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General Introduction

General Introduction

In the last decades, cold atmospheric pressure plasma jets (APPJs) have attracted much attention due to their versatility, low-cost operation and also ability to produce reactive chemistry at room temperature. These plasmas become more attractive if we take into account the possibility of generating reactive cold plasmas, avoiding the drawbacks of thermal atmospheric plasmas. They are widely used in numerous technological and recently biomedical applications relevant to cold remote treatment.

In recent years, the demand for small, flexible, and easy to handle device has increased mainly for using the plasma jet to a remote downstream sample. Transported plasmas through capillary tubes operating at atmospheric pressure have received considerable attention recently for both their fundamental physics and practical applications. These plasmas have a great potential to be used in medical applications such as endoscopy due to their excellent flexibility and capability to deliver reactive chemical species to a target. This is an interesting point because the plasma bullets emerge the tube, with a sufficient reduced electric field at the tip.

In this thesis, we will report on a device, generating plasmas over very long distances at atmospheric pressure consisting of plasma bullets and we will investigate the applications of this transporting discharge in medicine and surface modification.

In the first chapter, the state of the art, definitions, different configurations and application of plasma discharge will be described.

Chapter 2 presents an overview of the materials, the transporting discharge experimental setup, plasma diagnostics, bacteria and cell preparation protocol and different thin film characterization techniques that have been used for the analysis of the plasma polymers discussed in this thesis.

In the third chapter, in the first part, the influence of the voltage waveform, tube diameter, gas mixture and electrode configuration on the transporting discharge have been studied. The second part of this chapter is dedicated to the development and characterization of multi jet systems, using two different setups, based on a single plasma source. The propagation of transporting discharge jet arrays and a single jet with the same cross-sectional area has been compared. The discharge characteristics of the transporting discharge arrays will be investigated based on electrical and imaging characterizations. The third part of this chapter describes the potential of transporting discharge in developing bacteria decontamination and cancer therapies. The optical and physical properties of the discharge and preliminary apoptosis data of cultured ovarian cancer cells and fibroblast cells treated with this plasma will be presented.

Chapter 4 is concerned with the application of cold atmospheric pressure transporting plasma to surface modification of films but also inside tubes .Indeed the latter can have very interesting for many applications in the field of biomedical but also food industry. This chapter presents the use of two different deposition geometries of an atmospheric pressure transporting discharge for surface modification. The development of nano thick SiO x and PEG coatings by using Tetraethyl orthosilicate (TEOS) and Diethylene Glycol Methyl Ether (DEGME), respectively, via plasma polymerization is presented. The latter is a simple dry, environmentally friendly process which offers new surfaces with tailorable cell-surface interactions for biological applications. Cell adhesion properties of Polystyrene samples with PEG coating will be investigated with different applied voltages. UHMWPE films and HDPE tubes were used as the transporting tube. Different experimental conditions will be used to modify the inner surface of the tubes as well as substrates placed outside the transporting jet. Surface characterization was performed with the aim of understanding the surface modification effects.
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Chapter I: State of the Art

I-1) Definition of plasma

Plasma is an ionized gas, a distinct fourth state of matter. As temperature increases, molecules become more energetic and transform matter in the sequence: solid, liquid, gas, and finally plasma, which justifies the title -fourth state of matter‖ (Fig. I-1).

Plasma contains numerous active components including electrons and ions, free radicals, reactive molecules, and photons. In addition to being important in many aspects of our daily lives, plasmas are estimated to constitute more than 99% of the visible universe [START_REF] Fridman | Plasma chemistry[END_REF][START_REF] Becker | Microplasmas and applications[END_REF][START_REF] Cooper | Decontamination of surfaces from extremophile organisms using nonthermal atmospheric-pressure plasmas[END_REF][START_REF] Kushner | Modelling of microdischarge devices: plasma and gas dynamics[END_REF][START_REF] Laroussi | Room-temperature atmospheric pressure plasma plume for biomedical applications[END_REF][START_REF] Somekawa | Effects of self-erasing discharges on the uniformity of the dielectric barrier discharge[END_REF]. The four states of matter [START_REF] Hoffmann | Cold Atmospheric Plasma: methods of production and application in dentistry and oncology[END_REF].

Not just any ionized gas can be called plasma since there is always some small degree of ionization in any gas. In general, plasma is defined as a quasi-neutral gas of charged and neutral particles that exhibits collective behavior. More rigorously, three general criteria must be satisfied for charged particles to be called plasma:

(i) Debye Shielding: Plasma has the ability to shield out the electric potential applied to it. The Debye length λ D , a measure of shielding distance or the thickness of the sheath, must be smaller than the dimension of system L (λ D << L). This criterion indicates that whenever an electric potential is locally or externally introduced into the system, the shielding process occurs within λ D ; outside of λ D , the plasma is -quasi-neutral,‖ that is n e ≈ n i , where ne and n i are electron and ion density, respectively.
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(ii) Collective behavior: As the charges in the plasma are in motion, they can generate local net charges and electric current, which might produce electric and magnetic fields. As a result, the motion of charged particles far away depends not only on the local binary collisions but also on the electromagnetic force generated by the plasma in remote regions. This collective behavior and the Debye shielding effect would be statically valid only if there are enough particles in the Debye sphere (a sphere with a radius equal to the Debye length) or a Debye cube; that is N D >> 1, where N D is the number of particles in a Debye sphere or a Debye cube.

(iii) Plasma frequency: The inertial response frequency of typical plasma oscillation, the electron plasma frequency, ω pe , must be larger than electron-neutral collision frequency, ν c , so that the plasma oscillation effects on electrostatic (ES) and electromagnetic (EM) waves are not damped by the electron-neutral collision effect, and plasma can rapidly respond and shield out electric potential

Among the three general criteria, the requirement of a large number of charged particles in a Debye sphere (N D >> 1) is the most essential condition. The concepts of Debye shielding, collective behavior, and wave behavior will not be valid if this condition is not satisfied [START_REF] Chen | Introduction to Plasma Physics and Controlled Fusion Volume 1: Plasma Physics[END_REF][START_REF] Callen | Fundamentals of plasma physics[END_REF][START_REF] Raizer | Gas discharge physics[END_REF][START_REF] Lieberman | Principles of plasma discharges and materials processing[END_REF].

I-2) Classification of Plasma

Depending on the type of energy supply and the amounts of energy transferred to the plasma, the properties of the plasma change, in terms of electronic density or temperature. These two parameters which classify plasmas into several categories, presented in Fig. I-2.

In electric discharges common for plasma generation in the laboratory, energy from the electric field is first accumulated by the electrons between collisions and, subsequently, is transferred from the electrons to the heavy particles. Collisions of electrons with heavy particles (Joule heating) can equilibrate their temperatures, unless time or energy are not sufficient for the equilibration (such as in coronas and pulsed discharges) or there is an intensive cooling mechanism preventing heating of the entire gas (such as in wall-cooled low-pressure discharges).
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-Local thermodynamic (or thermal) equilibrium plasmas (LTE):

LTE plasma requires that transitions and chemical reactions be governed by collisions and not by radiative processes. Moreover, collision phenomena have to be micro-reversible. It means that each kind of collision must be balanced by its inverse (excitation/deexcitation; ionization/recombination; kinetic balance) [START_REF] Calzada | Experimental investigation and characterization of the departure from local thermodynamic equilibrium along a surface-wave-sustained discharge at atmospheric pressure[END_REF].

Moreover LTE requires that local gradients of plasma properties (temperature, density, thermal conductivity) be low enough to let a particle in the plasma reach the equilibrium: diffusion time must be similar or higher than the time the particles need to reach the equilibrium [START_REF] Boulos | Thermal plasmas: fundamentals and applications[END_REF]. For LTE plasma, the heavy particles temperature is close to the electron temperature (ex: fusion plasmas).

The LTE plasma can be characterized by a single temperature at each point of space. Ionization and chemical processes in such plasmas are determined by temperature (and only indirectly by the electric fields through Joule heating). The quasi-equilibrium plasma of this kind is usually called thermal plasma.

-Non-local thermodynamic equilibrium plasmas (non-LTE):

Numerous plasmas exist very far from the thermodynamic equilibrium and are characterized by multiple different temperatures related to different plasma particles and different degrees of freedom. It is the electron temperature that often significantly exceeds that of heavy particles (T e >> T 0 ). Ionization and chemical processes in such non-equilibrium plasmas are directly
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In these plasmas the electron energies are much higher than that of the heavy species, i.e. ions and neutrals. The energetic electrons collide with the background atoms and molecules causing enhanced level of dissociation, excitation and ionization. The attractive feature is the fact that these reactions occur without a substantial increase in the operating gas temperature. Because the ions and the neutrals remain relatively cold, the plasma causes no or just minimal thermal damage to it may come in contact with. The non-equilibrium plasma of this kind is usually called non-thermal plasma [START_REF] Fridman | Plasma chemistry[END_REF].

Table I-1 sums up the main characteristics of LTE and non-LTE plasmas.

Table I-1: Main characteristics of LTE and non-LTE plasma [START_REF] Tendero | Atmospheric pressure plasmas: A review[END_REF].

LTE plasmas Non-LTE plasmas

Current name

Thermal plasmas Cold plasmas

Properties T e =T h

High electron density: 

Examples

Arc plasma (core)

T e =T h ~10,000 K

Glow discharges

Te~10,000-100,000 K Th~300-1000 K

The Local Thermodynamic Equilibrium notion is really important, especially for a spectroscopic study of the plasma, since the determination of the plasma parameters (particles distribution functions; electron, excitation, vibration temperatures. . .) is based on relationships which differ for plasmas in LTE or not. The atmospheric plasma sources described in this thesis are supposed to be positioned near the glow discharges.

Depending on the driving power supply, the working gas, and the electrode geometry employed for the plasma ignition, a brief classification of the above plasma systems could be made. In respect to the applied voltage waveform, kHz sinusoidal [START_REF] Zhu | Characteristics of atmospheric pressure plasma jets emerging into ambient air and helium[END_REF][START_REF] Walsh | Contrasting characteristics of pulsed and sinusoidal cold atmospheric plasma jets[END_REF][START_REF] Li | Effects of gas flow rate on the length of atmospheric pressure nonequilibrium plasma jets[END_REF][START_REF] Shi | A hypersonic plasma bullet train traveling in an atmospheric dielectric-barrier discharge jet[END_REF][START_REF] Lu | A cold plasma jet device with multiple plasma plumes merged[END_REF], DC [START_REF] Kolb | Cold atmospheric pressure air plasma jet for medical applications[END_REF], unipolar pulses [START_REF] Jiang | Polarity-induced asymmetric effects of nanosecond pulsed plasma jets[END_REF][START_REF] Clement | Atmospheric-Pressure Plasma Microjet of Argon-Nitrogen Mixtures Directed by Dielectric Flexible Tubes[END_REF][START_REF] Gazeli | A study of helium atmospheric-pressure guided streamers for potential biological applications[END_REF][START_REF] Choi | Analysis of sterilization effect by pulsed dielectric barrier discharge[END_REF][START_REF] Lu | A cold plasma cross made of three bullet-like plasma plumes[END_REF][START_REF] Mericam-Bourdet | Experimental investigations of plasma bullets[END_REF], MW [START_REF] Zhang | Measurement of the electron density in a microwave plasma torch at atmospheric pressure[END_REF][START_REF] Kim | 2.45 GHz microwave-excited atmospheric pressure air microplasmas based on microstrip technology[END_REF] and RF [START_REF] Kim | Characteristic study of atmospheric pressure microplasma jets with various operating conditions[END_REF][START_REF] Chichina | Measurement of the Parameters of Atmospheric-Pressure Barrier-Torch Discharge[END_REF][START_REF] Wang | Discharge comparison of nonequilibrium atmospheric pressure Ar/O 2 and He/O 2 plasma jets[END_REF] driven plasmas can be found. Examples of flowing gas are helium [START_REF] Leduc | Cell permeabilization using a non-thermal plasma[END_REF][START_REF] Kieft | Plasma treatment of mammalian vascular cells: a quantitative description[END_REF][START_REF] Svarnas | Atmosphericpressure guided streamers for liposomal membrane disruption[END_REF], argon [START_REF] Li | Effects of gas flow rate on the length of atmospheric pressure nonequilibrium plasma jets[END_REF][START_REF] Zhang | Measurement of the electron density in a microwave plasma torch at atmospheric pressure[END_REF], neon [START_REF] Li | Effects of gas flow rate on the length of atmospheric pressure nonequilibrium plasma jets[END_REF][START_REF] Li | Role of metastable atoms in the propagation of atmospheric pressure dielectric barrier discharge jets[END_REF], krypton [START_REF] Li | Role of metastable atoms in the propagation of atmospheric pressure dielectric barrier discharge jets[END_REF], air [START_REF] Zhang | Measurement of the electron density in a microwave plasma torch at atmospheric pressure[END_REF][START_REF] Feng | The interaction of a direct-current cold atmospheric-pressure air plasma with bacteria[END_REF], as well as mixtures of noble gases with nitrogen [START_REF] Clement | Atmospheric-Pressure Plasma Microjet of Argon-Nitrogen Mixtures Directed by Dielectric Flexible Tubes[END_REF] and oxygen [START_REF] Jiang | Polarity-induced asymmetric effects of nanosecond pulsed plasma jets[END_REF][START_REF] Gazeli | A study of helium atmospheric-pressure guided streamers for potential biological applications[END_REF]. Finally, as regards to the electrode design,
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setups with a single or multiple electrodes with or without a dielectric barrier are reported [START_REF] Lu | On atmospheric-pressure non-equilibrium plasma jets and plasma bullets[END_REF],

while in a few configurations the sample under test plays the role of the cathode. The latter configurations are known as FE-DBDs, i.e., Floating Electrode-Dielectric Barrier Discharges [START_REF] Fridman | Blood coagulation and living tissue sterilization by floating-electrode dielectric barrier discharge in air[END_REF][START_REF] Fridman | Floating electrode dielectric barrier discharge plasma in air promoting apoptotic behavior in melanoma skin cancer cell lines[END_REF].

Plasmas are widely used in textile [START_REF] Poll | Penetration of plasma effects into textile structures[END_REF][START_REF] Höcker | Plasma treatment of textile fibers[END_REF] and lighting industries [START_REF] Chen | Energy, incandescent lighting, and 100 years. Industry Applications[END_REF][START_REF] Bogaerts | Gas discharge plasmas and their applications[END_REF], electronics [START_REF] Bogaerts | Gas discharge plasmas and their applications[END_REF][START_REF] Fridman | Non-thermal atmospheric pressure discharges[END_REF], and in many other applications. It is no surprise that biology and medicine also employ the ‗‗fourth state of matter'' in materials processing [START_REF] Chirokov | Self-organization of microdischarges in dielectric barrier discharge plasma[END_REF][START_REF] Chu | Plasma-surface modification of biomaterials[END_REF], sterilization [START_REF] Fridman | Blood coagulation and living tissue sterilization by floating-electrode dielectric barrier discharge in air[END_REF][START_REF] Fridman | Non-thermal atmospheric pressure discharges[END_REF][START_REF] Birmingham | Bacterial decontamination using ambient pressure nonthermal discharges[END_REF][START_REF] Cheng | Development of a new atmospheric pressure cold plasma jet generator and application in sterilization[END_REF][START_REF] Laroussi | Plasma interaction with microbes[END_REF], improvement of biocompatibility [START_REF] Efremov | Action of a self-sustained glow discharge in atmospheric pressure air on biological objects[END_REF][START_REF] Foster | Thermal and nonthermal mechanisms of interaction of radio-frequency energy with biological systems[END_REF], tissue engineering [START_REF] Kieft | Electric discharge plasmas influence attachment of cultured CHO K1 cells[END_REF], to increase adhesion and wettability and for other surface modifications [START_REF] Kieft | Electric discharge plasmas influence attachment of cultured CHO K1 cells[END_REF][START_REF] Coulombe | Miniature atmospheric pressure glow discharge torch (APGD-t) for local biomedical applications[END_REF]. Medical applications focused on plasma treatment of living tissue, which are of growing interest these days, require treatments at atmospheric pressure since cells and tissues are not vacuum-compatible [START_REF] Fridman | Blood coagulation and living tissue sterilization by floating-electrode dielectric barrier discharge in air[END_REF][START_REF] Stoffels | Gas plasmas in biology and medicine[END_REF].

I-3) Atmospheric pressure plasma sources

The operating pressure of the working gas is a significant factor in choosing a plasma source because it restricts the choice of reactor technology and the type of source used for plasmaprocessing applications. The most critical choice with respect to pressure is whether the process is to be operated at atmospheric pressure (AP) or under vacuum. If a source is operated at AP, batch-processing and vacuum equipment are not required; under vacuum both are required, and their cost is relatively insensitive to the vacuum pressure [START_REF] Roth | Industrial Plasma Engineering: Volume 2-Applications to Nonthermal Plasma Processing[END_REF].

Non-equilibrium atmospheric pressure plasmas have recently been playing the role of a potential technology in several applications. In addition to their practical side, design simplicity, and low operational cost, non-equilibrium atmospheric pressure plasmas exhibit unique features, which have provided the base for numerous applications. Several methods have been developed in the last two decades that allowed researchers to easily generate non-equilibrium plasmas at ‗‗highpressures'', up AP [START_REF] Kunhardt | Generation of large-volume, atmospheric-pressure, nonequilibrium plasmas[END_REF][START_REF] Kogelschatz | Filamentary, patterned, and diffuse barrier discharges[END_REF].

The plasma sources are classified by the excitation frequency and electrode configuration. The excitation frequency is important since it influences the behavior of the electrons and the ions. 

I-3-1) Direct current (DC)

DC discharges include corona, steady state (CW) glow, and pulse periodical discharges. Steadystate corona cannot be considered a nonthermal plasma source, producing separate fluxes of charged particles. It is well known that nonthermal plasma in pulse-periodical coronas is produced by streamers propagating from the point electrode.

A very important application area of high-pressure gas plasmas is excitation of gas mixtures for achieving laser radiation. Lasers, oscillating on optical transitions of CO 2 , excimers, Ar/Xe, and CO can effectively operate at atmospheric pressures and above, and they have a wide range of applications. High discharge power density, necessary for their effective excitation, is usually achieved in pulse-periodical glow discharges [START_REF] Napartovich | Overview of atmospheric pressure discharges producing nonthermal plasma[END_REF].

Corona discharge Plasmas

The corona is a weakly luminous discharge, which usually appears at atmospheric pressure near sharp point edges or thin wires where the electric field is sufficiently large. Corona discharges can be ignited with a relatively high voltage, which mainly occupies the region around one electrode [START_REF] Fridman | Non-thermal atmospheric pressure discharges[END_REF].

When a negative high voltage is applied to the wire, the discharge is a negative corona. The positive ions are accelerated towards the wire where secondary electrons are emitted and
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accelerated into the plasma: this moving front of high-energy (about 10 eV) electrons followed by a tail of lower energy electrons (about 1 eV) is called a streamer [START_REF] Bogaerts | Gas discharge plasmas and their applications[END_REF].

Inelastic collisions occur between these high-energy electrons and heavy particles and induce the formation of chemically reactive species. The duration of the pulses is shorter (give range a few ns) than the time necessary for the arc creation: when each pulse ends, the discharge extinguishes before it becomes too conductive.

I-3-2) Alternating current (AC) discharges

AC discharges at atmospheric pressure are essentially discharges stabilized by a dielectric barrier, which achieves the required distributed negative feedback between voltage and current density.

I-3-3) Radio-frequency plasmas (RF)

Radio-frequency discharges are obtained when the gas is subjected to an oscillating electromagnetic field. The field is generated by an induction coil surrounding the reactor (inductive discharge) or by separate electrodes arranged on the external surface of the reactor (capacitive discharge). These inductive or capacitive discharges have long been exploited for gas and surface treatments [START_REF] Bellakhal | Protective films formed on copper by oxygen plasma treatment[END_REF][START_REF] Bellakhal | Electrochemical investigation of copper oxide films formed by oxygen plasma treatment[END_REF][START_REF] Honda | Mass Spectrometric Transient Study of DC Plasma Etching of Si in NF 3 and NF 3/O 2 Mixtures[END_REF].

I-3-4) Microwave (MW) discharge

At the microwave frequency, f = 2.45 GHz, different techniques were employed to produce plasmas at atmospheric pressure: a surfatron [START_REF] Moisan | Plasma sources based on the propagation of electromagnetic surface waves[END_REF] device was used as a surface-wave-launching structure, resulting in formation a surface-wave sustained discharge in a tube [START_REF] Moisan | An atmospheric pressure waveguide-fed microwave plasma torch: the TIA design[END_REF][START_REF] Calzada | Characterization and study of the thermodynamic equilibrium departure of an argon plasma flame produced by a surface-wave sustained discharge[END_REF] (MW plasma torch); other authors produced atmospheric pressure microwave plasma in a cylindrical resonator.

The primary disadvantages of the microwave systems are: (a) high power is often required for plasma generation and (b) the size of the plasma reactor is limited by waveguide dimensions [START_REF] Bardos | Plasma processes at atmospheric and low pressures[END_REF].
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I-4) Dielectric Barrier Discharge (DBD) plasmas

The Dielectric Barrier Discharges (DBD) is based on the use of a dielectric barrier in the discharge gap which stops electric currents and prevents spark formation. as microdischarges, and intensively investigated their relationship with streamers [START_REF] Fridman | Plasma chemistry[END_REF][START_REF] Roth | Industrial Plasma Engineering: Volume 2-Applications to Nonthermal Plasma Processing[END_REF]. 
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I-5) Ionization waves and streamers

Electric phenomena in various dielectric media (gases, liquids, solids) are often related with formation and propagation of ionization waves, with luminous fronts moving at velocities 10 5 -10 9 cm s -1 [START_REF] Raizer | Gas discharge physics[END_REF][START_REF] Lagarkov | Ionization waves in electrical breakdown of gases[END_REF]. The ionization waves are key elements in pre-breakdown processes, they appear in various kinds of pulsed electrical discharges such as coronas, volume and surface dielectric barrier discharges, and lightning leaders. Recently similar phenomena, related to the fast propagation of luminous plasma objects, have been observed in sprite discharges in the upper atmosphere [START_REF] Pasko | Red sprite discharges in the atmosphere at high altitude: the molecular physics and the similarity with laboratory discharges[END_REF] and in cold atmospheric-pressure plasma jets (APPJs) [START_REF] Lu | On atmospheric-pressure non-equilibrium plasma jets and plasma bullets[END_REF].

Ionization waves can have various spatial structures. For example, ionization waves moving in low-pressure gases along channels surrounded by dielectric walls have nearly plain fronts [START_REF] Lagarkov | Macroscopic and Kinetic Description of a Weakly Ionized Gas in an Electric Field[END_REF]. A more common type of ionization waves, a streamer, is a growing plasma channel with a head typically of a spherical form. The channel radius is larger at lower densities of the propagation medium, being of several hundreds of micrometers in atmospheric-pressure gases and reaching hundreds of meters in (sprite) lightening streamers observed in the upper atmosphere, at altitudes of 60-80 km. In cold plasma jets, ionization waves with annular fronts are often observed.
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In propagating ionization waves, charged species (electrons and ions) are produced due to ionization of atoms and molecules of the medium by electron impact in localized regions of enhanced electric field-the wave fronts. The value of the enhanced electric field in the front region is governed by the density of volumetric electric charge formed by the wave itself, and can exceed greatly the local applied (external) electric field. The property of ionization waves to produce strong electric field in their fronts, capable to ionize medium (note that the ionization rate depends strongly on the electric field value), allows their penetration into low-field regions.

Thus, electric breakdown of gaps with non-uniform distribution of applied electric field, e.g., point-plane or wire-plane gaps, becomes possible. Being formed in the region of strong applied electric field near point or wire electrodes, streamers propagate to opposite electrodes, forming conducting channels.

Depending on the direction of propagation, streamers are called positive (or cathode-directed)

and negative (or anode-directed) streamers. A mechanism of a positive streamer, where the direction of electron drift, from cathode to anode, is opposite to the streamer propagation direction, is illustrated in Fig. I-5. Seed electrons ahead of the streamer front are produced due to ionization of medium species by energetic photons emitted from the region of strong electric field-the streamer head. These electrons, moving to the head, generate avalanches that enhance the positive space charge and hence the electric field ahead of the front of the evolving plasma channel. Generations of avalanches result in elongation of the channel. Note that besides photoionization the seed electrons can be produced by external ionization sources, or, in electronegative media, through detachment of electrons from negative ions in the strong field region just ahead of the streamer front. In the case of repetitive streamers propagating along the same path, the seed electrons can be supplied by preceding streamers. For streamers propagating along dielectric surfaces, the seed electrons can be produced also by photoemission.

A mechanism of a negative streamer, where the electrons drift in the streamer propagation direction, is of a similar character, though in this case a formation of seed electrons is not necessary, the avalanches in front of the streamer head can be initiated by electrons coming ahead from the front. 
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I-6) Structures and composition of plasma jets

The use of an atmospheric pressure plasma jet (APPJ) device, consisting of a tube with carrier gases and electrodes, is perhaps one of the most useful devices for creating non-thermal atmospheric pressure plasmas [START_REF] Sands | A streamer-like atmospheric pressure plasma jet[END_REF][START_REF] Jiang | Interplay of discharge and gas flow in atmospheric pressure plasma jets[END_REF][START_REF] Jiang | Atmospheric pressure plasma jet: Effect of electrode configuration, discharge behavior, and its formation mechanism[END_REF][START_REF] Kim | Atmospheric pressure argon plasma jet using a cylindrical piezoelectric transformer[END_REF][START_REF] Lee | Atmospheric pressure plasma jet composed of three electrodes: application to tooth bleaching[END_REF].

The phenomenon of APPJ can date back to 1960s. Nonthermal APPJ can be generated in many different gases, different types of discharge setups under various power supplies and using different electrical excitations, different operating modes (filamentary, Townsend, glow, etc.).

