Molecular gases absorb additional energy for dissociation and release it during combination after the decay of electric current. The combinational heating leads to a delay in cooling, which should be taken into account if we deal with a high-frequency spark. Argon is atomic and inert gas, which has small electron scattering cross-section, whereas nitrogen is a molecular one, with a larger scattering cross-section but a smaller energy of ionization and a larger breakdown voltage.

To compare the efficiency of usage of one or another gas, the mass of nanoparticles, obtained by a single spark for similar geometry and related to the total energy of the spark is evaluated. If electrode gap is ∼0.5-2 mm, a calculated amount of nanoparticle of ∼2.8-3.2 ng/J are obtained for both argon and nitrogen. The ef-ficiency of electrode erosion is quite similar. However, a larger gap of ∼4-4.5 mm corresponds to a maximum in the cathode energy absorption in nitrogen (see Fig.

3.22)

. A value of 8-8.5 ng/J is obtained for nitrogen, whereas it is almost constant for argon. Nitrogen reveals more than twice larger efficiency for its optimal electrode gap, comparing with the optimal case for argon. This effect leads to the formation of a larger amount of nanoparticles in nitrogen than in argon. At the same time, the size of nanoparticles formed in nitrogen is larger than in argon.

After the nucleation phase, quite similar mean sizes of nanoparticle size distributions are obtained for both gases. This fact is explained by the demonstrated similarity in nucleation conditions. However, the mean size changes during coagulation stage because of the difference of gases viscosity.

Comparison with laser ablation

Now, when we have calculated nanoparticle size distributions produced by spark discharges, we turn to the analysis of another promising nanoparticle formation method. As it was already noted in Introduction, among the other plasma-based techniques, laser ablation has been used during last decade for the synthesis of small nanoparticles. As spark discharge, laser ablation method also has several advantages, such as experimental set-up simplicity, its capacity to treat materials with complicated stoichiometry, but in particular, a possibility to better control over the energy source. In fact, if one knows laser parameters and material absorption properties, it seems to be easy to predict the amount of the ablated material, which directly influences nanoparticle formation process. Typically, this amount is smaller than the one in spark trains and is considerably smaller than the material yield produced when sparks are used in parallel. However, control possibilities, a possibility of ablating in liquids, green technology, and unique surface properties of the obtained nanoparticles make it attractive to researchers too. Below, by focusing our attention at nanosecond and longer laser pulses, describes several involved mechanisms and compare them with these involved in spark discharge. Note that the use of picosecond and shorter laser pulses [Zhigilei, 2003, Povarnitsyn et al., 2007, Guillermin et al., 2007, Hermann et al., 2007] leads to additional processes that are beyond the subject of the present study because, as we have seen, heating electrode takes place on a much longer scale in spark discharge. That is why, rather comparable conditions are considered here.

In nanosecond and longer pulse ablation, laser energy absorption leads to the target heating and thermal evaporation. Plasma expansion stage is much longer than the evaporation stage, on the order of ∼10 laser pulse temporal widths (∼300 ns). Then, plasma electrons can gain energy from laser radiation too by inverse Bremsstrahlung effect [Kruer, 1988], so that ionization takes place. As a result of laser ablation in a highly-pressured background gas, shock waves are then formed and propagates in the gas. To simplify, during a well-defined time, a so-called "blast wave" model describes hemispherical expansion fairly well as follows [Sedov, 1993]

R v = ξ 2E 0 ρ v 1 5 t 2 5 (3.4) ξ = 75(γ -1)(γ + 1) 2 ) 16π(3γ -1) 1 5 
(3.5)

T v = T 0 R 0 R v 3(γ-1) (3.6)
where R v is the shock wave position, ξ is a constant depending on the plume specific heat capacity, ρ v is the vapor density, E 0 is the initial internal energy of vapor plume, T 0 is the initial temperature, R 0 is the initial size, and γ is the adiabatic coefficient. This model is valid if the external shock wave is present and if the mass of the background gas surrounding the shock wave is larger than the mass of the ablated material. During the expansion, both plume temperature and density rapidly decay. As a result, the condition of supersaturation is realized at a certain delay leading to the nanoparticle formation. The nucleation process is calculated similarly to spark discharge according to equations 1.35-1.38. The critical radius of particles obtained by nucleation time evolution is shown in Fig.