These include DC, kHz frequency pulsed and sinusoidal jets, radio frequency and microwave excited jets. Depending on jet electrode configuration, electrical excitation, chemical composition and flow rates of the carrier gas, plasma characteristics may differ significantly. An important characteristic of a jet configuration is spatial separation of surface processing and the plasma generation regions. That enables to vary and control plasma dynamics and reaction chemistry [START_REF] Hao | Study of Cold Ar Atmospheric Pressure Plasma Jet Generated With the Tapered Quartz Tube[END_REF].

For applied voltages on the order of a few kV, an apparently stationary ‗plasma jet' emanating from the exit of the dielectric tube and extending some centimetres is observed by the naked eye.

The length of the plasma jet depends on the operating conditions, and lengths greater than 10 cm have been reported [START_REF] Lu | An 11cm long atmospheric pressure cold plasma plume for applications of plasma medicine[END_REF]. The power deposition in the discharge is a few watts [START_REF] Laroussi | Room-temperature atmospheric pressure plasma plume for biomedical applications[END_REF][START_REF] Teschke | High-speed photographs of a dielectric barrier atmospheric pressure plasma jet[END_REF]; the gas temperature in the plasma jet is essentially ambient and there is a rich, electron-driven plasma chemistry in the mixing layer between the helium jet and the surrounding air [START_REF] Laroussi | Room-temperature atmospheric pressure plasma plume for biomedical applications[END_REF].
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Plasma jets operating with noble gases can be classified into four categories, i.e. dielectric-free electrode (DFE) jets, dielectric barrier discharge (DBD) jets, DBD-like jets and single electrode (SE) jets.

I-6-1) Dielectric-free electrode (DFE) jets

One of the early APPJ, developed by Hicks' group, is a DFE jet, as shown in fig.I-6 [START_REF] Babayan | Deposition of silicon dioxide films with an atmospheric-pressure plasma jet[END_REF][START_REF] Jeong | Etching materials with an atmospheric-pressure plasma jet[END_REF]. The jet is driven by a radio frequency (RF) power source at 13.56 MHz. It consists of an inner electrode, which is coupled to the power source, and a grounded outer electrode.

Several notable characteristics of the DFE jet are:

-Firstly, that arcing is unavoidable when the stable operation conditions are not met.

-Secondly, compared with DBD and DBD-like jets (discussed below), the power delivered to the plasma for the DF jet is much higher.

-Thirdly, due to the high power delivered, the gas temperature of the plasma is quite high and out of the acceptable range for biomedical applications.

-Fourthly, for this DFE jet, which is driven by an RF power supply, the peak voltage is only a few hundred volts, so the electric field within the discharge gap is relatively low and its direction is radial (perpendicular to the gas flow direction).

The electric field in the plasma plume region is even lower, especially along the plasma plume propagation direction (gas flow direction).

-Finally, since the electric field along the plasma plume propagation direction is very low, the generation of this plasma plume is probably gas flow driven rather than electrically driven.

On the other hand, because a relatively high power can be delivered to the plasma and the gas temperature is relatively high, the plasma is very reactive.

This kind of plasma jet is suitable for applications such as material treatment as long as the material to be treated is not very sensitive to high temperatures. , which was first reported by Teschke et al [START_REF] Teschke | High-speed photographs of a dielectric barrier atmospheric pressure plasma jet[END_REF], the jet consists of a dielectric tube with two metal ring electrodes on the outer side of the tube. When a working gas (He, Ar) flows through the dielectric tube and kHz high-voltage (HV) power supply is turned on, a cold plasma jet is generated in the surrounding air. The plasma jet only consumes a power of several watts.

The gas temperature of the plasma is close to room temperature. is covered by a dielectric tube with one end closed [START_REF] Lu | An 11cm long atmospheric pressure cold plasma plume for applications of plasma medicine[END_REF]. With this configuration, the electric field along the plasma plume is enhanced. Walsh and Kong's studies show that a high electric field along the plasma plume is favorable for generating long plasma plumes and more active plasma chemistry [START_REF] Walsh | Contrasting characteristics of linear-field and cross-field atmospheric plasma jets[END_REF]. There are several advantages of the DBD jets:

-Due to the low power density delivered to the plasma, the gas temperature of the plasma remains close to room temperature.

-because of the use of the dielectric, there is no risk of arcing whether the object to be treated is placed far away or close to the nozzle.

These two characteristics are very important for applications such as plasma medicine, where safety is a strict requirement. [START_REF] Leveille | Design and preliminary characterization of a miniature pulsed RF APGD torch with downstream injection of the source of reactive species[END_REF][START_REF] Shashurin | Temporal behavior of cold atmospheric plasma jet[END_REF]. The benefit of this kind of configuration is that two different gases can be mixed in the device. Normally, gas inlet 2 is used for a reactive gas such as O 2 flow, and gas inlet 1 is for a noble gas. It was found that the plasma plume is much longer with this kind of gas control than that using a pre-mix gas mixture with the same percentage [START_REF] Leveille | Design and preliminary characterization of a miniature pulsed RF APGD torch with downstream injection of the source of reactive species[END_REF]. is the same as in the case of DBD jets. When the DBD-like plasma jets are used for plasma medicine applications, the object to be treated could be cells or the whole tissue. In this case, these types of jet devices should be used carefully because of the risk of arcing. On the other hand, if it is used for treatment of conductive materials, since there is no dielectric; more power can easily be delivered to the plasma. So as long as arcing is carefully avoided, the DBD-like jets have their own advantages. 
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I-7) Guided ionization waves-plasma bullets

Although the discharges in such devices typically appear as a luminous plasma continuum, highspeed imaging shows that the plasma in fact consists of discrete, fast-traveling, plasma bullets
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27 [START_REF] Mericam-Bourdet | Experimental investigations of plasma bullets[END_REF][START_REF] Teschke | High-speed photographs of a dielectric barrier atmospheric pressure plasma jet[END_REF][START_REF] Walsh | Three distinct modes in a cold atmospheric pressure plasma jet[END_REF], or Ionization wave (IW) fronts. The propagation of the IWs is responsible for transporting the associated intense electric field, and creating charged and neutral excited species and UV photons at remote locations.

‗Plasma bullets' first reported by Teschke et al [START_REF] Teschke | High-speed photographs of a dielectric barrier atmospheric pressure plasma jet[END_REF] and by Lu and Laroussi [START_REF] Lu | Dynamics of an atmospheric pressure plasma plume generated by submicrosecond voltage pulses[END_REF]. It is now clear from experimental and modelling studies [START_REF] Naidis | Modelling of streamer propagation in atmospheric-pressure helium plasma jets[END_REF][START_REF] Naidis | Modelling of plasma bullet propagation along a helium jet in ambient air[END_REF][START_REF] Boeuf | Modeling the generation and propagation of plasma jets[END_REF][START_REF] Breden | Computational study of cold atmospheric nanosecond pulsed helium plasma jet in air[END_REF][START_REF] Breden | Self-consistent two-dimensional modeling of cold atmosphericpressure plasma jets/bullets[END_REF] that the plasma ‗bullets' are ionization waves, similar to cathode-directed streamers, propagating in the easily ionized helium column and triggered when the plasma potential at the exit plane of the microdischarge exceeds the voltage required for streamer ignition in helium. Naidis [START_REF] Naidis | Modelling of streamer propagation in atmospheric-pressure helium plasma jets[END_REF] showed that the electric field required for streamer propagation in air is 4-5 times that needed for propagation in helium and that the streamers are prevented from branching because the electric fields are too low to enable propagation in the air surrounding the helium jet. Lu and Laroussi [START_REF] Lu | Dynamics of an atmospheric pressure plasma plume generated by submicrosecond voltage pulses[END_REF] and Sands et al [START_REF] Sands | A streamer-like atmospheric pressure plasma jet[END_REF] evoked positive streamer discharges to explain the phenomenon. The helium jet has to be in a laminar mode at the output of the dielectric tube to produce a plasma jet [START_REF] Teschke | High-speed photographs of a dielectric barrier atmospheric pressure plasma jet[END_REF]. Typical gas flow velocities are such that a laminar helium jet extends several centimetres or more from the exit plane of the microdischarge. A correlation between the gas flow velocity and the plasma jet length was shown by Li et al [START_REF] Li | Effects of gas flow rate on the length of atmospheric pressure nonequilibrium plasma jets[END_REF] and Karakas et al [START_REF] Karakas | Correlation between helium mole fraction and plasma bullet propagation in low temperature plasma jets[END_REF]: with increasing gas flow velocity, the plasma jet length first increases and then starts to decrease because the transition from laminar to turbulent flow (e.g. fast gas mixing) occurs at positions closer to the exit plane of the tube. Chapter I ------------------------------------------------------------------------------------------------------------------------------------------28

I-8) Effect of discharge parameters on plasma jet

I-8-1) Pulse frequency

For the plasma propagation outside the tube in open air, an increase in the repetition frequency leads directly to an increase in propagation velocity, yielding an increase in the length of the plasma plume. (It follows, that as more discharge events occur in a given time, more seed electrons are available for future avalanches, acting to accelerate the propagation process. These findings clearly highlight the importance of the ‗memory effect' from previous discharges; it is worth noting that photoionization processes are unlikely to be linked to the repetition rate, indicating that such processes may not play a key role in the propagation mechanism.) [START_REF] Walsh | The manipulation of atmospheric pressure dielectric barrier plasma jets[END_REF]. to 13 cm, as the pulse repetition rate is increased from 1 to 75 Hz, and is then kept constant from 75 to 350 Hz [START_REF] Robert | First achievements and opportunities for cancer treatment using non-thermal plasma[END_REF]. In addition, the variation of this parameter from 0.1 to 10 kHz does not affect the APPJ length noticeably [START_REF] Xiong | Length control of He atmospheric plasma jet plumes: effects of discharge parameters and ambient air[END_REF]. 
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I-8-2) Rise time of pulse voltage

Recently, several groups worldwide have proposed that the atmospheric pressure non equilibrium plasma driven by short pulses have several advantages, including higher energy efficiency for ozone synthesis and UV power output, relatively easier to generate diffuse plasma, better power transfer efficiency to the plasma and so on [START_REF] Walsh | Three distinct modes in a cold atmospheric pressure plasma jet[END_REF][START_REF] Machala | DC discharges in atmospheric air and their transitions[END_REF][START_REF] Ostrikov | Colloquium: Reactive plasmas as a versatile nanofabrication tool[END_REF][START_REF] Shao | ICCD observation of homogeneous DBD excitated by unipolar nanosecond pulses in open air[END_REF][START_REF] Shao | Excitation of atmospheric pressure uniform dielectric barrier discharge using repetitive unipolar nanosecond-pulse generator[END_REF]. However, few studies have been carried out on why plasma driven by pulse voltage has such advantages. It is assumed that short pulses have a short rising time and this short rising time may result in the overvoltage breakdown. The overvoltage breakdown could further enhance the ionization and excitation processes because higher energy electrons may be generated under such conditions. But no investigations have actually been carried out to justify such assumptions.

The pulse rising time has significant effect on the plasma characteristics. The results suggest that the plasma plume velocity increases with decreasing rise time; consequently, longer plasma plumes can be produced [START_REF] Robert | First achievements and opportunities for cancer treatment using non-thermal plasma[END_REF][START_REF] Boeuf | Dynamics of a guided streamer (‗plasma bullet') in a helium jet in air at atmospheric pressure[END_REF][START_REF] Wu | Effect of Pulse Rising Time of Pulse dc Voltage on Atmospheric Pressure Non-Equilibrium Plasma[END_REF]. The current-voltage measurements show that the breakdown voltage increases when τ rise is reduced from 4 ms to 140 ns. Thus the plasma driven by pulse dc voltages with shorter τ rise is ignited under significant overvoltage breakdown. It means that the plasma driven the pulse dc voltage with shorter τ rise should be more reactive and have a higher electron temperature. So the ionization and excitation processes of the plasma should be enhanced and more atoms should be excited to higher energy states. Optical emission measurements and the electron temperature evaluation results confirmed that the plasma driven by voltage pulses with shorter rising time has higher electron temperature than those driven by longer rising time [START_REF] Wu | Effect of Pulse Rising Time of Pulse dc Voltage on Atmospheric Pressure Non-Equilibrium Plasma[END_REF].

Similar results were reported for the studies of the average propagation velocities of the plasma plumes inside a dielectric tube. Fig. I-13 shows a comparison between the plasma-front velocity and the voltage peak amplitude, for the ns and μs drivers, which are both operated in negative polarity. For peak voltage amplitudes lower than 20 kV, the plasma velocity is similar for both
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rising times. With the μs driver, the velocity increase versus the peak voltage is close to linear from 7 to 15 kV, and tends to saturate at voltage amplitudes higher than around 15 kV. With the ns driver, the velocity increase follows an exponential growth and the velocity can reach values higher than 10 8 cm s -1 . This difference in behavior probably originates from the possibility of a significant discharge gap over-voltage, applied across the dielectric barrier of the DBD reactor, when using the ns driver [START_REF] Robert | First achievements and opportunities for cancer treatment using non-thermal plasma[END_REF]. .

I-8-3) Pulse width

The width of the applied voltage pulse is also important. With the increase of the pulse width, the length of the plasma plume increases dramatically. The length of the plasma plume reaches its maximum and then it actually becomes slightly shorter when the pulse width is further increased As the pulse width is increased, the discharge is seen to visibly extend up to a given length and then to remain constant. Under the conditions used in this investigation, the maximum discharge length was found to occur when the applied voltage pulse width was 3μs. This is clear from Fig.I-15, as the velocity profiles obtained with pulse widths of 3μs and 4μs are very similar, meaning the same distance is covered. As the fast moving ionization front travels away from the powered electrode the influence of the external electric field reduces; eventually, a point is reached where the field strength is insufficient for further propagation. The point at which this occurs depends on the amplitude of the applied pulse and not its duration. In contrast, reducing the pulse width results in a rapid reduction in the length of the plasma plume. In this situation, the ionization front is prematurely terminated by the falling edge of the applied voltage pulse; findings that are highly consistent with the behavior of a cathode-directed streamer [START_REF] Walsh | The manipulation of atmospheric pressure dielectric barrier plasma jets[END_REF].
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I-8-4) Voltage polarity

Since the plasma bullet is electrically driven, it should behave differently when the plasma jet is driven by a negative pulse instead of a positive pulse. It was found that the plasma plume in the surrounding air propagates much faster and is much longer for the positive pulse than that for the negative pulse. This may be due to the weaker electric fields associated with the negative bullets [START_REF] Jiang | Polarity-induced asymmetric effects of nanosecond pulsed plasma jets[END_REF][START_REF] Xiong | On the velocity variation in atmospheric pressure plasma plumes driven by positive and negative pulses[END_REF][START_REF] Oh | Plasma bullet current measurements in a free-stream helium capillary jet[END_REF]. before it exits the nozzle. For the case of the positive pulse, the plasma becomes much brighter as soon as it exits the nozzle. On the other hand, for the case of the negative pulse, the plasma also becomes brighter when it exits the nozzle but it is not as obvious as in the case of the
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positive pulse. It is interesting to note that the shape of plasma head for the case of the positive pulse is different to that of the negative pulse. It has a spherical shaped head for the case of the positive pulse, whereas it is more like the shape of a sword head for the case of the negative pulse. The reason behind the shape difference is not clear at the moment [START_REF] Xiong | On the velocity variation in atmospheric pressure plasma plumes driven by positive and negative pulses[END_REF]. Chapter
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The effect of voltage polarity on the plasma plume propagation inside capillaries was investigated by Robert et al. who obtained very different results compared to other groups. They found that, for a peak value of 12 kV, the average velocity for the negative polarity is almost two times of the positive polarity case. The reason for this difference may be related to the specific boundary charging conditions of the capillary channels and represents an opportunity for the future research [START_REF] Robert | First achievements and opportunities for cancer treatment using non-thermal plasma[END_REF].

I-8-5) Diameter of the tube

It is typical for the plasma jet devices that the plasma is first generated inside the tube. The tube diameter affected several properties of the kHz plasma jet working in He flow. Higher voltages had to be used to sustain the plasma jet with decreasing tube diameter. A possible reason for the increased breakdown voltages is the increased diffusion loss of electrons and He metastables, while the charge accumulation on the tube surfaces may also affect the breakdown voltages. The decrease in the tube diameter also increased the excitation temperature of He, while the rotational temperature of N 2 remained below 500 • C. The obtained values correspond to a large deviation from thermodynamic equilibrium and this deviation increased with decreasing tube diameter. The decrease in the tube diameter also caused an increase in the electron density. The applied voltages and flow rates had no clear effect on most of these parameters except on the gas temperature [START_REF] Jõgi | The influence of the tube diameter on the properties of an atmospheric pressure He micro-plasma jet[END_REF].

Changing the radius of the tube significantly affects the structure and propagation speed of the streamer. The smaller tube radii lead to much higher streamer speeds and plasma densities as shown in Fig. I-19 [START_REF] Breden | Self-consistent two-dimensional modeling of cold atmosphericpressure plasma jets/bullets[END_REF]. It was found that when the tube radius is decreased from 600 to 100 μm, the plasma bullet propagation velocity increased by a factor of 4 at the beginning of the propagation and by a factor of 1.3 at the end. When the tube radius is 2 mm and above, the plasma propagates primarily along the He-air mixing layer with very little plasma generated on the axis [START_REF] Jánský | Simulation of the discharge propagation in a capillary tube in air at atmospheric pressure[END_REF][START_REF] Jánský | Experimental and numerical study of the propagation of a discharge in a capillary tube in air at atmospheric pressure[END_REF]. In this case the discharge is quite similar to a surface ionization wave [START_REF] Ostrikov | Nonlinear effects of ionization on surface waves on a plasma-metal interface[END_REF].

Therefore, if a plasma plume is aimed for applications such as surface decontamination, the diameter of the tube should be less than 2 mm because there is no plasma in the core of the plasma plume.
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Stated differently, as the high voltage increases, more energy is transferred into the ionization channel; thus, a longer plasma jet is possible with a smaller helium mole fraction [START_REF] Mericam-Bourdet | Experimental investigations of plasma bullets[END_REF][START_REF] Karakas | Correlation between helium mole fraction and plasma bullet propagation in low temperature plasma jets[END_REF]. By increasing the applied voltage, the bullet velocity, discharge current, energy deposited in the gas and intensity of the main radiative species of the jet significantly increase. Moreover, higher energy electrons are produced. Therefore, the value of the space-charge-induced electric field depends on the HV amplitude, and hence on the discharge characteristics [START_REF] Jarrige | Formation and dynamics of plasma bullets in a non-thermal plasma jet: influence of the high-voltage parameters on the plume characteristics[END_REF].

I-9) Plasma transporting in flexible tube

Transported plasmas through capillary tubes operating at atmospheric pressure have received considerable attention recently for both their fundamental physics and practical applications [START_REF] Mussard | Propagation of plasma bullets in helium within a dielectric capillary-influence of the interaction with surfaces[END_REF][START_REF] Xiong | Atmospheric-pressure plasma transfer across dielectric channels and tubes[END_REF][START_REF] Sarron | Splitting and mixing of high-velocity ionization-wave-sustained atmospheric-pressure plasmas generated with a plasma gun[END_REF]. These plasmas have great potential to be used in medical applications such as endoscopy due to their excellent flexibility and capability to deliver reactive chemical species to a target [START_REF] Robert | Perspectives of endoscopic plasma applications[END_REF][START_REF] Kim | Single-Cell-Level Microplasma Cancer Therapy[END_REF][START_REF] Ji | Atmospheric-pressure microplasmas with high current density confined inside helium-filled hollow-core fibers[END_REF]. This is an interesting point because the plasma bullets emerge the tube, with a sufficient reduced electric field at the tip. There also exist a few publications dealing with the development of new non thermal atmospheric pressure plasma sources allowing for plasma delivery. Such a potentiality will for sure open up new opportunities for plasma technology in both clinical applications and medical device disinfection.

A lot of effort has been made to devise plasma jet systems capable of guiding active species far from the source, where a localized treatment at atmospheric pressure can be achieved. Several groups [START_REF] Johnson | A cold atmospheric-pressure helium plasma generated in flexible tubing[END_REF][START_REF] Robert | Experimental study of a compact nanosecond plasma gun[END_REF][START_REF] Xiong | Atmospheric pressure ionization waves propagating through a flexible high aspect ratio capillary channel and impinging upon a target[END_REF] have reported propagation of plasma into flexible plastic tubes with different lengths and thicknesses. Usually most authors ignite He or Ne plasmas, which reportedly propagate into bended plastic tubes [START_REF] Gkelios | Guided propagation of excited species produced by microjet plasma[END_REF] with a length up to 2 m [START_REF] Johnson | A cold atmospheric-pressure helium plasma generated in flexible tubing[END_REF]. Plasmas from argon and argon-nitrogen mixtures could only propagate short distances inside flexible plastic pipes [START_REF] Clement | Atmospheric-Pressure Plasma Microjet of Argon-Nitrogen Mixtures Directed by Dielectric Flexible Tubes[END_REF][START_REF] Uhm | Various microplasma jets and their sterilization of microbes[END_REF].

In our knowledge, Robert et al. [START_REF] Robert | Experimental study of a compact nanosecond plasma gun[END_REF] developed a first version of low temperature plasma, 'plasma gun', traveling through capillary tube (Fig. I-21). They used a compact nanosecond dielectric barrier discharge inside capillaries of diameter ranging from 200μm to 4mm flushed with neon or helium. They found that the plasma bullets propagate at speeds up to 5×10 8 cm s -1 over distances of a few tens of centimeters and exit from the capillary tube as a streamer discharge. A few centimeters downstream of the DBD source, the IW (Ionization Wave) appears to be electronically isolated from the high-voltage source. A preliminary parametric study finally indicates that the bullet propagation velocity is lower for helium than for neon flow, that the material constituting the capillary wall has no severe impact on this speed and that the higher the voltage amplitude is the faster the propagation occurs in the vicinity of the DBD reactor.

Xiong et al. [START_REF] Xiong | Atmospheric pressure ionization waves propagating through a flexible high aspect ratio capillary channel and impinging upon a target[END_REF] proposed a model to explain the propagation mechanisms of ionization waves in 15 cm flexible capillary tubes (e.g. tubing with loops and bends) (Fig. I-23). The propagation of the IWs is responsible for transporting the associated intense electric field, and creating
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charged and neutral excited species and UV photons at remote locations. One such manifestation is the propagation of an IW through a capillary tube having diameters of less than a few millimeters and aspect ratios of hundreds to thousands. With properly chosen capillary tubes, the distance can be of tens of centimeters from the location at which the plasma is initiated to the target areas. In this model, the IW, initiated at the beginning of the channel by high-voltage pulses, are able to propagate through the entire channel length while maintaining their magnitude and speed within factors of 2-3, and upon exiting, trigger streamer discharges in the target chamber which then impinge upon the target surface. Unlike the plasma bullets in open configurations, the IW fronts in the capillary channel are followed by an extended tail of high electron temperature and ionization up to several centimeters long. The average propagation speed in the channel is about 5 × 10 7 cm s -1 for positive ionization waves and 1 × 10 8 cm s -1 for negative IWs. The peaks of the ionization source function and electron density tend to propagate along one of the walls if there is any asymmetry rather than filling the channel. The IW also tends to switch to the opposite side of the wall when the channel curvature changes. This surface-bound propagation mode is found to coincide with the change in the relative orientation between the electric field in front of the wave front and the local capillary channel itself. In both positive and negative cases, the streamer in the target chamber is initiated prior to the arrival of the IW from the channel. The streamers then propagate at twice the speed of their IW precursors in the channel. The positive streamer has a more focused and jet-like core profile while the negative streamer is more diffusive [START_REF] Xiong | Atmospheric pressure ionization waves propagating through a flexible high aspect ratio capillary channel and impinging upon a target[END_REF].
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For the first time, time and space-resolved electric field (EF) measurements of plasma propagating inside long dielectric tubes was performed. This study unveils that plasma propagation occurs in a region where longitudinal EF exists ahead of the ionization front position usually revealed from plasma emission with ICCD measurement. The ionization front propagation induces the sudden rise of a radial EF component. Both of these EF components have an amplitude of several kV/cm for helium or neon plasmas and are preserved almost constant along a few tens of cm inside a capillary [START_REF] Robert | New insights on the propagation of pulsed atmospheric plasma streams: From single jet to multi jet arrays[END_REF].

In a review paper [START_REF] Robert | Perspectives of endoscopic plasma applications[END_REF] the authors describe methods for plasma transfer through short metallic sections. It was shown that in fact plasma did not penetrate or propagate inside the metallic sections, but a plasma jet could be reignited at the section outlet.

Kim et al investigated a He plasma jet exiting from a biocompatible tube of 254 μm diameter.

They have shown that the use of a micro-plasma jet device with a flexible tube is a powerful tool for cancer therapy. They found the speed of the plasma bullets to be (3-6) × 10 7 cm s -1 [START_REF] Kim | A flexible cold microplasma jet using biocompatible dielectric tubes for cancer therapy[END_REF].

Johnson et al showed the operation of APPJs in flexible Teflon tubings. This material is important not only because it allows the plasma device to be flexible but also because it is commonly used in the medical industry. Therefore, even if jet mode operation is not achieved, plasma with a low gas temperature and confined to the inner side of the tubing is highly desirable as a potential cleaning tool [START_REF] Johnson | A cold atmospheric-pressure helium plasma generated in flexible tubing[END_REF]. Park et al demonstrated plasma bullets generated by microsecond pulses in He flow propagation inside of the conductive agarose gel tubes mimicking tissue [START_REF] Park | Plasma Bullets Propagation Inside of Agarose Tissue Model[END_REF].

An innovative device capable of generating cold atmospheric pressure plasma inside a 5m long flexible tube with 2mm inner diameter was presented by Polak et al [START_REF] Polak | Innovative Plasma Generation in Flexible Biopsy Channels for Inner-Tube Decontamination and Medical Applications[END_REF]. The plasma was ignited in argon gas (or in a mixture of Ar and oxygen) using a bifilar helix electrode wrapped around the plastic tube (Fig. I-24). In fact, the main purpose of this device was microbial inactivation inside the long endoscopic tubes. However, at the downstream end of the tube a plasma jet also appeared which was applied for surface modification and decontamination. The concept of plasma sterilization inside catheters also was explored in [START_REF] Sato | Generation and transportation mechanisms of chemically active species by dielectric barrier discharge in a tube for catheter sterilization[END_REF][START_REF] Eto | Low-Temperature Internal Sterilization of Medical Plastic Tubes Using a Linear Dielectric Barrier Discharge[END_REF], where the authors used a powered wire inside thin pipes and an external grounded electrode to ignite plasma. A common characteristic of these devices is that the plasma is generated inside the entire extension of the plastic tube. However, this also means a significant increase of the total discharge power, especially in the case of long tubes.
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I-10) Plasma jet array

For most of the plasma jet devices, the plasma jets cover only a few square millimeters, which make them difficult for large-scale applications, such as surface coating, deposition, cleaning, and medicine [START_REF] Fan | Discharge Characteristics of a coldatmospheric-plasma jet array generated with single-electrode configuration[END_REF]. To overcome this challenge, several researchers have considered the use of plasma jet arrays consisting of many individual jets placed within close proximity of each other;

clearly, such structures have the potential to greatly enhance the scale of surface treatment over that of a single plasma jet [START_REF] Cao | Atmospheric plasma jet array in parallel electric and gas flow fields for three-dimensional surface treatment[END_REF][START_REF] Kim | Characteristics of Multiple Plasma Plumes and Formation of Bullets in an Atmospheric-Pressure Plasma Jet Array[END_REF][START_REF] Babaeva | Interaction of multiple atmospheric-pressure micro-plasma jets in small arrays: He/O2 into humid air[END_REF][START_REF] Chang | Dynamic Evolution of Helium Atmospheric Pressure Plasma Jet With ITO-PET Electrodes[END_REF][START_REF] Guang-Liang | Fabricating a reactive surface on the fibroin film by a room-temperature plasma jet array for biomolecule immobilization[END_REF].

Several cold-plasma jet array devices of scalable 1-D and 2-D arrays have been designed by different groups [START_REF] Pei | Dynamics of a plasma jet array[END_REF][START_REF] Cao | Spatially extended atmospheric plasma arrays[END_REF][START_REF] Nie | A two-dimensional cold atmospheric plasma jet array for uniform treatment of large-area surfaces for plasma medicine[END_REF][START_REF] Eden | New opportunities for plasma science in nonequilibrium, low-temperature plasmas confined to microcavities: There's plenty of room at the bottoma)[END_REF][START_REF] Sakai | Photonic bands in two-dimensional microplasma arrays. I. Theoretical derivation of band structures of electromagnetic waves[END_REF]. Ma et al have developed arrays of microchannels embedded in polymer producing micro-jets having a channel diameter of 340μm and extending almost 4mm into air [START_REF] Ma | Microplasma jets generated by arrays of microchannels fabricated in flexible molded plastic[END_REF]. These plasmas are capable of a direct production of reactive species near large scale 3-D objects with a tight control of plasma stability, which are generated with capillary-ring electrode configuration or with a downstream ground electrode. The length and shape of the jet array vary with the variation in the applied voltage amplitude, frequency of the power supply, and gas flow rate [START_REF] Kim | Intense and energetic atmospheric pressure plasma jet arrays[END_REF].

Cheng Zhang et al showed the length of the plasma jet in the middle of the array is less than that on the edges of the array. However, when a small amount of O 2 additive is injected into the plasma jet array, the length increases and becomes approximately the same as the length of the plasma jets on the edges of the array. The improvement of spatial uniformity of the plasma jet array is due to the enhancement of the Penning ionization in the plasma jets caused by O 2 additive. However a great amount of O 2 additive, however, may lead to discharge quenching in the plasma jet array [START_REF] Zhang | Effect of O2 additive on spatial uniformity of atmospheric-pressure helium plasma jet array driven by microsecond-duration pulses[END_REF].
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Kim et al [START_REF] Kim | Intense and energetic atmospheric pressure plasma jet arrays[END_REF] also investigated the conditions that produced jet-to-jet coupling. They found that the array must have an appropriate gas flow of 1-3.5 slm to interact. When the gas flow was higher than 3.5 slm the plasma jets no longer interacted with each other, but rather transformed into individually well-collimated plasma plumes regardless of the operating voltage. Kim et al [START_REF] Kim | Intense and energetic atmospheric pressure plasma jet arrays[END_REF] and Furmanski et al [START_REF] Furmanski | Triple-coupled intense atmospheric pressure plasma jet from honeycomb structural plasma device[END_REF] increased the number of outer tubes and found that despite an equally distributed gas flow, the outermost tubes did not produce strong individual plasma plumes. Rather, the plasma plumes were drawn into the central plume, which was, in turn, amplified. As a result, the optical intensity from a 19-jet array was nearly twice that from a conventional single plasma jet. Fan et al investigated an array of seven He plasma jets, a hexagonal structure with a center jet [START_REF] Fan | Discharge Characteristics of a coldatmospheric-plasma jet array generated with single-electrode configuration[END_REF]. They observed repulsion of the jets, an effect they attributed to electrostatic repulsion between the jets. These interactions lessened with increased gas flow. Ghasemi et al [START_REF] Ghasemi | Interaction of multiple plasma plumes in an atmospheric pressure plasma jet array[END_REF] investigated arrays of 2-4 plasma jets and observed significant divergence of the plumes. They attributed this divergence in part to electrostatic repulsion, which through ion momentum transfer also produced divergence of the gas channel.

High-speed photographs show that the propagation speed of each plasma plume is not the same.

At the beginning, the propagation speed of the plasma plumes on both edges is higher than that in the middle of the plasma array (Fig 

I-11) Application of cold atmospheric plasma in medicine

The sensitivity to heat of biomedical samples narrows the choice of non-thermal plasmas. There are many types of plasmas that can be generated under ambient pressure and temperature conditions suitable for treatment of sensitive samples. The motivation is to develop new medical techniques, as plasma offers some possibilities for inducing desired processes with minimum damage to the living tissue [146][START_REF] Iza | Microplasmas: sources, particle kinetics, and biomedical applications[END_REF][START_REF] Stoffels | Plasma needle: a non-destructive atmospheric plasma source for fine surface treatment of (bio) materials[END_REF].

Plasmas became commercially available for medical use in the 1990s. Studies investigating the interaction of plasma with living cells have shown eradication of pathogens [START_REF] Kolb | Cold atmospheric pressure air plasma jet for medical applications[END_REF][START_REF] Stoffels | Gas plasmas in biology and medicine[END_REF], blood coagulation [START_REF] Fridman | Floating electrode dielectric barrier discharge plasma in air promoting apoptotic behavior in melanoma skin cancer cell lines[END_REF][START_REF] Kalghatgi | Mechanism of blood coagulation by nonthermal atmospheric pressure dielectric barrier discharge plasma[END_REF], tissue sterilization [START_REF] Fridman | Floating electrode dielectric barrier discharge plasma in air promoting apoptotic behavior in melanoma skin cancer cell lines[END_REF][START_REF] Shashurin | Living tissue under treatment of cold plasma atmospheric jet[END_REF], and the ablation of cultured liver cancer cells [START_REF] Zhang | Ablation of liver cancer cells in vitro by a plasma needle[END_REF]. 
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I-11-1) Plasma decontamination

The most efficient way to overcome diseases is to prevent them. If that is not possible (the usual situation), the next most important step is containment-preventing the spread of diseases.

Accordingly, decontamination, sterilization and disinfection are major issues in healthcare, one of our most important armaments in the fight against epidemics and the spread of contagious diseases. In the case of hospital acquired infections, there are many excellent and efficient sterilizers in use in hospitals, for example those employing different fluid active agents.

But each disinfection with fluids takes typically a few minutes to become really effective [START_REF] Kampf | Compliance with application time for surgical hand disinfection[END_REF][START_REF] Kampf | Epidemiologic background of hand hygiene and evaluation of the most important agents for scrubs and rubs[END_REF]. With typically 60 patient contacts per day, medical practitioners or nurses would have to disinfect their hands for a total of 3 h each day-impossible in practice. In addition, fluids cannot readily enter into tiny skin folds or penetrate under fingernails, where pathogens may reside, and they can have side effects such as skin irritation or allergic reactions. Disinfection with plasmas, according to current research results, is fast-typically a few seconds-and is benign to the skin. Plasmas, or rather the reactive molecules produced in plasma-air-water vapour interactions, can penetrate even into the smallest skin folds and destroy bacteria, something fluids and even UV radiation cannot equal. So there is a health, a hygiene and an economic issue at stake [START_REF] Morfill | Focus on plasma medicine[END_REF].

Low-temperature plasmas produce a potent cocktail of charged particles, reactive atoms, and molecules (e.g., atomic oxygen, ozone, hydroxyl group, oxides of nitrogen, etc.), electric fields, and ultraviolet (UV) radiation. Each of one of these individual agents can cause bacterial deactivation. Charge accumulation on microorganisms can lead to electrostatic cell disruption [START_REF] Stoffels | Tissue processing‖ with atmospheric plasmas[END_REF]. Reactive oxygen compounds (O and O 3 ) can physically etch the cell membrane and

Chapter I ------------------------------------------------------------------------------------------------------------------------------------------ 45
interfere with transport within the cell. Also, the reactive components can induce DNA breakage [START_REF] Mai-Prochnow | Atmospheric pressure plasmas: Infection control and bacterial responses[END_REF]. UV radiation (especially sub-260-nm wavelength photons) can induce damage to DNA and intracellular proteins [START_REF] Lackmann | Inactivation of microbes and macromolecules by atmosphericpressure plasma jets[END_REF]. In plasma, there is synergetic effect of all aforementioned inactivation mechanisms; therefore, plasma devices are very effective tools for bacterial decontamination.

Non thermal plasmas have been shown, by many different groups, to be very effective against gram-negative bacteria, gram-positive bacteria, spores, biofilm-forming bacteria, virus and fungi [START_REF] Laroussi | Nonthermal decontamination of biological media by atmospheric-pressure plasmas: review, analysis, and prospects[END_REF]. The inactivation of bacteria was the first biological application of low-temperature atmospheric pressure plasmas. The early encouraging results obtained in the mid-to late-1990s [START_REF] Laroussi | Sterilization of contaminated matter with an atmospheric pressure plasma[END_REF][START_REF] Kelly-Wintenberg | Room temperature sterilization of surfaces and fabrics with a one atmosphere uniform glow discharge plasma[END_REF][START_REF] Herrmann | Decontamination of chemical and biological warfare (CBW) agents using an atmospheric pressure plasma jet (APPJ)[END_REF][START_REF] Laroussi | Biological decontamination by nonthermal plasmas[END_REF]. The initial high interest was justified by the potential use of low-temperature plasma to sterilize, decontaminate, or disinfect both biotic and abiotic surfaces: there has been a need for novel technologies to deal with the safe sterilization of heat-sensitive medical instruments and to disinfect wounds to facilitate wound healing. In the early research, relatively large volume plasmas generated by dielectric barrier discharges were used. Air or mixtures of a noble gas and air or oxygen were used as the operating gas. The results showed that plasma is able to reduce the concentration of an initial load of bacteria, such as Escherichia coli or Pseudomonas aeroginosa, by several logs. By 2005-2010, low-temperature plasma jets became the plasma devices of choice for several biomedical applications. Various plasma jets were, therefore, developed and used [START_REF] Lu | On atmospheric-pressure non-equilibrium plasma jets and plasma bullets[END_REF][START_REF] Laroussi | Arc-Free Atmospheric Pressure Cold Plasma Jets: A Review[END_REF][START_REF] Lu | Guided ionization waves: Theory and experiments[END_REF][START_REF] Weltmann | Atmospheric-pressure plasma sources: prospective tools for plasma medicine[END_REF].

Amount of inactivation and cell wall damage depends on different parameters. Several experimental parameters were demonstrated to be involved in the bactericidal efficiency of plasma such as the gap between the electrodes [START_REF] Yun | Inactivation of Listeria monocytogenes inoculated on disposable plastic tray, aluminum foil, and paper cup by atmospheric pressure plasma[END_REF][START_REF] Miao | The sterilization of Escherichia coli by dielectric-barrier discharge plasma at atmospheric pressure[END_REF], gas composition [START_REF] Lee | Inactivation of Listeria monocytogenes on agar and processed meat surfaces by atmospheric pressure plasma jets[END_REF], supply voltage [START_REF] Yun | Inactivation of Listeria monocytogenes inoculated on disposable plastic tray, aluminum foil, and paper cup by atmospheric pressure plasma[END_REF], treatment time [START_REF] Miao | The sterilization of Escherichia coli by dielectric-barrier discharge plasma at atmospheric pressure[END_REF], type of bacteria and initial bacterial population [START_REF] Yu | Effects of cell surface loading and phase of growth in cold atmospheric gas plasma inactivation of Escherichia coli K12[END_REF][START_REF] Fernández | Effect of microbial loading on the efficiency of cold atmospheric gas plasma inactivation of Salmonella enterica serovar Typhimurium[END_REF].

The density of the ions or radical species increases by decreasing the gap between the nozzle and E. coli cells, which strengthened the bactericidal effect [START_REF] Homma | Inactivation of Escherichia coli using the atmospheric pressure plasma jet of Ar gas[END_REF].

Hong et al. generated low temperature plasma (<70°C) based on helium gas with different oxygen concentrations (0-2%) and investigated its inactivation efficiency on E. coli and Bacillus subtilis endospores. An oxygen concentration of 0.2% was found to be optimal for producing the highest oxygen radical intensity in the plasma [START_REF] Hong | Sterilization effect of atmospheric plasma on Escherichia coli and Bacillus subtilis endospores[END_REF].

Direct exposure of the bacterial samples to the plasma appears to be more effective than remote exposure. Another factor that determines the efficiency of the specific treatment is the type of bacteria [START_REF] Stoffels | Cold atmospheric plasma: charged species and their interactions with cells and tissues[END_REF]. Cold plasmas are far more effective against gram-negative than gram-positive bacteria and they can cause severe damages to membranes of microorganisms [START_REF] Deng | Physical mechanisms of inactivation of Bacillus subtilis spores using cold atmospheric plasmas[END_REF].

I-11-2) Cancer therapy

Conventional laser surgery is based on thermal interaction and leads to necrosis and may cause permanent tissue damage. In contrast, cold non-thermal plasma interaction with tissue may allow specific cell removal without necrosis [START_REF] Stoffels | Gas plasmas in biology and medicine[END_REF]. In particular, these interactions include cell detachment without affecting cell viability, controllable cell death, etc. It can be used also for cosmetic methods of regenerating the reticular architecture of the dermis.

Studies on the potential of using atmospheric pressure plasmas to treat cancer demonstrated that The mode of the plasma-induced cell death depends on the plasma dose and irradiation conditions. Kalghatgi et al [START_REF] Stoffels | Tissue processing‖ with atmospheric plasmas[END_REF] observed similar cellular responses to plasmas generated using a DBD plasma device. Depending on its intensity and exposure time, the DBD-plasma treatment induced either apoptosis or caused necrosis in endothelial cells. In addition, authors reported an induction of cell proliferation five days after treatment with low-intensity plasmas.
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The initial hypothesis that plasma-induced apoptosis is triggered by plasma-generated reactive oxygen species (ROS) [START_REF] Kieft | Reattachment and apoptosis after plasma-needle treatment of cultured cells[END_REF] could be proved by several experimental studies using a variety of plasma sources [START_REF] Sensenig | RETRACTED ARTICLE: Non-thermal Plasma Induces Apoptosis in Melanoma Cells via Production of Intracellular Reactive Oxygen Species[END_REF][START_REF] Ahn | Atmospheric-pressure plasma jet induces apoptosis involving mitochondria via generation of free radicals[END_REF]. Vandamme et al. used two dosages, one of 10 J/cm 2 and one of 20 J/cm 2 and found a correlation of dose to ROS generation and apoptosis induction [START_REF] Sensenig | RETRACTED ARTICLE: Non-thermal Plasma Induces Apoptosis in Melanoma Cells via Production of Intracellular Reactive Oxygen Species[END_REF][START_REF] Ahn | Atmospheric-pressure plasma jet induces apoptosis involving mitochondria via generation of free radicals[END_REF][START_REF] Vandamme | ROS implication in a new antitumor strategy based on non-thermal plasma[END_REF].

Other authors demonstrated that both non-toxic proliferation modulation effects but also apoptosis induction is correlated with different doses of reactive nitrogen species (RNS), above all NO generated by atmospheric pressure plasma [START_REF] Liebmann | Biological effects of nitric oxide generated by an atmospheric pressure gas-plasma on human skin cells[END_REF]. Other experimental studies give rise to

the assumption that at least some types of carcinoma cells are much more sensitive to plasmainduced inactivation compared to normal cells [START_REF] Zirnheld | Nonthermal plasma needle: development and targeting of melanoma cells[END_REF][START_REF] Georgescu | Tumoral and normal cells treatment with high-voltage pulsed cold atmospheric plasma jets[END_REF].

Another mechanism generated by plasma is the localized cell detachment [START_REF] Kieft | Reattachment and apoptosis after plasma-needle treatment of cultured cells[END_REF]. This cell detachment may be a result of interactions of plasma radicals with the cell membrane; the reactive oxygen species can oxidize and thus break the cell adhesion molecules [START_REF] Stoffels | Gas plasmas in biology and medicine[END_REF][START_REF] Shashurin | Living tissue under treatment of cold plasma atmospheric jet[END_REF], but this process does not affect the cell interior. Cell detachment was shown to be a reversible effect that allows removal or mobilization of cells [START_REF] Stoffels | Gas plasmas in biology and medicine[END_REF][START_REF] Kieft | Reattachment and apoptosis after plasma-needle treatment of cultured cells[END_REF].

A flexible and single-cell-level micro plasma cancer endoscope based on a 15 μ m hollow-core glass optical fiber had been proposed by Kim et al [START_REF] Kim | Single-Cell-Level Microplasma Cancer Therapy[END_REF]. Hollow core fiber plasma jets are based on the use of long, flexible and micro sized hollow optical fibers equipped with an AC Powered electrode in the vicinity of the fiber extremity where plasma delivery is required. Such micro hollow fiber jet shave been used for in vitro applications, and tumor cell apoptotic analysis supports its potential use in targeted cancer therapies.

Endoscopic treatment using Plasma Gun as a plasma jet was performed for the first time by

Robert et al. This study dealing with inflammation induction in mouse lungs involves the use of small helium flow rate flushed through micro sized diameter, long, flexible and biocompatible silicone tubes. Therefore, the use of the plasma gun is a new device for in vitro but also for in vivo antitumor action of non-thermal plasma [START_REF] Robert | Perspectives of endoscopic plasma applications[END_REF].

I-12) Applications of plasma in surface processing and film deposition

Surface processing and coating by cold atmospheric plasmas are among the most intensively studied technologies during the last decade. Dependent on several plasma parameters like energy input, pressure, working gas composition, addition of primer substances, etc., as well as the nature of the substrate, a variety of chemical-reaction based interactions with materials can be There are several types of atmospheric-pressure plasma sources, including radiofrequency (RF) atmospheric-pressure glow discharges (RF APGD) [START_REF] Xu | Deposition of SiOx films with a capacitively-coupled plasma at atmospheric pressure[END_REF], atmospheric-pressure dielectric barrier discharge (DBD) [START_REF] Alexandrov | Remote AP-PECVD of Silicon Dioxide Films from Hexamethyldisiloxane (HMDSO)[END_REF][START_REF] Massines | Atmospheric pressure plasma deposition of thin films by Townsend dielectric barrier discharge[END_REF][START_REF] Foest | Study of an atmospheric pressure glow discharge (APG) for thin film deposition[END_REF][START_REF] Ward | Atmospheric Pressure Glow Discharge Deposition of Polysiloxane and SiO x Films[END_REF][START_REF] O'neill | Atmospheric pressure plasma liquid deposition-a novel route to barrier coatings[END_REF] as the most commonly used atmospheric-pressure discharge, atmospheric plasma jet, [START_REF] Babayan | Deposition of silicon dioxide films with an atmospheric-pressure plasma jet[END_REF][START_REF] Babayan | Characterization of the active species in the afterglow of a nitrogen and helium atmospheric-pressure plasma[END_REF][START_REF] Hopfe | Linear Extended ArcJet-CVD-a New PECVD Approach for Continuous Wide Area Coating Under Atmospheric Pressure[END_REF][START_REF] Benedikt | Thin film deposition by means of atmospheric pressure microplasma jet[END_REF] and atmospheric pressure plasma CVD (AP-PCVD) [START_REF] Mori | Atmospheric pressure plasma chemical vapor deposition system for high-rate deposition of functional materials[END_REF][START_REF] Kakiuchi | Investigation of deposition characteristics and properties of high-rate deposited silicon nitride films prepared by atmospheric pressure plasma chemical vapor deposition[END_REF] which have been successfully used to deposit films onto substrate surfaces.
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Compared to other non-equilibrium, normal pressure plasmas, jet configurations are considered advantageous in particular for local film deposition or for the coating of 3D forms e.g., inner walls of wells, trenches or cavities. Moreover, the jet geometry allows better flexibility in terms of substrate distance and electrical field, as the surfaces to be treated are not necessarily placed between electrodes. If the substrate dimensions exceed the active film deposition area of the particular plasma source, films are deposited with a dynamic deposition i.e., a relative movement of source and substrate. [START_REF] Schäfer | Chemical Composition of SiOx Films Deposited by an Atmospheric Pressure Plasma Jet (APPJ)[END_REF] By using plasma gases (i.e., noble gases like He and Ar, or N 2 , or air), it is possible to obtain glow and filamentary (streamers) discharges at atmospheric pressure. Despite its name, the glow discharge will never be perfectly homogeneous, such as a low pressure glow discharge, except for the case of pure helium. For this reason, helium is usually preferred for fundamental laboratory studies. Moreover, it obviously does not react to make secondary products, contrary to less noble gases such as nitrogen. The homogeneity of the He discharge is due to the existence of its high energy metastables (19.82 eV for 2 3 S and 20.62 eV for 2 1 S) [START_REF] Massines | A comparison of polypropylene-surface treatment by filamentary, homogeneous and glow discharges in helium at atmospheric pressure[END_REF][START_REF] Radzig | Reference data on atoms, molecules, and ions[END_REF]. The helium 2 3 S state has a lifetime of 7900 s [START_REF] Massines | Atmospheric pressure plasma deposition of thin films by Townsend dielectric barrier discharge[END_REF].

I-12-1) Surface activation and treatment

Polymers are distinguished by their low density, flexibility, ease of manufacture, and costeffectiveness. However, their surface properties often do not meet the demands regarding scratch-resistance, wettability, biocompatibility, gas transmission, adhesion, or friction. Hence, an additional surface modification is required to achieve the desired properties, while maintaining the characteristics of the bulk [START_REF] Li | Application of plasma technologies in fibre-reinforced polymer composites: a review of recent developments[END_REF]. Primarily, a plasma treatment provides manifold possibilities to refine a polymer surface, enabled by the adjustment of parameters such as gas flow, power, pressure and treatment time.

Depending on the gas composition and plasma conditions, ions, electrons, fast neutrals, radicals and VUV radiation contribute to the polymer treatment, resulting in etching, activation and/or cross-linking [START_REF] Liston | Plasma surface modification of polymers for improved adhesion: a critical review[END_REF][START_REF] Fozza | Vacuum ultraviolet irradiation of polymers[END_REF].

Helium could be considered the most convenient gas when working at atmospheric pressure, Helium is also very suitable for use in polymer surface treatments, with its low degradation effect and interesting properties such as crosslinking and functionalization on the surface [START_REF] Borcia | Using a He+ N2 dielectric barrier discharge for the modification of polymer surface properties[END_REF].

Possible Mechanisms for crosslinking:

When polymers are bombarded with ionic and metastable species of rare gases, a variety of approaches could be used to account for what happens to polymer surfaces. For example, the reactions of excited molecules, shown in equations. ( 1)-( 3), properly account for the increased molecular weight and the vinylene unsaturation observed during bombardment:

R 1 H+He * → R 1 H * +He (1) R 1 H * +R 2 H → R 1 R 2 +H 2 (2)
Either of the triplet states, as well as the ionic form of helium, has more than enough energy to rupture a C-H or a C-F bond. The reaction between polyethylene and activated helium and the ensuing reactions are given in eqs. ( 4)-( 9) :
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He * +RH → R . + H . +He (4)

He * +R 1 R 2 → R 1 . +R 2 . +He (5) 
H . + RH → H 2 + R . (6) R . + R 1 . → RR 1 (7) R . + R 2 . → RR 2 (8) R . + R . → RR (9) 
The last three equations show how the molecular weight of the polymer might be expected to increase. Since there was no evidence of production of lower molecular species or carbonacious products during treatment of polyethylene with activated helium,' either carbon-carbon bonds are not ruptured or the radicals formed by scission recombine or react with other radicals to give higher molecular weight species [eqs. [START_REF] Hoffmann | Cold Atmospheric Plasma: methods of production and application in dentistry and oncology[END_REF], [START_REF] Chen | Introduction to Plasma Physics and Controlled Fusion Volume 1: Plasma Physics[END_REF], and ( 9)].