3.24.

Fig. 3.24: Typical time evolution of primary critical clusters size formed by laser ablation Despite rather different plasma sources, the mechanisms of the particle formation in the nanosecond and longer ablation appears to be quite similar to the one in spark discharge. The main difference is in time delays corresponds to the transition of the system to the supersaturated state, which is in ms time scales for spark discharge and in µs for laser ablation. The nanoparticles have initially larger size, but the amount of eroded material is much smaller than one in spark discharge and further coagulation is less efficient.

Finally, nanoparticles of quite similar sizes could be produced by both methods. The choice of one or another method should be defined by the advantages and limitations of the each of them. As we have noted, the main advantage of the laser ablation method is in the possibilities of changing laser parameters and background conditions and to ablate materials with complicated stoichiometry.

Whereas the major advantage of the SD technique is in the possibility to use several facilities in parallel and to produce a significantly larger amount of nanoparticles than there is possible by laser ablation.

Summary

In this chapter, we have presented calculation results obtained as a result of • A positive streamer bridges electrodes at a time delay of ∼5-10 ns;

• The initial plasma channel radius is of ∼0.5 mm.

These results are required to obtain the behavior of electric current and to serve as initial conditions for the hydrodynamic model of the plasma column.

The electric current is used in the calculations of the energy source for the following spark discharge processes and thus defines the behavior of the following phenomena. A modeling is performed for electrode gap 0.5-5 mm and for a spec-ified set of electric circuit parameters (R =1 Ω, C= 8 nF and L=0.77 µH) both in argon and nitrogen.

• Electric current is shown to oscillate due to the natural inductance of the cables used in spark plug;

• For the defined set of parameters, the discharging process is found to decay after ∼20 oscillations at a time delay of ∼5 µs.

The obtained knowledge of the energy source and initial conditions has allowed us to develop a hydrodynamic model of the gas/plasma in the electrode gap. The model has provided a lot of information on the gas properties including temperature and density, which serve as conditions for further nanoparticle formation. Among the results obtained in the part, the following ones are most important

• Plasma column resistance is shown to be much smaller than the one of the equivalent electric circuit;

• The gas/plasma is shown to be heated to temperature of ∼10000 K and then to cool down to 2000-3000 K within a time delay of ∼0.5 ms;

• Nitrogen plasma column temperature is found to be around ∼2000 K higher than the one of argon, whereas the size of the plasma column has not been found to considerably differ (∼1 mm for both gases);

• It is demonstrated that nitrogen absorbed additional energy for the molecule dissociation and released it later, thus slowing down the cooling process;

• The pressure of the gas/plasma initially is found to grow fast, to drop back and to stabilize around atmospheric pressure at a time delay of ∼0.5 µs.

The discharging process is shown to affect electrode surface. The erosion process is effective on the surface of the electrode, thus playing a role of a cathode and changing with polarity. The evaporation process is shown to be caused by Joule heating and the sputtering caused by ion bombardment were calculated.

Here, the main results are the following

• The Joule heating and evaporation has been found to occur in a localized area of micrometer size producing a hemispherical crater of ∼1-2 µm radius, whereas sputtering has been shown to remove a thin layer of the cathode surface in a wider zone;

• The mass eroded by sputtering is shown to be negligible comparing to that by Joule heating and evaporation;

• A single spark event is shown to produce several craters on both electrodes due to re-localizations during polarity switching.