This may occur in preference to abstracting hydrogen atoms from adjacent polymer molecules or reacting with available hydrogen atoms [eqs.( 10)-( 13)] or interacting with other radicals [eq.( 14)], for each of these reactions would lead to the production of lower molecular weight species :

R 1 . + RH → R 1 H + R . ( 10 
) R 2 . + RH → R 2 H + R . ( 11 
) R1.+ H . → R 1 H (12) R 2 . + H . → R 2 H (13) R 1 CH 2 CH 2 . + R 2 . → R 1 CH=CH 2 + R 2 H (14)
Instead, we believe that reactions such as those shown in eqs. ( 15)-( 17) are most probable, because they account for production of transethylenic unsaturation, causing an increase of the molecular weight, eventual crosslinking, and production of hydrogen as the only gaseous product-all in good agreement with observed results.
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Radical formation is shown occurring on the third carbon atom from the methyl group simply because this has been found to be a most reactive site during radiation of low molecular weight hydrocarbons.

The treatment of plastics by small-sized atmospheric plasma jet sources based on RF discharges was reported in reference [START_REF] Ionita | Small size plasma tools for material processing at atmospheric pressure[END_REF]. It was shown that APPJs can be very effective for materials processing and suitable for treating materials sensitive to thermal damage. In particular, the hydrophilic character of certain materials could be improved by argon plasma treatment.

Polymers usually have low surface energy that leads to poor adhesion [211,[START_REF] Moritzer | Effect of atmospheric pressure plasma pre-treatment and aging conditions on the surface of thermoplastics[END_REF]. APPJ could be successfully used for the improvement of surface adhesion due to the activation of the surface.

Dowling et al.

[211] reported results of treatment of polypropylene (PP), polystyrene (PS), and polycarbonate (PC) substrates with air plasma. It was found that in the case of PP and PC polymers, the surface energy could be increased, whereas the that of PS was decreased by the plasma treatment. This unexpected result could be attributed to some decomposition of the polymer surface due to the relatively low glass transition temperature of PS. Activations of PE, PP, and PS by the air plasma were also investigated by Moritzer et al. [START_REF] Moritzer | Effect of atmospheric pressure plasma pre-treatment and aging conditions on the surface of thermoplastics[END_REF] and similar surface activation behaviors were observed.

Helium plasma increases the surface roughness of the UHWMPE (Ultra High Molecular Weight PE) fibers, used for composite materials. The plasma treated fibers had lower contact angles and higher interfacial shear strengths to epoxy than those of the control fiber in the epoxy material filled with UHMWPE. Adding 1% of O 2 to helium increased the effectiveness of the plasma in polymer surface modification and suppressed aging after the treatment, while adding 2% of O 2 had a negative effect on the APPJ modification results and accelerated aging [START_REF] Ren | Aging of surface properties of ultra high modulus polyethylene fibers treated with He/O 2 atmospheric pressure plasma jet[END_REF].

Ultra high modulus polyethylene (UHMPE) fiber is a high performance fiber and has been widely used in composites since it offers many desirable properties, such as high tensile strength, high tensile modulus, and good abrasion resistance. Moreover, this kind of fiber has excellent impact energy absorption capability and UHMPE fiber composites are used for ballistic resistant parts [START_REF] Hild | Plasma-treated ultra-high strength polyethylene fibers. Part I. Characterization by electron spectroscopy for chemical analysis[END_REF][START_REF] Hild | Plasma-treated ultra-high strength polyethylene fibers. Part II. Increased adhesion to poly (methyl methacrylate)[END_REF]. However, the chemical inertness and low surface energy of UHMPE makes it hard to achieve good adhesion, and limit the applications of the fiber in composites.

Consequently, extensive researches have been conducted to modify the surface of UHMPE fibers [START_REF] Moon | A study of the impact properties of surface-modified UHMPE-fiber/vinylester composites[END_REF][START_REF] Luo | Surface modification of textile fibers for improvement of adhesion to polymeric matrices: a review[END_REF][START_REF] Qiu | The effect of atmospheric pressure helium plasma treatment on the surface and mechanical properties of ultrahigh-modulus polyethylene fibers[END_REF][START_REF] Moon | Surface characterization method of oxygen plasma-treated UHMPE fiber using DRIFT spectroscopy[END_REF], among various surface treatment techniques, plasma treatment is one of the most effective ways.
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Analysis revealed an increased polar group number and increased affiliation of dyes to the UHMPE fiber surface after plasma treatment, which was considered as an indication of significant surface modification by the plasma treatments. In general, a higher plasma treatment temperature and a higher plasma power input give lower contact angles of the fibers with water.

However, the combination of a lower plasma power input and a high treatment temperature resulted in the best improvement [START_REF] Wang | Surface modification of ultra high modulus polyethylene fibers by an atmospheric pressure plasma jet[END_REF].

I-12-2) Deposition of films

The plasma-based surface modification strategy can produce thin films (so-called plasma polymers) with unique chemical and physical properties. Silicon-organics, metal-organics, or various solutions may be used as monomers. In the polymerization of a monomer, the plasma can be considered as a kind of radiation source. However, in such applications plasma contacts monomer in either the solid or the liquid phase directly, and consequently the transfer of some exited species from the plasma phase to either the liquid or the solid monomer phase take place. This is a significant difference from ordinary radiation polymerization, in which only energy is transferred to a monomer phase to create reactive species, such as ions or free radical of the monomer [START_REF] Yasuda | Plasma polymerization[END_REF].

Film deposition regimes in cold atmospheric plasma are generally based on plasma-enhanced chemical vapor depositions (PECVD). Polymers produced by PECVD are not as chemically regular as conventional polymers, neither present a high mean molecular weight, but are rich in functional groups which may be useful as chemical anchors or to facilitate interactions with other materials including biological media [START_REF] Vasquez-Ortega | Core-shell polypyrrole nanoparticles obtained by atmospheric pressure plasma polymerization[END_REF]. The advantages of PECVD over sputter deposition and thermal/electron beam evaporation are the fast deposition rate and the high film quality [START_REF] Ermakova | PECVD synthesis, optical and mechanical properties of silicon carbon nitride films[END_REF].

Polymers formed by plasma polymerization are, in most cases, highly branched and highly crosslinked [START_REF] Bogaerts | Gas discharge plasmas and their applications[END_REF]. These polymers are well-suited for coating of solids such as membranes, semiconductors, metals, textiles or polymers, minimum and maximum thicknesses being between ca. 10nm and a few 100 nm. A clever choice of ‗‗monomer'' allows one to produce properties of corrosion-inhibition, anti-fogging, chemical, scratch and abrasion-resistance, adherence, lubrication, flame-resistance, permeability, antistatic, barrier, and optical
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characteristics. It must be noted that the bulk substrate properties are not strongly affected by this deposition process [START_REF] Friedrich | Mechanisms of plasma polymerization-Reviewed from a chemical point of view[END_REF].

Characteristics of plasma polymerization processes essentially depend on the specific power of non-equilibrium discharges, gas pressure, and dilution degree of the initial hydrocarbons in noble gases. At low values of the specific power (0.1 W/cm 3 ), which are typical for discharges in mixtures highly diluted with noble gases, the translational gas temperature is usually relatively low. In this case, the initial volume dissociation of hydrocarbons is mainly due to nonequilibrium processes stimulated by direct electron impact. At higher levels of specific power (about 0.1 W/cm 3 ), which is typical for discharges in non-diluted hydrocarbons, translational gas temperatures can exceed 500 K. In this case, the thermal decomposition of hydrocarbons and their reactions with atomic hydrogen can make larger contributions to polymerization kinetics.

Also the higher temperatures lead to higher volume concentration of heavier gas-phase hydrocarbons and to the acceleration of plasma polymerization. An increase of pressure above 3-10 Torr in the discharge slows down the diffusion of the hydrocarbon radicals to the reactor walls and the substrate and stimulates their volume reactions and recombination. Nevertheless, interesting experiments with plasma polymerization in non-thermal atmospheric-pressure discharges have been carried out recently [START_REF] Fridman | Plasma chemistry[END_REF].

Chapter II
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Chapter II: Experimental Setup and methods

II-1) Power Supply

In this work two different power supplies were used to ignite the transporting plasma. The main difference between them is the rising time and the voltage waveforms which are expected to modify the production of the transporting discharge. Chapter II ------------------------------------------------------------------------------------------------------------------------------------------ 

II-2-2) Surface treatment method

In order to examine the potential applications of the transporting discharge as a surface modification tool, it was attempted to crosslink the Ultra-high-molecular-weight polyethylene (UHMWPE).

Two different setups were used for this experiment.

UHMWPE film with thickness of 0.075 mm was provided by Goodfellow, UK. They were ultrasonically cleaned in acetone for 2×5 min and in methanol for 5 min for removing the siliconcontaining contaminants from the surfaces. Three different setups, shown in Fig. II-3 were used to obtain the best conditions for surface modification and crosslinking.

II-2-3) Plasma Polymerization method

In this part we studied the potential of such a discharge to deposit thin films when organic and organosilicon precursors were introduced in the discharge. 

Two different precursors namely

c)
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These precursors were purchased from Sigma Aldrich, France and used without further purifications. Their chemical formula, structure, molecular weight and purity are given in Table II-1. Plasma polymerization was carried out under the different flow rates of precursor,nozzlesubstrate distance, deposition time and plasma power to obtain the plasma deposited coatings inside and outside the tube.

II-3) Coating and surface characterization methods

II-3-1) Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectroscopy is the study of the interaction of infrared light with matter. In infrared spectroscopy, IR radiation is passed through (transmission measurements) or reflected (reflectance measurements) on a sample. Some of the infrared radiation is absorbed by the sample and some of it is passed [START_REF] Koenig | Spectroscopy of polymers[END_REF].

The most important component of a FTIR spectrometer is an interferometer based on the original design by Albert Michelson1 in 1880, as shown in Fig. II-4. Light from the source is split into two beams by a half-silvered mirror and make one of the light beams travel a different distance than the other (one is reflected off a fixed mirror and one off a moving mirror which introduces a time delay). The difference in distance travelled by these two light beams is called optical path difference, λ (or optical retardation). The Fourier transform spectrometer is just a Michelson interferometer with a movable mirror.
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II-3-2) Field Emission Scanning Electron Microscopy (FESEM)

Scanning Electron Microscope is an instrument that is used to observe objects in micro or nano scale. It is one type of electron microscope which produces images of the observed object by electron beam scanning [START_REF] Oatley | The scanning electron microscope[END_REF]. The advantage is that it can observe an object whose size is smaller than the light wavelength with a high resolution better than 10 nanometer, which conventional optical microscopes cannot achieve [START_REF] Wells | Scanning electron microscopy[END_REF]. The schematic drawing of SEM is shown in Fig. II-7.

To make an observation of the sample, the sample to be observed will be prepared and put on the sample stage of the Eucentric stage inside the SEM chamber [START_REF] Hayat | Introduction to biological scanning electron microscopy[END_REF]. The electron beam from the electron gun, accelerated by the bias voltage and focused by the electromagnetic lens (focusing lens and scanning lens), will be irradiated and the raster scanned on the sample surface. The electron beam diameter will be finally focused again by the objective lens. The electron interaction with sample atoms will produce various signals such as secondary electrons (SE), back-scattered electrons (BSE), characteristic X-rays, cathodoluminescence (CL), specimen current, and transmitted electrons. However, the most common mode of sample topography and morphology observation is secondary electron mode. The secondary electrons are emitted from the excited atoms on sample surface by the electron beam; therefore, the secondary electrons contain the information of the surface topography and morphology.

By detecting the secondary electron signal by the secondary electron detector, the signal will be processed and finally [START_REF] Hearle | Use of the scanning electron microscope[END_REF][START_REF] Lyman | Scanning electron microscopy, X-ray microanalysis, and analytical electron microscopy: a laboratory workbook[END_REF] displayed on the SEM monitor.

It should be emphasized that to operate SEM observation, the SEM chamber should be in a high vacuum environment (around 1.5×10 -3 Pa) to avoid the interference from other gas and the damage of the electron gun. Therefore, rotary pump (R.P) and oil diffusion pump (D.P.) are necessary to maintain the vacuum environment in SEM during operation. 

II-3-3) X-Ray Photoelectron Spectroscopy (XPS)

XPS is an ideal technique used for surface analysis and it possesses the following attributes:

quantitative atomic identification, chemical sensitivity, sampling depth variability from about 0.2 to 10 nm depending on the material, and it is insensitive to surface roughness [START_REF] Briggs | Surface analysis of polymers by XPS and static SIMS[END_REF].

This technique, also known as Electrochemical Spectroscopy for Chemical Analysis (ESCA), involves the irradiation of a sample in a vacuum with soft X-rays and the energy analysis of photoemitted electrons which are generated close to the sample surface. The interaction between the X-ray photon and an inner-shell electron causes a complete transfer of the photon energy to an electron. This electron then has enough energy to leave the atom and escape from the surface (photoelectron) [START_REF] Alexander | An X-ray photoelectron spectroscopic investigation into the chemical structure of deposits formed from hexamethyldisiloxane/oxygen plasmas[END_REF]. The basic XPS equation was stated by Rutherford in 1914:

E k = hv -E b
whereby E k is the photoelectron kinetic energy, hv the exciting photon energy, E b the electron binding energy in the sample. The latter will then inform the nature of the element from which the photoelectron has been emitted and also its chemical environment i.e., the other atoms, the detected element is attached to.

XPS set-up usually consists of a vacuum vessel with its associated pumping system and sample introduction systems, an X-ray source, an electron energy analyzer with an electron-optical lens, an electron detection system and a workstation (PC) which controls the spectrometer operation and processes the obtained data. In order for electrons to reach the analyzer without being scattered by residual gas molecules, an ultra-high vacuum is used [START_REF] Watts | An introduction to surface analysis by XPS and AES. An Introduction to Surface Analysis by XPS and AES[END_REF].

The electron energy analyzer measures the binding energy (BE) of a particular shell of an atom, which is then plotted as intensity (counts per sec) versus binding energy, known as the XPS spectrum. The process of photoemission is shown schematically in Fig. II-9, where an electron from the K shell is ejected from the atom (a 1s photoelectron). In this work, the XPS spectra were recorded using a XPS (Axis Ultra,Kratos, UK) equipped with a monochromatic aluminium Kα X-rays source (1486.6 eV).

II-3-4) Water Contact Angle (WCA) Measurement

Wettability studies usually involve the measurement of contact angles as the primary data, which indicates the degree of wetting when a solid and liquid interact. Small contact angles (<< 90°) correspond to hydrophilic surfaces, while large contact angles (>>90°) correspond to hydrophobic surfaces.

As first described by Thomas Young [START_REF] Young | An essay on the cohesion of fluids[END_REF] in 1805, the contact angle of a liquid drop on an ideal solid surface is defined by the mechanical equilibrium of the drop under the action of three The water contact angle is used to predict some static or dynamic conditions such as surface wetting phenomena, chemical heterogeneity and surface roughness. These conditions may cause variations of the contact angle along the three-phase contact line, if measured over a period of time [START_REF] Sedev | Effect of swelling of a polymer surface on advancing and receding contact angles[END_REF][START_REF] Wenzel | Resistance of solid surfaces to wetting by water[END_REF].

The most common method of measuring the contact angle is to observe a sessile drop with a microscope. The contact angle is then determined by a goniometer or the image is recorded by a video system and the contour is fitted, e.g. using Young -Laplace, height-width, or polynomial method.

In this work, the water contact angles (WCA) were measured by the sessile drop technique using a high resolution camera equipped with a horizontal light path and ImageJ software to capture and analyze the contact angle using the contact angle plugin.

For each measurement, a drop volume of 6 μl was dispensed onto the coating surface and images of water droplets were captured continuously to measure the time resolved water contact angle values. All the measurements were the average of five measurements per sample and performed at room temperature.

II-3-5) Atomic Force Microscopy (AFM)

The AFM technique is used to study surface properties of tested surface [START_REF] Eaton | Atomic force microscopy[END_REF]. It consists of a cantilever with a sharp tip (probe) at its end that is used to scan the specimen surface, and sophisticated system (built using a precise piezomotors) that controls its movement in all three dimensions (Fig. . The cantilever is typically silicon or silicon nitride with a tip radius of curvature on the order of nanometers. When the tip is brought into proximity of a sample surface, forces between the tip and the sample lead to a deflection of the cantilever according to Hooke's law. Depending on the situation, forces that are measured in AFM include mechanical contact
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force, Van-der-Waals forces, chemical bonding, electrostatic forces, magnetic forces etc. Thus, depending on a probe type, different characteristics can be measured, like surface morphology, surface magnetization, chemical compounds, work function etc. Typically, the deflection is measured using a laser spot reflected from the top surface of the cantilever into an array of photodiodes. 

II-4) Biological techniques and methods

In this study, transporting discharge and plasma jet treatment is performed in vitro. The smallsize non-thermal plasmas have been developed for the purpose of studying plasma interactions with living species.

Our objective is to compare the ability of two different cold atmospheric plasmas with different power supplies in ovarian cancer cell treatments.

II-4-1) Cell treatment II-4-1-1) Plasma reactor

Both transporting discharge and plasma jet were used to treat cells. Plasmas were applied directly to the cells in order to study the specific influence of the plasma treatment.

The transporting discharge is driven by an AC home-made power supply with a 5 kHz frequency Chapter II ------------------------------------------------------------------------------------------------------------------------------------------ Both plasma sources were operated with Helium at a flow rate of 400 sccm. Under these conditions, the length of both plasma jets expanding into the surrounding air was observed to be 20 mm from the nozzle outlet. Samples for plasma treatment were placed on a x-y table and they could be moved in the right-left direction.

II-4-1-2) Cancer Cell culture

All of the cell experiments were done in collaboration with Dr. Masoud Mirshahi's team at Lariboisière hospital (INSERM, UMRS872, Paris France). Cellular adhesion tests have been performed using Human ovarian carcinoma (NIH:OVCAR-3) was cultured in Dulbecco's Modified Eagle's Medium (DMEM). The culture medium was supplemented with 1% (v/v) antibiotics (10,000 U/ml penicillin-G sodium, 10 mg/ml streptomycin), 2 mM L-glutamine (Fisher scientific, France) and 10% fetal bovine serum (FBS, Sigma Aldrich, France). Cells were expanded by routine cell culture techniques in 25 cm 2 cell culture flasks containing 5 ml of 10% serum supplemented medium and were incubated in a humidified atmosphere of 95% air and 5% CO 2 (Napco, Model 5410,France) at 37°C for 24 hours.

When seeded out for experiments, the cells were detached by trypsinisation, pelleted (1ml for 3 min with a table centrifuge (Beckman Coulter, Fullerton, CA, USA)) and resuspended in complete growth medium. The amount of cells in the suspension was counted by using a C-Chip (DHC-F01) and the appropriate amount of cells was seeded out for experiments.
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Just before treatment, the medium was removed and the samples were rinsed with phosphate buffered saline (PBS). During plasma exposure the cells were covered with a thin layer of PBS (typically 3 mm) in order to prevent them from drying.

II-4-1-3) Fibroblast culture fibroblasts HFF (Human Foreskin Fibroblast) from ATCC were cultured in fibroblast culture medium (DMEM) (F12; PAA Mureaux, France), supplemented with 10 % fetal calf serum (FCS), penicillin (100 U / ml) and streptomycin (100 ug / ml PAA) and incubated at 37 ° C in a humidified atmosphere containing 5% CO 2 . When seeded out for experiments, the cells were detached by trypsinisation, pelleted (1ml for 3 min) with a table centrifuge at 37 ° C and resuspended in 1 to 5 ml of culture medium.

In order to study the migration of fibroblasts in different conditions, Cells were seeded in 6-well plates at a concentration of 5 × 10 4 cells per well with DMEM / F12 supplemented with 10% fetal calf serum (FBS), penicillin (100 U / ml) and streptomycin (100 mcg / ml; PAA) and incubated at 37 ° C in a humidified atmosphere containing 5% CO 2 until 75-80 % confluency was reached.

Before treatment, the medium was discarded and the samples were washed with PBS to make sure that all loose or dead cells were removed. The cells were then seeded in six different conditions. After treatment with plasma jet, the number of cells which migrated in the line of the wound was counted during incubation at intervals of 3 h, 6 h, 9 h and 24 h.

II-4-1-4) Apoptosis detection

To date, the most successful method for imaging apoptosis has been the use of radiolabelled Annexin V [START_REF] Laxman | Noninvasive real-time imaging of apoptosis[END_REF]. This is a direct extension of the in vitro imaging technique that uses
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Annexin V is able to penetrate necrotic cells and label the inner leaflet of the membrane. In order to distinguish between apoptosis and necrosis, this assay requires the addition of a membrane impermeable nucleic acid dye such as propidium iodide (PI). PI will only label the nuclei of necrotic cells that have lost their membrane integrity, allowing for the discrimination between apoptotic and necrotic cells (Annexin V positive and PI negative cells are classified as apoptotic;

Annexin V positive and PI positive cells are classified as necrotic). This assay has some notable advantages. The first is the ability to observe apoptosis in living cells without the need of fixation. The second is the ability to detect cells in the early stages of apoptosis, as the externalization of PS to the outer leaflet is an early apoptotic event.

After plasma exposure and 24 hour incubation, cells were washed with PBS and fixed with Chapter II ------------------------------------------------------------------------------------------------------------------------------------------70

II-4-2) Bacteria treatment II-4-2-1) Plasma reactor

A schematic of the plasma jet is shown in Fig. . A transporting discharge was generated by applying AC power at 5 kHz (home-made power supply and sawtooth waveform). A high voltage power supply was connected to the stainless needle electrode which was embedded in the center of tube with internal 2 mm diameter and 70 cm length, allowing the working gas to flow through. The Copper tape electrode that circled the outer part of the stopper was connected to ground. The working gas (99%He+1%Oxygen) was introduced into the annular space.

By supplying an AC power, non-equilibrium atmospheric pressure plasma stream was stably confined in the annular space, moving through the long capillary and the plasma jet was directed toward the substrates that were located at a distance 5 mm from the nozzle and placed on a 

II-4-2-2) Bacteria Sample Preparation

A lyophilized bacterial strain of E. coli ATCC 35218 was obtained from the Pasteur Institute of Iran. At first, 1 ml of fresh Luria-Bertani (LB) broth was added into lyophilized bacterial strain vial and grown at 37 °C for 16 h with gentle shaking. Afterward, 500 μl of cultured LB broth was inoculated onto LB agar containing the following components per liter of distilled water: 10 g Bacto Tryptone, 5 g yeast extract, 10 g NaCl, and 15 g agar. After the incubation, one loop from bacteria inoculated to 15 ml LB broth and incubated overnight at 37 °C with gentle shaking. In order to make bacterial suspension, 1 ml of overnight cultured LB broth was transferred to 15 ml of fresh LB broth and incubated at 37 °C until OD 600 nm reaches to 0.25. The culture, containing approximately 2×10 9 cfu ml -1 , was diluted with fresh LB broth to 2×10 8 cfu ml -1 .

In order to sterilize solid surface (LB agar), 100 μl of the diluted suspension containing bacterial concentration of 2×10 8 cfu ml -1 was evenly spread over each LB agar plate in Petri dish and left to dry in a laminar flow cabinet at 25 °C for 20 min. Moreover, one control Petri dish was prepared. Petri dishes were exposed to helium plasma for various duration and then incubated at 37 °C for 16 h. To quantify the decontamination efficiency, the area of inactivation zone was measured.

To determine the approximate area of growth inactivation zones (in square millimeter), radius of inactivation zone (r i ), radius of Petri dish (r p ), and area of inactivation zone (πr i 2 ) were calculated for each sample. The radius and the area of Petri dishes were 35 mm and 3,846.5 mm 2 , respectively. Percentage of inactivation zone was calculated by formula: Inactivation zones%=πr i 2 /πr p 2 ×100.

II-5) Plasma characterization methods

II-5-1) Optical Emission Spectroscopy (OES)

Optical emission spectroscopy technique is used for analyzing light emitted from a given medium in the absence of external excitation by means of collection, and detection of light. Gas phase-species in plasma are promoted to excited electron states by colliding with energetic electrons followed by relaxation accompanied by emission of a photon. Emitted radiation is spectrally dispersed and detected in OES and this technique can be employed both qualitatively and quantitatively for the identification of plasma species and the detection of absolute or relative species densities [START_REF] Stillahn | Plasma diagnostics for unraveling process chemistry[END_REF].

In this work, Solar Laser Systems (S100) spectrometer is used to match the experiment requirements. The optical emission spectrum of the plasma jet was collected perpendicular to the jet using spectrometers (spectral range of 200-1000); this was achieved using a personal computer equipped with relevant software for both driving and acquisition. Emission intensities of the active species were collected at an axial position of the plasma jet (5 mm from the end of the torch), through an optical fiber with a diameter of 100 μm.

II-5-2) Electrical measurements

The 

Chapter III: The influence of different parameters and configurations on transporting discharge III-1) Introduction

In this chapter, we will see how a transporting atmospheric pressure cold discharge through a sub-millimetre to tens of milimeters flexible dielectric tube beyond 100 cm is developed. It will be shown that the waveform of the applied high voltage is essential for controlling upstream and downstream plasma inside the tube. In this regard, we will see that a sawtooth waveform enabled the transport of plasma with less applied high voltage compared to sinusoidal and pulsed form voltages. Optical emission spectroscopy will be used to identify the excited reactive species, such as atomic oxygen and hydroxyl radicals, are generated at the tube exit. The effect of tube diameter on the transported plasma will be shown. In order to have a bigger plasma jet spot for surface treatment in particulary for plasma medicine, multi-jet configurations will be studied.

The propagation of transporting discharge jet arrays and a single jet with the same crosssectional area will be compared. Finally the potential of the transporting discharge in the biomedical field for decontamination and cancer therapy will be studied.
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III-2) Effect of waveforms on the transporting discharge

The plasma device was driven by an AC home-made power supply with a frequency range from 1 to 10 kHz [START_REF] Sohbatzadeh | The effect of voltage waveform and tube diameter on transporting cold plasma strings through a flexible dielectric tube[END_REF]. The cold plasma string studied in this part is generated by a single electrode plasma device (Fig. By applying the high voltage to the electrode and feeding the helium gas through the tube with a flow rate of 1 l/min, the whole tube was ignited by the electric discharge, and the plasma emerged from the tube exit into the surrounding ambient air in the form of a plasma jet. In this part, the effect of the voltage waveform on the plasma string length was studied. Fig. III-2 shows five waveforms that were used for the current research.

According to the results presented in table III-1, the length of the ignited plasma string shows a strong dependence upon the voltage waveforms. Among the saw tooth, sinusoidal, positive and negative polarity of pulsed forms, the saw tooth voltage form was able to ignite a plasma string up to 130 cm with 4 kV peak to peak, while the other forms produced downstream plasma strings about 23, 11, 11 and 23 cm, respectively.

It was shown that the plasma string length with the saw tooth waveform was much longer than that of the aforementioned waveforms. Meanwhile, the corresponding applied saw tooth voltage was much lower than the voltage required for other waveforms. This observation can be attributed to the effect of rise and fall times of the excitation high voltage. The faster the rise time, the longer the plasma string (Fig. III-3). This was verified by employing two pulsed forms with different rise time which were 38.89 and 10 microseconds. The former ignited 11 cm and the latter 23 cm downstream plasma strings. tooth voltage form, one can observe that the current along the tube is comprised of plasma bullets that shoot during each cycle. Each bullet corresponds to a current spike. In this regard, the
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first bullet (current spike) excited at the rise time while the following one during the voltage fall.

When the first bullet originates from the powered electrode, electrons precipitate in the inner wall leading to the charge accumulation on inner and outer surfaces of the tube. The accumulated charges remain until initiation of the second bullet. The second propagates along the redirected electric field and more electrons stick on the inner wall. Such phenomena repeat in each cycle and consequently bullets emerge from the tube.

Chapter III ------------------------------------------------------------------------------------------------------------------------------------------ Also the breakdown voltage to ignite the plasma in different waveform was investigated. As can be seen in Table III-2, the breakdown voltage of saw tooth waveform is less than other waveforms.

Chapter III ------------------------------------------------------------------------------------------------------------------------------------------83 

III-3) Effect of the tube diameter on transporting discharge

The diameter of the tube is the other important parameter affecting the length of the plasma string. In order to investigate the effect of tube diameter on the characteristics of plasma string, dielectric tubes with inner diameters of 0.8, 1.1, 1.3, and 4mm were used. The material of the tubes was PVC made from clear polyvinyl chloride. The thicknesses of the tubes with inner diameters of 0.8, 1.1, 1.3, and 4 mm, were 0.3, 0.4, 0.5, and 1.2 mm, respectively. Fig. III-6 shows the variation of peak-to-peak sawtooth applied voltage with the diameter of the tube for the ignition of a 70 cm plasma string. Using dielectric tubes with reduced diameters, the breakdown voltage for the initiation of plasma string grows, considerably. This effect is due to increasing electric charge loss for capillary tubes. The electrons stick on the walls and give rise to the shortening of the upstream gas discharge length. In this regard, the upstream electrical discharge was eliminated in the sawtooth waveform, while for the remaining forms it was shortened. So the conclusion regarding the dependence of the gas breakdown voltage to the tube diameter would be: the smaller the diameter, the higher the gas breakdown voltage. 

III-4) Light Intensity Measurement

The light intensity profile along the axis of the tube is shown in Fig. III-7. It was revealed that the intensity was higher at the tube inlet and outlet. Fig. III-7 also shows that the gas discharge develops from the electrode tip with the higher intensity (region 1) and remains in the diffused mode with almost constant intensity (region 2) up to the exit of the tube. At the outlet, the intensity grows considerably (region 3). After diffusing outside the tube in the ambient air, it behaves like a cold plasma jet (region 4). Since the region 1 is close to the powered electrode, therefore, one can conclude that the local reduced electric field, i.e., E/N near the tube inlet is higher than that of region 2. On the other hand, two reasons can be responsible for the higher light intensity of the region 3: diffusion of air molecules into the tube exit and increase in the local reduced electric field. The latter can be validated by inspecting the radiation of helium lines versus distance from the powered electrode. For example, helium lines intensity grows substantially at the exit of ignited tube. 

III-5) Effect of gas mixture on discharge transporting

The effect of the additive gas (Ar or O 2 ) on the transporting discharge was investigated.

Admixture of helium and oxygen has been widely used to produce more radicals in atmospheric pressure plasma jets. When a small amount of oxygen is introduced, the plasma plume length decreases with the increase of the concentration of the oxygen species. Adding more than 10% oxygen into the feed gas tends to quench the plasma. It was found that the plasma stability changed with the addition of an Argon additive gas and the plasma mode changes from a glow to a filamentary one. 

III-6) Optical Emission Spectroscopy

Optical emission spectra from 200 to 1100 nm were measured with a compact wide-range spectrometer (Solar Laser Systems, S100) assembled along the axis of the tube to recognize the variation of plasma species along the plasma string. Under given conditions(V out =4 kV, He flow= 1 l/min), the plasma jet outside the dielectric tube has a length of about 20 mm. OES measurements were performed at 30 locations along the plasma string, as illustrated in Fig. III-9. where helium lines can be found clearly at 667.8 nm (3 1 D-2 1 P), 706 nm (3 3 S-2 3 P), and 728.1 nm (3 1 S-2 1 P) as well as the two excited atomic oxygen lines at 777 nm (3 5 P-3 5 S) and 844 nm (3 3 P-3 3 S). The emission of N 2 second positive system at 337 and 357 nm (C 3 П u -B 3 П g ), and N 2 + first negative system at 391 nm and 427 nm (B 2 ∑ u + -X 2 ∑ g + ) are also observed. In addition, OH Possible reactions in the plasma discharge are shown in table III-3.

Chapter III - -----------------------------------------------------------------------------------------------------------------------------------------88 Chapter III ---------------------------------------------------------------------------------------------------------------------------------------- Unlike helium plasma, a large amount of the optical emission comes from the excited argon atoms when 50 vol% is added. Comparatively to pure helium plasma, the nitrogen and other atmospheric gases contribute little to the overall optical intensity of the plasma which is dominated by argon lines which have a much lower excitation thresholds than those of He.

Fig.III-13 shows the OES data for 50vol% of argon in helium.
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III-6-2) Influence of He flow rate

The advantage of decreasing helium flow rate is that it is cost saving, and it would be practical for use in small openings and for vulnerable tissues. However, due to the lower flow rate of He, more air will diffuse into the discharge and this will change its characteristics. The ionization potential of nitrogen is 14.53 eV, whereas it is 24.59 eV for helium, and therefore nitrogen will become the predominantly ionized gas. The disadvantage of a lower flow rate is an increase in the gas temperature, because the heat loss by convection is lower.

Furthermore, the heat conductivity of nitrogen is lower than that for helium. To investigate the effect of the helium flow on the composition of the plasma, the flow rate was reduced from the standard 1500 sccm to 250 sccm and the emission spectra were analyzed. At lower flow rates, the plasma became unstable. The power needed to sustain the plasma decreased slightly. At first sight this may seem illogical, since the supply of helium was lower and more impurity (molecules) was diffusing in, thereby causing a loss of electron energy due to excitation and dissociation of the molecules. However, the nitrogen molecules were easier to ionize due to their lower ionization potential. 

III-7) Effect of electrode structure

To investigate the role of the different electrode configurations on the transporting discharge, two different setups were used: single electrode and DBD like jets (Fig. . The device used in the experiments is made of a 2 mm inner diameter Pyrex tube with a steel pin wire electrode.

The helium flow is fed through the tubular reactor with a flow rate in the order of 2 slm. The sawtooth voltage of 2.3 kV and frequency of 5 kHz were applied to the electrode. In both setups the steel pin wire is a powered electrode but in the DBD like setup a grounded electrode wrapped around the dielectric tube surrounds the powered wire electrode inserted inside the tube in which the feed gas flows axially.

In experimental application, a sample is usually placed downstream and grounded. To this end, we introduced a plate ground electrode 1-2 cm downstream from the tube nozzle. The ground surface in front of the nozzle is a thin aluminum sheet. Chapter III - -----------------------------------------------------------------------------------------------------------------------------------------93

The plasma ignition voltage in DBD like setup is lower than the single electrode setup, suggesting a much elevated electric field at a given applied voltage. This is because the singleelectrode case should have a floating ground at an uncertain physical location and its interelectrode distance as compared to the powered electrode is likely to be larger than that of the DBD like jet. Chapter III - -----------------------------------------------------------------------------------------------------------------------------------------95

For processing applications, the most relevant issue is the amount of reactive plasma species delivered to the sample. An estimation of the total charge transfer (q) on the grounded plane surface has been conducted through the shunt resistor. Charge calculation from current pulse integration over time requires the assumption of a homogeneous plasma volume.

The total charge transfer can be defined as the integral of dissipated current over a time period: q=∫

The applied power on the high voltage electrode, charge on the grounded plane, power on the shunt resistor and velocity of plasma jet in the air were estimated and the results are shown in This is larger than 26.52 nC in the without grounded case, suggesting that the DBD like structure was more efficient in producing electrons at a lower applied voltage. The effects of the downstream grounded electrode were much greater on plasma dynamics than the grounded electrode wrapped around the dielectric tube. The larger charge transfer achieved with the DBD like jet confirms that it is capable of producing the highest electron density of the two plasma jets considered.

Chapter III - --------------------------------------------------------------------------------------------------------------------------------------- Chapter III - -----------------------------------------------------------------------------------------------------------------------------------------97 accompanied with an increase in the light intensity which appears clearly on the pictures. This feature is different with those of the reported experimental observations [START_REF] Robert | Experimental study of a compact nanosecond plasma gun[END_REF][START_REF] Mussard | Propagation of plasma bullets in helium within a dielectric capillary-influence of the interaction with surfaces[END_REF] where the velocities of the plasma bullets either decrease or remain constant at first before they increase.

As far as we know, it is the first time that such a behavior has been reported.

Both the optical emission intensity and velocity of plasma bullets initially increase. The initial acceleration of the plasma bullets can be due to the electron avalanche multiplication formed at the vicinity of the high-voltage pin electrode. Then, the gradient of the potential between the two regions-a region of high potential where the bullets already propagated; and a low potential

Chapter III - -----------------------------------------------------------------------------------------------------------------------------------------98 region downstream-implies the existence of an induced electric field at the discontinuity that accelerates the discharge [START_REF] Mussard | Propagation of plasma bullets in helium within a dielectric capillary-influence of the interaction with surfaces[END_REF].

When the charged species move into the grounded plane, both the density and intensity of the plasma bullets become higher. This shows that the electron emission from the cathode leads to an increase in both the density and velocity of the plasma bullets. Positive ions or photons reaching the grounded plane can induce an electron emission from the cathode. These electrons travel through the front of plasma bullets, resulting in the strong electron avalanche. This result confirms that plasma is propagating at much higher velocity than the gas in the confined environment of the capillary as well as in the in-air expanding jet.

In addition, by comparing the velocity inside the tube and the calculated velocity of jet outside the tube (Table III-4), the velocity of plasma inside is higher than the velocity of jet outside. The propagation velocity of the ionization front is strongly determined by the electron drift velocity ν e = μ e E. The electron mobility μ e in turn depends on the gas composition. When the gas channel leaves the nozzle exit, intermixes more and more with the surrounding air. Therefore the electron mobility decreases from the nozzle to the tip of the effluent and leads to a reduction in the propagation speed of the ionization front. Chapter III
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The transporting discharge array (Fig. Chapter III ------------------------------------------------------------------------------------------------------------------------------------------ The typical driving conditions for transporting discharge in these experiments are 2 kV at 5 kHz and helium was used as the carrier gas at 3.8 slm. Once a plasma plume is created and stabilized, it is placed into contact with the grounded aluminum plate. In all experiments, the tip of the plasma jet is placed 1-2 cm from the grounded aluminum plane. Despite this low-driven voltage and frequency in ambient air, an intense atmospheric pressure He transporting plasma jet was obtained. The voltage and the current characteristics were measured using the same method as explained above.

An interaction among the plasma jets is clearly found and the jets coming out of the tube repulse mutually. The observed interactions between multiple jets may result from electrostatic, photolytic and gas dynamic origins. The electrostatic interactions result from there being a net charge density at the head of the atmospheric-pressure IWs (Ionization Wave). The net charge density is in part the source of the large E/N at the head of the IW that sustains avalanche. The net charge densities of adjacent streamers of the same polarity will exert forces on the other. The photolytic interactions result from ionizing radiation produced by the adjacent streamer. Finally, the gas dynamic interactions result from the merging of flow fields of closely spaced jets producing gas mole fractions very different from a single isolated jet [START_REF] Babaeva | Interaction of multiple atmospheric-pressure micro-plasma jets in small arrays: He/O2 into humid air[END_REF].

III-8-2) Characterization of arrays

The From our initial studies, it appears that the large area jet formation is confined to a small window of operating parameters, i.e., an applied voltage of approximately 3-4 kV, helium flow rate of 3.5-4.5 L/min. When the helium flow rate, gas admixture, or applied voltage is increased beyond these values, the jet undergoes a transition to a filament dominated regime.

In the arrays, before the multijets are contacted with a conductive surface, the four plasma plumes merged together and form a uniform plasma layer on the surface of the conductive material. The merge area of the plasma layer is more than 4 cm 2 , as shown in Compared to a single jet, the arrays were more intense and energetic. This data shows that an array of this size with uniform flow rates can produce intense plasma with a significant improvement over single jets. To further investigate the plasma characterization, applied power on the high voltage electrode, charge on the grounded plane, power on the shunt resistor and velocity of the plasma jet in air have been compared for the different conditions (Table III-5).

Comparing the results for the three investigated conditions, the one electrode array shows the biggest charge, power and velocity and the single electrode shows the smallest values for these measured parameters. . Charge on the 11.15 ± 0.60 Q total =13.18 ± 0.41; q 1 =6.62 ± 0.16 Q total = 14.90 ± 0.18; q 1 =8.90 ± 0.14
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grounded plane (nC) q 2 =2.87 ± 0.21 q 3 =2.68 ± 0.12 q 4 =1.0 ± 0.07 q 2 =5.44 ± 0.12 q 3 =0.57 ± 0.08 q 4 =----Power on the shunt resistor (mW) 0.169 ± 0.002 P total =0.21 ± 0.01; P 1 =0.17 ± 0.01 P 2 =0.022 ± 0.003 P 3 =0.0164 ± 0.0006 P 4 =0.0031 ± 0.0004 P total =0.3310 ± 0.0045; P 1 =0.2536 ± 0.0029 P 2 =0.0773 ± 0.0020 P 3 =0.00026 ± 0.00 P 4 =----

Velocity of plasma

jet in air (km/s)

31.45 ± 2.82 V 1 =70.05 ± 7.25 V 2 =66.17 ± 5.55 V 3 =75.92 ± 11.18 V 4 =118.02 ± 16.48 V 1 =86.5 ± 9.68 V 2 =82.29 ± 2.33 V 3 =195.11 ± 71.85 V 4 =----
The results show that, although the power consumption and flow rate required to generate the array jet is in the same order of magnitude as that of the single plasma jet, however we have higher charge and powers in the arrays.

In addition, we are able to operate several of these plasma jet devices with one power supply.

Therefore, the method described here is much more attractive where large surface area treatments are required. Furthermore, the current system could be easily scaled to meet even larger surface area treatments, such as those required for textile surface modifications or large scale decontamination of clinical environments.

III-9) Bacteria Decontamination

III-9-1) Single jet configuration

For this study a single He+O 2 (99%+1%) transporting discharge as shown in Fig. III-25 was used and the bacteria were exposed to plasma for 0, 6, 9 and 12 minutes. After the exposure of solid samples to the transporting discharge, round transparent areas marked the growth inactivation zones and were compared with the arteriogram disk diffusion method. For this purpose 2×10 9 colonies of E. coli were spread on the Luria Bertani (LB) solid medium. Then the plasma treated samples were compared with the effects of several antibiotics (gentamicin, cefixime, tetracycline, amoxicillin and ampicillin).
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To evaluate the effect of different bactericidal antibiotics, the antibiotics discs such as gentamicin, cefixime, tetracycline, amoxicillin, ampicillin with concentrations of 10, 5, 30, 25 and 10 micrograms per disc, respectively, were placed on the surface of plate contain bacteria.

After 16 hours of incubation at 37 °C, inhibitions around the discs were measured using AutoCAD software.

The plasma exposure areas were expanded with increasing time exposure (Fig. . Table III-6 shows the areas and percentages of the inactivation zones. As expected, a clear bactericidal effect of plasma treatment was observed. The magnitude of this effect depends on the treatment time. The results showed that cefixime antibiotics has the highest effect on the growth of bacteria. Note that the size of inhibition zone was always larger than the plasma jet diameter. As shown in [START_REF] Lu | The roles of the various plasma agents in the inactivation of bacteria[END_REF] and [START_REF] Goree | Killing of S. mutans bacteria using a plasma needle at atmospheric pressure[END_REF], oxygen-reactive species generated by the plasma jet like O, and O 3 , can diffuse radially outward and consequently deactivate cells. On the other hand, UV photons produced in atmospheric plasma jets propagate preferentially along the plasma column thus they interact only with a part of the target surface located just under the jet [START_REF] Schneider | The role of VUV radiation in the inactivation of bacteria with an atmospheric pressure plasma jet[END_REF]. Therefore, judging by the size of the inhibition zone (much larger than the plasma column diameter) one can conclude that the reactive oxygen species produced by jet-surrounding air interactions are the major inactivation agents. As shown in [START_REF] Schneider | Separation of VUV/UV photons and reactive particles in the effluent of a He/O2 atmospheric pressure plasma jet[END_REF] by model simulation of the gas flow dynamics of He/O 2 plasma jet and oxygen reaction kinetics the O atoms formed in the discharge can propagate over a limited area with a maximum diameter of about several millimeters. However, ozone, which is well known for its fungicidal effect and is stable enough to survive the transport, can inactivate cells at large distances from the jet [START_REF] Mai-Prochnow | Atmospheric pressure plasmas: infection control and bacterial responses[END_REF]. Therefore, it can be concluded that the bacteria in our experiment were deactivated by the ROS (mostly O 3 and may be O at short distances).

III-9-2) Multijet arrays configuration

Furthermore, the decontamination effectiveness of the multijet transporting discharge at the tube end was evaluated by direct exposure towards a contaminated agar plate. The treatment took place for 3, 6 and 9 min at a distance of 10 mm from the tube edge (exit nozzle) after which the plates were incubated at 37 • C overnight to allow growth. All samples exhibited an egg-like structure. In the center a combination of all microbicidal agents (VUV, UV, radicals, charged particles) appeared, resulting in the highest reduction factor.

In the ring only radicals and some radiation were present. Hence, the reduction factor is much lower. These results indirectly prove the assumption, that the combination of all active agents is most prominent. 
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III-10) Cell treatment

III-10-1) Cancer Cell treatment

Two different discharges i.e. transporting discharge (sawtooth like wave form) and a plasma jet ignited with a TREK power source (mention conditions) were used. The plasma jet was applied directly to the ovarian cancer cells in order to study the specific influence of the plasma treatment. Here, ovarian cancer cells were seeded in 6 well plates and cultured at 37 °C in a humidified atmosphere of 5% CO 2 for 24 hours. Prior to plasma treatment, the cells were washed with PBS, filled with culture medium and treated with plasmas. The distance between the tube outlet and the cells was kept constant for both plasma jets at 20 mm. Chapter
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One of the elementary cell components being affected by plasma treatment is cell surface integrins. Since cell surface integrins are responsible for cell adhesion and mediate cell migration, [START_REF] Hynes | Integrins: versatility, modulation, and signaling in cell adhesion[END_REF] changes in integrin expression may be responsible for the effects observed experimentally including the decrease in cell detachment after plasma jet treatment [START_REF] Shashurin | Influence of cold plasma atmospheric jet on surface integrin expression of living cells[END_REF].

The size of the void line with the transporting discharge was much larger than that with the plasma jet but the treatment speed was much slower and we needed a longer time to obtain a distinct line. The plasma exposure times less than 180s did not induce cell death at all. None of the released cells attached and grew leading to the conclusion that the detached cells were not viable [START_REF] Raff | Molecular Biology of the Cell 4th edition[END_REF]. It can be pointed out that the plasma jet which was ignited with the TREK power supply, the cell detachment time was very quick and we could have a very precise line on the cancer cells (about 90 μm). Chapter III ------------------------------------------------------------------------------------------------------------------------------------------ 

III-10-2) Apoptotic analysis

To analyze whether those plasma-treated cells that survive the plasma jet go through an apoptosis-like process, Annexin V assay was performed. Annexin V assay was used to elucidate the death pathway for the cells exposed to plasma treatment. Briefly, cells were seeded into 6 well plates (10 5 cells/ well) overnight. The cells were treated with plasma and incubated 24 hours.

After harvesting and washing twice with phosphate buffered saline (PBS) solution, the cells were analyzed for apoptosis using the Annexin V. Cells undergoing apoptosis reveal DNA nicks that the imaging assay kit shows as bright green in color. The images of Fig.III-32 show the Ovcar carcinoma cells treated with plasma jet (Trek power supply) 24 h after plasma treatment. Chapter III ------------------------------------------------------------------------------------------------------------------------------------------ By comparing the number of cells migrating to the breach made in the fibroblast with the conventional method using a simple plastic cone (Fig. as compared to the breach made with a plasma jet, the dermal fibroblasts in different conditions (with GF and with antiangiogenetic drugs used in chemotherapy (Bevacizumab, Sorafenib) alone or with GF) the dermal fibroblasts were generally more activated when exposed to the plasma jet. Indeed, in the first test of injury created by a plastic cone observed after 24 hours of incubation, a maximum of 17 cells had migrated to fill up the breach made while in the injury test with the plasma jet, there is a maximum of 43 cells that have migrated. To explain this, many works have shown that small doses of plasma on infected wounds can improve the healing. Indeed when a wound is infected, the bacteria avoid the wound healing mechanisms to take place. A plasma jet on an infected wound, can indeed eliminate locally the pathological micro-organisms. Once the wound has been cleansed then the healing mechanism can start [START_REF] Shashurin | Influence of cold plasma atmospheric jet on surface integrin expression of living cells[END_REF][START_REF] Heinlin | Plasma applications in medicine with a special focus on dermatology[END_REF]. In these works the question of the activation of the fibroblast cells has not been studied, however one can ask if besides the cleaning effect of the wound by the plasma jet, it allows an over-activation of human dermal fibroblasts. This over-activation would then explain the faster migration of the cells to fill up the breach but also a crosslinking of the cells [249]. The healing will then be quicker. This hypothesis should be deeper investigated.

III-11) Conclusion

In this chapter, we developed an extended atmospheric pressure cold plasma discharge through a flexible dielectric tube beyond 100 cm. It was shown that the plasma string comprised discrete plasma bullets that originate from the powered electrode and travel the entire tube. At the tube exit, a cold plasma jet diffused into the ambient air, consisting of chemical reactive species. It was verified that the high voltage excitation waveform is crucial for the ignition of long plasma strings. A 130 cm cold plasma string can be ignited by 4 kV peak-to-peak sawtooth waveform, thanks to a sufficiently long fall time and a low rise time. One of the most important characteristics of the device is its electrical safety, in that the plasma tube can be handled with bare hands in medical applications. The effect of tube diameter on the transported plasma was also examined: the lower the diameter, the higher the applied voltage. The characteristics of long-distance plasma delivery, high reactive species density, and low temperature means this kind of plasma source is more suitable for decontamination and biomedical endoscopic applications.

Scaling of large area atmospheric pressure plasma jet arrays remains a key challenge due to electrical and hydrodynamical coupling between individual plasma jets. Here, we present a novel means with the help of which one can obtain a large-volume large-surface-area atmospheric plasma jet array in helium. The properties of the array jets and single jet were investigated by charge, power and velocity measurements. Compared to a single jet, the multijet arrays were more intense and energetic. This data shows that an array of this size with uniform flow rates can produce intense plasma with a significant improvement over single jets. Our results show that transporting plasma can be directly applied to a precise plasma treatment for decontamination and cancer therapy. Furthermore a new method to produce reproducible breaches for injury tests with a plasma jet has been developed which shows better migration of the dermal fibroblasts in the breaches.

Chapter IV
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Chapter IV: Surface treatment and thin film deposition in an atmospheric pressure transported discharge

IV-1) Introduction

Atmospheric pressure plasma deposition is a beneficial technology due to its low cost and flexibility in terms of its operation and integration for in-line processing.

For real biomedical industrial applications, however, modification of surfaces of complex shapes may be required such as, for example, inner walls of vascular grafts or catheters that need to be rendered non-fouling for improvement of their performance. The very geometry of APP jets suggests that they may be feasible for this task: the flow of effluent gases from the small orifice of the jet and activated in plasma may be directed into narrow tubes where it can propagate for long distances, interacting and modifying the inner surface. For example, deposition of fluoropolymer films onto the inner surface of commercial poly (vinyl chloride) tubing with the aim of increasing its blood compatibility has already been reported [START_REF] Prat | Polymer deposition using atmospheric pressure plasma glow (APG) discharge[END_REF].

This chapter presents the use of two different deposition geometries of an atmospheric pressure transporting discharge to deposit SiO x and PEG films onto the sample and inner surface of the transporting tube. In this chapter the interaction of the PEG like thin films with respect to cell adhesion and cell nonadhesion will be explored.

Thin films were prepared on the inner surface of tubes. To examine the surface morphology of the deposited films and their chemical composition, SEM, AFM and FTIR were utilized.