The calculated amount of the eroded material, as well as gas/plasma properties, have been then used to model the following eroded vapor diffusion and nanoparticle formation. The modeling shows that nucleation and coagulation processes occur at different time scales allowing us their separation. Finally, the following results have outcome from the performed calculations

• ∼99% of electrode material is shown to be nucleated at a time delay of ∼1 ms;

• Nanoparticles are found to have a log-normal size distribution with a mean size of ∼0.5-1 nm and a geometrical standard deviation of ∼1.3-1.35;

• The nanoparticle size distribution is shown to evolve within a time delay of ∼1 s with the mean size of nanoparticles of ∼5 nm;

After the nanoparticle size distribution, the dependencies on initial parameters are obtained. Here, variations in gas properties (argon and nitrogen), in the energy input (variation of electrode gap in ranges of 0.5-5 mm), and in the inductance of the electric circuit have been performed. The calculated results are compared and the parameter effects on the final nanoparticle size distribution are investigated.

• Inductance increase is shown to increase energy absorption by plasma and to decrease of energy absorption by electrodes resulting in a smaller amount of electrode material eroded;

• Energy absorption by electrodes has revealed an optimal value that depends on the total energy of the spark, which corresponds to an electrode gap of ∼1-1.5 mm for argon and ∼4-4.5 mm for nitrogen;

• Electrodes are shown to absorb ∼3 times more energy in nitrogen than in argon for their optimal electrode gaps leading to a large difference in the electrode erosion;

• The mean nanoparticle size are shown to be almost independent of the spark total energy after the nucleation phase;

• The amount of nanoparticles produced in nitrogen is found to be larger than in argon, however, the mean size of the nanoparticles is shown to be larger too. This result provides an option to produce a smaller amount of smaller nanoparticles or a larger amount of larger ones.

These obtained results thus provide possibilities for the processing optimization depending on the particular needs and requirement.

Furthermore, we have briefly compared the essential physical mechanisms involved in nanoparticle formation by spark discharge with these in laser-based nanoparticle synthesis with nanosecond and longer laser pulses at atmospheric pressure. Despite considerable difference in the nanoparticle yield, several similarities have been revealed after corresponding delays, that have been defined both for spark discharge and for laser ablation.

CONCLUSIONS AND PERSPECTIVES

In the presented work, we have studied nanoparticle formation by a single spark discharge at atmospheric pressure. The aim of the work was to calculate the amount of the produced nanoparticles, their size distribution and to predict their mean size. This had to be done by using only the initial conditions, system geometry, and material properties.

In Chapter 1, the main phenomena that occur during a spark event have been described. It has been shown that a single spark event consists of a large variety of processes that occur at different time scales and have different localization.

In Chapter 2, the modeling procedure, as well as the used numerical approaches, have been explained. The general model of the single spark event has been divided in a number of models that can be tested separately and then combined.

In Chapter 3, the results of the modeling have been presented. The obtained dependencies have been explained and compared with available experiments.

Additionally, the possibility of the optimization of nanoparticle production has been discussed.

To resume, the spark discharge has been considered as a parallel-plate electrode system in a gas at atmospheric pressure. In the present thesis, modeling has been performed for copper electrodes in argon and nitrogen. The developed model can be used for other metals too. In the frame of BUONAPARTe project, spark-based nanoparticle synthesis is shown to lead an important advantage providing a possibility to put several spark generators in parallel and to significantly increase nanoparticle production rate. However, the main mechanisms were still unclear. To better understand the interplay between various spark mechanisms and their influences on the final results, a novel combined model has been proposed.

In particular, the model contains 6 units that represent spark phenomena, which occur at different time and space scales. Unit 1 represents processes that occur during streamer formation and propagation. Unit 2 is the discharging be- The results of the models, which deal with earlier stages has been used as initial parameters for the next models that deal with later stages. Such a division procedure allowed us to simplify the calculation as well as to obtain final results, such as nanoparticle amount and size distribution without any adjustable parameter.

A series of calculations have been performed for different electrode gaps -The gas/plasma is heated to a temperature of ∼10000 K and then cools down to 2000-3000 K within a time delay of ∼0.5 ms, that defines conditions of nanoparticle formation. Nitrogen is heated to a ∼2000 K higher temperature than argon.