Helium is the most efficient of the inert gases for the crosslinking of the uppermost few monolayers of a polymer, with this feature being due probably to the large amount of energy available to transfer to the polymer surface via ion neutralization Auger deexcitation, and

Penning ionization in the polymer [START_REF] Placinta | Surface properties and the stability of poly (ethylene terephtalate) films treated in plasmas of helium-oxygen mixtures[END_REF].
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In this chapter, UHMWPE films and HDPE tubes were used as the substrate. Different experimental conditions were used to modify the inner surface of the tubes as well as substrates placed outside the transporting jet. Surface characterization was performed with the aim of understanding the surface modification effects. The chemical bonds were both by ATR-FTIR as well as by XPS. The surface morphology was studied by AFM and FESEM. Furthermore the ageing of the surface properties was followed by contact angle measurements.

IV-2) Film deposition by transporting plasma

The Chapter IV ------------------------------------------------------------------------------------------------------------------------------------------ broad absorption feature centered at 1095 cm -1 with a weak absorption band near 800 cm -1 were assigned to the asymmetric stretching and bending modes of Si-O-Si, respectively. As is common with SiO 2 films grown at reduced temperature, the IR spectra also contain features attributed to hydroxyl groups. The absorption at 958 cm -1 was attributed to the Si-OH stretching vibration. Considering this latter, the broad band between 3000 and 3700 cm -1 may probably be assigned to an O-H stretching vibration of associated SiOH species and isolated Si-OH groups [START_REF] Babayan | Deposition of silicon dioxide films with a non-equilibrium atmospheric-pressure plasma jet[END_REF][START_REF] Theil | Local bonding environments of Si-OH groups in SiO2 deposited by remote plasma-enhanced chemical vapor deposition and incorporated by postdeposition exposure to water vapor[END_REF][START_REF] Aumaille | A comparative study of oxygen/organosilicon plasmas and thin SiO x C y H z films deposited in a helicon reactor[END_REF]. The broad shoulder at ∼1171 cm -1 is also due to the stretching modes of the siloxane bridges [START_REF] Adachi | Gas-phase nucleation in an atmospheric pressure chemical vapor deposition process for SiO2 films using tetraethylorthosilicate (TEOS)[END_REF][START_REF] Pai | Infrared spectroscopic study of SiOx films produced by plasma enhanced chemical vapor deposition[END_REF]. Table IV-1 shows the most important peaks of this spectrum.

The C=O peak at 1630 cm -1 indicates the presence of bonded oxygen in the polymer, most probably originating from molecular oxygen when exposed to air [START_REF] Gengenbach | Characterization of the Ageing of Plasmadeposited Polymer Films: Global Analysis of X-ray Photoelectron Spectroscopy Data[END_REF].

The presence of carbon in the films is probably due to the incomplete decomposition of TEOS precursor [START_REF] Zhu | Open Air Deposition of SiO2 Films by an Atmospheric Pressure Line-Shaped Plasma[END_REF] Chapter IV ------------------------------------------------------------------------------------------------------------------------------------------124 

Effect of nozzle-substrate distance

The effect of the nozzle-substrate distance on the deposition rate is shown in Fig. IV-3. The deposition rate increased when the nozzle-substrate distance was decreased. In addition, the deposited area diminished with the increase of the nozzle-substrate distance. The deposition rate depends on the density of the fragmented TEOS precursors reaching the surface of the substrate.

In the helium atmospheric-pressure plasma jet, It was observed that the electron density and the atomic oxygen density is the highest close to the nozzle, and then they decrease as the distance from the plasma jet nozzle increases [START_REF] Han | High-Rate SiO2 Deposition by Oxygen Cold Arc Plasma Jet at Atmospheric Pressure[END_REF]. Thus, the density of the radicals formed from the fragmentation of TEOS might be also reduced at longer nozzle-substrate distances, which explains the abrupt decrease of the deposition rate observed on Fig. IV-3 after 6mm. For distances below 6mm the deposited coatings show a certain inhomogeneity in the deposited coatings because of the distortion of the gas flow due to a certain turbulence caused by the impact of the jet on the substrate surface. We can conclude that a short substrate distance is beneficial for a high deposition rate, however for nozzle-substrate distances which are too short (less than 6mm) nonhomogeneous films in terms of film thickness were deposited. In our experimental conditions the nozzle-substrate distance of 6 mm was optimal because it resulted in a homogeneous and higher deposition rate.
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Effect of the voltage

The infrared spectra of the films deposited on a silicon wafer substrate with plasma voltages varying in the range of 1.5-3 kV are given in Fig. IV-4. The Si-O-Si peak intensity was higher for the coatings deposited at higher plasma voltages, and therefore powers, leading to thicker coatings. Coatings deposited at lower applied voltage and therefore power had a broad peak at 2700-3000cm -1 indicating the presence of a significant amount of carbon related groups. The coatings deposited at higher plasma power were found to have higher silanol (SiOH) content observed at 958cm -1 which is associated with the formation of particulates.

This increased deposition rate is most likely due to the higher plasma input voltage and therefore power resulting in an increment in the fragmented radicals resulting from the precursor fragmentation. Chapter IV ------------------------------------------------------------------------------------------------------------------------------------------127

Effect of the deposition time

Effect of the precursor inlet position

The effect of the precursor inlet position (Fig Chapter IV ------------------------------------------------------------------------------------------------------------------------------------------128

neighboring bands cause more disordering of the SiO x structure. It appears by a shoulder beside the peak at ~1095 cm -1 in the FTIR spectrum. As a result SiO x films, with wider peaks are more disordered and more porous [START_REF] Wong | Investigation of deposition temperature effect on properties of PECVD SiOCH low-k films[END_REF][START_REF] Klevenz | Evaporation and Condensation of SiO and SiO 2 Studied by Infrared Spectroscopy[END_REF]. Chapter IV ------------------------------------------------------------------------------------------------------------------------------------------129

Coating morphology and surface roughness were examined using AFM. It was observed that the surface roughness increased with the increase of the applied power (Fig. IV-8). The increasing surface roughness was largely due to an increase in the number of particulates deposited on the coating. Particulate formation is commonly associated with gas phase reaction [START_REF] Ramamoorthy | Thermal stability studies of atmospheric plasma deposited siloxane films deposited on Vycor™ glass[END_REF]. This corresponds well with the plasma characteristics. For increasing applied power, the concentrations of the active species in the plasma increases and the reactions in the gas phase increases, leading to a fast fragmentation of the precursor in the homogeneous gas phase giving rise to particulates which can be observed on AFM images. Surface morphology of SiO 2 coatings was also examined using SEM (Fig. IV-9). It is evident that surface roughness increases with increased applied power. We can see from the images, the increasing surface roughness was largely due to an increase in the number of particulates formation on the coating.

It has been reported previously that particulates formed by thermal CVD at atmospheric pressure are generated in the gas phase by homogeneous nucleation of the intermediate species of TEOS [START_REF] Adachi | Gas-phase nucleation in an atmospheric pressure chemical vapor deposition process for SiO2 films using tetraethylorthosilicate (TEOS)[END_REF][START_REF] Adachi | Particle generation and film formation in an atmospheric-pressure chemical vapor deposition reactor using the tetraethylorthosilicate (TEOS)/He, TEOS/O2/He, and TEOS/O3/He systems[END_REF][START_REF] Adachi | Particle generation and film formation in an atmosphericpressure chemical vapour deposition process using tetraethylorthosilicate[END_REF]. This result was also observed in low pressure PECVD [266,[START_REF] Fujimoto | Effect of cluster/particle deposition on atmospheric pressure chemical vapor deposition of SiO2 from four gaseous organic Si-containing precursors and ozone[END_REF].

Several groups have concluded that particulate formation during atmospheric pressure deposition is commonly associated with gas phase reaction. The particles are deposited on the substrate surface and embedded during the further film growth [268][START_REF] Kasih | A Nonequilibrium, Atmospheric-Pressure Argon Plasma Torch for Deposition of Thin Silicon Dioxide Films[END_REF][START_REF] Sawada | Synthesis of plasma-polymerized tetraethoxysilane and hexamethyldisiloxane films prepared by atmospheric pressure glow discharge[END_REF][START_REF] O'neill | Atmospheric pressure plasma liquid deposition-a novel route to barrier coatings[END_REF]. For increasing applied power, there are increased concentrations of active species in the plasma. This demonstrates the increased level of gas phase reaction with the increase in applied powers. In addition, the
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presence of oxygen in the environment increases the number of surface particulates. This is due to the high reactivity of excited oxygen species resulting in oxidative gas phase reactions and the formation of Si-(OH) 4 type particles [START_REF] Ramamoorthy | Thermal stability studies of atmospheric plasma deposited siloxane films deposited on Vycor™ glass[END_REF]. As a result, coatings deposited in higher power exhibited higher surface roughness values.

The SEM and AFM images ( Chapter IV , the peaks corresponding to the FEP material at 1144 cm -1 and 1200 cm -1 corresponding to stretching vibration of the -CF 2 of the -CF 2 -CF 2 structure appears in the spectra. This would mean that the coatings close to the powered electrode are thicker than those deposited close to the jet outlet, since the corresponding peaks of FEP appear in the ATR-FTIR spectra. However the thickness of SiO x coatings seems to be homogeneous up to a tube length of 35cm.
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IV-2-5) Cell adhesion on plasma polymerized coatings

The cell repellent characteristics of PEG coatings on Polystyrene substrates, a substrate on which the cells grow readily the plasma polymerized PEG like coatings were prepared under different plasma voltages (2 kV and 4 kV) via ethylene oxide precursor which was diethylene glycol dimethyl ether (DEGME). The helium and monomer flow were 1000 sccm and 0.3 sccm, respectively. The coatings were placed inside the 6 wells plate and 2 ml of NIH: OVCAR-3 cell suspension with a density of 10 5 / well was injected into each well and was incubated at physiological conditions for 48 h. The adherent cells were counted by using Image J software. For the image processing, 10 microscopic images were carried out on each coating and resulting values of adherent cells were averaged.

As expected, there was less cell adhesion observed on plasma polymerized PEG coatings which were also stable after 48 h of cell culture. As the applied voltage increased from 2 kV to 4 kV the cell adhesion decreased. About 650 cells attached to the bare Polystyrene but on the sample with PEG coating deposited with a 2 kV and 4 kV applied voltage, 72 and 23 cells were attached to the surface, respectively. This might seem contradictory as compared to what reported in other papers where they show that the retention of the C-O-C bonds are better at lower powers.

However even though we haven't been able to determine the current and therefore the power in the case of the coating conditions of the transported discharge, the measurements show that in the range of the voltages (2 to 4 kV) used we probably have a power which is in the order of a 

IV-2-6) Deposition of thin PEG films on the inner wall of tube

The experimental apparatus for the PEG film deposition on the inner wall of a HDPE tube is the same as Fig.

IV-1(a). HDPE was chosen because it is commonly used in chemical, biological and medical applications. The HDPE tube used in this part had inner/outer diameters of 6.4 mm/9.6 mm, respectively. The He gas flow rate and applied voltage were 1000 sccm and about 2 kV, respectively. The treatment time for 70 cm tube was about 90 min.

For the sake of clarity, the films in different parts of inner wall of the tube were also analyzed Chapter IV 
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IV-3) Surface modification by transporting plasma

IV-3-1) Surface modification of UHMWPE films

In this work we evaluate the effect of a helium transporting discharge on the physicochemical, and morphological changes of an Ultra High Molecular Weight Polyethylene (UHMWPE) polymer surface. 

IV-3-1-1) Transporting discharge inside the FEP tube

In this section, FEP tube (D in =4mm and D out =6mm) with the length of 70 cm was used for transporting the discharge to the sample. The treatment conditions of the films are as follows.

The total gas flow rate was 400 sccm, applied voltage was 2 kV and the treatment time was 7 min.

FTIR spectroscopy is a sensitive method to investigate plasma treated UHMWPE films due to the large area/ volume ratio. The FTIR spectrum of the untreated surface contains the doublet symmetric and asymmetric stretching modes CH 3 at 2851 and 2919 cm -1 , the doublet bending
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mode CH 2 at 1463 and 1473 cm -1 , and the doublet rocking mode CH 2 at 721 cm -1 and 734 cm -1 as shown in Fig.IV-20. After plasma treatment, the most pronounced changes appear in the ranges between 830-1300 and 1500-1730 cm -1 . The new absorption bands can be assigned as follows: epoxide and acetal at 830 cm -1 , CF x between 1000 and 1400 cm -1 , C=C at 1638 cm -1 , ketone, quinone (cyclic carbonyl groups), lactone(cyclic ester group) at 1732 cm -1 and O-H at 3250 cm -1 . It is noted that C=O content markedly increased in plasma jet and outside the tube.

Presence of CF x in the spectrum is because of the sputtering of the FEP tube. Chapter
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IV-3-1-2) Transporting discharge inside the HDPE tube

In this section, a HDPE tube (D in =6.4 mm and D out =9.6 mm) with the length of 70 cm was used for transporting the plasma to the sample. The treatment conditions of the films are as follows:

He flow rate = 1000 sccm, applied voltage =2 kV and the treatment time = 7 min. Chapter IV ------------------------------------------------------------------------------------------------------------------------------------------ The fact that we have identified unsaturation in the case of both jet plasma-treated as well as afterglow treated samples, shows that besides surface oxidation which is very commonly identified in the case of plasma -treated polymer surfaces, in the case of the UHMWPE, we also observe crosslinking which is also a synergetic process taking place with formation of unsaturation [START_REF] Arefi-Khonsari | Plasma Processing of Polymers by a Low-Frequency Discharge with Asymmetrical Configuration of Electrodes[END_REF]276]. Furthermore, we can point out that the afterglow plasma-treated sample inside the tube presents for the same treatment time of 7 minutes more crosslinking than the jet one outside the tube. Plasma treatment of polymer surfaces causes not only a modification during the plasma exposure, but also leaves active sites at the surfaces which are subject to post-reactions; this is also called aging [START_REF] Gengenbach | Post-deposition ageing reactions differ markedly between plasma polymers deposited from siloxane and silazane monomers[END_REF]. Aging effects depend on external influences like adsorption or oxidation, and on the internal tendency to attain an energetically favorable state (thermodynamic equilibrium) by restructuring processes and diffusion. Especially, a high-energy surface is prone to adsorb contaminants from the atmosphere in order to lower its surface energy [START_REF] Mora | Polychlorinated biphenyls and chlorinated insecticides in plasma of Caspian terns: relationships with age, productivity, and colony site tenacity in the Great Lakes[END_REF].

The contact angles were measured by the sessile-drop technique. Briefly, a 6 μl droplet of bidistilled water was placed onto the surface. Contact angles were measured before and after treatment on UHMWPE films exposed to two different configuration of transporting discharge.

Angles were averaged for 5 measurements.

The change in contact angle on treatment with jet and afterglow plasma is presented in Fig. IV-28 (He flow rate: 1000 sccm; V=2 kV). The contact angles increased significantly in the first day after plasma treatment. The contact angle of untreated commercial PE film was > 90°and after helium plasma it was decreased to < 37°. attributed to ketone and ester C=O stretchings, respectively (Table IV-5). In 5 cm downstream the C=C peaks are higher than 65 cm downstream (i.e. close to the tube outlet). Chapter IV ------------------------------------------------------------------------------------------------------------------------------------------ 

IV-4) Conclusion

Atmospheric pressure plasma treatment is a simple, inexpensive process that is useful in a wide variety of applications including the surface modification and coating of the inner surface of commercial flexible tubes.

The results have shown that SiO x and PEG coatings have been successfully deposited outside and inside tubes. The chemical composition of the films was found to be independent of the applied voltage, time and the monomer inlet position (under constant peak-to to peak voltage).

The coatings inside the tubes present a certain thickness gradient but completely modify the wettability of the FEP coatings. The wettability of Si substrate and flexible tube were larger than the untreated sample. Also, cell adhesion or nonadhesion of PEG like coatings deposited outside discharge tubes with respect to cells were studied. As the voltage increased from 2 kV to 4 kV, the cell adhesion was decreased on plasma copolymerized coatings.

UHMWPE films and HDPE tube were treated using transporting discharge, chemical and morphological modification was characterized using FTIR, XPS and AFM. FTIR and XPS analyses indicate that He transporting plasmas introduce oxygen-containing functional groups but unsaturation (C=C) has also been observed which is indication of crossliking of the HDPE.

The AFM observations show a surface smoothing with different plasma treatment configurations and treatment times.

The results show that in two different configurations, the two competitive processes, i.e., crosslinking and functionalization, can be optimized in order to limit the ageing. The latter is achieved when the afterglow setup is used and sample is located inside the discharge tube. The reinforced crosslinked layer that stabilizes the surface is formed under the action of the He active species, while the oxygen species induce the formation of an oxidized polymeric structure. The presence of O 2 in excess induces a depopulation of the excited levels of He, particularly the metastable ones, a fact which is reflected by a considerable decrease of the stability of the surface properties of the treated polymer. As mentioned in chapter 3, the use of a bigger tube (up to 20mm) but also multi-jets can considerably increase the surface of the treated samples outside the jet.

General Conclusion

Atmospheric pressure plasma propagating in flexible capillary tubes is a unique way of transporting a plasma and its active species to remote sites for applications such as biomedical procedures, particularly in endoscopic applications and has been the topic of much interest recently.

After having investigated the state of the art in chapter 1, the details of the experimental set-ups used and the different complementary methods of analyses employed were explained in chapter 2. In chapter 3, we developed a long atmospheric pressure cold plasma using different electrode configurations through a flexible dielectric tube with varying diameters ranging from 2 to 20 mm and lengths varying from 20 to 200 cm long. It was shown that the transporting plasma comprised discrete plasma bullets that originate from the powered electrode and which travelled the entire tube. At the tube exit, a cold plasma jet diffused into the ambient air, consisting of chemical reactive species. It was verified that the high voltage excitation waveform was crucial for the ignition of long plasma strings. A 130 cm cold plasma string can be ignited by 4 kV peakto-peak sawtooth waveform, thanks to a sufficiently long fall time and a low rise time. One of the most important characteristics of the device is its electrical safety, i.e. the plasma tube can be handled with bare hands in medical applications. The effect of tube diameter on the transported plasma was also examined: the lower the diameter, the higher the applied voltage.

Two different kinds of transporting discharge multi-jets were designed and their characteristics such as velocity, charge on the grounded plate and power on the shunt resistor were compared with a single jet with the same cross-section. A newly designed multi-jet device exhibits plasma stability maintaining efficient reaction chemistry and a low gas temperature. Multiple plasma plumes were generated and propagated to the grounded-surface relatively uniformly without an auxiliary circuit. The power consumption of these multi-jets was very low (less than hundred mW) but they produced an intense plasma with a significant improvement over a single jet.

The transporting discharge was cold enough to be put in direct contact with heat sensitive materials. Therefore, by using this approach a transporting discharge was generated inside a flexible plastic tube far from the high-voltage discharge region, which provided the safe operation conditions and device flexibility required for medical treatment.

In addition, the characteristics of the long distance plasma delivery, high density of reactive species, and low temperature allow such plasma sources to be quite suitable for biomedical endoscopic applications.

We showed the possibility to direct the excited species of the transporting discharge to the E. coli bacteria and ovarian cancer cells. We confirmed that E. coli bacteria decontamination after 6, 9

and 12 min was comparable with various antibiotics. Also it was observed that the plasma jet induced very precise lines and apoptosis in cultured cells.

Furthermore a new method to produce reproducible breaches for injury tests with a plasma jet has been developed which showed better migration of the dermal fibroblasts in the breaches as compared to the conventional method which is made by a plastic cone. Deeper investigations are required to see how the fibroblast cells are activated and take part in the mechanisms of healing of wounds in the presence of growth factors present in the body and anti-angiogenetic drugs which are used in chemotherapy.

In chapter 4, the potential of plasma coating with the transported discharge has been investigated.

The results have shown that SiO x and PEG coatings have been successfully deposited outside and inside tubes. The chemical composition of the films was found to be independent of the applied voltage, time and the monomer inlet position (under constant peak-to to peak voltage).

Also, cell adhesion or nonadhesion of PEG like coatings deposited outside discharge tubes with respect to cells were studied. Better cell non adhesive properties with respect to cancer cells were observed for coatings which were deposited at a higher voltage (4kV as compared to 2kV), knowing that the power applied was in the order of 100 mW. The possibility to deposit such coatings inside tubes is quite an interesting result for inside catheter tubes, used for evacuation of pathogen biological liquids but also for food applications. As perspectives it would be interesting to optimize the longest length of tube which would give rise to a constant chemical composition inside the tube for example to obtain cell or protein anti-adhesive properties.

A transporting discharge at atmospheric pressure was used for the treatment of UHMWPE films and HDPE tube. Two different setups were used for this purpose. The results show that in two different configurations, the two competitive processes, i.e., crosslinking and functionalization, can be optimized in order to limit the ageing. It would be very interesting in the future as perspective of this study to see the effect of such a plasma on living tissues and to see if under certain conditions crosslinking can occur as the predominant process. The multi-jet configuration gives rise to plasma jets with an area as big as 30cm however the, more investigation should be made on the measure of the power and the stability of such discharges in the future. The role of the He metastables and excited species produced by Penning reactions should be studied. Indeed the purpose of the cotutorial thesis with the LISE laboratory at UPMC was to explore the potential of the transporting discharge in different biomedical applications. However due to the lack of time spent in France, we couldn't investigate thoroughly each section. However the different results definitely show clearly the interesting research paths which should be followed in collaboration with Dr. Massoud Mirshahi group at Lariboisière, INSERM, UMRS872, Paris

France.

Fig.I- 1 :

 1 Fig.I-1:The four states of matter[START_REF] Hoffmann | Cold Atmospheric Plasma: methods of production and application in dentistry and oncology[END_REF].
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 2 Fig.I-2: Classification of plasmas (electrons temperature versus electrons density) [12].
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 3 Fig.I-3 shows an example of the variation range for frequency of the electrons in the plasma and ion frequency in cold plasmas.
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 3 Fig.I-3: Electron and ion frequencies in cold plasmas [58].
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 4 Fig.I-4: Schematic representation of dielectric barrier discharge electrode.

Fig.I- 5 :

 5 Fig.I-5: Cathode-directed streamer. (a) Streamer at two consecutive moments of time, with secondary avalanches moving toward the positive head of the streamer; wavy arrows are photons that generate seed electrons for avalanches. (b) Lines of force of the field near the streamer head [10].
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 662 Fig.I-6: Schematic of a dielectric-free electrode (DFE) jet [94].

Fig.I- 7

 7 Fig.I-7 (b) eliminates one ring electrode [17], so the discharge inside the dielectric tube is weakened. Figure Fig.I-7 (c) replaces the HV ring electrode with a centered pin electrode, which

  Fig.I-7 (d) further removes the ground ring electrode of Fig.I-7 (b) [81], so the discharge inside the tube is also weakened. On the other hand, a stronger discharge inside the discharge tube (as in the case of Fig.I-7 (a) and (c)) helps the generation of more reactive species. With the gas flow, the reactive species with relatively long lifetimes may also play an important role in various applications.
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 7 Fig.I-7: Schematic of a DBD plasma jet [37].

  The role (and advantage) of the ring electrode in figures fig.I-8 (a) and (b)
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 864 Fig.I-8: Schematic of a DBD-like plasma jet [37]. I-6-4) Single electrode (SE) jets The schematics of single electrode (SE) jets are shown in Fig.I-9 (a)-(c). Fig.I-9 (a) and (b) are similar to the DBD-like jets except there is no ring electrode on the outside of the dielectric tube. The dielectric tube only plays the role of guiding the gas flow. These two jets can be driven by dc, kHz ac, RF or pulsed dc power. Because of the risk of arcing, the plasma plumes generated by Fig.I-9 (a) and (b) are not the best for biomedical applications due to safety issues [84]. In order to overcome this problem, Lu et al developed a similar SE jet, as shown in figure Fig.I-9(c)[START_REF] Lu | An plasma device for sterilization of root canal of teeth[END_REF]. The advantage of this jet is that the plasma plume or even the hollow electrode can be touched without any risk of injury, making it suitable for plasma medicine applications. One of the potential applications is in dentistry, such as root canal treatment.

Fig.I- 9 :

 9 Fig.I-9: Schematic of an SE plasma jet [37].

  Fig.I-10 is a series of high-speed photographs taken by an ICCD camera showing the plasma bullet at different spatial locations.

Fig.I- 10 :

 10 Fig.I-10: ICCD photographs of the plasma bullet.

  This is quite different from the Xiong et al observations, which show that the variation of the repetition frequency did not affect the streamer velocity, propagation length and emission intensities of the plasma in the open air. They showed that the bullet propagates out from the nozzle much earlier for high pulse repetition rates. But the bullet almost propagates to a same distance in the open air and accelerates to a peak velocity of about 2×10 5 m/ s at the same position when frequency varies from 0.1 to 10 kHz [95]. For the case of plasma propagating in a dielectric tube, Robert et al. studied the influence of the pulse repetition rate on the plasma length expansion, on the long-term operation of plasma gun and on the plasma velocity. Fig.I-11 (a) shows the maximum of the plasma expansion versus the pulse repetition rate. Fig.I-11 (a) indicates that the plasma length first decreases from around 26
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 11 Fig.I-11: (a) Evolution of the time-integrated pulsed atmospheric-pressure plasma streamer (PAPS) length inside a dielectric tube versus the pulse repetition rate for the peak value of the applied voltage of -22 kV. The nanosecond voltage pulse has a rising front of 30 ns and a decay lasting for 15 μs.
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 12 Fig.I-12 shows the photographs of the plasma plume for different pulse rising time. It shows clearly that the length of the plasma plume increases drastically with reduction of the pulse rising time [103].
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 12 Fig.I-12: Photographs of the plasma plume for different pulse rising time [96].
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 13 Fig.I-13: Evolution of PAPS velocity versus the peak voltage amplitude. The plasma gun is powered by the ns driver (squares) and the μs driver (circles) [96].