-The Joule heating and evaporation occurs in a localized area of the of micrometer size producing a hemispherical crater of ∼1-2 µm radius, whereas sput-tering removes a thin layer of the cathode surface in a wider zone. The amount of the evaporated material is much larger than the sputtered one. A single spark event produces several craters on both electrodes due to re-localizations during polarity switching.

-Almost all the eroded electrode material is nucleated at a time delay of ∼1 ms. Nanoparticles have a log-normal size distribution with a mean size of ∼0.5-1 nm and a geometrical standard deviation of ∼1.3-1.35. The mean nanoparticle size is almost independent of the spark total energy (electrode gap) after the nucleation phase. For a time delay of ∼1 s the mean size of nanoparticles evolves to ∼5 nm.

-The roles of main experimental parameters are studied. Thus, the electric circuit inductance increases the plasma energy absorption and decreases the electrode energy absorption. Energy absorption by electrodes has revealed an optimal value that depends on the total energy of the spark, which corresponds to an electrode gap of ∼1-1.5 mm for argon and ∼4-4.5 mm for nitrogen. In particular, spark electrodes are shown to absorb ∼3 times more energy in nitrogen than in argon for their optimal electrode gaps leading to a large difference in the electrode erosion.

-The amount of nanoparticles produced in nitrogen is found to be larger than that in argon. However, the mean size of the nanoparticles is shown to be larger in nitrogen too. This result provides an option to produce a smaller amount of smaller nanoparticles or a larger amount of larger ones.

As any scientific model, the presented one has its own applicability limits.

Thus, it is applicable only for electrode gaps of mm scales. The plasma column is considered to have axial symmetry. Also, the electrode has to be homogeneous with a clean surface, otherwise every next spark event will have different properties and modeling of a single spark will not be representative for a spark train anymore. Energy input during plasma heating has to be verified, because in case of large electric currents it can appear impossible to consider the local thermal equilibrium of plasma and the plasma processes will not follow the hydrody-namic laws. The model neglects magnetic field formation and influence on the plasma expansion. The model is suitable for the spark discharge only.

The performed studies have many perspectives. From the fundamental point of view, the following improvements and extensions can be done -The model can be improved by taking into account more phenomena that are able to influence the spark discharge, as well as using better numerical approaches that will lead to a better precision. Among these processes, one can mention the possibility of simultaneous formation of several streamers that develop into several plasma columns, the magnetic field formation affecting the plasma column, heating of the electrode surface by plasma irradiation, nucleation on ions, nanoparticle diffusion in gas as well as agglomeration and others.

-The model can be unified by self-consistently considering the effects taking place at the electrodes with the ones in plasma.

-Under specific conditions, the absence of LTE can be accounted for. For instance, BOLSIG+ solver can be used to calculate the corresponding plasma properties [START_REF] Hagelaar | Solving the boltzmann equation to obtain electron transport coefficients and rate coefficients for fluid models[END_REF].

-Furthermore, other electrode materials and background gasses can be considered.

-The model can be also extended to other electrode geometries, such as needle, parabolic, conic or spherical if the particular application will require.

-In a result of a more complete description, accounting for the role of the magnetic field, for instance, a spark-to-arc transition can be investigated. This will considerably extend the applicability limits of the developed model.

From the practical point of view, the nanoparticle formation of different electrode materials in different gasses can be used in numerous applications.

Among them, the BUONAPARTe partners work on such applications as integration of nanoparticles into the generation process of highly efficient solar cells; advanced textile applications; development of new polymers and biocide solutions; development of plasmonic resonance sensors; nanoparticles are used for improved method of a blast furnace cooling; for enhancing a catalytic membrane

APPENDIX. MATERIAL PROPERTIES

Electron diffusion and mobility

The electron diffusion process is described by the following coefficient [START_REF] Morrow | Streamer propagation in air[END_REF]] Electron mobility is estimated as [START_REF] Wu | Formation and propagation of streamers in n 2 and n 2-sf 6 mixtures[END_REF],Dhali and Williams, 1987, Davies et al., 1971] µ e = 2.9 • 10 5 P (cm/(V s)) (3.9)

D e = 0.

Reaction rate coefficients

Main reactions taking place during streamer propagation in argon and the corresponding rate coefficients [START_REF] Kabouzi | Modeling of atmospheric-pressure plasma columns sustained by surface waves[END_REF], Kortshagen et al., 1994, Delcroix and Bers, 1994,Makasheva and Shivarova, 2001,Raizer et al., 1991,Cunningham et al., 1981,McDaniel and Mason, 1973,Jones et al., 1980,Jonkers et al., 2003]. The reaction rate coefficients for nitrogen are estimated using figures published in [Liu andPasko, 2004, Hagelaar andPitchford, 2005] 
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 12 Fig. 1.2: Photo of the electric streamer reproduced from www.stefan-kluge.de
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 1 Fig. 1.3: Scematics of positive (left) and negative (right) streamer formation

Fig. 1 . 4 :

 14 Fig. 1.4: Schematics of the main processes involving electrons and ions which occur during spark discharge

  . The negative or anode-directed streamer(Fig. 1.3 (b)) is an electron avalanche that propagates towards anode performing ionization of gas on the way. This mechanism is effective only in strong electric fields. If electrons gain in the electric field between collisions with atoms small amount of energy comparing to ionization, then this mechanism does not work, because they redistribute obtained energy in collisions and hardly able to ionize neutrals. Positive or cathode-directed streamer (Fig.1.3 (a)) propagates in the opposite direction. Electrons are absorbed by the anode and ions form a positive volume charge. This charge increases the local electric field in the direction of the streamer propagation and decreases the one in the direction of the anode inside the streamer. Electrons gain more energy from the increased field, so that ionization becomes more efficient.
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 1 Fig. 1.5: A simplified schematics of a spark plug electric circuit

Fig
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 17 Fig. 1.7: Schematics of processes occur in the cathode layer
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 18 Fig. 1.8: Photo of electrodes erosion for different material and polarity
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 19 Fig. 1.9: Schematics of the cathode evaporation (left) and sputtering (right) processes
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 1 Fig. 1.10: Schematics of nanoparticle formation

  Fig. 2.1 clearly demonstrates the complexity of a single spark event. The time scales of the involved physical mechanisms are in fact rather different, with only some of them overlapping. This fact allows one to separate the calculations thus significantly simplifying the model. To better understand the procedure, let us study spark discharge phenomena step by step.
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 21 Fig. 2.1: Time scales of processes involved in a single spark discharge
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 22 Fig. 2.2: Schematics of models interaction

  2. The discharging model uses the breakdown voltage from the streamer model and a plasma conductivity from the hydrodynamic model of plasma column. The plasma conductivity depends on the gas composition and temperature. 3. The hydrodynamic model uses electric current density obtained from the discharging model as an energy source. Electron density obtained in the streamer model is used as an initial condition. The model provides a time evolution of the gas temperature and density as a function of the coordinate. 4. The ion density obtained in the hydrodynamic model and electric current from the discharging model are used in the cathode layer model to calculate the potential drop in cathode layer and ion bombardment intensity. The electric current is also used to calculate the Joule heating of the cathode. The Joule heating and sputtering are calculated in the electrode erosion model. Rediposition of the eroded material is neglected. The main result of the electrode erosion model is the amount of electrode material ejected to the gas. 5. Finally, the nanoparticle formation model uses the amount of eroded material from the electrode erosion model as well as the temperature and density of gas obtained from the hydrodynamic model. The latter model is divided into two parts: (i) the nanoparticle nucleation and vapor condensation are calculated at an earlier stage of the nanoparticle formation process; (ii) the coagulation of nanoparticles is calculated at a later stage.
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 23 Fig. 2.3: Thermal conductivity of Ar for a wide range of temperatures.

  the time step. The criterion provides a requirement for the electron flux to change the electron density small comparing to the absolute value.