(

  Fig.I-14). The decrease of the plasma plume length may be the indication of the discharge mode transition [104].
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 14 Fig.I-14: (a) Typical photos of the plasma jet, (b)-(e) photos of the plasma jet for different pulse width (PW) with fixed applied voltage of 4.7 kV and frequency of 500 Hz [104].
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 16 Fig.I-16 highlights the impact of pulse width on the propagation velocity of the ionization front.
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 15 Fig.I-15: Impact of the applied voltage pulse width on the velocity of propagation; (a) shows three voltages pulses of width 2μs (black squares), 3μs (red circles) and 4μs (green triangles), respectively; (b) depicts the propagation velocity of the ionization front as a function of the distance along the capillary, at the voltage pulse widths of 2, 3 and 4μs.
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 16 Fig.I-16 (a) and (b) are the photographs of the plasma plume generated by the positive and negative pulses, respectively. To further understand this phenomenon, a high speed ICCD camera is used to capture the dynamics of the plasma plumes. Fig.I-17 and Fig.I-18 show the high speed photographs of the discharges taken at different delay times for the positive and the negative pulses, respectively. As shown in Fig.I-17 and Fig.I-18, the plasma travels like a bullet

Fig.I- 16 :

 16 Fig.I-16: Photographs of the plasma for a) positive and b) negative pulses [105].

Fig.I- 19 :

 19 Fig.I-19: Electron density (top half of each figure) and helium mole fractions (bottom half of each figure) for varying mixing layer growth rates: (a) no growth, (b) baseline growth and (c) high growth. Time snapshots of electron density are taken 75 ns from the start of the pulse. The figure on the right shows the streamer head (bullet) speed as a function of time for the three cases [92].

Fig.I- 20 :

 20 Fig.I-20:The plasma jet length and the minimum corresponding helium mole fraction at the tip of the plasma jet as a function of applied high voltage for a constant 10ms-1 helium flow, 1μs pulse width and 5 kHz repetition rate[START_REF] Karakas | Correlation between helium mole fraction and plasma bullet propagation in low temperature plasma jets[END_REF].

Fig.I- 21 :

 21 Fig.I-21: Plasma gun photographs.

Fig.I- 22

 22 Fig.I-22 presents the evolution of the speed of the transient plasma burst as a function of the distance from the inner electrode tip. A strong decrease of the propagation speed is observed with 10 times reduction from 10 to 55cm positions, the smaller measured speed for the 60cm distance being nevertheless identical to the bigger value reported for the plasma bullets elsewhere.

Fig.I- 22 :

 22 Fig.I-22: Evolution of the plasma propagation speed in the dielectric guide as a function of the distance from the inner electrode tip. The black trace is a fit of the experimental data.

Fig.I- 23

 23 Fig.I-23: (a) Discharge configuration of ionization waves propagating through a flexible, dielectric capillary channel and impinging upon a target. (b) The ionization waves are initiated by a DBD consisting of a needle powered electrode and an annular ring at the beginning (lower) end of the channel. The capillary channel is 600μm wide and about 15 cm long. The channel and the target chamber are filled with Ne/Xe = 99.9/0.1 at one atmospheric pressure. Eight locations (A-H) are marked along the channel for reference of the locations of the ionization wave front. The full computational domain is a square of side length 12 cm whose boundaries are grounded except for the top (target) surface.

Fig.I- 24 :

 24 Fig.I-24: Dielectric barrier discharge (DBD) inside a long flexible tube with an inner diameter of 2 mm [126].

Fig.I- 25 :

 25 Fig.I-25: Plasma array device. Seven well-collimated plasma plumes between the plasma array device and the glass side of the ITO electrode [141].Perhaps an unintended consequence of constructing arrays of plasma jets is that individual plasmas in an array tend to interact with each other[START_REF] Fan | Discharge Characteristics of a coldatmospheric-plasma jet array generated with single-electrode configuration[END_REF][START_REF] Cao | Spatially extended atmospheric plasma arrays[END_REF][START_REF] Kim | Atmospheric-pressure microplasma jets from linear arrays of hollow-core optical fibers for biomedical applications[END_REF][START_REF] Furmanski | Triple-coupled intense atmospheric pressure plasma jet from honeycomb structural plasma device[END_REF][START_REF] Ghasemi | Interaction of multiple plasma plumes in an atmospheric pressure plasma jet array[END_REF]. For example, densely packed plasma jets in a honeycomb configuration developed by Cao et al appeared to have strong jet-jet interaction which produced either divergence or convergence of the plumes of the plasma jets[START_REF] Cao | Spatially extended atmospheric plasma arrays[END_REF]. A similar coupling was observed by J-Y Kim et al[START_REF] Kim | Intense and energetic atmospheric pressure plasma jet arrays[END_REF][START_REF] Kim | Atmospheric-pressure microplasma jets from linear arrays of hollow-core optical fibers for biomedical applications[END_REF] who constructed a seven-jet array (one central jet surrounded by six hexagonally spaced jets). Under selected conditions, seven distinct plasma plumes were formed (Fig.I-25). A transition mode would sometimes occur where the central plasma plume became optically very intense and the outer plumes extended only a short distance beyond the end of their tubes. The intensity of the center plume was significantly greater than when operating as a single jet, suggesting a synergistic reinforcement of the center jet at the expense of the outer jets.

  .I-26). The simulation results indicate that this is due to the electric-field distribution of the plasma array. After 125 ns, the behavior of the plasma plumes looks like glow discharges[START_REF] Pei | Dynamics of a plasma jet array[END_REF].

Fig.I- 26 :

 26 Fig.I-26: High-speed photographs of the plasma plumes. The exposure time is 5 ns. The plasma gun device can be used as a single primary discharge reactor likely to drive the operation of tens of secondary plasma jets (Fig.I-27). Further optimization of the plasma source operating conditions may lead to the generation of hundreds of secondary jets, each of them

Fig.I- 28 :

 28 Fig.I-28: Several major research areas of cold atmospheric plasma in fundamental biological sciences and the related applications in medicine [173].

  enhanced or even enabled by plasma application. These interactions are etching or ablation, thin dielectric film deposition, chemical and/or physical surface modification, activation or functionalization (see Fig.I-29) are basic processes which are used not only in several industrial applications but also for processing of surfaces, materials or devices intended for medical application. At the end of the 1960s, plasma was applied to improve the biocompatibility or biofunctionality of materials, which are supposed to be in direct contact with biological systems.Up to now, a wide range of plasma-based surface treatment techniques has been developed and a number of which has been commercialized. These treatment techniques are plasma sputtering and etching, plasma implantation, plasma deposition, plasma polymerization, plasma spraying, and many more. These processes and techniques can be based both on low-pressure as well as atmospheric-pressure plasmas[190].

Fig.I- 29 :

 29 Fig.I-29: Basic categories of plasma-chemical interaction with material surfaces.

Fig.II- 1

 1 Fig.II-1 shows the home made power supply. This power supply is characterized by a pulse repetition rate from 1 to 50 kHz and voltage amplitude from 1 to 25 kV in negative or positive polarities.

Fig.II- 1 :

 1 Fig.II-1: Home made power supply. Another power supply consists of a signal generator and a TREK High-Voltage Power amplifier -10/40A (Fig.II-2).

Fig.II- 2 :

 2 Fig.II-2: TREK high voltage power amplifier.

Fig.II- 3 :

 3 Fig.II-3: different Experimental set up for surface processing and film deposition.

  DiEthyleneGlycoleDiMethyl Ether (DEGDME) and Tetraethyl orthosilicate (TEOS) monomers were injected before the powered electrode (Fig.II-3(a)) or, 5 cm before the outlet (Fig.II-3(b)) for depositing on a substrate placed outside.

Fig.II- 4 :

 4 Fig.II-4: Schematic diagram of a Michelson interferometer, configured for FTIR. If the tested sample is non-transparent, the Attenuated Total Reflectance (ATR) FTIR should be used. The penetration depth of analysis in ATR mode depends on the chosen material and typically does not exceed the μm range. The principle of ATR is shown in Fig.II-5.

Fig.II- 5 :

 5 Fig.II-5: The principle of ATR mode.The chemical composition of the films was characterized using a Bruker VERTEX 70 FT-IR Spectrophotometer (Fig.II-6). Infrared absorbance spectra were recorded in the 400-4000 cm -1 range, with a resolution of 8 cm -1 . Before each sample scan, the signal of the bare substrate was taken as reference. Baseline correction was performed by OPUS 6.5 software after 200 scans of each sample.

Fig.II- 6 :

 6 Fig.II-6: Bruker VERTEX 70 spectrophotometer.

Fig.II- 7 :

 7 Fig.II-7: The schematic drawing of SEM. Field emission scanning electron microscopy (FESEM) images were taken using Zeiss Ultra 55 FEG SEM with GEMINI Column on carbon or gold coated surfaces by sputter coating (Cressinton sputter coater-108 auto) (Fig.II-8). The bulk morphology and thickness of the deposited layers were investigated by fracturing coatings deposited on substrates and then taking cross-sectional images of fractured samples.

Fig.II- 8 :

 8 Fig.II-8: Zeiss Ultra 55 Field emission scanning electron microscope (FESEM).

Fig.II- 9 :

 9 Fig.II-9: schematic diagram of the XPS process, showing photoionization of an atom by the ejection of a 1s electron.

  interfacial tensions (Fig.II-10): γ lv cos θ Y = γ sv -γ sl where γ lv , γ sv , and γ sl represent the liquid-vapor, solid-vapor, and solid-liquid interfacial tensions, respectively, and θ Y is the contact angle. This equation is usually referred to as Young's equation, and θ Y is Young's contact angle.

Fig.II- 10 :

 10 Fig.II-10: Illustration of contact angles formed by sessile liquid drops on a smooth homogeneous solid surface.

Fig.II- 11 :

 11 Fig.II-11: Principle of Atomic Force Microscopy.

and applied voltage of 3

 3 kV (sawtooth waveform). A copper tube (length 8 mm) is used as a powered electrode and mounted into a 70 cm long flexible tube (D in =0.8 mm and D out =1mm). Transported discharge reaches a length of almost 70 cm. Fig.II-12 is the schematic of the experimental set-up.

Fig.II- 12 :

 12 Fig.II-12: Experimental set up of transporting discharge for cell treatment. Another set up of the atmospheric pressure plasma jet is schematically shown in Fig.II-13. The device consists of two Aluminum tapes wrapped around the outer quartz tube (better put quartz than glass). The powered electrode is coupled to the Trek power supply source (impulse waveform). Throughout the experiments the voltage and frequency applied to the device was held constant at 6 kV and 5 kHz, respectively.

Fig.II- 13 :

 13 Fig.II-13: Experimental set up of plasma jet for cell treatment.

  (a) Control, DMEM / F12 medium without addition of FBS (b) recombinant human VEGF (100 ng / ml) (c) Bevacizumab (10 -7 M) and recombinant human VEGF (100 ng / ml) (d) Sorafenib and recombinant human VEGF (100 ng / ml) (e) Bevacizumab (10 -7 M) (f) The effect of the plasma

  paraformaldehyde (PFA). Then cells were incubated at room temperature for 20 min and washed with PBS. Cells were stained with 0.01 mg/mL propidium iodide (Sigma-Aldrich), or doublestained with 5 µl FITC Annexin V (BD Biosciences) and 5 µl 7AAD (eBioscience) per million cells to detect cells in apoptotic status. Cells were mounted and examined using a fluorescence microscope (EVOS FL Cell Imaging System ) (Fig.II-14).

Fig.II- 14 :

 14 Fig.II-14: EVOS FL Cell Imaging System.

  Fig.II-15: Schematic of the plasma jet for bacteria treatment.

  current and the applied voltage were measured with a wide-band current probe (Pearson Electronics, Inc., model 4100 and 3972) and a high voltage probe (Tektronix P6015A, Tektronix, Inc.), respectively. The collected signals were recorded by a digital oscilloscope (Tektronix DPO 2012, Tektronix, Inc.)(Fig.II-16).

Fig.II- 16 :

 16 Fig.II-16: Experimental setup for current measurements. Also, a current probe (TCP A300) was used to measure the current flowing through the ground (in front of the jet) and this waveform was also recorded in the oscilloscope (Fig.II-17).

  -1). A powered copper electrode, 8mm long, with interior and exterior diameters equal to 1.1 and 1.8 mm, respectively. The electrode was mounted in a 130 cm long flexible tube. The helium working gas was controlled through a mass flow controller (Beijing Seven star Electronics Co., Ltd, D07-19B) and flow readout box (Beijing Seven star Electronics Co., Ltd, D08-1F).

Fig.III- 1 :

 1 Fig.III-1: Schematic diagram of the experimental setup with one electrode.

Fig.III- 2 :

 2 Fig.III-2: Five high voltage forms for the excitation of the plasma string inside flexible dielectric tubes, a) Sinusoidal with rise time=27.37 f= 9.4 kHz, b) positive pulse, rise time=38.89 , f= 3.1 kHz, c) negative pulse, rise time=24.5 , f= 3.1 kHz ,d) positive pulse with smaller rise time =10 , f=5 kHz, and e) saw tooth with rise time=1.064 , f=5 kHz.

Fig.III- 4 :

 4 Fig.III-4: Photographs of the plasma string with (a) sinusoidal form, (b) positive pulse, (c) negative pulse, (d) positive pulse with smaller rise time and (e) saw tooth form. To measure the flowing current through the plasma tube, a calibrated wide-band current probe (Pearson Electronics, Inc., model 4100) was used. The results are shown in Fig.III-5(e) for saw

Fig.III- 5 :

 5 Fig.III-5: Temporal dynamics of propagating bullets through the dielectric tube.

Fig.III- 6 :

 6 Fig.III-6: The variation of saw tooth applied voltage with the tube diameter for 70 cm plasma string. Helium flow rate was 1 l/min.

Fig.III- 7 :

 7 Fig.III-7: Photographs of the segmented plasma string with four regions. The excited waveform is sawtooth with f=5 kHz, working gas is He with flow rate of 1 l/min and tube diameter is 1.3 mm. Relative optical intensity from the straight plasma string along the axis of the tube: region 1, near the powered electrode, region 2, with almost constant irradiation, region 3, near the outlet of the tube, and region 4, after exiting the tube.

Fig.III- 8

 8 Fig.III-8 shows the effects of additive gas (Ar or O 2 ) on the discharge.

Fig.III- 10

 10 Fig.III-10 shows the optical emission spectra obtained from point 21 outside the capillary tube,

radicals (A 2 ∑

 2 + -X 2 П) are formed from water vapors present in the ambient air. The relative intensities of OH, He, N 2 , and O at different points are shown in Fig.III-11. The concentration of these species reduces rapidly with increasing distance from the tube outlet (point 20).

Fig.III- 9 :

 9 Fig.III-9: 30 locations of OES on the plasma string. Point 20 corresponds to the outlet of the tube.

Fig.III- 10 :

 10 Fig.III-10: Optical emission spectrum with saw tooth voltage waveform and helium flow 1 l/min at point 21.

Fig.III- 11 :

 11 Fig.III-11: Emission intensities of OH, N 2 , He and O lines as a function of the position points on the tube and plasma jet (see picture on Fig.III-9).

-- 89 III- 6 - 1 )

 8961 Effect of additive gas (O2 or Ar) From Fig.III-12 and 13, it is clearly observed that the emission intensities of excited He atoms decreased considerably after the addition of O 2 and Ar gas. The intensities of the spectral lines for O (3 5 P-3 5 S) and the intensities of the second positive system of N 2 (C 3 П u -B 3 П g ) and the first negative system of N 2 + (B 2 ∑ u + -X 2 ∑ g + ) increase after introduction of O 2 additive in the feed gas (10 vol%).

Fig.III- 12 :

 12 Fig.III-12: Optical emission spectra of transporting discharge with the addition of O 2 gas (90% He+10% O 2 ).

-- 90 Fig.III- 13 :

 9013 Fig.III-13: Optical emission spectra of transporting discharge with addition of Ar gas (50% He+50%Ar).

Fig.III- 14 :

 14 Fig.III-14: Effect of helium flow rate on species.When the helium flow was lowered, the total spectrum intensity increased. This was mainly due to a substantial increase in N 2 emission (Fig.. At low flow rates, nitrogen lines significantly interfered with the OH lines.

Fig.III- 15 :

 15 Fig.III-15: Scheme of two different electrode configurations (a) without ground (Single jet) and (b) with ground (DBD like).

Fig.III- 16

 16 Fig.III-16 shows the experimental setup for voltage and current measurements. The plasma time resolved characterization and its propagation speed were studied with the use of avalanche photo detector (APD) collecting the UV and visible light radiated by the plasma. The photodiode were coupled to a fast oscilloscope, with input impedances of 50 Ohm. For both cases, the total current was measured on the powered electrode by Pearson current monitor.

Fig.III- 16 :

 16 Fig.III-16: Experimental setup for current measurement.

Fig.III- 17

 17 Fig.III-17 shows the typical waveforms of the applied sawtooth voltage and the applied current for both setups, which consist of the displacement and discharge current. The total current shown in Fig.III-17 is the one measured by the Pearson current probe. Additionally, in order to perform velocity measurements, we monitor on the oscilloscope the signals picked up by APD. The APD shows the temporal evolution of the bullets. The passage of one bullet in front of an APD generates a signal. It was observed that the discharge produced one plasma bullet every cycle of the applied voltage, where the main signal occurred at the rising edge of the positive half cycle of the voltage waveform. When the APD is placed closer to the powered electrode, the current appears earlier. Thus, the velocity of the plasma bullets can be estimated according to the appearing time of the transporting discharge current. The average propagation velocity of the plasma plume is about 80 km/s. A decrease in the velocity of the plasma jets has been observed by inserting a wrapped grounded electrode. The shape and velocity of propagation can be strongly influenced by the design of the jet aperture and the wrapped grounded electrode. As can be observed in Fig.III-17, the plasma ignites earlier in the setup with the wrapped ground.

Fig.III- 17 :

 17 Fig.III-17: Voltage waveform, total current, current on shunt resistor and corresponding photodiode signal a) with grounded electrode b) without grounded electrode. The inset presents a temporal zoom of the APD signal and current on shunt resistor.

-- 96 Fig

 96 Fig.III-17 shows the APD signals for different locations along the transporting discharge. Plasma emission presents an intense peak for the first rising front of the voltage waveform while a second weaker emission can be observed for the falling front. As can we see in the Fig.III-18(a), they are a lot of fluctuations in the signal, the magnitude of the signal is first increasing along the capillary over the first cm and then decreases and again increases near the outlet of the nozzle. But in the case of the configuration without grounded electrode, fewer fluctuations are observed in the signal and the magnitude of the signal increases along the tube (Fig.III-18(b)).

Fig.III- 18 :III- 7 - 1 )

 1871 Fig.III-18: Waveforms of the APD signal along the tube a) with grounded electrode b) without grounded electrode. III-7-1) Propagation velocity inside the tube The plasma bullet velocity was measured along the transporting discharge by means of APD. By placing the APD at different positions along the tube, the signals carried by the transporting discharge with different delay time can be obtained. It clearly shows that the plume starts to accelerate as soon as it is launched from the nozzle. It reaches a peak velocity of about 96 km/s near the nozzle outlet.Fig.III-19 indicates that over 50 cm downstream, an acceleration of the bullet can be seen,

Fig.III- 19 :

 19 Fig.III-19:The velocity of the plasma bullets propagating along the 50 cm tube as a function of the location along the axis of the tube for two setups. Plasma bullets were generated with an AC voltage at V p-p =2.3 kV and f=5 kHz. He flow rate remains constant at 2 slm.

III- 8 )III- 8 - 1 )

 881 Transporting discharge arrays Two dimensional configurations of arrays The propagation of transporting discharge jet arrays and a single jet with the same crosssectional area has been compared in this section. The schematic of arrays are shown in Fig.III-19. Two kinds of arrays were designed for this purpose: one array with four powered electrodes (Fig.III-20(a)) and another array with one powered electrode (Fig.III-20(b)).

Fig.III- 20 :

 20 Fig.III-20: The schematic diagram of the homemade jet array device: a) four electrodes array b) one electrode array.

  -21) device was constructed to allow uniform flow rate amongst the four outer tubes. The four tubes consist of 4mm outer diameter, 2mm inner diameter Pyrex glass tubing, bound together in a honeycomb-patterned structure. The tubes are surrounded by a plastic case serving as the gas chamber. The plastic case is connected to a gas flow via a flexible plastic tube. The gas flow in the plasma jet is ionized indirectly by a high voltage source. This array consists of 4 steel pin wire electrodes as the powered electrode. All the pin wire electrodes are connected to the same high voltage power. A copper tape, 10-mm wide, is used as the grounded electrode and is wrapped around all the array tubes.

Fig.III- 21 :

 21 Fig.III-21: Photographs of four electrodes array.

Fig.III- 22

 22 Fig.III-22 shows a photograph of the one powered electrode array. This array consists of a steel pin wire electrode and quartz tube (2-mm inner diameter and 4-mm outer diameter) which is connected to the cylinder to deliver gas to the four tubes. The copper tape is used as the ground and wrapped around the power electrode.

Fig.III- 22 :

 22 Fig.III-22: Photographs of one electrode array. The single plasma jet considered in this part is similar to those used in the sections explained above in previous parts of this chapter. The device consists of a Pyrex tube measuring 50 cm in length with a 4mm inner diameter and a 6 mm outer diameter. A 10 mm wide copper electrode is wrapped tightly around the Pyrex tube as the grounded electrode (Fig.III-23).

Fig.III- 23 :

 23 Fig.III-23: Photographs of single jet plasma.

  Fig.III-24(b).

  Fig.III-21 and 22.

Fig.III- 24 :

 24 Fig.III-24: Voltage waveform, total current, current on shunt resistor and corresponding photodiode signal (a) single jet (b) four electrode array and (c) one electrode array. The inset presents a temporal zoom of the APD signal and current on the shunt resistor.

Fig.III- 25 :

 25 Fig.III-25: Photograph of discharge in a long flexible tube at 3 kV p-p , 5 kHz of the sawtooth wave and flow rate of 1 l/min (99% He+1% O 2 ).

  Fig.III-27 and 28 shows that the one electrode configuration compared to four electrode arrays has a better disinfection ability against E. coli bacteria.

Fig.III- 27 :

 27 Fig.III-27: The zones of bacterial growth inactivation following exposure to one electrode array for exposure times of: a) 3min, b) 6min and c) 9min.

  After plasma treatment, cancer cells were detached from the plate forming voids in the zone treated with plasma and released into the media. Images of treated, untreated and dyed cancer cells are shown in Fig.III-28(treated with the transporting discharge) and 29 (treated with TREK).

Fig.III- 29 :

 29 Fig.III-29: Microscope images (4x) of ovarian cancer cells before and after dying, 24 h after treatment. Sample treatment speed= 0.01 mm/s, V=3 kV and Helium flow=1 L.min -1 (transporting discharge).

Fig.III- 29

 29 Fig.III-29 shows the plasma line on cancer cells 24 h after treatment, the sample was moved on an x-y table with the speed of 0.01 mm/s.

Fig.III- 30 :

 30 Fig.III-30: Microscope images (4x) of ovarian cancer cells, 24 h after treatment. Sample treatment speed= 4 mm/s, V=6 kV and Helium flow=1 L.min -1 with TREK power supply. It was noted that the cells exposed to the transporting discharge showed less effects than those with the plasma jet. The power of the plasma in the two systems is the main reason to explain these results. Figure III-31 shows the voltage and current of the plasma jet. The discharge power of the plasma jet ignited by TREK power supply is about 4 W but the power of the transporting discharge is around a hundred mW.

Fig.III- 31 :

 31 Fig.III-31: Current-voltage characteristics of plasma jet that ignites with TREK power supply.

Fig.III- 32 :

 32 Fig.III-32: Apoptotic responses using Anexin V. Twenty-four hours after plasma treatment (plasma jet speed of 4 mm/s) of cultured cells. Most cells are dyed within the plasma treated area.

Fig.III- 33

 33 Fig.III-33: a) Photos of the classical injury test done with a plastic cone just after incubation of cells with different settings and then after 24 hours of incubation and b) Histogram of the number of cells that migrate into the breach under different conditions (with Vascular Endothelial Growth Factors (VEGF) and with anti-angiogenetic drugs used in chemotherapy: (Bevacizumab, Sorafenib, alone or with GF. The reference (Temoin) is the Eagle Media of Dulbecco completed with 10%of (FCB: Fetal Cow Serum) with Penicillin and Streptomycin, incubated at 37°C in a humidified atmosphere containing 5% of CO 2 .

Fig.III- 34

 34 Fig.III-34: a) Photos of the injury test done with a plasma jet just after incubation of cells with different settings and then after 24 hours of incubation and b) Histogram of the number of cells that migrate into the breach under different conditions (with Vascular Endothelial Growth Factors (VEGF) and with anti-angiogenetic drugs used in chemotherapy: (Bevacizumab, Sorafenib) alone or withVE GF. The reference (Temoin) is the Eagle Media of Dulbecco completed with 10%of (FCB: Fetal Cow Serum) with Penicillin and Streptomycin, incubated at 37°C in a humidified atmosphere containing 5% of CO 2 .

  two different configurations of the atmospheric pressure transporting discharge used for thin film deposition of SiO x and PEG like coatings are shown in the schematics of Fig.IV-1. The plasma jet was generated by supplying a pulse of 5 kHz and a high voltage of 1.5 kV to ignite the plasma. This carrier gas was passed through the precursor recipient, which contained TEOS or DEGME, bubbled and introduced into the plasma plume. The position of the precursor inlet was varied either before the discharge zone (Fig.IV-1 (a)) or 10 cm before the outlet nozzle ((Fig.IV-1 (b)).