Fig. 2

 2 Fig. 2.4: A simplified schematics of the streamer model algorithm

Fig. 2

 2 Fig. 2.5: A simplified schematics of the hydrodynamic algorithm
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 26 Fig. 2.6: Schematics of the electrode erosion calculations.

  time step is required to avoid too large one. The time step is estimated according to
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 27 Fig. 2.7: Schematics of the nanoparticle formation algorithm algorithm.
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 31 Fig. 3.1: Breakdown voltage dependence on electrode gap obtained by numerical modeling and by Paschen's law for argon and nitrogen

  Fig. 3.2: Axial electron density and electric field time evolution at the beginning of streamer propagation obtained for a similar set of parameters (gap is 5 mm, voltage is 25 kV).Left column shows our modeling results; right column shows previous modeling results[START_REF] Kulikovsky | Two-dimensional simulation of the positive streamer in n2 between parallel-plate electrodes[END_REF] 

  Fig. 3.3: Electron density during a streamer propagation. Argon, electrode gap 2 mm, breakdown voltage
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 34 Fig. 3.4: Electric current oscillation for electrode gap of 0.5 mm, 1.5 mm and 3 mm in argon (top) and nitrogen(bottom)
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 35 Fig. 3.5: Resistance of the plasma channel during discharging. Argon, electrode gap 2 mm

  Fig. 3.6: Calculated time evolutions of gas/plasma axial temperature (a), density (b) and pressure (c). Argon, electrode gap 2 mm

Fig. 3 .

 3 Fig. 3.7 demonstrates a comparison of temperature evolution for a similar set of parameters (d = 1 mm, R = 1 Ω, C = 8 nF and L = 0.77 µH) in argon and in nitrogen. Should be mentioned, however, that for similar geometry gases have different breakdown voltage, that leads to variation in electric current for similar set of parameters. Here, argon is heated to a temperature of ∼10000 K and slowly cools down due to the intensity decay of the electric current. During a delay of ∼5-6 µs, the temperature oscillates in the center of plasma column in agreement with the oscillations of the electric current. During the electric current existence, plasma cools down for ∼1000-2000 K. After the electric current decays,
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 37 Fig. 3.7: Time evolutions of axial gas/plasma temperature for argon (top) and nitrogen (bottom) for 2 mm electrode gap
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 38 Fig. 3.8: Comparison of modeling temperature with the experimental one obtained by BUONAPART-e partners from USZ. Nitrogen, electrode gap 1 mm
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 3 Fig.3.10 demonstrates the radial profile of temperature for argon and nitrogen calculated as a function of time. The figure reveals that for both gases for different time delays for distance ∼0.5 mm from axis plasma properties are almost constant. Then, at ∼0.5 -1 mm there is a transition zone between hot plasma and ambient gas. Distance further than 1.25 mm is not affected by the discharge.
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 39 Fig. 3.9: Radial temperature profile for a 5 µs delay for different spark energies corresponding to gaps of 0.5 mm, 1 mm and 2 mm. The calculation results are obtained for argon (top) and for nitrogen (bottom)
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 3 Fig. 3.12: Time evolution of radial profile of gas density for argon (top) and nitrogen(bottom). Electrode gap 2 mm
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 3 Fig. 3.13: Crater shape obtained for half-phase of electric current oscillation. Here, calculations are performed for copper electrode in nitrogen.
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 3 Fig. 3.14: Comparison of the modeling mass of eroded material with experimental, results obtained by BUONAPART-e partners from University of Szeged (USZ).Here, calculations are performed for copper electrode in nitrogen.

  nanoparticle formation" Chapter. To study the nanoparticle formation and their time evolution, calculations are performed by using the model including equations for nucleation, condensational and coagulation 1.35-1.45. The performed calculation results clearly demonstrate that nucleation and coagulation occur at rather different time scales in spark discharge. As it is shown in Fig. 3.15, nucleation takes place at microsecond time scale, whereas coagulation occurs at millisecond delays. This result allows separating the processes and to calculate them consequently, thus simplifying the model and accelerating the calculations. The performed modeling shows that more than 99% of the initial electrode vapor is condensed during the nucleation phase of nanoparticle formation. Therefore, to further simplify the model, all the electrode material is completely nucleated at a time delay of ∼1 ms.
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 3 Fig. 3.15: Schematics of time scales of nanoparticle formation and growth.
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 3 Fig. 3.16 demonstrates the distribution obtained for copper in nitrogen at 1 mm gap. Longer-scale time evolution of the size distribution is then simulated and shown also in the figure. At this stage, nanoparticle coagulation prevails. This process is modeled according to the equations for the log-normal selfpreserved distribution evolution 1.43-1.45.

Fig. 3 .

 3 Fig. 3.16(c) shows longer-scale time evolution of nanoparticle size distribu-
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 3 Fig. 3.17: Confocal laser scanning microscope image of a Ni electrode surface after a single oscillatory spark. The image is obtained by BUONAPART-e partners in Karlsruhe Institute of Technology (KIT) and University of Szeged (USZ)
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 3 Fig. 3.18: Schematics of rod (parallel-plate) and conical electrodes erosion.
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 3 Fig. 3.19 also demonstrates that nitrogen absorbs energy more efficiently than argon. This is explained by the fact that nitrogen absorbs additional energy for molecule dissociation.
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 3 Fig. 3.19: Effect of inductance on energy absorption by plasma for argon and nitrogen, 1 mm gap.
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 3 Fig. 3.20: Effect of inductance on energy absorption by electrodes in argon and nitrogen, 1 mm gap.
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 3 Fig. 3.21: Dependence of energy absorption by plasma on electrode gap for argon and nitrogen.

  Knowledge of energy absorbed by cathode gives a possibility to calculate the role of electrode gap in the formation of nanoparticle size distribution. Fig. 3.23 demonstrates calculated nanoparticle size distribution obtained after nucleation process for different electrode gaps in argon and nitrogen. The figure shows that the distribution are rather similar for different electrode gaps. The mean size
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 3 Fig. 3.22: Dependence of energy absorption by electrodes on electrode gap in argon and nitrogen.
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 3 Fig. 3.9, almost similar temperatures are obtained. The same temperature is obtained for larger energies, but for a bit longer time delays. This result means that we obtain different vapor densities at similar temperatures for different times if electrode gaps are different. The density of the vapor does not define the size of

Fig. 3 .

 3 Fig. 3.23: Nanoparticle size distribution as a function of electrode gap calculated in argon (top) and in nitrogen(bottom).

•

  numerical modeling of a single spark event. It has been shown that the involved spark processes mostly occur at different time scales, allowing us to calculate them separately from each other. A combination of sequential units has resulted in the modeling of nanoparticle formation and a calculation of the corresponding size distribution based on the initial conditions, material properties, and system geometry. Such a chain of calculations makes it possible to analyze the effects of the variation in initial parameters through all the phenomena of spark discharge and to evaluate their effects on the final nanoparticle size distribution. In particular, the performed modeling of the positive streamer formation and propagation has provided an information on the breakdown voltage, electron density and plasma channel size, as well as the time delay of the electrode bridging by streamer. The obtained results have furthermore demonstrated the following The breakdown voltage is smaller than the one predicted by the Paschen's law;

  havior model. Unit 3 is a hydrodynamic model of gas/plasma properties during the electric discharging. Unit 4 is the cathode layer modeling. Unit 5 consist of two parts that represent different electrode erosion mechanisms: evaporation due to Joule heating and sputtering due to ion bombardment. Unit 6 also consists of two parts responsible for nanoparticle formation: nucleation and coagulation.

  (0.5-5 mm) in different gasses (argon and nitrogen). As a result of the calculations, gas temperature and density, electrode erosion and nanoparticle formation have been examined. Furthermore, dependencies of the obtained results on such experimental parameter as electric circuit inductance has been demonstrated and discussed. The main and original results of the current work are -The breakdown voltage is smaller than the one predicted by the Paschen's law.