Fig.IV- 1 :IV- 2 - 1 )

 121 Fig.IV-1: Schematic of setup a) monomer inlet before the discharge zone b) monomer injection 10 cm before the nozzle outlet.IV-2-1) Deposition of thin SiOx filmsSiO x thin films were prepared on the Si (100) substrates placed outside the jet by PE-CVD using TEOS as the precursor at atmospheric pressure. The experimental apparatus used in this part is schematically shown in Fig.IV-1(a). Helium was used as the carrier gas with a flow rate of 400 sccm and the TEOS flow was 0.4 sccm.The substrate distance varied from 5 mm to 20 mm from the nozzle outlet. The Si (100) samples were ultrasonically cleaned in acetone bath for 30 min and soaked in ethanol for 30 min. After these steps, the samples were rinsed in deionized water. The cleaned Si wafers were air dried and then used for measurements.The coated films were analyzed for film thickness, morphology, and composition. FESEM was used to examine the surface morphology of the films.The chemical composition of the thin films has been determined by FTIR. Fig.IV-2(a) shows the FTIR analysis of the atmospheric plasma jet deposited SiO x film for setup Fig.IV-1 (a). A strong

  and carbon contamination from open air. The presence of Si-O-C bonds from incomplete decomposition of the precursor is shown in Fig. IV-2(b) where the FTIR region comprised between 800 to 1400 cm -1 has been deconvoluted.

Fig.IV- 2 :

 2 Fig.IV-2: (a) A typical absorption FTIR spectrum of the silicon oxide deposited film (monomer inlet before the discharge zone) and (b) a typical Gaussian fitting curve of the spectrum in the range of 800 to 1400 cm -1 .

Fig.IV- 3 :

 3 Fig.IV-3: Dependence of the deposition rate on the nozzle-substrate distance.

Fig.IV- 4 :

 4 Fig.IV-4: The FT-IR spectra of the films deposited at different plasma voltages.

Fig. IV- 5

 5 Fig. IV-5 demonstrates the growth rate of the SiO x films as a function of the deposition time. The deposition rate tends to increase with in a linear manner with the deposition time.

Fig.IV- 5 :

 5 Fig.IV-5: The growth rate of SiO 2 film plotted as functions of deposition time. The voltage and He gas flow rate were 2kV and 400 sccm, respectively.

  .IV-6 (a) and (b)) on the deposition composition is shown in Fig.IV-6. If the precursor inlet position was close to the powered electrode, the height of the shoulder corresponding to Si-O-Si increased.

Fig.IV- 6 :

 6 Fig.IV-6: FTIR spectrum of the silicon dioxide deposited film for two different monomer injection setup.Gaussian fitting curve of the spectrum reveals that the intensive absorption at ~1095 cm -1 contains two main peaks attributed to the asymmetric Si-O bands and the overlap of some small peaks placed in neighborhood of ~1095 cm -1 corresponding to carbon impurities. Two main bands correspond to the asymmetric stretching vibration of oxygen atoms in the Si-O-Si structure known as the AS 1 and AS 2 modes centered around 1070 and 1200 cm -1 , respectively. In the AS 1 mode, neighboring oxygen atoms vibrate in phase with each other and build up an open chain, while in the AS 2 mode oxygen atoms vibrate out of phase with each other and are placed in a cage (or ring) structure. The cage structure produces porosity in the film and films with more AS 2 mode in the Si-O-Si structure have less density. More excitations of both AS 2 mode and

Figure IV- 7

 7 Figure IV-7 shows that deconvolution of the spectral range between 800 and 1400 cm -1 , besides the vibration peaks due to Si-O-Si bonds silanol groups as well as Si-O-C bonds have been identified. The carbon content of the coatings is less when the monomer inlet is close to the tube outlet which shows the role of the atomic oxygen and OH radicals which can contribute to a higher fragmentation of the precursor.

Fig.IV- 7 :

 7 Fig.IV-7: A typical Gaussian fitting curve of the spectrum in the range of 800 to 1400 cm -1 a) monomer injected before the discharge zone b) monomer injected 10 cm before outlet.

Fig.IV- 8 :

 8 Fig.IV-8: Atomic Force Micrographs of coating deposited from TEOS on silicon at a) 0.8 W and b) 1 W for 5 minute.

Fig.IV- 9 :

 9 Fig.IV-9: The cross-sectional and top view SEM images of deposited films for different applied voltages. a) V=1.5 kV, b) V=2 kV and c) V=3 kV. The plasma conditions are 400 sccm He gas flow, the deposition time is 6 minute, and the nozzle-substrate distance is 6 mm.

IV- 2 - 3 )

 23 Fig.IV-10. FEP, is a fluorinated copolymer obtained from the copolymerization of hexafluoropropylene and tetrafluoroethylene. The TEOS precursor was injected before the discharge zone (Fig.IV-1(a)). The samples are denoted as the distance downstream with respect to the powered electrode either 5cm downstream (close to the HV electrode) or 65 centimeter downstream which is close to the jet outlet. Analysis of ATR-FTIR spectra of the deposited coatings inside the tube indicate an SiO x type coating with the presence of the characteristic absorption vibrations of Si-O-Si bonds inside the coatings inside the FEP tubes. After 20 cm downstream with respect to the powered electrode

Fig.IV- 11 :

 11 Fig.IV-11: Plane SEM image and Cross-sectional SEM image of SiO x film deposited inside the FEP tube. (a) 5 cm downstream (close to the HV electrode), (b) 35 cm downstream and (c) 65 cm downstream (close to the jet outlet). The wettability of the SiO x -coated FEP tube inner surface as a function of plasma treatment time is presented in Fig.IV-12. The wettability of FEP tube increased after film deposition on the inner wall of the tube and the water drop completely wetted the inside the FEP tube.

Fig.IV- 12 :

 12 Fig.IV-12: The wettability on inner wall of the plasma treated FEP capillary (right). The volume of a droplet is 6 μl. The wettability on the untreated FEP surface is also shown (left). IV-2-4) Deposition of thin PEG films Plasma copolymerization of DEGME was carried out in a transporting discharge with the configuration Fig.IV-1(b), that is the monomer inlet was 10 cm away from the nozzle The discharge was run in the HDPE tube (D in =6.4 mm and D out =9.6mm). The substrate was placed 5 mm from the nozzle. The helium flow rate was 1000 sccm. The coatings were deposited on silicon wafer (100) by simultaneously introducing DEGME monomer vapor with a deposition time of 5 minutes.FTIR was used to verify the chemical structure and the bonding modes of coatings obtained with plasma deposition of DEGME on silicon for two applied voltages (V p-p = 2 and 4 kV) while the DEGME monomer flow rate (Φ DEGME = 0.3 sccm) was held constant (Fig.IV-13). The following bands can be identified: a band at 2934 cm -1 and 2967 cm -1 attributed to the vibrational bands of aliphatic hydrocarbon C-H stretching bonds, a band located in the 1108 cm -1 region, which results from the C-O-C stretching vibrations of the precursor and finally a band around 1738 cm -1 , which is characteristic of C=O stretching vibrations. So besides the retention of the C-O-C bonding which exist in the coatings, the radicals formed from the fragmentation of DEGME go through reorganization and oxidation assisted by the presence of oxygen excited species as well as OH radicals resulting from the surrounding medium around the jet.

Fig.IV- 13 :

 13 Fig.IV-13: FTIR Spectra of plasma polymerized PEG coatings at the voltages of 2kV and 4 kV.The best results in terms of the retention of the C-O-C groups which are known to be the functional groups which confer anti-adhesive properties to the films were obtained for the higher voltage used i.e. 4kV in our transported discharge conditions. FTIR alone is not enough to determine the exact percentage of the C-O-C bonds as compared to other functional groups with which carbon can bond to. That is why in the near future XPS will be done on such samples. In the literature only a few papers have succeeded to obtain PEG-like coatings in atmospheric pressure systems but always the optimal window to obtain a high percentage of C-O-C bondings is very narrow. Bhatt et al have deposited PEG like coatings with a C-O-C percentage of 50% which were cell repellent on Polystyrene plates[START_REF] Bhatt | Cell Repellent Coatings Developed by an Open Air Atmospheric Pressure Non-Equilibrium Argon Plasma Jet for Biomedical Applications[END_REF] by using an open air APPJ in argon. Other groups have also used closed DBD systems in helium[START_REF] Da Ponte | Plasma Deposition of PEO-Like Coatings with Aerosol-Assisted Dielectric Barrier Discharges[END_REF][START_REF] Gordeev | PEO-like Plasma Polymers Prepared by Atmospheric Pressure Surface Dielectric Barrier Discharge[END_REF]. SEM analyses were used to examine the surface morphologies of atmospheric-pressure plasma deposited PEG films as shown in Fig.IV-14. The cross-section views of the films deposited on

Fig.IV- 14 :

 14 Fig.IV-14: SEM images of PEG film on Si (100) substrate.

  After 48h incubation, the cells were fixed with ethanol and incubated with DAPI for about 10 min, then washed with phosphate buffer saline (PBS), and then imaged by fluorescence microscope (EVOS FL Cell Imaging System ). DAPI (4',6-diamidino-2-phenylindole) is a fluorescent stain that binds strongly to A-T rich regions in DNA. It is used extensively in fluorescence microscopy. As DAPI can pass through an intact cell membrane, it can be used to stain both live and fixed cells, though it passes through the membrane less efficiently in live cells and therefore the effectiveness of the stain is lower.Cell repellent behavior of the plasma deposited PEG coatings were observed due to the retention of the ethylene oxide functionalities. There exists a huge number of references which explain the antifouling effect of the EO groups e.g. by providing a molecular basis for a water barrier layer which helps to reduce the cell adsorption on the surfaces. Bare (untreated) Polystyrene substrates showed adhesion of the cell fragments but on the PEG coating most of the cells were detached from the Polystyrene surface. Fluorescence microscope images of cell adhesion on plasmapolymerized coatings after incubation of 48 are shown in Fig.IV-15

c

  Fig.IV-15: NIH :OVCAR cell adhesion on (a) bare polystyrene and plasma polymerized DEGME (pDEGME) coatings deposited under (b) 2 kV and (c) 4 kV applied voltage for fixed deposition time of 5 min (Φ DEGME = 0.3 sccm and Φ He = 1000 sccm).

  using a FTIR spectroscopy (Fig.IV-16). The spectral analysis of PEG coatings deposited at different parts of downstream tubes show substantial changes in the chemical composition of the coatings with an increase of the distance from the powered electrode. The intensities of C-O-C and C=O bonds are dramatically reduced as the distance from the powered electrode increased. It has been reported in the literature that the non-fouling behavior of PEG polymers can be attributed to the retention of ethylene oxide groups, as followed by the intensity of C-O-C stretching vibrations.

Fig.IV- 16 :

 16 Fig.IV-16: FTIR spectra of PEG coatings deposited at different downstream part of the tube (5cm downstream is near the electrode and 65 cm downstream is near the outlet).

Fig

  Fig.IV-17: SEM images of the PEG film on the inner wall of the tube at a) 5 cm downstream, b) 35 cm downstream c) 65 cm downstream.The surface wettability of the PEG coatings inside the tube was determined by water contact angle measurements on as deposited (Fig.IV-18). As we can see, after the coating all the tube is hydrophilic.

Fig.IV- 18 :

 18 Fig.IV-18: The wettability on inner wall of the plasma treated HDPE tube (right). The volume of a droplet is 6 μl. The wettability on the untreated HDPE surface is also shown (left).

Fig.IV- 19

 19 Fig.IV-19 shows two configurations of reactor, a jet configuration (Fig.IV-19(a)) and an afterglow configuration (Fig.IV-19(b)). In jet configuration, the sample is outside the nozzle and placed on the grounded plate. In the afterglow configuration, the sample is placed inside the tube and near the outlet. The target in the afterglow configuration is to decrease the environmental air contamination at the vicinity of the substrate.

Fig.IV- 19 :

 19 Fig.IV-19: Schematics of the transporting treatment system (a) jet configuration (b) afterglow configuration.

Fig.IV- 20 :Fig.IV- 21 :

 2021 Fig.IV-20: FTIR absorption spectra of the untreated and plasma treated UHMWPE films in different setups. The physical modification of the UHMWPE films was investigated by SEM. The SEM images recorded on treated and untreated samples show that the transporting discharge treatments modify the morphology, of the treated surfaces which present an increased roughness (increased ‗effective' area) compared with the pristine ones, the effect of which is favorable for the physical adsorption at the surface (Fig.IV-21).

Fig.IV- 22

 22 Fig.IV-22 shows the FTIR spectra of the UHMWPE film treated with two configurations. The spectra are very similar to those presented on Fig.IV-20 without the contamination caused by the sputtering of the FEP tubes giving rise to CF x vibrational bands.

Fig.IV- 22 :

 22 Fig.IV-22: FTIR absorption spectra of the untreated and plasma treated UHMWPE films. In order to better investigate the spectral region ranging from 1500 to 1800 cm -1 , the envelope has been deconvoluted by fitting Gaussian peaks shown in Fig.IV-23 and their corresponding attributions have been given in Table IV-2.

Fig.IV- 23 :

 23 Fig.IV-23: Typical Gaussian fitting curve of the spectra in the range of 1500 to 1800 cm -1 .

Figure IV- 24

 24 Figure IV-24 shows the UHMWPE films placed inside the tube in the afterglow configuration (2cm from the outlet) treated in different time. It is clear that the surface modification starts after

Fig.IV- 24 :

 24 Fig.IV-24: FTIR absorption spectra of the untreated and plasma treated UHMWPE films in different treatment time placed inside tube in afterglow configuration (2 cm from the nozzle outlet). XPS was used for the quantitative analysis of the chemical composition of the topmost layer (<10nm). The results support the FTIR measurements given above. Fig.IV-25 shows the C1s XPS of the films treated at 1000 sccm of Helium and voltage of 2 kV.The deconvolution of C1s spectra is presented in Table IV-3. The XPS results confirm those of FTIR i.e. besides oxidized groups such as C-O, C=O and O-C=O (acid or ester groups) detected on the surface, C=C bondings can be also detected at the surface. Furthermore a very small percentage of nitrogen has been detected on the surface of jet-plasma treated PE film outside (0.95%) and afterglow-treated PE film inside (5%), placed 2 cm away from the nozzle inside the tube. The reason for the detection of nitrogen on the surface is because He metastables are very efficient in exciting all the impurities present in the discharge, producing N 2 + ions which can break bonds by their excess energy but also can graft to the polymer surface.[START_REF] Massines | A comparison of polypropylene-surface treatment by filamentary, homogeneous and glow discharges in helium at atmospheric pressure[END_REF]. As shown in TableIV-3 C=C groups were detected on the He plasma-treated samples.The variations of C1, C2, C3, C4 and C5 peaks depend on the discharge configuration and location of the sample. C1 peak increases in the sample which is inside the tube (afterglow

Figs

  Figs.IV-26 and 27 show the AFM and SEM images, revealing a smoother surface after the plasma treatment, where a lamellar structure can be identified. Fig.IV-26 and 27(b) indicates a cleaner and more uniformly etched surface by transporting discharge, jet introduced micro-pits at the film surface outside the tube, possibly due to the cross-linking and the chain scission [ 277].

Fig.IV- 26 :

 26 Fig.IV-26: AFM micrographs of UHMWPE films treated with transporting discharge (a) Control (b) Jet-Sample outside the tube (c) Afterglow-Sample inside the tube.

Fig

  Fig.IV-27: SEM micrographs of UHMWPE films treated with transporting discharge a) Control b) Jet-Sample outside the tube c) Afterglow-Sample inside the tube (2cm before outlet).

Fig.IV- 28 :IV- 3 - 2 )

 2832 Fig.IV-28: Aging of plasma untreated, treated with jet and afterglow. It can be observed from Fig.IV-28: that even the improvement of the wettability of the nontreated PE (CA=95°), is about the same after a treatment time of 7 min for the afterglow configuration (CA afterglow = 39°) and the jet treatment (CA jet = 37°), the ageing kinetics is slower in the case of the afterglow treated substrate, as compared to the jet treated one. The asymptotic value of the CA reached after 7 days is indeed lower for the afterglow-treated surface (CA= 62°) as compared to the jet one (CA = 68°).

Fig.IV- 29 :

 29 Fig.IV-29: FTIR spectra of treated HDPE at different downstream parts of the tube (5cm downstream is near the electrode and 65 cm downstream is near the outlet).

Fig.IV- 30 1 .

 301 Fig.IV-30 Typical Gaussian fitting curve of the spectrums in the range of 1600 to 1800 cm -1 for 5 and 65 cm downstream.

Fig.IV- 31 :

 31 Fig.IV-31: The wettability on the inner wall of the plasma treated HDPE capillary. The volume of a droplet is 0.6 ml. The wettability on the untreated PET surface is also shown.

  

  

  

  

  

  

  

  The presence of a dielectric barrier precludes DC operation of DBD, which usually operates at frequencies of 0.05-500 kHz. DBDs that operate at AP have a long history, with patent literature extending back to the 1860s. Sometimes DBDs are called silent discharges due to the absence of sparks, which are accompanied by local overheating and the generation of local shock waves and noise. DBD has numerous applications because it operates at strongly non-equilibrium conditions at atmospheric pressure of different gases, including air, at reasonably high power levels and (in contrast to the

pulsed corona) without using sophisticated pulse power supplies. DBD is widely applied for ozone generation; in UVsources and excimer lamps; in polymer treatment (particularly to promote wettability, printability, and adhesion); for pollution control and exhaust cleaning from CO, NO x , SO 2 , and volatile organic compounds; for biological and medical applications; in CO 2 lasers; in plasma-assisted combustion; and so on. One of the largest expected DBD applications is related to plasma display panels for large-area flat screens, including plasma TVs. DBD, however, has a long history. It was first introduced by Siemens in 1857 to create ozone, which determined the main direction for DBD for many decades. Important steps in understanding the physical nature of DBD were made by Klemenc, Hinterberger, and Hofer (1937),who showed that DBD occurs in a number of individual tiny breakdown channels, which are now referred to

Table II -

 II 1: Chemical formula, structure, molecular weight and purity of the precursors used for coating applications.

	Precursor	Chemical formula	Chemical structure	Molecular Weight	Purity
	Diethylene glycol	O(CH 3 OCH 2 CH 2 ) 2		134.17	99.5%
	dimethyl ether				
	(DEGME)				
	Tetraethyl orthosilicate	Si(OC 2 H5) 4		208.33	98%
	(TEOS)				

Table III -

 III 

	Waveform	Output	Frequency	rise time(µs)	Full	Upstream	downstream
		voltage	(kHz)		duration	plasma length	plasma length
		(V out )			(µs)		
	Sinusoidal	15.6 kV	9.4	27.37	51.78	16 cm	23 cm
	Positive pulse	10.2 kV	3.1	38.89	82.98	6 cm	11 cm
	Negative pulse 10.5 kV	3.1	24.5	82.98	6 cm	11 cm
	Positive Pulse	22.4 kV	5	10	26.08	17 cm	23 cm
	(smaller rise						
	time)						
	Saw tooth	4 kV	5	1.064	103.2	0	130 cm

1: Electrical characteristics of the excitation waveforms and the related plasma string lengths.

Table III -

 III 2: Breakdown voltage for different Waveforms.

	Waveform	Breakdown Voltage (kV)
	Saw tooth	1.24
	Sinusoidal	2.8
	Pulsed	3.16
	Positive half cycle	3.8
	Negative half cycle	3.8

Table III -

 III 3: Reactions in helium plasma.

	Oxygen reactions	He reactions	Nitrogen reactions
			(	)	(	)
					(	)
		He + H 2 O He+H+OH	N 2 + H 2 O N 2 + H + OH
	O + He + O 2 → He + O 3			
	H 2 O + e H+ OH + e			

Table III -

 III 

4. 

Table III -

 III 4: Calculated applied power, charge, power on the shunt resistor and velocity of plasma in two electrode structure.The total charge transfer over one half cycle was estimated by integrating the discharge current for four consecutive cycles of the applied voltage.It is clear that the grounded electrode facilitated up to 31.15 nC charge transfer per half cycle.

		With ground	Without ground
	Applied power on the high voltage	204.85 mWatt	187.88 mWatt
	electrode		
	Charge on the ground plane	31.15 ± 0.49 nC	26.52 ± 1.19 nC
	Power on the shunt resistor	1.06 ± 0.01 mWatt	1.00 ± 0.03 mWatt
	Velocity of plasma jet in air	78.57 ± 6.52 km/s	83.33 ± 0.00 km/s

Table III -

 III 5: Calculated applied power, charge, power on the ground, power on the shunt resistor and velocity of plasma in arrays and single jet.

		Single jet	four electrodes array One electrode array
	Applied power on	96.68	93.55	75.28
	the high voltage			
	electrode (mW)			

Table III - 6 :

 III6 The clear zones of bacteria after exposure to the transporting discharge and antibiotics.

				Treatment time (min)	Clear zone (mm 2 )
	Plasma	discharge	time (min)	6 9 12	245.5 307 340.6
	Antibiotic	Concentration		10µg Ampicillin 10µg Gentamicin 30 µg Tetracycline 25 µg Amoxicillin 5 µg Cefixime	254.34 346.18 329.89 176.62 778.91

Table IV -

 IV 1: Table of the main peaks observed in ATR-FTIR spectra.

	Wavenumber (cm -1 )	Vibrational mode
	3000-3700	O-H stretching vibration of associated SiOH
	3000-2850	C-H stretching, symmetric valence and
		asymmetric valence modes
	1171	Si-O-Si symmetric stretching
	1150	Si-O-C asymmetric stretching
	1095	Si-O-Si asymmetric stretching
	958	Si-OH stretching
	IV-2-2)	

Influence of Process Parameters on the SiOx film

  

Table IV -

 IV 2: Characterization of Gaussian fitting curves of a typical FTIR spectrum in the range of 1500 to 1800 cm -1 .

	Wavenumber (cm -1 )	Vibrational mode
	1600	aromatics C=C stretching
	1633,1637,1672,1675	alkenes C=C stretching/ amide
	1687,1706, 1723	ketone C=O stretching/ C=O stretching in
		amide groups
	1736	ester C=O stretching

Table IV -

 IV 3: Elemental composition and C1s curve fitting of XPS for the UHMWPE film surfaces. Assignments correspond to C1: C=C (SP 2 )at 284 eV, C2: C-C(SP 3 ) at 284.7 eV, C3: C-O at 286.3 eV, C4: C=O at 287.6 eV, C5: O-C=O at 288.9 eV.

		C1	C2	C3	C4	C5	Chemical composition [%]
							C	O	N
	control	0	98.76	1.24	0	0	97.74	2.26	0
	Jet configuration	6.75	72.40	10.48	5.40	4.97	80.87	18.19	0.95
	Afterglow	8.91	74.94	6.61	4.74	4.81	81.47	13.53	5
	configuration								

Table IV -

 IV 4: Variation of average and rms roughness measured by AFM analysis.

Fig.II-17: Scheme of current measurement on the ground.

Fig.IV-10: FTIR Spectra of plasma polymerized SiO x coatings at different downstream position inside the FEP tube. The plasma condition is 400 sccm He gas flow and the deposition time is 90 minute. In order to verify the surface morphology and film thickness inside the tube, we observed the SiO 2 films by SEM. Fig.IV-11 shows SEM images of the films deposited by the transporting discharge inside the tube. The surface of the film over the first 35 cm was smooth and continuous; no cracks were observed over the entire area.On the other hand, some submicron silica particles were observed on the films due to particlulate generation near the outlet at 65 cm downstream. They might have originated from the homogeneous nucleation and ion induced nucleation[START_REF] Han | High-Rate SiO2 Deposition by Oxygen Cold Arc Plasma Jet at Atmospheric Pressure[END_REF].The deposition rate of SiO 2 films gradually decreased from the electrode to the gas outlet, which confirms the ATR-FTIR spectra observation. This is attributed to the concentration gradient of the precursor radicals along the gas flow.
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Abstract

In this thesis, we have developed a transporting discharge source that can operate at atmospheric pressure. The device is working by using AC power supply with a frequency ranging between 1 to 10 kHz. The sawtooth waveform enabled the transport of transported discharge as long as 200 cm in different diameters of the tube (ranging from 1 to 20 mm inner diameter). The different parameters that affect the plasma delivery such as voltage of the waveforms, tube diameter and electrode configuration were investigated. The electronically excited and active species inside and outside of the plasma channel were characterized by Optical Emission Spectroscopy (OES).

Furthermore the electrical and temporal characteristics of the plasma, discharge power and charges on the sample were investigated. The propagation of transporting discharge with multi-jets and a single jet with the same crosssectional area has been compared. Two kinds of multijets were designed for this purpose. The results show that, although the applied power and flow rate required to generate the multi-jets were of the same order as what required to generate the single plasma jet, we have a higher charge and power in the muti-jets. Also, Escherichia coli bacteria were exposed to the transporting discharge multijets and single jet for different time durations. After exposure, the results indicated that the inactivation zones were significantly increased.

The potential of the transported discharge for the surface treatment of polymers and deposition of thin films has been investigated outside and inside tubes for the first time. Two different precursors namely TEOS (Tetra EthylOrthoSilicate),and DEGME(DiEthyleneGlycolMethyleEther)have been employed for the elaboration of thin organic coatings by introducing the precursors inside and at the exit of the capillary tube. In the case of TEOS, depending on the experimental conditions the SiOx layers contained more or less carbon, however all of the deposited films were hydrophilic. SEM and AFM measurements show a very different morpholgy and roughness of the films deposited inside the tubes or with the plasma jet configuration. The PEG like coatings obtained in the case of DEGME on PolyStyrene films showed for particular operating conditions (voltage, treatment time) nonadhesive coatings with respect to Ovary Carcinoma Celles (OVCAR) which without PEG coatings multiply readily on nontreated PS . The antifouling properties of PEG-like coatings can be very interesting not only in biomedical applications but also in food industry. In order to study the surface modification effects of the transported helium discharge, the Ultra High Molecular Weight PolyEthylene(UHMWPE) was used as the substrate in the two different configurations mentioned above. The results show that besides the oxydation of the UHMWPE, crosslinking takes place which has been studied by ATR-FTIR, XPS, AFM and FESEM. Key words: transporting discharge, sawtooth waveform, transporting discharge jet arrays, organic precursors, non adhesive or adhesive surfaces, high density polyethylene, plasma coating inside tubes. 
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