  A * + e -→ A + e -+ γ 4.8 • 10 -10 T 1 2 e (eV) (cm 3 /s) Atom impact ionization A + e -→ A + + 2e - 1.27 • 10 -8 T 1 2e (eV) exp -15.76Te(eV)(cm 3 /s) Excited atom ionization A * + e -→ A + + 2e - 1.37 • 10 -7 T 1 2e (eV) exp -4.11 Te(eV) (cm 3 /s) Three-body recombinationA + + 2e -→ A + e -+ γ 8.75 • 10 -27 T 9 4e (eV) (cm 6 /s)

  

  

  

  

  The performed calculations show that the potential drop is ∼50 V and does not change a lot for different electric currents.The sputtering yield is calculated according to equation 1.31 considering the obtained cathode layer potential drop. The values of sputtering yield appear to be ∼0.3. Together with ion flux calculated according to equation 1.32 we are able to obtain the flux of eroded material as it is demonstrated in 1.30. Sputtering does not require surface roughness peaks and is not affected by them. This process takes place within the entire area of the plasma column and electrode contact.

Thus, electrode erosion consists of two different mechanisms. Now, we should include the resulting sputtering fluxes to the thermal conductivity model. Moreover, we are able to evaluate the contributions of both mechanisms and their effects on each other. The average energy of a bombarding ion is ∼50 eV, and sputtering yield is ∼0.3. The surface binding energy is ∼3.48 eV [Kudri-
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  based on the solution of Boltzmann equation. A. Voloshko, T.E. Itina, Numerical analysis of promossing techniques of nanoparticle generation : laser ablation vs spark discharge at atmospheric pressure, International Conference "Advanced Laser Technologies", ALT 2014, 6-10 octobre 2014, Cassis, France, talk. T. E. Itina, A. Voloshko Modelling of nanoparticle formation by spark discharge at atmospheric pressure, EMRS Spring Meeting 2015, May 11-15 2015, Lille, France, poster. A. Voloshko, A. Kohut, J-Ph. Colombier, G. Galbács, Zs. Geretovszky and T.E. Itina, Numerical and experimental study of a spark discharge ued for nanoraticle production, Aerosol Technology 2015, AT 2015, 15-17 June 2015, Tampere, Finland, talk.
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Properties of argon

Description Value

Atomic number 18

Standard atomic weight 40

1st Ionization energy 15.76 (eV)

2nd Ionization energy 27.63 (eV)

Radius of Lennard-Jones potential σ 3.41 (A)

Energy of interatomic interaction 0.0103 (eV)

Viscosity [START_REF] Murphy | Transport coefficients of argon, nitrogen, oxygen, argon-nitrogen, and argon-oxygen plasmas[END_REF] Thermal diffusivity [START_REF] Murphy | Transport coefficients of argon, nitrogen, oxygen, argon-nitrogen, and argon-oxygen plasmas[END_REF] Properties of nitrogen Viscosity [START_REF] Murphy | Transport coefficients of argon, nitrogen, oxygen, argon-nitrogen, and argon-oxygen plasmas[END_REF] Thermal diffusivity [START_REF] Murphy | Transport coefficients of argon, nitrogen, oxygen, argon-nitrogen, and argon-oxygen plasmas[END_REF] Properties of copper Volume per 1 atom ω 0.147 • 10 -28 (m 3 ) Liquid copper density is calculated as follows [Lide, 2004] ρ = 8020 -0.609(T -1357.77)kg/m 3 (3.10)

Liquid copper thermal diffusivity is calculated as follows [Cagran, 2000] 

Liquid copper electric conductivity is calculated as follows [Matula, 1979] 

Other coefficients

The factor α s for sputtering yield for pairs copper-argon and copper-nitrogen is ∼0.2 [Sigmund, 1969].

Constants required for calculation of the collision integral of the Lennard-Jones potential [Mason andMalinauskas, 1983, Reid et al., 1987] 
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